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ABSTRACT 

OF THE THESIS OF 

Hala Ahmad Sardouk   for   Master of Science 

        Major: Biochemistry  

 

Title: Toxicity of Statins on Neuronal Cells: Possible Reversibility by Mito-Q 

 

Statins are among the most commonly prescribed drugs to patients with cardiovascular 

events. They are cholesterol-lowering drugs that competitively inhibit HMG-CoA 

reductase, the rate-limiting enzyme in the mevalonate pathway. They exhibit a pleiotropic 

role in different tissues and body organs. On the other hand, statin toxicity involves renal, 

liver, muscle, and neurological events. Studies however on its neurotherapeutic effects have 

been controversial being neuroprotective in some and neurodegenerative in others. In 

addition to their hypocholesterolemic effects, statins decrease downstream biomolecules of 

important cellular functions such as isoprenoids, and ubiquinone. 

In this study, we compared the direct effect of 5 different statins on 2 neuronal cell lines: rat 

PC12 and human SH-SY5Y. The following statins were used in this study: one natural 

product mevastatin and 4-synthetic (atorvastatin, rosuvastatin, pitavastatin, and fluvastatin). 

The viability of statin-treated (1-15 µM; 24 and 48 hours) cells was evaluated using (trypan 

blue exclusion/MTT assays). Changes in reactive oxygen species and ATP levels in treated 

cells were determined using NBT and luciferase assays respectively. The possible 

protective effect of pre-/ or co-MitoQ treatment with statins was investigated. The level of 

cholesterol and the direct inhibitory effect of statins on purified HMG-CoA reductase 

activity was determined.    

Compared to SH-SY5Y, PC12 was insensitive to statins, hence we opted to limit the study 

to human cells treated with statins, for 24 and 48 hours at a concentration lower than the 

estimated IC50. We report in the statin-treated SH-SY5Y a significant dose and time-

dependent a) decrease in viability (85-90% at 48hrs); b) increase in ROS (50-75%); and c) 

a decrease in ATP (60%-99%). MitoQ pre- and co-treatment with statins exhibited no 

protective effect. Catalase also did not prevent or protect against cell death. Preliminary 

determination of cholesterol level showed an increase in statin-treated cells that may result 

from induced LDL receptors expression favoring cholesterol uptake, in response to HMG-

CoA reductase inhibition.  

Statins’ neurotoxicity in-vitro is not limited to the inhibition of HMG-CoA reductase 

enzyme, but to statin-related factors including differences in their physicochemical 

properties, size, and hydrophobicity. The sensitivity of SH-SY5Y cells to the different 
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statins varied with lipophilicity in the following order with the most potent being 

fluvastatin> pitavastatin> atorvastatin > rosuvastatin the least effective. The structural 

differences of the various statins supported the difference in the pharmacokinetic response 

of these drugs on SH-SY5Y neuronal cells. While most of the literature claim indirect and 

direct protective effect for statins, we hereby show a toxic effect on statin-treated (48 

hours) human neuronal cells. These findings may underlie some of the reported side effects 

in patients on statins such as dementia, cognitive decline, and Alzheimer’s disease. 
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CHAPTER I 

INTRODUCTION 

 

A. Cholesterol 

Cholesterol was first identified in human bile and gallstones in 1769 by Poulletier 

de la Salle. It was purified and its structure was determined in 1815 by the chemist 

Chevreul who named it ‘‘cholesterin” [1]. Since then, the biosynthetic pathway was 

investigated, determined, and mechanisms regulating its metabolism elucidated.  

Cholesterol is a lipophilic molecule found in all mammalian cells [2] and an important 

component of the cell membrane that maintains its integrity and fluidity [3]. In addition, it 

is the precursor of many biomolecules including steroid hormones; bile acids; and vitamin 

D [4]. This versatile molecule is also linked to a diversity of biological roles such as 

neuronal myelination as well as signaling mediating cell-to-cell recognition, adhesion, and 

communication being a component of lipid rafts [5, 6]. 

Cholesterol pool is contributed endogenously (~70%) via the de novo biosynthesis 

that occurs in all cells, and exogenously (~30%) of dietary source being abundant in certain 

foods, such as meat, fish, eggs, and cheese [7]. All human cells are capable of de novo 

cholesterol synthesis, but much of its production takes place in the hepatocytes and 

enterocytes [8]. Cholesterol synthesis involves many steps, a simplified scheme is 

presented in figure 1, referred to as the mevalonate pathway. In brief, the pathway begins 

with the condensation of three acetyl-CoA molecules to form HMG-CoA that gets reduced 

into mevalonate. This reaction is catalyzed by the rate-limiting enzyme: HMG-CoA 
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reductase (HMG-CoAR). Mevalonate is then converted to isoprene pyrophosphate (C5) unit 

that condenses to geranyl pyrophosphate (C10) and farnesyl pyrophosphate (C15) and 

ultimately to form squalene (C30) [9]. The final steps of this pathway include the cyclization 

of squalene to form the four-ring steroid structure lanosterol that is further modified 

(oxidation, demethylation, etc.) to produce cholesterol [3]. It is worth noting that some of 

the mevalonate pathway intermediates geranyl-PP and farnesyl-PP have been recognized 

for their important role in regulating many biological processes ranging from intracellular 

signaling to inflammatory responses [10]. Other metabolites of the mevalonate pathway 

include heme A and ubiquinone (coenzyme Q10) an electron carrier in the electron 

transport chain, and dolichol that is required for glycoprotein synthesis. 
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Figure 1. Cholesterol biosynthetic pathway [11] 

Due to its lipophilic nature, cholesterol is transported in circulation via lipoprotein 

complexes that are characterized by a hydrophobic inner core (cholesterol esters and 

triglycerides (TG)) and a hydrophilic outer surface (phospholipids and unesterified 

cholesterol) [12]. Of the many types of lipoproteins the liver synthesizes and secretes, very-

low-density lipoprotein (VLDL), low-density lipoprotein (LDL), and high-density 

lipoprotein (HDL) [13]. The VLDL carries TGs and cholesterol (dietary, biosynthesized) 

and distributes TGs to all tissues including muscle and adipocytes [13]. The remnant VLDL 

transforms in circulation, by the exchange of apoproteins, into LDL the main carrier of 

cholesterol [14] referred to as “bad cholesterol”. The importance of LDL in the 
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pathogenesis of atherosclerosis and hence the increased risk of cardiovascular disease was 

documented and correlated [15]. Reducing low-density lipoprotein cholesterol (LDL-C) is 

one main target of drug industries in treating heart disease [16]. On the other hand, HDL 

levels, referred to as “good cholesterol”, exert a protective role against the development of 

atherosclerosis by transporting cholesterol from vascular tissue back into the liver 

contributing thus to the decrease in cholesterol level and in preventing the development of 

atherosclerotic plaque [13, 17]. 

Over the years, several drugs were developed with a blood cholesterol-lowering 

therapeutic potential [18, 19], targeting cholesterol biosynthesis (inhibition) by statins [20], 

or absorption (ezetimibe), and bile acid-reabsorption (sequestrant resins) [21]. Statins were 

the most potent having a dual effect 1) inhibiting HMG-CoA reductase thereby reducing 

endogenous cholesterol synthesis and 2) increasing plasma membrane expression of LDL 

receptors that favors the uptake of cholesterol from the circulation into the cells [22].   

B. HMG-CoA Reductase 

HMG-CoAR catalyzes the rate-limiting step of the cholesterol biosynthetic pathway 

and the main target of statins. It is an oxidoreductase that utilizes two NADPH to reduce 

HMG-CoA to mevalonate and free CoA [23].  

 

 

Figure 2. Reaction catalyzed by HMG-CoAR [24] 



 

18 
 

The human HMG-CoAR gene is located on chromosome 5 (5q13.3-q14) that 

encodes two isoforms produced by the alternative splicing of exon 13. The full-length 

transcript is composed of 20 exons [24]. It translates into a single polypeptide chain of 888 

amino acids and is divided into three domains: The N-terminal membrane anchor domain, a 

linker, and a catalytic domain (figure 3) [25]. The hydrophobic N-terminal domain anchors 

the enzyme to the endoplasmic reticulum (ER) with eight membrane-spanning segments 

involved in sterol regulated degradation by the proteasome [23, 26-28]. The hydrophilic 

(cytoplasmic) catalytic domain harbors residues of the active and cofactor binding site as 

well as a flap domain that creates the substrate-binding site with a lid that covers the active 

site following substrate binding. In addition, the flap domain has a crucial role in enzyme 

catalysis and regulation as well as in statin binding [29].  

 

 

 

 

 

 

 

 

Figure 3. Domain structure of HMG CoA reductase [26, 29]. 
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1. Regulation of HMG-CoAR:  

a. Transcriptional regulation: 

The transcription of HMG-CoAR is regulated by a sterol regulatory element-

binding protein (SREBP) (Figure 4). SREBPs are membrane-bound transcription factors 

linked to SREBP-cleavage activating protein (SCAP) in the ER. SCAP acts as a cholesterol 

sensor of intracellular cholesterol levels for SREBP cleavage and activation. When 

activated, mature SREBP controls the expression of HMG-CoAR, LDLR, and genes 

encoding enzymes of the mevalonate pathway. 

Regulation is triggered by cholesterol levels mediated by insulin-induced genes 

(INSIG1 and INSIG2). When ER cholesterol levels are high (Figure 4A), SCAP interacts 

with INSIG1 and INSIG2 which prevent the translocation of  SCAP/SREBP complex from 

the ER to the Golgi apparatus thus inhibiting the transcription of HMG-CoAR.  

Conversely, when cholesterol levels are low (Figure 4B), the SCAP-INSIGs 

interaction is inhibited, and the SCAP/SREBP complexes transport to the Golgi where it is 

cleaved to be activated by proteases (S1P and S2P). The active form then translocates into 

the nucleus, binds the sterol responsive element (SRE) sequences within the regulatory 

region of targeted genes, and promote the transcription of the HMG-CoAR gene and other 

proteins involved in lipid synthesis [30-32]. Statins as well lead to the activation of 

SREBPs, increasing the transcription level of the LDLR mRNA hence the level of LDL 

receptors increase, elevating LDL clearance, and decreasing cholesterol level in circulation 

[33]. 
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Figure 4. Sterol dependent regulation of HMG-CoAR A) High cholesterol B) Low 

cholesterol [32] 

 

b. Post-translational regulation: 

One of the post-translational modifications of HMG-CoAR includes enzymatic 

degradation stimulated by cholesterol and its oxidized derivatives as well as farnesol 

(dephosphorylated farnesyl pyrophosphate) [30, 34]. When the level of intracellular sterols 

is high, SCAP and HMG-CoAR compete to bind Insig. If SCAP binds to SREBP, the 

proteolytic release of SREBP is reduced thus inhibiting the transcription of HMG-CoAR. 

However, when HMG-CoAR binds to Insig, Lys248 of the human HMG-CoAR is 

ubiquitinated promoting its proteolytic degradation [4]. On the other hand, low generation 
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of the by-products as lanosterol or 24,25-dihydro-lanosterol and geranylgeraniol attenuate 

the degradation of the enzyme, extending its half-life [35]. 

HMG-CoAR exist in two forms: phosphorylated (inactive) and dephosphorylated 

(active) forms (figure 5). Activation and inactivation of HMG-CoAR depend on the activity 

of HMG-CoAR phosphatase and AMP-regulated kinase (AMPK), respectively. When ATP 

levels decrease, AMP levels increase, activating a protein kinase that phosphorylates the 

enzyme at a Ser872 (located within the flap domain). The phosphorylation down-regulates 

the HMG-CoAR catalytic activity since it decreases the affinity of the enzyme to NADPH 

and prevents the closure of a C-terminal region that facilitates the catalysis [31, 34]. 

Conversely, the subsequent dephosphorylation by phosphatases of this serine restores the 

catalytic activity of HMG-CoAR. 

 Hormones can also influence the phosphorylation state of HMG-CoAR thus its 

activity. Glucagon stimulates phosphorylation (inactivation), whereas insulin promotes 

dephosphorylation, activating the enzyme, and favoring cholesterol synthesis. 
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Figure 5. HMG-CoA reductase regulation mevalonate pathway [34] 

cAMP: cyclic adenosine monophosphate; PKA: protein kinase A; PPI-1: phosphoprotein 

phosphatase inhibitor1; HMG-CoA: hydroxymethylglutaryl coenzyme A; HMG-CoAR: 

hydroxymethylglutaryl coenzyme A reductase; AMPK: adenosine mono-phosphate 

regulated kinase. 

 

2. Direct inhibition of HMG-CoA reductase by statins: 

Statins act by reversibly and competitively inhibiting HMG-CoAR (figure 6) [36]. 

The active component of statins, modified 3,5-dihydroxy-glutaric acid moiety, binds to the 

active site and inhibits enzyme activity in a stereoselective process where the statin 

assumes a 3R,5R configuration [37]. The binding is facilitated by the flap domain that 

statin exploit creating a hydrophobic pocket. This enables the statins to extend to the active 

site effectively displacing the flap domain and inhibiting the enzyme.  
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Figure 6. Inhibition of the mevalonate pathway by statins [36] 

 

C. Statins 

1. History and discovery 

The clinical awareness regarding the importance of reducing cholesterol level has 

increased the search to identify drugs with hypocholesterolemic effect [38, 39]. The era of 

statins began after the discovery of penicillin (a group of antibiotics) from fungi by Dr. 

Alexander Fleming [40]. Antibiotics showed to inhibit several enzymes, not only in 

bacterial cells but also in mammalian cells [41]. The Japanese biochemist Akira Endo 

speculated that fungi similar to molds would produce an antibiotic that inhibits HMG-

CoAR. Testing different fungal extracts, Endo hit the jackpot in a mold (Penicillium 
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citrinum) that grew in the rice fields near Kyoto that resulted in discovering a potent 

competitive inhibitor of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase. In the early 

1970s, compactin or mevastatin was discovered that showed a structural similarity to the 

substrate of the reductase enzyme [18]. When tested on animals (dogs), compactin 

exhibited “toxic effects” due to the high concentration used (200 folds the current statin 

dosage used by patients) [42]. A decade after he successfully developed and marketed 

another statin, pravastatin [43]. 

Scientists at Merck & Company isolated from Aspergillus terreus their first statin 

lovastatin (Mevacor®) in 1976. Clinical trials demonstrated its cholesterol-lowering 

efficacy and safety. Shortly after lovastatin, other related drugs were developed modifying 

their chemical structure. The biological properties, efficacy, safety, and side effects have 

also been modified [44]. Currently, there are seven statins approved by the FDA including 

atorvastatin (Lipitor®), lovastatin (Mevacor®), fluvastatin (Lescol®, Lescol XL®), 

pravastatin (Pravachol), rosuvastatin (Crestor®), simvastatin (Zocor®), and pitavastatin 

(Livalo®) [20]. 

 

2. Properties of statins 

a. Structure 

Structurally statins are composed of three moieties: an HMG-CoA like moiety 

(substrate analog); a hydrophobic ring structure; and ring(s) substituents that modify their 

solubility properties [45]. All statins share in common a conserved lactone ring (blue) yet 
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they can be subclassified into type 1 and type 2 statins (figure 7). In type 1 they have a 

decahydronaphthalene ring (black) and a butyryl side chain (red) whereas in type 2 statins 

the butyryl side chain is substituted with a fluorophenyl group (green) along with an N-

heterocyclic five or six-membered ring structure [45, 46].  

 

 

 

 

 

 

 

Figure 7. Chemical structure of type I and type II statins [45] 

 

b. Solubility and binding properties 

Statins are amphiphilic drugs possessing hydrophilic and hydrophobic regions [47]. 

The hydrophilicity of statins results from the conserved HMG-CoA like moiety containing 

a carboxy and a hydroxyl residue and may vary (increase, decrease) with ring substituents. 

The polar substituents on the ring(s) such as the hydroxyl, fluoro, carboxy side chains, 

amide, or sulphonamide increase the solubility of statin. On the other hand, the 
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hydrocarbon ring structure or the non-polar substituents (such as isopropyl, or phenyl 

groups) of some statin tend to decrease their water solubility [48]. 

Classified according to their solubility properties, rosuvastatin and pravastatin are 

clinically referred to as hydrophilic statins for having a methane sulphonamide and a 

hydroxyl group respectively that increase their water solubility. On the other hand, 

lovastatin, mevastatin, simvastatin, atorvastatin, fluvastatin, and pitavastatin are referred to 

as hydrophobic statins due to the hydrocarbon ring structure or the non-polar substituents 

(such as isopropyl, or phenyl groups) that increase their lipophilicity [46].  

Structural differences among statins may account for variations in their potency of 

inhibition. The inhibitory concentration, IC50, measures the efficacy of a drug in inhibiting 

its target, or more precisely, the concentration of the drug required to inhibit a biological 

product by 50% [49]. Studies on the purified human catalytic subunit of the HMG-CoAR 

showed that the median IC50 values of some statins vary as such: mevastatin (23 nM), 

simvastatin (9 nM), atorvastatin (10 nM), fluvastatin (18 nM), pitavastatin (6.8 nM) and 

rosuvastatin (2 nM) [50]. The effectiveness of the statins in competitively inhibiting HMG-

CoAR relates to the various tight interactions that tightly hold the statins to the enzyme 

hence decreasing the chance of the substrate-binding [51, 52]. Each of type 1 and type 2 

statins adopts distinct structural conformations that maximize its contact with the 

hydrophobic pocket and hence affect their inhibitory action [53]. 

Statins bind the active site of HMG-CoAR in a manner that is similar to the 

substrate-binding involving electrostatic, ion-dipole, and hydrogen bonds. A representative 

of the different interactions of atorvastatin with the HMG-CoAR is shown in figure 8. 
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Statins exploit the flexibility of the HMG-CoAR receptor, enticing it to fit their large, 

lipophilic ring systems and substituents [53]. Some specific statin-enzyme binding 

interactions that allow a stronger binding to HMG-CoAR are: 

• Weak hydrophobic van der Waal’s interactions between carbon-rich methyl-

butyrate, isopropyl, and methyl substituents on the statin ring(s) and the 

hydrophobic amino acid residues Leu562, Val683, Leu853, Ala856, and Leu857 of 

the enzyme. 

• The unique fluorophenyl groups of type 2 statins form an ion-dipole bond 

with the HMGCo-AR Arg590 residue.  

• The carboxyl group of the amide sidechain of atorvastatin, and the 

sulphonamide sidechain of rosuvastatin exhibit H-bond with Ser565.  

Figure 8. HMG-CoAR binding interactions with atorvastatin [53]. 
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The distinct binding interactions of statins increase their binding affinity to the 

reductase enzyme. Type II statins are generally more potent than type I with an inhibition 

constant (Ki) ranging between 3.5 and 28 nM. This may be attributed to differences in the 

structure since type II as it has larger hydrophobic domains that account for more inhibitory 

binding interactions with HMG-CoAR [46, 53-55]. A clinical comparative study elucidated 

the relation between statins' efficiency to reduce cholesterol levels and their binding 

interaction to the HMG-CoAR residues. They concluded that atorvastatin and rosuvastatin 

have the most strongly binding interactions, while simvastatin and fluvastatin had the 

weakest [56]. This was in parallel with statin’s efficacy in lowering LDL levels. 

Atorvastatin and rosuvastatin are the most potent in reducing LDL levels at 40 mg dosage 

to 50% and 60%; respectively [57]. 

 

c. Pharmacokinetic properties 

i. Administration 

Statins are administered orally as hydroxy acid (type II) or lactone form (type I). 

The hydroxy acid form is the active drug form that exists as an anion at the physiological 

pH (7.4) enabling the electrostatic binding to the enzyme at the cationic Lys735. However 

the inactive lactone form of the drug is reversibly hydrolyzed chemically (pH) or 

enzymatically to their active dihydroxy-heptanoic acid form by carboxyesterases in the 

intestinal wall, the liver and in part in the plasma [45, 58]. At the physiological pH and 

above, the lactone form is unstable, and the equilibrium favors hydrolysis that yields the 
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hydroxy acid form (stable). At acidic conditions, the latter favors lactone formation. Both 

forms were however were observed in equilibrium in the systemic circulation (in vivo) [48].  

ii.  Absorption 

Following oral administration, a drug crosses the intestinal wall and reaches the liver by 

portal blood flow. It then enters the systemic circulation to be distributed to various tissues 

of the body, including its site of action. Statins are rapidly absorbed reaching a peak plasma 

concentration (Cmax) within 4 hours with a total bioavailability of about 20% (table 1) [59]. 

At the level of the intestine, statins enter the enterocytes via organic anion solute 

transporters [51]. The rate and extent of absorption are altered by many factors (increase, 

decrease, no effect) among them is food consumption. For example, lovastatin is absorbed 

more effectively when taken with food whereas the bioavailability of atorvastatin, 

fluvastatin, and pravastatin is reduced. No such effect is observed for pitavastatin, 

rosuvastatin, or simvastatin which are widely absorbed [48].  

Table 1. Pharmacokinetic properties of the different statins (modified) [59]. 

 



 

30 
 

Statin can enter the hepatocytes by passive diffusion and/or by active transport mediated by 

solute carrier (SLC) membrane transporters and the organic anion transporting polypeptides 

(OATP), which is almost solely expressed on hepatocytes (figure 9) [59]. Statins’ hepato-

selectivity depends on their uptake by the active transporter system, whose affinity is 

related to their physicochemical properties. The uptake of statins by the liver varies ranging 

from 30 to 98% [52]. Nearly all statin are substrates of OATP1B1 (atorvastatin, 

rosuvastatin, pravastatin, fluvastatin, and pitavastatin). Pitavastatin can be uptaken by 

OATP1B1 (major) and OATP1B3 (minor) [60]. On the other hand, type I statins 

(simvastatin and lovastatin) can be passively up taken into the hepatocytes due to their 

acquired lipophilicity (as its ingested lactone form) that allows the facilitated diffusion 

through membranes [61]. 
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Figure 9. A general schema for statin disposition [59]. 

 

iii. Distribution 

All statins, except for pravastatin, are distributed while bound to plasma proteins 

(albumin), thus their systemic exposure to the pharmacologically active (unbound) drug is 

low. Statins hepato-selectivity reduces their widespread tissue distribution however their 

amphiphilic nature allows them to exert pleiotropic effects at extrahepatic sites [37, 62].  
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The unique lipophilicity of each statin affects its distribution within the 

phospholipid bilayer of the cellular membranes (figure 10). Hydrophilic statins (pravastatin 

and rosuvastatin) are bound to the polar surface of the membrane, whereas the lipophilic 

statins (atorvastatin and simvastatin) partition more deeply into the membrane, where they 

interact with the surrounding acyl chains [63]. The lactone form of statins also has higher 

lipophilicity than the acid form which enables their penetration into the cells and 

consequently induces high local drug concentrations [61]. 

 

 

 

 

 

Figure 10. Location of statins in biological membranes [63]. 

 

Statins were shown to aggregate in the membrane [47]. Statins are amphiphilic 

drugs possessing hydrophilic and hydrophobic regions. Amphiphilic drugs are soluble in 

aqueous biological fluids and can diffuse through the body, and partition into membranes 

that may further impact lipid bilayer parameters like permeability and thickness [47]. In 

fact, statins were observed to alter lipid bilayer properties by increasing membrane 

elasticity, with fluvastatin being the most effective membrane disruptor [64]. 
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iv.  Metabolism 

The cytochrome P450 are a superfamily (CYP) of enzymes containing heme as a 

cofactor that function as monooxygenases catalyzing the oxidative biotransformation of 

most drugs and other organic substances [65]. All statins undergo extensive microsomal 

metabolism by oxidation, reduction, and/or hydrolysis via CYP450 isoenzyme systems 

such as CYP3A4 and CYP2C9 [52]. On the other hand, pravastatin is minimally 

metabolized by CYP450 enzymes and undergoes sulfation in the liver cytosol. The 

metabolizing enzymes and corresponding metabolites of statins are represented in figure 11 

[66]. 

Whereas the lactone form of simvastatin and lovastatin are inactive, their acid 

metabolites are active. Metabolism of simvastatin and lovastatin into their respective active 

product, such as 3′α,5′β-dihydrodiol simvastatin, 3′α-hydroxy simvastatin, 6′β-hydroxy 

simvastatin, and 6′β-hydroxy lovastatin, exerts an inhibitory effect on HMG-CoAR (figure 

11). These metabolites can contribute to adverse side effects such as muscle and liver 

toxicity. The CYP3A4 isoenzyme is responsible for the metabolism of lovastatin, 

simvastatin, and atorvastatin [66].  

On the other hand, the metabolites of the other statins show minimal activity. 

Fluvastatin is metabolized primarily by the CYP2C9 enzyme, with CYP3A4 and CYP2C8 

contributing to a lesser extent. Rosuvastatin, pravastatin, and pitavastatin are not 

extensively metabolized but have some interaction with the CYP2C9 enzyme yielding 

inactive metabolites [67]. 
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Figure 11. Metabolic pathways of statins, metabolizing enzymes and their associated 

metabolites [66] 
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v.  Excretion 

Following their metabolism and biotransformation, statins are excreted by bile 

except for hydrophilic statins that are eliminated by the kidneys. The half-life of fluvastatin, 

lovastatin, pravastatin, and simvastatin are short (<5 hours) compared to rosuvastatin, 

atorvastatin, and pitavastatin which relates to their greater efficacy in lowering LDL 

cholesterol levels [68]. The longer the half-life of the statin, the longer the inhibition of 

reductase hence the greater reduction in LDL cholesterol. Clinical studies confirmed 

rosuvastatin to be the most effective for reducing low-density lipoprotein cholesterol, 

followed by atorvastatin, simvastatin, and pravastatin [37, 48, 55, 65, 69].  

Efflux transporters eliminate statins. They include the superfamily of plasma membrane 

proteins, the ATP-binding cassettes (ABC), transport statins across the cell membrane that 

are expressed on hepatocytes and enterocytes [70]. ABCs that are primarily involved in the 

removal of statins by active transport are multidrug-resistant-associated protein 

(MRP2/ABCC2), breast cancer resistance protein (BCRP/ABCG2), and P-glycoprotein 

(Pg-P/MDR1/ABCB1) (figure 9) [71]. 

 

D. Statin toxicity 

Although statin therapy is the first choice of treatment of hyperlipidemias, it is not 

well-tolerated by a significant proportion of developing side effects as well as they do not 

achieve the targeted hypocholesterolemic effect [19, 72, 73]. Mechanistically, the toxicity 

of statin is thought to arise as a consequence of HMG-CoAR inhibition yet other non-lipid-

related effects are induced by the downstream inhibition of important biomolecules such as 
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prenylated proteins (GPP and FPP), dolichols, and ubiquinone that are required for a 

variety of important cellular functions (figure 12) [73]. Among the side effects known as 

statins intolerance or statins, toxicity includes renal, liver [74], muscle[59], and brain 

toxicity [69]. Different effects had been reported such as new-onset type 2 diabetes 

mellitus[75], mitochondrial dysfunction [76], as well as neurological and neurocognitive 

effects [37, 77]. 

Figure 12. Potential mechanisms for the development of statin toxicity [37]. 
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1. New-onset type 2 diabetes mellitus 

Chronic treatment of statins (hydrophilic, hydrophobic) may contribute to the 

predisposition of many diseases as new-onset type 2 diabetes mellitus [78, 79]. This effect 

may be enhanced in a dose-dependent manner when combined with preexisting risk factors: 

high body mass index or lack of exercise, impaired fasting glucose, and in aged people 

(>60) [80]. 

It has been shown that statins can impair insulin sensitivity and secretion and increase 

insulin resistance in peripheral tissues. The mechanisms involved in these processes include 

impaired Ca2+ signaling in pancreatic β-cells, down-regulation of GLUT4 in adipocytes, 

and compromised insulin signaling [81].   

a.  Pancreatic insulin secretion is triggered by glucose-induced Ca2+ entry via 

calcium channels. Previous studies have reported that in vivo lipophilic statins 

(e.g. simvastatin) block the L-type calcium channels in mice pancreatic islet-β 

cells leading to the inhibition of glucose-induced calcium signaling [82].  

b. The inhibition of isoprenoid production down-regulates GLUT4 expression. 

Isoprenoids stimulate upregulation of GLUT4 in adipocytes leading to an 

increase in glucose uptake in skeletal muscles and adipocytes. Hence inhibiting 

isoprenoid synthesis may downregulate GLUT4 as reported for lovastatin that 

induced insulin resistance via decreasing the expression of GLUT4 and caveolin‐

1 in adipocytes [83].  

c. Decrease in insulin receptor substrate (IRS-1) activation in vitro as has been 

reported for simvastatin and atorvastatin [84, 85].  
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2. Hepatotoxicity 

Clinical trials with statins revealed elevated levels of transaminases in 0.5-2% of 

patients. No significant increase in bilirubin levels was reported indicating no drug-induced 

liver injury [86]. This adverse effect has been noted in all statins in a dose-dependent 

manner [87] however atorvastatin was predominant in inducing cholestatic/mixed liver 

injury and drug-induced autoimmune hepatitis. Among the postulated mechanisms involved 

in hepatotoxicity: 

Membrane fluidity: cholesterol regulates membrane permeability. By inhibiting 

cholesterol synthesis, statins alter lipid membrane composition that leads to 

increased permeability hence leaking of the liver enzymes and elevate 

transaminases [88].  

3. Renal toxicity 

Albumin uptake in proximal tubular cells is maintained by receptor-mediated 

endocytosis (RME) that requires the presence of prenylated GTP binding proteins [89]. 

Statins inhibit the mevalonate pathway hence the generation of isoprenoid pyrophosphates 

that are required for the prenylation of GTP binding proteins and can impair RME. Mild 

transient proteinuria has been reported in some cases on high-dose statin treatment, this was 

not associated with any clinical deterioration in renal function [90]. On the other hand, high 

potency statins (rosuvastatin >10 mg, atorvastatin>20 mg, or simvastatin >40 mg) have 

been associated with a 34% higher rate of hospitalization for acute kidney injury within 120 

days of drug initiation than less potent statin doses [91]. This might be caused by the 
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inhibition of protein prenylation (of GTP binding proteins) that leads to the repression of 

the tubular reabsorption of albumin [89, 92]. 

 

4. Statin-associated muscle symptoms 

Statin-associated muscle symptoms (SAMS) is the most commonly reported statin 

adverse event in 5-10% of the statin consumers [93]. Symptoms involve muscular pain, 

stiffness, and cramps with or without weakness. The phenotypic presentation of SAMS is 

heterogeneous and might include the relatively more common myalgias, myopathies, 

rhabdomyolysis, and the very rare immune-mediated necrotizing myositis[94]. The 

pathogenesis of SAMS depends on the dose and duration of exposure to the statins. The 

median time of onset of muscular symptoms was 1 month following statin administration. 

In the PRIMO study (Prediction of Muscular Risk in Observational conditions), 

hyperlipidemic patients treated with high doses of statins (40 or 80 mg fluvastatin, 

atorvastatin, and simvastatin) represented mild to moderate muscular symptoms [95]. The 

frequency however was highest with type 1 simvastatin followed by type 2 atorvastatin 

then fluvastatin. The risk of muscular side effects increased with drug-drug interactions that 

interfere with statin elimination, more specifically CYP3A4 enzyme inhibitors (e.g. 

clarithromycin, erythromycin, etc.). The low incidence of SAMS with fluvastatin may be 

attributed to the fact that it is primarily metabolized by CYP2C9 and to a lesser extent by 

CYP3A4 [95]. 

Statin uptake by myocytes is facilitated by several transporters including 

OATP2B1, multidrug resistance-associated protein: MRP 1, MRP 4, MRP 5, and 
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monocarboxylated transporter-4 (MCT4) [96]. It is noteworthy that the hydrophobic statins 

(atorvastatin, simvastatin…) compared to hydrophilic statins are more likely to accumulate 

in skeletal [96]. Statins in the lactone form (lipophilic) can permeate cell membranes easily 

while acid forms (hydrophilic) inhibit this passage [97]. Acidic media maintain the statins 

in their lactone form facilitating their uptake by muscle cells which may explain the greater 

myotoxicity of lipophilic statins [98]. This may result from the: 

a. Reduction of cholesterol content in skeletal muscle membranes lowering 

membrane fluidity [99]. This may affect several ion channels (sodium, 

potassium, and chloride) thus modifying muscle membrane excitability. For 

example, simvastatin but not the hydrophilic pravastatin induced a dose-

dependent decrease of membrane chloride conductance in rat muscle fibers that 

leads to myofiber hyperexcitability and spontaneous myofiber action potentials 

[100]. 

b. Reduction of protein prenylation downstream the mevalonate pathway is 

implicated in the in vitro statin myotoxicity. The statin mediated decreased in 

geranyl-geranyl pyro-phosphate (GGPP): reduced myotube ATP levels [101], 

blocked protein prenylation of small GTPases including Rab and RhoA [101, 

102], induced atrogin-1 expression (gene required for muscle atrophy) [103] 

hence inducing muscle damage and apoptosis. Among the possible mechanisms 

explaining cellular death include The mislocalization of RhoA (membrane to 

cytoplasm), loss of Rab1 activity due to ATP depletion leading to the activation 

of caspase-3 activation [102]. 
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c. Reduction in Coenzyme Q10 level. Ubiquinone plays a central role in the electron 

transport chain mediating electron transfer from complexes I and II to 

cytochromes. The inhibition of HMG-CoAR leads to the decrease in ubiquinone 

formation consequently a decrease in ATP [104] that is required for the skeletal 

myocyte contraction-relaxation cycle hence causing SAMS [59]. A decrease in 

coenzyme Q10 was reported in the muscle biopsy of patients [105] and circulation 

[106]. 

d. Impaired mitochondrial function. Statins may cause mitochondrial impairment in 

patients with myotoxicity [107]. Histochemical staining of skeletal muscle 

biopsies from statin-treated patients consistently demonstrated: increased 

intramuscular lipids indicating abnormal aerobic metabolism, reduced 

cytochrome oxidase staining, and ragged red fibers (clumps of diseased 

mitochondria) indicating mitochondrial dysfunction [108]. Simvastatin (80 mg) 

treatment for 8 weeks reported a significant decrease in mitochondrial DNA 

levels [109]. Other studies tested for mitochondrial dysfunction by targeting the 

activity of co-enzyme Q10 reductase within complex III that contains two binding 

sites for ubiquinone. Statins (lactone more potent than acid form) inhibited the 

activity of this enzyme up to 84% in vitro and 18% in vivo [96]. On the other 

hand, the effect of statins on myocytes was different from cardiac muscles (figure 

13). Statins triggered the transcriptional activation of mitochondrial biogenesis 

by enhancing antioxidant capacity in atrial cells whereas in skeletal cells statins 

induced a much higher oxidative stress that inhibited the transcription of 

mitochondrial biogenesis leading to mitochondrial dysfunction (figure 13) [110]. 
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Figure 13. Statin differential effect according to muscular phenotype [110]. 

ROS: reactive oxygen species; PGC-1: peroxisome proliferator-activated receptor- γ co-

activator 

 

5. Mitochondrial toxicity 

Mitochondria have been proposed as one of the targets underlying statin-induced 

toxicity [76]. Mitochondrial impairment associated with statins’ treatment is demonstrated 

by abnormal morphology, a decrease in the oxidative phosphorylation capacity hence an 

increase in ROS, and intrinsic apoptotic pathway activation [111]. Mechanisms are not 

fully elucidated however proposed causes are the following: CoQ10 deficiency, inhibition of 

respiratory chain complexes, inhibitory effect on protein prenylation, and induction of 

mitochondrial apoptosis pathway [112]. 
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Figure 14. Scheme illustrating the possible effects of statins on mitochondria 

 

A review by Broniarek et. al summarized (figure 14) the possible effects of statins 

on mitochondria. Statins especially the lipophilic ones inhibit respiratory chain complexes 

I, III, IV, and V function, uncouple oxidative phosphorylation, and dissipates the membrane 

potential [113, 114]. These effects result in an increase in reactive oxygen species levels 

(ROS) increasing the permeability of the inner mitochondrial membrane causing 

mitochondrial swelling and cytochrome c release from the intermembrane space [113]. The 

release of cytochrome c from mitochondria will 1) activate caspase-3 that triggers the 

activation of a cascade of caspases inducing apoptosis; 2) increase the level of the pro-

apoptotic BAX protein and suppresses that of anti-apoptotic Bcl-2 [114, 115]; 3) Activate 

mitochondrial mega-channel PTP (permeability transition pore). Consequently, ions and 
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small molecules escape from the mitochondria, resulting in the final collapse of the 

membrane potential [113, 116]. 

6. Neurological and neurocognitive conditions 

Due to reported behavioral effects associated with statin (mainly lipophilic) 

administration, the FDA changed the security label to indicate that memory loss and 

confusion may occur during medication yet reversible once the drug is no longer 

administered [117-120]. Of the neurological conditions associated with statin use: 

hemorrhagic stroke, cognitive decline, peripheral neuropathy, depression, 

confusion/memory loss and aggression, and personality changes [121]. However, it is 

unclear whether these are because of the direct action of statins given the blood-brain 

barrier’s selective permeability to substrates and the brain’s self-sufficiency of cholesterol 

[122]. Several mechanisms have been proposed most of which focus on the importance of 

lipids in proper brain function. Reducing serum lipids may affect the formation of the 

neuronal cell membrane, myelin sheath, and nerve synapses. The reduction of cholesterol 

availability for neurons can result in lowering the expression level of serotonin receptors 

contributing to the behavioral and adverse psychiatric effects [123-125]. 

 

E. Cholesterol in the central nervous system 

1. The complex role of cholesterol in the brain 

Cholesterol is highly abundant in the brain, estimated to contain 25% of the body’s 

non-esterified cholesterol content. Cholesterol is essential for normal brain development 
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and a major component of the myelin sheath and the plasma membrane of neurons and 

astrocytes [126, 127]. In addition, cholesterol participates in signaling, axonal guidance, 

and synaptogenesis which influence synapse plasticity and neurotransmission [6, 128, 129]. 

Changes in brain cholesterol levels contribute to the development of neurodegenerative 

(Alzheimer’s disease, autism spectrum disorder), and metabolic diseases (Niemann-Pick, 

Smith-Lemli-Opitz syndrome) [32]. 

2. Cholesterol homeostasis 

Unlike cholesterol in peripheral organs, brain cholesterol is primarily derived by the de 

novo synthesis in astrocytes, oligodendrocytes, microglia, and to a lesser extent in neurons 

[127, 130]. Peripheral cells meet their cholesterol need by the uptake of LDL as well as by 

the de novo synthesis. However, in the CNS the brain is separated from the plasma 

cholesterol pools by two barriers: the blood-brain barrier (BBB) and the blood-

cerebrospinal fluid (CSF). This restricts plasma lipids, including cholesterol and plasma 

lipoproteins, from entering or leaving the CNS [126, 131]. 

In the CNS, cholesterol level is tightly maintained by a transport mechanism involving 

neurons and glia (figure 15). Neurons depend on glial-derived cholesterol, mainly 

astrocytes, to form numerous and efficient synapses [132-134]. The rate of cholesterol level 

and synthesis in different brain regions vary with the stage of brain development [135]. 

During the embryonic stage or myelination, neurons can meet their own cholesterol 

requirements by de novo synthesis (kandutsch-Russell pathway). Postnatally, neuron's 

ability to synthesize cholesterol is reduced favoring cholesterol import via expressing 

LDLR or LDL receptor-related protein (LRP) [136]. Astrocytes synthesize cholesterol by 
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the Bloch-pathway providing it to neurons. Cholesterol is secreted via ATP-binding 

cassette transporter (ABCA1) into HDL-like particles containing apoE which is delivered 

to neurons [130, 137]. 

To maintain homeostasis, excess cholesterol can cross the BBB into the circulation after 

its conversion to oxysterols that regulate cholesterol synthesis and reuptake between the 

neurons and glial cells. Cholesterol hydroxylation to 24-hydroxycholesterol (24S-OHC) by 

cholesterol 24-hydroxylase (CYP46A1) occurs selectively where it is expressed in neurons, 

but not in astrocytes [127, 137]. CYP27A1 expressed by neurons and glial cells converts 

cholesterol to 27S-OHC. The 24S-/27S-OHC regulate cholesterol synthesis and transport 

from glia to neurons by acting on the nuclear liver X receptors (LXR) that regulate the 

expression and synthesis of apoE and ABC transporters. The oxysterols can be transported 
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into circulation, esterified with fatty acids on lipoproteins (LDL or HDL), that get 

converted in the liver into bile acids to be eliminated.  

Figure 15. Cholesterol homeostasis in the brain [130] 

 

3. Regulation of brain cholesterol 

Cholesterol homeostasis is critical for maintaining brain structure and function that is 

equally controlled by astrocytes and neurons [131]. Disturbances in its synthesis or 

transport cause either deficiency or accumulation of brain cholesterol [32, 126, 138]. 

Oxysterols influence lipid synthesis by regulating SREBP as they interact with Insig 

promoting it to bind SCAP thus preventing its maturation [139]. As a consequence, the 
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transcription of genes encoding for enzymes involved in cholesterol synthesis and transport 

is attenuated (figure 16).  

When cholesterol level is high, or the mevalonate biosynthetic enzyme levels are high, 

excess cholesterol is converted to the 24S–OHC. In astrocytes, 24OH-C decreases the 

expression of HMGCR and increase LXR regulated ApoE expression by activating the 

nuclear transcription factor LXR that dimerizes with the retinoid X receptor (RXR). The 

dimerization induces the expression of apoE and its lipid transporters ABCA1 and ABCG1 

facilitating cholesterol export from astrocyte to neurons [133, 140]. 

In contrast, a decrease in cholesterol level or enzymes involved in its synthesis as well 

as a decrease in cholesterol transport and uptake by neurons induces SREBP-2 cleavage. 

This in turn 1) activates the transcription of genes encoding enzymes involved in 

cholesterol synthesis in astrocytes [141] 2) increases the expression of LDLR 3) blocks 

ABCA1 and ABCG1 expression thus reducing cholesterol efflux [137]. 
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Figure 16. Regulation of cellular cholesterol homeostasis by SREBPs and LXR [142] 

 

F. Statins in the central nervous system 

The cholesterol-lowering effect of statins in peripheral tissue is less likely to affect the 

level of cholesterol in the CNS due to the brain's inherited capacity of synthesizing its own 

cholesterol. Unlike cholesterol in plasma which has a half-life of only a few days, brain 

cholesterol has a half-life from 6 months to 5 years with a turnover rate of 0.02% [126]. 

Thus chronic statin administration is needed to alter brain cholesterol levels [143].  

The neurological effects of statins rely on whether these compounds differ in their 

ability to permeate the CNS through the BBB via passive diffusion or active transporters. 

While lipophilic statins can pass the BBB passively, hydrophilic statins cannot. Active 

transporters including the OATP1A2 and OATP1C1 as well as monocarboxylic acid 

transporters are expressed in the brain that facilitate the entry of statins [46, 143]. 

Regardless of specific transporters, statins accumulate at different rates and 

concentrations within the CNS depending on their lipid solubilities as well as the size of 

these molecules [46, 144, 145]. Table 2 shows the various statins parameters related to their 

ability to penetrate through the BBB as well as their efficiency to inhibit HMG-CoAR. 

Table 2. Statins’ parameters related to BBB penetration and inhibition of HMG-

CoAR (modified) [145] 

Statin CLOGP PAMPA assay 

(% of crossing) 

Pe (x 10-6 cm/s) Mw 
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Mevastatin 4.09 10.08 ± 3.5 1.3 ±0.6 422 

Atorvastatin 5.55 4.9 ± 2.0 0.5 ± 0.2 558 

Fluvastatin 4.18 28.0 ± 2.5 3.2 ± 0.3 411 

Pitavastatin 4.58 12.7 ± 2.6 1.4 ± 0.2 421 

Rosuvastatin 2.29  0.1 ± 0.2 0.0 ± 0.0 482 

Table legend: Parallel Artificial Membrane Permeation Assay (PAMPA); Effective 

permeability (Pe) of the compounds; Mw molecular weight; CLOGP the logarithm of the 

partition coefficient between n-octanol and water 

 

Supporting evidence claim that statins' effect on brain cells is controversial [146]. In 

some cases, statins were shown to have a neuroprotective effect by decreasing the risk of 

dementia [147, 148], Alzheimer’s disease, and improving cognitive impairment [149]. 

Discordant were the results of cognitive impaired effects associated with statin use [118, 

121]. Furthermore, randomized controlled trials however failed to find a significant 

beneficial nor impairing effect [150, 151]. 

4. Neuroprotective effect 

Epidemiological studies alluded to hypercholesterolemia as one of the main risk 

factors for Alzheimer's disease (AD) [152]. AD is a chronic neurodegenerative disorder and 

the most common cause of dementia in the elderly characterized by the appearance of brain 

senile plaques composed of β-amyloid proteins, and neurofibrillary tangles of hyper-

phosphorylated tau protein [153]. Amyloid plaque formation has been shown to increase 

with a cholesterol-rich diet. Regression however was observed when dietary cholesterol 
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intake was diminished [154]. Furthermore, an increase in the level of isoprenoid (FPP, 

GGPP) was observed in the postmortem tissue from the frontal cortex [155] being more 

prevalent in non-statin treated than statin-treated patients [156]. 

Statins were useful in treating or preventing AD [157] as well as in reducing the 

incidence of cognitive impairment with or without dementia in patients [158]. Statins 

neuroprotective activity is based on the inhibition of the biosynthesis of cholesterol and 

isoprenoid by-products. Statins had a positive effect on memory and cognitive level in vitro 

and in patients by inhibiting amyloid production via modification of GTPase prenylation or 

reduction of APP in lipid raft and APP phosphorylation [159-161]. Furthermore, statins had 

a direct in vitro neuroprotective effect against glutamate-induced toxicity [162].  

 

• Dose-dependent effects 

Toxicity or beneficial effects of statin depends on the dosage. Low-dose of 

statins (nM) attenuated the entry of aberrant neuronal into mitosis [163], impaired 

inflammation [164], and activated anti-apoptotic pathways in vivo [165]. High dose 

administration of atorvastatin significantly reduced lipoperoxidation, protein 

oxidation, and nitration and increased the glutathione (GSH) levels in the parietal 

cortex of aged beagles [166]. Although high levels of statins (µM) decreased Aβ 

production, the significant decrease of cellular cholesterol and isoprenoid levels 

induced cellular death [146]. Moderate doses (µM) of statins induced a small 

reduction of cholesterol level more specifically in lipid rafts facilitating the 

interaction of β-secretase and APP [146]. 
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5. Neurotoxic effect 

Numerous studies in different cellular models confirmed the neurotoxic effect of 

statins. Statins decreased the viability of rat brain neuroblasts [167] and primary neurons 

[168], as well as of human and rat malignant glioma cell lines [169, 170]. Atorvastatin and 

simvastatin triggered differentiation and cell death in neurons and astroglia [171]. In 

addition, mevastatin but not pravastatin induced the degeneration of differentiated 

neuroblastoma cells (NBP2) following 72 hours (50% cell death at 10 µM) [172]. Another 

study, on the human neuroblastoma line SH-SY5Y, demonstrated the time and dose-

dependent apoptosis induced by lovastatin (0-100 µM) and had no effect on cell viability at 

24 hours. However, at 48 and 72 hours, significant cytotoxicity was observed at relatively 

low doses of less than 10 µM which induced a greater than 50% reduction in MTT activity 

[173]. 

Multiple mechanisms were proposed as contributors to statins neurotoxic effects: 

a. Decrease in neurotransmission: cholesterol is an element of the exocytosis 

apparatus where it plays a role in the biogenesis and transport of synaptic 

vesicles. Low cholesterol levels may reduce synaptic activity due to lower 

amounts of released neurotransmitters in general [174]. Statins impact neuronal 

and glial cells, decreasing neurotransmitter synaptic levels (serotonin) [175].  

b. Deficiency of nonsterol isoprenoids attenuated cell growth and induced apoptosis 

[176]. In the CNS, Rho GTPases participate in cytoskeleton remodeling, and in 

neuronal development, migration, plasticity, and protection [177-180]. The 

decrease in FPP and GGPP levels in both, cultured neurons [181] and mouse 
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brain [155] decreased signal transduction pathways are crucial for neuronal 

growth and survival. 

c.  Oxidative stress: the release of caspases [182] or an increase in mitochondrial 

ROS levels [77] triggered cellular death. The oxidative stress induced by statins 

can cause neuronal damage thereby leading to the pathogenesis of an array of 

neurodegenerative diseases (figure 17). 

 

 

 

 

 

 

 

 

Figure 17. The causes of oxidative stress in neurodegenerative diseases [183]. 

 

G. Objective of the study 

Statins are cholesterol-lowering drugs. They are competitive inhibitors of the HMG-

CoA reductase enzyme that catalyzes the conversion of HMG-CoA into mevalonate that 

ultimately is metabolized into cholesterol and ubiquinone. Mevalonate diverges in 2 
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different pathways leading to cholesterol and ubiquinone which mediates electron transfer 

between complexes I and II and the cytochromes. Side effects of statins treatment include 

myopathies, renal, and liver toxicity neurological. In addition, statins’ neurotherapeutic 

effects were controversial being neuroprotective in some and neurodegenerative in others. 

 

1. Hypothesis: 

Inhibition of HMG-CoA reductase by statins will decrease levels of cholesterol and 

ubiquinone. Statins’ cytotoxicity, therefore, may be attributed to a decrease in ubiquinone 

level consequently to a decrease in energy production. We aim to investigate the in vitro 

effects of statins on rat and human neuronal cells. Five-different statins belonging to type 1 

(mevalonate) and type 2 fluvastatin, pitavastatin, rosuvastatin, and atorvastatin) will be 

used addressing the following   

1. How toxic are statins to neuronal cells?  

The cytotoxicity of the 5 different statins on PC12 and SH-SY5Y cells in culture using 

MTT assay  and trypan blue exclusion assay: concentration effect and time effect (24, 48 

hours) at sub-IC50 will be determined 

2. What is the effect of statin-treated neuronal cells on ATP level?  

3. What is the effect of different statins on the level of reactive oxygen species on 

neuronal cells?  

4. Will pre- or co-treatment with MitoQ prevent statin-induced cytotoxicity in 

neuronal cells?   
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CHAPTER II 

MATERIALS AND METHODS 

 

A. Materials:  

1. Cell lines:  

The two different cell lines used in this study were a generous gift of Dr. F. kobaissy 

originally purchased from the American Type Culture Collection, Manassas, VA, USA. 

PC12: Rat pheochromocytoma and SH-SY5Y cells: Human neuroblastoma. 

 

2. Disposable LabWare: 

• Cell culture plastic wares – Corning 

• MTP black plate (Costar, Cat# 266) 

3. Cell Culture Reagents were supplied as follows by: 

• Sigma: Heat inactivated Fetal Bovine Serum (FBS) (SF9665); Trypsin -1X 

(Cat#: T3924); Phosphate buffered saline (PBS) without calcium and magnesium 

(Cat#: D8537); Dulbecco's Modified Eagle's medium (DMEM, Cat#: D5796); 

DMEM F12 (Cat#:D8437); Heat Inactivated Horse Serum Donor Herd, (Cat#: 

H1138); Sodium pyruvate (Cat#: S83636), 

• Biowest: Penicillin-Streptomycin Solution 100x  (Cat#: L0022-100) 
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4. In Vitro Kits 

• Sigma: HMG-CoA Reductase Assay Kit (Cat#: CS1090); Cholesterol 

Quantitation Kit (Cat#: MAK043); ATP Bioluminescence Assay Kit (Cat#: 

MAK190) 

5. Chemicals and Reagents 

• Sigma-Aldrich 

Dimethyl sulfoxide (DMSO; Cat#: 41640); Bovine Serum Albumin (BSA; 

Cat#: A2153); Thiazolyl Blue Tetrazolium (MTT; Cat#: M5655); IGEPAL 

(Cat#: CA-630); Mevastatin (Cat#: M2537); Catalase (Cat#: C-3515) 

• FOCUS BIOMOLECULES: Mitoquinone (MitoQ, Cat#: 10-1363) 

• ACROS Organics 

Nitro Blue Tetrazolium Chloride (NBT; Cat#: A0317685)  

• MERCK 

Potassium Hydroxide (KOH; Cat#: C140532) 

• VWR-Chemicals 

Methanol; Ethanol Absolute; Hydrogen Peroxide 

• Cayman Chemicals: Atorvastatin calcium salt (Cat#: 10493); Rosuvastatin 

calcium salt (Cat#: 18813); Pitavastatin calcium salt (Cat#: 15414);  

• Calbiochem 

Fluvastatin sodium salt (Cat#: 344095) 
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6. Drug and Reagent Preparation 

• Statins: 

Statins used in this study include mevastatin purchased from Sigma and 

from which were a generous gift of Dr. A. Habib: atorvastatin, rosuvastatin, 

pitavastatin, and fluvastatin; originally, they were purchased from Cayman 

chemicals Co, Ann Arbor, MI, USA. Stocks were prepared in DMSO at 12 

mM concentration for atorvastatin, rosuvastatin, and pitavastatin; 4 mM for 

mevastatin; and 5 mM for fluvastatin. 

• MitoQ:  

A stock of MitoQ solution (376 mM) was prepared by dissolving the MitoQ 

powder (12.5 mg) in DMSO (50 µl). To treat cells, a final concentration of 

50 nM was used by diluting the stock in DMSO/Media with DMSO not 

exceeding 1%.    

7. Equipment 

• Centrifuge 5416 (eppendorf) 

• Centrifuge 5810 (eppendorf) 

• Mini spin centrifuge (Thermo) 

• Hematocytometer (Fisher scientific) (0267110) 

• AES-2010 Speed Vac System (Thermo Savant) 

• Multiskan EX (ELISA reader) (Thermo). 

• Fluoroskan Ascent FL (Thermo). 
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B. Methods 

1. Cell Culture and Treatment 

PC12 and SH-SY5Y cells were cultured in their respective media and incubated in a 

humidified 5% CO2 incubator at 37ºC for the indicated time. PC12 cells were cultured in 

Dulbecco's Modified Eagle's medium DMEM (500 mL) supplemented with FBS (10%), PS 

(1%),  Horse Serum (5%), and Sodium Pyruvate (1%). SH-SY5Y cells were cultured in 

DMEM (500 mL) supplemented with FBS (10%) and PS (1%). 

The following statins were initially examined at the indicated final concentrations: 1, 5, 10, 

and 15 µM for each of atorvastatin, rosuvastatin, mevastatin, and pitavastatin and 1, 3, and 

5 µM for fluvastatin. The % concentration of DMSO was constant in all and did not exceed 

1%. 

 

2. Viability Assays 

a.  MTT viability assay: Viability Assays 

PC12 and SH-SY5Y cells were seeded for 24 hours in a 96-well plate (104 cells/100 

μl media) then treated (24 and 48 hours) with each of the different statins at concentrations 

ranging between 1-15 μM. Using MTT assay, viability was assessed in treated and control 

(DMSO treated) cells. In brief, 10 μl MTT (5 mg/mL dissolved in PBS) was added to 

freshly introduced media and incubated for 3 hours ( 37oC). The media was then removed 

and followed by the addition of  DMSO (50 µl) to dissolve the formazan crystals. The 
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intensity of the purple color formed was quantified by measuring the absorbance (λ = 595 

nm) using an ELISA reader. 

Viability was calculated and expressed as  follows 

% Viability = 
Abs (Treated cells)  x 100 

Abs (Control) 
 

 

b. Trypan blue exclusion assay 

PC12 and SH-SY5Y cells were seeded for 24 hours in a 24 well plate (5 x 104 cells/ 

0.5 ml media/ well). Following treatment with statins (24 and 48 hours), media was 

aspirated, and cells were washed with 1X PBS, trypsinized for 3 minutes, collected, mixed 

with trypan blue at a ratio of 1:1 (µl), and counted using a hemocytometer under a light 

microscope. Dead cells are stained blue due to the diffusion of the dye whereas viable cells 

remained unstained and appeared opaque. Viability was calculated as follows:  

% Viability/well =  
 Number of  Viable unstained cells  x 100 

Number of stained + unstained cells
 

  

% Viability =  
Viability of treated  x 100

Viability of control
 

 

3. Determination of ROS level: NBT Assay 

Using p-nitro-blue-tetrazolium (NBT) reduction assay, intracellular ROS level was 

determined in SH-SY5Y cells. Cells were seeded for 24 hours in a 96-well plate (104 

cells/100 μl media/well) then treated (24 and 48 hours) with increasing statin 
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concentrations (1-10 µM). In brief, media was aspired followed by NBT (1 mg/ml ddH2O, 

100 µl) addition and incubation for one-hour at 37◦ C. Cells were then washed with 

methanol (100 µl) and allowed to air dry. The formed formazan crystals were solubilized 

by the consecutive addition of potassium hydroxide (2M, 120 µl) and DMSO (140 µl). The 

intensity of the blue color was quantified by measuring the absorbance ( λ= 630 nm) using 

an ELISA reader.  ROS level was calculated as follows: 

% NBT reduced = 
Abs (Treated cells) x 100 

Abs (Control)
 

 

% ROS production =  100% - % NBT reduced 

 

4. Effect of the antioxidant enzyme catalase 

Catalase is an enzyme responsible for the detoxification of oxidizing molecule 

hydrogen peroxide. Cells were seeded for 24 hours in a 96-well plate (104 cells/100 μl 

media), pre-treated for 2 hours with catalase (33 U/well) followed by statin treatment for 24 

and 48 hours. Using MTT assay, the viability of catalase-statin-treated SH-SY5Y cells was 

assessed and compared to statin-treated cells. Hydrogen peroxide (200 µM final 

concentration) was used as a positive inhibitory control of catalase activity. 

 

5. Determination of intracellular ATP level Determination 

ATP level was quantified using an ATP Bioluminescence Assay Kit HS II. SH-SY5Y 

cells were seeded for 24 hours in 24 well plate (5 x 104 cells/ 0.5 ml media/ well) and 
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treated with statins for 24, 36, and 48 hours. Cells were trypsinized, collected by 

centrifugation (1200 rpm, 10 mins), washed with 1X PBS, and lysed using the kit Lysis 

reagent (100 µl, 5 min). Sample of the fresh lysate (50 µl) was then transferred over 

luciferase enzyme (50 µl) introduced in black MTP plate. The intensity of bioluminescence 

was quantified using fluoroscan. The percentage of ATP was calculated as follows: 

% ATP =  
Bioluminescence (treated) x 100

    Bioluminescence control
 

 

6. Effect of MitoQ 

Following seeding for 24 hours in a 96-well plate (104 cells/100 μl media), the 

effect of MitoQ on the viability of statin-treated SH-SY5Y cells (24 and 48 hours) was 

assessed using MTT assay. Two sets of experiments were designed: in the first set cells 

were co-treated with MitoQ (50 nM) and statins; in the second set cells were pre-treated for 

2 hours with MitoQ (50 nM) followed by the addition of statins for the indicated time. 

Treated cells were compared to statin-treated cells as a control to examine if MitoQ would 

protect against the statin cytotoxicity. 

 

7. HMG-CoA Reductase activity 

The direct effect of statins on the purified catalytic subunit of the enzyme (HMG-CoA 

Reductase) was assessed using HMG-CoA Reductase Assay Kit following manual 

instructions. Briefly the reaction assay (96 well plate) of final volume 200 μl/ well 

contained: 1 μl of 100 µM statin (0.5 µM final concentration), 4 µl NADPH (400 µM), 12 
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μl HMG-CoA substrate (0.3 mg/ml) and 181 μl of 1X assay buffer. The reaction was 

initiated by the addition of 2 μl of the enzyme HMGR (0.50–0.70 mg/ml) to each well.  

Oxidation of NADPH by HMG-CoAR was kinetically monitored at 37°C every 10 

seconds over 20 minutes by measuring absorbance (λ=340 nm) using a microplate 

spectrophotometer reader. Results were expressed as % of the control specific activity of 

the enzyme in the absence of statin. Pravastatin (1 μl, 100 μM) was used as a positive 

inhibitory control of HMGR activity. 

 

8. Determination of intracellular cholesterol level 

a. Cholesterol extraction 

SH-SY5Y cells were seeded for 24 hours in 100 mm Petri dishes (106 cells/10 ml). 

Statin treated cells (24 hours) were scraped, washed with 1X PBS, and centrifuged then 

resuspended in PBS (1 ml). The cell suspension (200 μl) was removed to determine protein 

concentration using Bradford assay (described below) while the remaining 800 µls cell 

suspension was used for cholesterol extraction. In brief, pelleted cells were extracted by 

adding 200 µl chloroform:isopropanol:IGEPAL (7:11:0.1 ml/ml/ml) which were vortexed 

at room temperature, homogenized then centrifuged (13,000 g, 10 min). The organic phase 

was then transferred to a new tube, dried using a heat block (50 °C) initially, followed by 

drying under vacuum for 30 min using a SpeedVac. The dried lipid extract was finally 

dissolved in cholesterol buffer (200 μl) provided by the kit. 
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b. Cholesterol assay 

In a 96-well plate, samples (50 μl) of the cholesterol extract were added to the 

reaction mixture kit (50 μl) and incubated for one hour at 37 °C. The intensity of the formed 

purple color reflecting total cholesterol content was measured (λ=570 nm) using a 

microplate spectrophotometer reader. Cholesterol level was determined compared relative 

to a cholesterol standard curve as described in the kit instruction manual.  

Bradford assay: Protein content was determined according to Bradford assay using bovine 

serum albumin as a standard (0, 2, 4, 6, 8, and 10 µg/ml final concentration). Bradford 

reagent (200 µl) was added to appropriately diluted samples, vortexed, and incubated (10 

mins). The absorbance of the blue color was measured (λ=595 nm) using an ELISA reader. 

 

9. Statistical Analysis 

Statistical analysis was determined using Excel Microsoft independent student t-test. 

For multiple comparisons, all analysis was done on graph pad prism (version 7) based on 

Ordinary One Way Anova analysis and compared by Dunnett's and Tukey's multiple 

comparisons test. P-value <0.05 was considered significant. For each parameter tested, a set 

of at least three experiments were done where a triplicate of three determinants was 

applied. Also, for each parameter, both inter-categorical statistical significance and 

significance relative to control were analyzed. 
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CHAPTER III 

RESULTS 

 

A. Cytotoxicity of statins 

We have initially screened for the cytotoxicity of the 5 statins on PC12 and SH-

SY5Y cells. The viability of the treated cells for 24 and 48 hours was determined using 

MTT assay and was further confirmed by trypan blue exclusion assay. The final 

concentration used for each of atorvastatin, rosuvastatin, mevastatin, and pitavastatin 

ranged between 1 and 15 µM, while fluvastatin concentration ranged between 1 and 5 µM. 

Our findings show: 

 

1. Statins decreased the viability of PC12 cells 

Using the MTT assay, the decrease in the viability of PC12 treated with the 

different statins was more significant at 48 hours than 24 hours. Treating PC12, for 24 

hours at the maximal concentration of all the statins caused a 30% decrease in the viability. 

Fluvastatin at 5 µM exhibited almost the same effect as 15 µM of the other statins. On the 

other hand, treating PC12 with statins for 48 hours, more significant cell death was 

obtained; with atorvastatin being the least effective (30% decrease at 15 µM) and 

fluvastatin the most effective causing a 60% decrease in viability at 3 µM. Similarly, 

treating with 15 µM each rosuvastatin, mevastatin, and pitavastatin, resulted in cell death 

ranging between 40%, 50%, and 60% respectively (figure 18B). 
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We next verified the statin-induced effects by examining the viability of PC12 using 

trypan blue exclusion assay. We opted to use the maximal concentration examined for the 

different statins that caused approximately 50% cell death. The decrease in viability was 

more significant after 48 hours of treatment with statins compared to 24 hours (figure 18C). 

The percentage decrease in viability varied between 55% and 60%. While atorvastatin 

showed an insignificant effect with MTT assay, it caused significant cell death of 25% and 

50% at 24 and 48 hours respectively using trypan blue. These findings suggest that long-

time exposure of PC12 to statins disturb the plasma membrane integrity leading to an 

increase in cell death. 
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Figure 18. Statins decreased the viability of PC12 cells. 

Cells were treated with indicated statins A: atorvastatin, R: rosuvastatin, M: mevastatin, P: 

pitavastatin, and F: fluvastatin. Viability was then determined using MTT assay following 

A) 24 hours and B) 48-hour treatment. Using trypan blue assay (C), the viability of cells, 

treated with statins (15 µM for A, R, M, and P, and 5 µM for F), was also determined. Data 

presented are mean ± SEM of 9 determinations from 3 different experiments. Asterisks on 

bars represent significance relative to the control (*), (**), (***), and (****) correspond to 

P<0.05, 0.01, 0.001, and 0.0001 respectively, ns: not significant. 

 

 

2. Statins decreased the viability of SH-SY5Y cells 

The effect of statins on the viability of human neuronal cells was assessed using the 

MTT assay. Compared to 24 hours of treatment, the viability of SH-SY5Y cells 

significantly decreased following 48 hours of treatment.  

The percentage of cell death occurring after 24 hours of treatment with the 5 statins, 

at maximal concentration, ranged between 30% and 50% (figure 19A) with rosuvastatin 

being the least effective. However, treating cells with the various statins for 48 hours 

caused a pronounced cell death including atorvastatin and rosuvastatin. Interestingly, at 5 

µM, all statins reduced significantly ( >70%) the viability of SH-SY5Y. However, at lower 

concentrations (1 µM), atorvastatin and rosuvastatin were the least effective causing cell 
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death of 25% and 15% respectively while pitavastatin and fluvastatin were the most potent 

causing cell death of 80% (Figure 19B).  

Using trypan blue exclusion assay we further examined the viability of statin-treated 

cells at a final concentration that caused less than 50% cell death at 24 hours by the MTT 

assay. Trypan blue findings were concordant with those of MTT. Cell death ranged 

between 25% and 40% at 24 hours, but increased drastically, following 48 hours, ranging 

between 90% and 70% (figure 19C). 
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Figure 19. Statins decreased the viability of SH-SY5Y cells. 

Cells were treated with indicated statins A: atorvastatin, R: rosuvastatin, M: 

mevastatin, P: pitavastatin, and F: fluvastatin at concentrations ranging between 1 

and 15 µM. Viability was then determined using MTT assay following A) 24 

hours and B) 48-hour treatment. Using trypan blue assay (C) the viability of cells 

treated with statins (5 µM for A, R, and P, 1 µM for M, and 3 µM for F) was also 

determined. Data presented are Mean ± SEM of 9 determinations from 3 

different experiments. Asterisks on bars represent significance relative to the 

control (*), (**), (***), and (****) correspond to P<0.05, 0.01, 0.001, and 0.0001 

respectively, ns: not significant. 

 

To sum up, cell death in statin-treated PC12 or SH-SY5Y cells was more significant 

following 48 hours than 24 hours with the human SH-SY5Y cell line being more sensitive 

than the rat PC12 cell line. Hence, we opted in all subsequent experiments to continue with 

SH-SY5Y cells treating them at concentrations that caused less than 50% death as 

estimated by the MTT 24 hours. 
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B. Statins induced ROS production 

 We next examined using NBT assay, whether the pronounced cell death occurring 

at 48 hours in statin-treated SH-SY5Y cells is due to an increase in reactive oxygen species 

(ROS). The ability of cellular dehydrogenase to reduce NBT will decrease with an increase 

in oxidative stress level which correlates with ROS levels. 

 Treatment of SH-SY5Y cells for 24 hours with various statins (1-10 µM) showed a 

dose-dependent increase in ROS level (Figure 20A) ranging between 8% and 35%. 

However extended exposure to statins (48 hours), caused a dose-dependent increase in ROS 

production with each atorvastatin, rosuvastatin, and mevastatin reaching 65% at the highest 

tested concentration (10 µM). Regarding pitavastatin and fluvastatin, the maximal obtained 

increase occurred at concentrations as low as 1 µM with no further increase with 

concentration. Therefore, the increase in cell death induced following 48 hours of treatment 

with statins is due to the significant increase in oxidative stress levels. 
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Figure 20. Stains induced time-dependent ROS production. 

Cells were treated with the indicated statins: A: atorvastatin, R: rosuvastatin, M: 

mevastatin, P: pitavastatin, and F: fluvastatin, with concentrations ranging between 1 and 

10 µM for 24 and 48 hours. ROS production was then assessed using the NBT assay. Data 

presented are Mean ± SEM of 16 determination from 4 different experiments. Asterisks on 

bars represent significance relative to the control. (*), (**), (***), and (****) correspond to 

P<0.05, 0.01, 0.001, and 0.0001 respectively. 
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C. Catalase exhibited no protective effect on statin-treated SH-SY5Y cells 

We next investigated if statin-induced oxidative stress is due to increased production of 

H2O2. The protective effect of the catalase enzyme responsible for the reduction of 

hydrogen peroxide (H2O2) into water and oxygen was examined. Hydrogen peroxide H2O2 

(200 µM) treated SH-SY5Y cells were protected when treated with catalase. Viability was 

completely restored at both 24 and 48 hours (figure 21 A). However, catalase pretreatment 

exhibited no protective effect on statin-induced death. No restoration in viability was 

obtained in catalase pretreated cells compared to statin-treated at both time points (figure 

21 B & C) indicating the cytotoxicity of statins in neuronal cells is independent of H2O2 

production. 
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Figure 21. Catalase exhibited no protective effect on statin-treated SH-SY5Y cells. 

Following treatment with catalase (2 hours), cells were treated for 24 and 48 hours with A) 

200 µM H2O2 and (B & C) with the indicated statins A: atorvastatin, R: rosuvastatin, M: 

mevastatin, P: pitavastatin, and F: fluvastatin at a concentration of 5 µM for each of A, R, 

and P; 1 µM for M; and 3 µM for F. Viability was then determined using MTT assay. Data 

presented are the Mean ± SEM of 6 determinations from 2 different experiments compared 

to control. 
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D. Statins reduce intracellular ATP level in human neuronal SH-SY5Y cells 

Statins inhibit HMG-CoAR, the rate-determining step in the cholesterol pathway, 

hence it decreases cholesterol level and expectedly UQ level consequently influencing ATP 

level. We assessed the impact on ATP levels in statin-treated SH-SY5Y cells. Our findings 

show a decrease in ATP level with time. Following the 24 hour treatment, atorvastatin and 

rosuvastatin decreased ATP levels by 17% while mevastatin and pitavastatin by ~ 35%. 

However, fluvastatin caused a drastic decrease that dropped the ATP levels to 25%.  

Further investigation showed that the drop in ATP levels was time-dependent (figure 

22). Atorvastatin and mevastatin induced a gradual decrease in ATP that reached 45% and 

22% at 36 hours and further dropped to 10% and 15% following 48 hours of treatment 

respectively. The decrease induced by other statins however plateaued at 36 hours of 

treatment. Fluvastatin and pitavastatin decreased ATP to non-detectable levels whereas 

rosuvastatin decreased ATP levels to 40%.  

These results conclude that each of the statins distinctively alters ATP production, in a 

time-dependent manner, concordant with the viability results. 
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Figure 22. Statins reduced intracellular ATP level. 

Cells were treated for 24, 36, and 48 hours with the indicated statins: A: atorvastatin, R: 

rosuvastatin, M: mevastatin, P: pitavastatin, and F: fluvastatin at a concentration of 5 µM 

for each of A, R, and P; 1 µM for M and 3 µM for F. ATP level was determined using ATP 

assay kit. Data presented are the Mean of 4 determinations from 2 different experiments 

compared to control. 

 

E. MitoQ has no protective effect against statin-induced cell death 

Statins inhibit the mevalonate pathway which diverges into pathways that leads to 

various important biomolecules namely: cholesterol and ubiquinone. The latter mediates 

the transfer of electrons to cytochrome complexes from complexes I and/ or II of the 

electron transport chain (ETC). Hence statin treatment would influence ubiquinone (UQ), 

impairing mitochondrial function, and energy level. We, therefore, tested if the 

administration of MitoQ, the permeable analog of UQ, would prevent the cytotoxicity of 

statin. Our findings show (Figure 23) that neither pre-treatment with MitoQ (2 hours before 

statin addition) nor co-treatment (MitoQ-statin) protected against the statin-induced cell 

death. MitoQ treatment showed similar viability when compared to control. The decrease in 
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the viability in statin-treated SH-SY5Y cells remained the same with no restoration in 

viability with MitoQ pretreatment and cotreatment.   
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Figure 23. MitoQ does not protect SH-SY5Y against statin-induced cell death. 

Cells were pre/co-treated with MitoQ (50 nM) along with the indicated statins: A: 

atorvastatin, R: rosuvastatin, M: mevastatin, P: pitavastatin, and F: fluvastatin with 

concentrations ranging between 1 and 10 µM for 24 and 48 hours. Viability was then 

determined using the MTT assay. Data presented are Mean ± SEM of 16 determinations 

from 4 different experiments. ns refers to statistically not significant (P>0.005) compared to 

the control/ MitoQ-treated cells. 

 

F. HMG-CoAR activity: Direct effect of statins 

It is well known that statins are competitive inhibitors of HMG-CoAR. Using the 

HMG-CoA Reductase assay kit, we compared the direct inhibitory effect of the various 

statins used in this study with respect to the positive control (inhibitor provided by the kit). 
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All statins were tested at a final concentration of 0.5 µM similar to that of pravastatin (the 

Kit provided inhibitor). 

Compared to pravastatin, all examined statins except for mevalonate showed a 

similar effect (figure 24). The activity of HMG-CoAR was significantly inhibited (>70% ) 

with each of atorvastatin, rosuvastatin, pitavastatin, and fluvastatin similar to that of 

pravastatin (75%). No inhibition was obtained by mevastatin, which is attributed to the 

structural state of the compound being a lactone. This requires initial activation by 

hydrolysis which occurs in vivo by intracellular esterases, following which the inhibition of 

HMG-CoAR.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Statins inhibit the activity of HMG-CoAR. 

The inhibitory effect on the purified catalytic subunit of HMGR of the indicated statins (0.5 

µM) for each inhibitor, A: atorvastatin, R: rosuvastatin, M: mevastatin, P: pitavastatin, and 

F: fluvastatin was determined using HMG-CoA Reductase assay kit. Data presented are the 

Mean ± SEM of 3 determinations from 3 different experiments Asterisks on bars represent 

significance relative to the control. (****) correspond to P<0.0001, ns: not significant 

P>0.05. 
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G. Statins alter intracellular cholesterol content 

Finally, we assessed the impact of statins on intracellular cholesterol levels. SH-

SY5Y cells treated with different statins for 24 hours were extracted and quantified for 

cholesterol level (free and esterified) using the cholesterol assay kit.  

Compared to control, our preliminary findings show that all statins except for 

pitavastatin increased intracellular cholesterol levels. This may be attributed to statins 

inhibitory effect on HMG-CoAR that induces a reduction in intracellular cholesterol and a 

subsequent increase in LDL receptors leading to an increase in cholesterol uptake from 

culture media. 

 

 

 

 

 

 

Figure 25. Statins inhibit intracellular cholesterol content. 

Cells were treated for 24 hours with the indicated statins: A: atorvastatin, R: rosuvastatin, 

M: mevastatin, P: pitavastatin, and F: fluvastatin at a concentration of 5 µM for each of A, 

R, and P; 1 µM for M and 3 µM for F. Intracellular cholesterol was determined using 

cholesterol quantification kit. Data presented are the Mean of 2 determinations from 1 

experiment. 
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CHAPTER IV 

DISCUSSION 
 

The anti-atherosclerotic effect of statins, labeled them among the most commonly 

prescribed drugs, to patients with cardiovascular events or diseases [16, 184]. They are 

competitive inhibitors of the HMG-CoA reductase, the enzyme catalyzing the rate-limiting 

step in the mevalonate pathway leading to cholesterol [63]. In addition to their 

hypocholesterolemic effect, they exhibit a pleiotropic role in different tissues and body 

organs [37]. However, the decrease in cholesterol level by statins is usually accompanied 

by a decrease in the level of important biomolecules such as isoprenoids and ubiquinone 

[36] essential for the regulation of many cellular activities including those in the brain and 

central nervous system [185]. While the effects of statins on the cholesterol pathway in the 

liver have been extensively characterized, their effects on CNS remain relatively limited  

[8, 143]. 

In this in-vitro study, we have examined the direct effect of 5 different statins, on rat 

PC12 and human SH-SY5Y cells including the natural product, mevastatin; and 4- 

synthetic products (fluvastatin, atorvastatin, rosuvastatin, and pitavastatin) belonging to 

type1 and type 2 respectively. We hereby report, the sensitivity of human over rat cell lines 

to statins. Being undifferentiated, the PC12 are insensitive to statins that inhibit Rho-

associated coiled-coil forming protein serine/threonine kinase (ROCK) [186, 187]. In all 

subsequent experiments, we opted to proceed with SH-SY5Y the human neuronal cell line. 



 

80 
 

All tested statins caused dose- and time-dependent cell death (20%-50%) but was 

more pronounced (80%-95%) following 24- and 48- hour treatment respectively. 

Comparing statin-treated SH-SY5Y cells, a significant time-dependent increase in ROS 

level with a concomitant decrease in ATP level was obtained in the following order from 

the most potent F>P>A>R (least) for type 2. Mevastatin (type 1) exhibited an effect similar 

to that of pitavastatin. Neither pre-treatment with catalase nor the co- or pre-treatment with 

MitoQ, the structural analog of ubiquinone, were protective; No restoration in viability was 

obtained. Our preliminary findings suggest that statin cytotoxicity may not be limited to the 

inhibition of HMG-CoAR activity (decrease cholesterol) or lowered ubiquinone (UQ), but 

to their plausible effect on the plasma membrane as well as the decrease in products of the 

mevalonate pathway. 

Although inhibition of cholesterol biosynthesis by statins alters membrane 

composition leading to increased membrane permeability [28], statins aggregation in the 

membranes change the bilayer nanomechanical stability of the bilayers increasing their 

elasticity [47]. The viability of statin-treated cells varied between MTT and trypan blue 

exclusion assay. The decrease in viability was more pronounced using trypan blue 

exclusion assay than MTT assay. While the MTT assay depends on the activity of a 

mitochondrial dehydrogenase, which involves the transport of statins through the plasma 

membranes and possibly mitochondrial membranes [188]; Trypan blue assay however 

reflects the derangements in the plasma membrane integrity [189]. The difference in SH-

SY5Y sensitivity to statins may be attributed to their physiochemical properties, 

lipophilicity, hydrophilicity, and size (molecular weight). Therefore, statins’ level and 
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consequently their effects depend on statin association with the plasma membrane and/or 

transport intracellularly. Fluvastatin and pitavastatin were the most potent in our study, 

being lipophilic and small in size, they may favorably permeate the plasma membrane. 

Whereas the hydrophilic rosuvastatin, with polar ionizable negatively charged sulfate 

group, and the bulky side groups of atorvastatin, attenuate their diffusion through the cell 

membrane hence were the least potent. 

Hence disturbances in membrane integrity, leading to cell death, may not be 

ignored, even at sub-IC50 statin-treated SH-SY5Y cells (48hrs). In line with our findings, 

fluvastatin, the most potent in our study, was previously reported as the most effective 

membrane disruptor [64]. Other mechanisms explaining the decrease in neuronal viability 

by statin proposed the disruption of cytoskeleton integrity, involving actin that plays a role 

in maintaining neuronal polarity and dendrites plasticity [190-193]. 

The toxicity of statins is not limited to the decrease in cholesterol level, but may 

also result from the downstream decrease in the level of biomolecules such as prenylated 

intermediates, dolichols, and ubiquinone that serve important cellular functions including 

cell signaling, growth, and differentiation as well as mitochondrial respiration [37, 107]. 

Some statins were reported to target the mitochondria, inhibiting different complexes in the 

electron transport chain that may result in deleterious consequences on neuronal cells [76]. 

The effect of statins on brain cells and mitochondria remains controversial [76, 194, 195]. 

Whereas some studies reported on the neuroprotective effects of statins, others 

demonstrated neurodegenerative effects [150, 151]. Furthermore, there is no consensus 

concerning alterations in the ubiquinone level, with both in-vitro and in-vivo statin-treated 
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studies [196, 197]. Ubiquinone is an electron carrier in the electron transport chain that 

mediates the transfer of electrons from complexes I and II to cytochromes [198]. 

Previous in-vivo and in-vitro studies on isolated mitochondria, reported the 

occurrence of mitochondrial dysfunction following high dose or chronic statin treatment 

[109, 199, 200]. In addition to their role in cellular respiration and the site for many 

metabolic pathways (fatty-acid oxidation, TCA), mitochondria are involved in: Ca2+ 

homeostasis [201], controlling antioxidant activity (e.g. glutathione peroxidase, catalase) 

[202], and reactive oxygen species generation [203]. Depending on the level of the latter, 

ROS can either act as second messengers or promoters of cellular damage [110]. Many 

mechanisms were proposed regarding statin-induced cytotoxicity includes: 1) A decrease in 

coenzyme Q10 levels [204, 205]; 2) Down-regulation of antioxidant enzymes [74, 206]; 3) 

inhibition of respiratory chain complexes [96, 205, 207]; and 4) inducing the mitochondrial 

apoptosis pathway [208, 209]. 

Increased ROS is considered an early event in the progression of neurological 

diseases such as Alzheimer’s and Parkinson's disease [210, 211]. In our study, we 

demonstrated that the pronounced statin-induced cell death following 48 hours treatment 

was accompanied by a significant: a) increase in intracellular ROS that was not 

counteracted by catalase treatment, indicating that H2O2 if generated, is not released, and b) 

a decrease in ATP levels. These findings are in line with in-vivo studies relating ROS 

production liver and renal tubular damage following atorvastatin administration [39]. 

Similarly, skeletal muscle biopsies from statin-treated patients [115] and animals [212] 

showed altered mitochondrial function caused by diminished production of ATP, excess 
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production of ROS, and apoptosis. Treating breast cancer cells (MCF-7) with statins 

increased ROS production causing cell cycle arrest, inhibition of proliferation leading to 

cell death [213]. Surprisingly discordant to our findings, a previous study on 

cardiomyocytes, Jones et al. reported the protective effect of nM concentration simvastatin 

on mitochondrial oxidative stress [110]. Additionally, simvastatin reversed Amyloid β-

induced mitochondrial dysfunction by increasing intracellular ATP production, oxygen 

consumption, and mitochondrial number [214]. 

UQ deficiency has been suggested to be involved in the pathogenesis of statin-

induced myopathy [105, 106]. The decrease in the level of UQ reduces cell energy, 

promotes oxidation, impair mitochondrial function, and promotes apoptosis [76, 215]. A 

recent clinical meta-analysis showed that UQ supplementation ameliorated statin-associated 

muscle symptoms [105]. However, the uniform effectiveness of UQ supplementation, both 

in-vivo or in-vitro studies, remained controversial with no consensus [196, 197, 216]. 

Mitoquinone (MitoQ), a mitochondrial-targeted antioxidant, is a ubiquinone analog. 

It consists of a ubiquinone moiety linked to a triphenylphosphonium (TPP+) molecule. The 

positively charged lipophilic TPP+ moiety allows MitoQ to pass through the phospholipid 

bilayers and to accumulate within the mitochondrial inner membrane driven by the 

mitochondrial membrane potential [217]. The active antioxidative form of MitoQ 

(ubiquinol), is oxidized by ROS and has been used as an antioxidant in a range of in-vivo 

studies in rats and mice and phase II human trials [218]. As an antioxidant, MitoQ has been 

effective against lipid peroxidation, peroxy-nitrite, the hydroperoxyl radical, and 

superoxide but not H2O2 [219]. We examined whether MitoQ treatment (50 nM) would 
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prevent the cytotoxicity of statin. Regardless of the mode of combined treatment (pre/co) 

with statins, neither the pre-treatment with MitoQ nor co-treatment (MitoQ-statin) 

protected against the statin-induced cell death. While other studies have used twice the 

concentration we did, the protective role of MitoQ was not sustained with time which 

explains our findings. MitoQ (200 nM) protected the human-derived desmoplastic 

cerebellar medulloblastoma cell line (DAOY) from the lovastatin induced toxicity at 12 

hours but not at 48 hours [220]. 

To sum up, in this study the direct exposure of SH-SY5Y cells to a sub-IC50 

concentration of statins exhibited a neurotoxic effect. Cell death induced may involve 

perturbations occurring at the plasma membrane, an increase in ROS, and a decrease in 

ATP production. The order of toxicity fluvastatin> pitavastatin> atorvastatin> rosuvastatin 

is proportional to lipophilicity. The structural differences of the various statins support the 

difference in the pharmacokinetic response of these drugs in the central nervous system. It 

is thus important to emphasize the mechanistic difference between statins to achieve the 

best therapeutic decision. 

Future studies 

• Compare the effect of statins on differentiated PC12. 

• Determine the protective effect of antioxidants: NAC, GSH, and activity or 

expression of antioxidant enzymes. 

• Determine the RNS level in statin-treated cells. 

• Investigate the effect of statins on cytoskeletal proteins (F-actin). 
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• Assess mitochondrial dysfunction. 

• Measure the effect of statins on cellular HMG-CoA reductase enzymatic activities. 

• Monitor changes in cholesterol level in the plasma membrane (Flippin III staining). 

• Monitor changes in LDL receptor levels (immune-staining). 

• Monitor changes in isoprenoids and ubiquinone level (HPLC). 

• Determine the effect of statin on brain injury markers (e.g. Tau, S100 Calcium 

Binding Protein B (S100B), myelin basic protein). 

Limitations 

• In this study, neuronal cells were directly exposed to statins. 

• The use of undifferentiated neuronal cells. 

• The use of a cell-free HMG-CoAR assay. 

  



 

86 
 

BIBLIOGRAPHY 
 

1. Olson, R.E., Discovery of the Lipoproteins, Their Role in Fat Transport and Their 

Significance as Risk Factors. American Society for Nutritional Sciences., 1998. 

128(3166). 

2. Maxfield, F.R. and G. Van Meer, Cholesterol, the central lipid of mammalian cells. 

2010. 22(4): p. 422-429. 

3. Sitaula, S. and T.P. Burris, Cholesterol and Other Steroids. 2016, Elsevier. p. 173-

179. 

4. Gesto, D.S., et al., An Atomic-Level Perspective of HMG-CoA-Reductase: The 

Target Enzyme to Treat Hypercholesterolemia. Molecules, 2020. 25(17). 

5. Lingwood, D. and K. Simons, Lipid Rafts As a Membrane-Organizing Principle. 

Science, 2010. 327(5961): p. 46-50. 

6. Incardona, J.P. and S. Eaton, Cholesterol in signal transduction. Current Opinion in 

Cell Biology, 2000. 12(2): p. 193-203. 

7. Ikonen, E., Cellular cholesterol trafficking and compartmentalization. Nat Rev Mol 

Cell Biol, 2008. 9(2): p. 125-38. 

8. Afonso, M.S., et al., Molecular Pathways Underlying Cholesterol Homeostasis. 

Nutrients, 2018. 10(6). 

9. Ikonen, E., Mechanisms for cellular cholesterol transport: defects and human 

disease. Physiol Rev, 2006. 86(4): p. 1237-61. 

10. Jeong, A., et al., Isoprenoids and protein prenylation: implications in the 

pathogenesis and therapeutic intervention of Alzheimer's disease. Crit Rev Biochem 

Mol Biol, 2018. 53(3): p. 279-310. 

11. Valenza, M. and E. Cattaneo, Emerging roles for cholesterol in Huntington's 

disease. 2011. 34(9): p. 474-486. 

12. Washington, I.M. and G. Van Hoosier, Clinical Biochemistry and Hematology. 

2012, Elsevier. p. 57-116. 

13. Yang, Z., et al., Structural Basis and Functional Mechanism of Lipoprotein in 

Cholesterol Transport. 2018, InTech. 

14. Fielding, P.E. and C.J. Fielding, Dynamics of lipoprotein transport in the human 

circulatory system. 1996, Elsevier. p. 495-516. 

15. Mahmood, S.S., et al., The Framingham Heart Study and the epidemiology of 

cardiovascular disease: a historical perspective. The Lancet, 2014. 383(9921): p. 

999-1008. 

16. Stone, N.J., et al., 2013 ACC/AHA guideline on the treatment of blood cholesterol to 

reduce atherosclerotic cardiovascular risk in adults: a report of the American 

College of Cardiology/American Heart Association Task Force on Practice 

Guidelines. Circulation, 2014. 129(25 Suppl 2): p. S1-45. 

17. Wang, H.H., et al., Cholesterol and Lipoprotein Metabolism and Atherosclerosis: 

Recent Advances in Reverse Cholesterol Transport. Annals of Hepatology, 2017. 

16: p. S27-S42. 



 

87 
 

18. Endo, A., The discovery and development of HMG-CoA reductase inhibitors. 

Journal of Lipid Research  1992. Volume 33. 

19. Hegele, R.A. and S. Tsimikas, Lipid-Lowering Agents. Circ Res, 2019. 124(3): p. 

386-404. 

20. Junod, S.W., Statins: A Success Story Involving FDA, Academia and Industry. the 

bimonthly publication of the Food and Drug Law Institute, March-April 2007. 

21. Bays, H., Cholesterol Absorption Inhibitors (Ezetimibe) and Bile Acid Binding 

Resins (Colesevelam HCl) as Therapy for Dyslipidemia in Patients with Diabetes 

Mellitus. 2014, Springer New York. p. 415-433. 

22. Weintraub, W.S., Perspective on Trends in Statin Use. JAMA Cardiol, 2017. 2(1): 

p. 11-12. 

23. Eva S.Istvan, M.P., Susan K.Buchanan1 and Johann Deisenhofer2, Crystal structure 

of the catalytic portion of human HMG-CoA reductase: insights into regulation of 

activity and catalysis. EMBO, 2000. Vol.19 (No.5 ): p. pp.819–830. 

24. Son, M., et al., Exploration of Virtual Candidates for Human HMG-CoA Reductase 

Inhibitors Using Pharmacophore Modeling and Molecular Dynamics Simulations. 

PLoS ONE, 2013. 8(12): p. e83496. 

25. Rodwell†, J.A.F.a.V.W., The 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) 

reductases. Genome Biology 2004(5:248). 

26. Johnson, B.M. and R.A. Debose-Boyd, Underlying mechanisms for sterol-induced 

ubiquitination and ER-associated degradation of HMG CoA reductase. Seminars in 

Cell & Developmental Biology, 2018. 81: p. 121-128. 

27. Gil, G., Membrane-Bound Domain of HMG CoA Reductase Is Required for Sterol-

Enhanced Degradation of the Enzyme. Cell, 1985. 41: p. 249-258. 

28. Jo, Y. and R.A. Debose-Boyd, Control of cholesterol synthesis through regulated 

ER-associated degradation of HMG CoA reductase. Crit Rev Biochem Mol Biol, 

2010. 45(3): p. 185-98. 

29. Jawaid, S., Human hydroxymethylglutaryl-coenzyme A reductase (HMGCR) and 

statin sensitivity. Indian Journal of Biochemistry & Biophysics, 2010: p. 331-339. 

30. DeBose-Boyd, R.A., Feedback regulation of cholesterol synthesis: sterol-

accelerated ubiquitination and degradation of HMG CoA reductase. Cell Res, 

2008. 18(6): p. 609-21. 

31. Burg, J.S. and P.J. Espenshade, Regulation of HMG-CoA reductase in mammals 

and yeast. Prog Lipid Res, 2011. 50(4): p. 403-10. 

32. Cortes, V.A., et al., Retracted: Advances in the physiological and pathological 

implications of cholesterol. Biol Rev Camb Philos Soc, 2013. 88(4): p. 825-43. 

33. Argo, C.K., et al., Statins in liver disease: a molehill, an iceberg, or neither? 

Hepatology, 2008. 48(2): p. 662-9. 

34. Bathaie, S.Z., et al., Mevalonate Pathway and Human Cancers. Curr Mol 

Pharmacol, 2017. 10(2): p. 77-85. 

35. Jiang, S.Y., et al., Discovery of a potent HMG-CoA reductase degrader that 

eliminates statin-induced reductase accumulation and lowers cholesterol. Nat 

Commun, 2018. 9(1): p. 5138. 

36. Hoyos, P., V. Pace, and A. Alcántara, Biocatalyzed Synthesis of Statins: A 

Sustainable Strategy for the Preparation of Valuable Drugs. Catalysts, 2019. 9(3). 



 

88 
 

37. Ward, N.C., G.F. Watts, and R.H. Eckel, Statin Toxicity. Circ Res, 2019. 124(2): p. 

328-350. 

38. Endo, A., Discovery and Development of Statins. Natural Product Communications, 

2017. 12(8): p. 1153 - 1156. 

39. Würtz, P.P., et al., Metabolomic Profiling of Statin Use and Genetic Inhibition of 

HMG-CoA Reductase. JACC (Journal of the American College of Cardiology), 

2016. 67(10): p. 1200-1210. 

40. Durand, G.A., D. Raoult, and G. Dubourg, Antibiotic discovery: history, methods 

and perspectives. International Journal of Antimicrobial Agents, 2019. 53(4): p. 

371-382. 

41. Hahn, F.E., Mechanism of Action of Antibacterial Agents. Vol. V part 1 1979, New 

York: Springer · Veriag !lorlin -Heidelberg. 

42. Endo, A., A historical perspective on the discovery of statins. Proc Jpn Acad Ser B 

Phys Biol Sci, 2010. 86(5): p. 484-93. 

43. James M. McKenney, P.G., Barbara S. Wiggins, and Joseph S. Saseen, Statins. Vol. 

chapter 22. 

44. Stossel, T.P., The discovery of statins. Cell, 2008. 134(6): p. 903-5. 

45. Hennessy, E., et al., Is There Potential for Repurposing Statins as Novel 

Antimicrobials? Antimicrob Agents Chemother, 2016. 60(9): p. 5111-21. 

46. Fong, C.W., Statins in therapy: understanding their hydrophilicity, lipophilicity, 

binding to 3-hydroxy-3-methylglutaryl-CoA reductase, ability to cross the blood 

brain barrier and metabolic stability based on electrostatic molecular orbital 

studies. Eur J Med Chem, 2014. 85: p. 661-74. 

47. Redondo-Morata, L., et al., Effect of Statins on the Nanomechanical Properties of 

Supported Lipid Bilayers. Biophys J, 2016. 111(2): p. 363-372. 

48. Schachter, M., Chemical, pharmacokinetic and pharmacodynamic properties of 

statins: an update. Fundam Clin Pharmacol, 2005. 19(1): p. 117-25. 

49. Sebaugh, J.L., Guidelines for accurate EC50/IC50 estimation. Pharmaceutical 

Statistics, 2011. 10(2): p. 128-134. 

50. Istvan, E., Statin inhibition of HMG-CoA reductase: a 3-dimensional view. 

Atherosclerosis Supplements, 2003. 4(1): p. 3-8. 

51. Lennernäs, H. and G. Fager, Pharmacodynamics and Pharmacokinetics of the 

HMG-CoA Reductase Inhibitors. Clinical Pharmacokinetics, 1997. 32(5): p. 403-

425. 

52. Bellosta, S., R. Paoletti, and A. Corsini, Safety of statins: focus on clinical 

pharmacokinetics and drug interactions. Circulation, 2004. 109(23 Suppl 1): p. 

III50-7. 

53. Deisenhofer1, E.S.I.a.J., Structural Mechanism for Statin Inhibition of HMG-CoA 

Reductase. SCIENCE, 2001. 292. 

54. Kawai, Y., et al., Place of pitavastatin in the statin armamentarium: promising 

evidence for a role in diabetes mellitus. Drug Des Devel Ther, 2011. 5: p. 283-97. 

55. Palleria, C., et al., Clinically relevant drug interactions between statins and 

antidepressants. J Clin Pharm Ther, 2020. 45(2): p. 227-239. 



 

89 
 

56. Da Costa, R.F., et al., Explaining statin inhibition effectiveness of HMG-CoA 

reductase by quantum biochemistry computations. Phys. Chem. Chem. Phys., 2012. 

14(4): p. 1389-1398. 

57. Murphy, C., et al., The Role of Structure and Biophysical Properties in the 

Pleiotropic Effects of Statins. Int J Mol Sci, 2020. 21(22). 

58. Lucía Cid-Conde, J.L.-C., Pharmacokinetic Aspects of Statins. Cardiovascular Risk 

Factors in Pathology. 

59. Turner, R.M. and M. Pirmohamed, Statin-Related Myotoxicity: A Comprehensive 

Review of Pharmacokinetic, Pharmacogenomic and Muscle Components. J Clin 

Med, 2019. 9(1). 

60. Guan, Z.W., et al., Pharmacogenetics of statins treatment: Efficacy and safety. J 

Clin Pharm Ther, 2019. 44(6): p. 858-867. 

61. Fong, C.W., Statins in therapy: Cellular transport, side effects, drug-drug 

interactions and cytotoxicity -the unrecognized role of lactones. hal-01185910, 2 Jul 

2016. 

62. Mason, R.P., Molecular basis of differences among statins and a comparison with 

antioxidant vitamins. Am J Cardiol, 2006. 98(11A): p. 34P-41P. 

63. Mason, R.P., et al., Intermolecular differences of 3-hydroxy-3-methylglutaryl 

coenzyme a reductase inhibitors contribute to distinct pharmacologic and 

pleiotropic actions. Am J Cardiol, 2005. 96(5A): p. 11F-23F. 

64. Redondo-Morata, L., Effect of statins on the nano-mechanical properties of 

supported lipid bilayers. Biophysical Journal, Biophysical Society, 2016. 111 p. 

363-372. 

65. Elizabeth Landrum Michalets, P.D., Update: Clinically Significant Cytochrome P-

4-50 Drug Interactions. REVIEWS OF THERAPEUTIC, 1998. 18: p. 84-112. 

66. Cid-Conde, L. and J. López-Castro, Pharmacokinetic Aspects of Statins. 2020, 

IntechOpen. 

67. Shitara, Y. and Y. Sugiyama, Pharmacokinetic and pharmacodynamic alterations 

of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors: 

Drug–drug interactions and interindividual differences in transporter and 

metabolic enzyme functions. Pharmacology & Therapeutics, 2006. 112(1): p. 71-

105. 

68. Arnaboldi, L. and A. Corsini, Do structural differences in statins correlate with 

clinical efficacy? Curr Opin Lipidol, 2010. 21(4): p. 298-304. 

69. Ramkumar, S., A. Raghunath, and S. Raghunath, Statin Therapy: Review of Safety 

and Potential Side Effects. Acta Cardiol Sin, 2016. 32(6): p. 631-639. 

70. Rocha, K.C.E., B.M.V. Pereira, and A.C. Rodrigues, An update on efflux and uptake 

transporters as determinants of statin response. Expert Opinion on Drug 

Metabolism & Toxicology, 2018. 14(6): p. 613-624. 

71. Mangravite, L.M., C.F. Thorn, and R.M. Krauss, Clinical implications of 

pharmacogenomics of statin treatment. The Pharmacogenomics Journal, 2006. 6(6): 

p. 360-374. 

72. Hadjiphilippou, S. and K.K. Ray, Cholesterol-Lowering Agents. Circ Res, 2019. 

124(3): p. 354-363. 



 

90 
 

73. Thompson, P.D., et al., Statin-Associated Side Effects. J Am Coll Cardiol, 2016. 

67(20): p. 2395-2410. 

74. Abdoli, N., et al., Mechanisms of the statins cytotoxicity in freshly isolated rat 

hepatocytes. J Biochem Mol Toxicol, 2013. 27(6): p. 287-94. 

75. Sadighara, M., et al., Toxicity of Atorvastatin on Pancreas Mitochondria: A 

Justification for Increased Risk of Diabetes Mellitus. Basic Clin Pharmacol Toxicol, 

2017. 120(2): p. 131-137. 

76. Golomb, B.A. and M.A. Evans, Statin Adverse Effects A Review of the Literature 

and Evidence for a Mitochondrial Mechanism. American Journal of Cardiovascular 

Drugs, 2008. 8(6): p. 373-418. 

77. Estela N.B. Busanello, A.C.M., Estela Lorza-Gil, Helena C.F. de Oliveira and 

Anibal E. Vercesi A, Mitochondrial Oxidative Stress and CalciumDependent 

Permeability Transition are Key Players in the Mechanisms of Statins-Associated 

Side Effect. 

78. Zafrir, B. and M. Jain, Lipid-lowering therapies, glucose control and incident 

diabetes: evidence, mechanisms and clinical implications. Cardiovasc Drugs Ther, 

2014. 28(4): p. 361-77. 

79. Carter, A.A., et al., Risk of incident diabetes among patients treated with statins: 

population based study. BMJ, 2013. 346(may23 4): p. f2610-f2610. 

80. Galicia-Garcia, U., et al., Statin Treatment-Induced Development of Type 2 

Diabetes: From Clinical Evidence to Mechanistic Insights. International Journal of 

Molecular Sciences, 2020. 21(13). 

81. Aiman, U., A. Najmi, and R.A. Khan, Statin induced diabetes and its clinical 

implications. J Pharmacol Pharmacother, 2014. 5(3): p. 181-5. 

82. Jahanshahi, P., et al., Evidence of diminished glucose stimulation and endoplasmic 

reticulum function in nonoscillatory pancreatic islets. Endocrinology, 2009. 150(2): 

p. 607-615. 

83. Nakata, M., et al., Effects of statins on the adipocyte maturation and expression of 

glucose transporter 4 (SLC2A4): implications in glycaemic control. 2006. 49(8): p. 

1881-1892. 

84. Kain, V., et al., Simvastatin may induce insulin resistance through a novel fatty acid 

mediated cholesterol independent mechanism. Scientific Reports, 2015. 5(1). 

85. Urbano, F., et al., Impaired glucagon suppression and reduced insulin sensitivity in 

subjects with prediabetes undergoing atorvastatin therapy. European Journal of 

Endocrinology, 2019. 181(6): p. 579-590. 

86. Jose, J., Statins and its hepatic effects: Newer data, implications, and changing 

recommendations. Journal of pharmacy & bioallied sciences, 2016. 8(1): p. 23-28. 

87. Björnsson, E.S., Hepatotoxicity of statins and other lipid-lowering agents. Liver 

International, 2017. 37(2): p. 173-178. 

88. Kramer, W., Antilipidemic Drug Therapy Today and in the Future. Handb Exp 

Pharmacol, 2016. 233: p. 373-435. 

89. Agarwal, R., Statin Induced Proteinuria: Renal Injury or Renoprotection? 2004. 

15(9): p. 2502-2503. 

90. Botshekan, S. and B. Yalameha, Are statins toxic or safe for kidney diseases? An 

updated mini-review study. Journal of Nephropathology, 2020. 9(4): p. e38-e38. 



 

91 
 

91. Dormuth, C.R., et al., Use of high potency statins and rates of admission for acute 

kidney injury: multicenter, retrospective observational analysis of administrative 

databases. BMJ, 2013. 346(mar18 3): p. f880-f880. 

92. Agarwal, R., Effects of Statins on Renal Function. Mayo Clinic Proceedings, 2007. 

82(11): p. 1381-1390. 

93. Cham, S., et al., Statin-associated muscle-related adverse effects: a case series of 

354 patients. Pharmacotherapy, 2010. 30(6): p. 541-53. 

94. Du Souich, P., G. Roederer, and R. Dufour, Myotoxicity of statins: Mechanism of 

action. Pharmacology & Therapeutics, 2017. 175: p. 1-16. 

95. Bruckert, E., et al., Mild to Moderate Muscular Symptoms with High-Dosage Statin 

Therapy in Hyperlipidemic Patients —The PRIMO Study. Cardiovascular Drugs and 

Therapy, 2005. 19(6): p. 403-414. 

96. Schirris, T.J., et al., Statin-Induced Myopathy Is Associated with Mitochondrial 

Complex III Inhibition. Cell Metab, 2015. 22(3): p. 399-407. 

97. Taha, D.A., et al., The role of acid-base imbalance in statin-induced myotoxicity. 

Translational Research, 2016. 174: p. 140-160.e14. 

98. Skottheim, I.B., et al., Statin induced myotoxicity: The lactone forms are more 

potent than the acid forms in human skeletal muscle cells in vitro. 2008. 33(4-5): p. 

317-325. 

99. Nishimoto, T., et al., Comparing myotoxic effects of squalene synthase inhibitor, T-

91485, and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase 

inhibitors in human myocytes. Biochemical pharmacology, 2003. 66 11: p. 2133-9. 

100. Camerino, G.M., et al., Risk of Myopathy in Patients in Therapy with Statins: 

Identification of Biological Markers in a Pilot Study. Front Pharmacol, 2017. 8: p. 

500. 

101. Wagner, B.K., et al., A Small-Molecule Screening Strategy To Identify Suppressors 

of Statin Myopathy. ACS Chemical Biology, 2011. 6(9): p. 900-904. 

102. Itagaki, M., et al., Possible Mechanisms Underlying Statin-Induced Skeletal Muscle 

Toxicity in L6 Fibroblasts and in Rats. Journal of Pharmacological Sciences, 2009. 

109(1): p. 94-101. 

103. Cao, P., et al., Statin-induced muscle damage and atrogin-1 induction is the result 

of a geranylgeranylation defect. 2009. 23(9): p. 2844-2854. 

104. Ramachandran, R. and A.S. Wierzbicki, Statins, Muscle Disease and Mitochondria. 

J Clin Med, 2017. 6(8). 

105. Qu, H., et al., Effects of Coenzyme Q10 on Statin‐Induced Myopathy: An Updated 

Meta‐Analysis of Randomized Controlled Trials. Journal of the American Heart 

Association, 2018. 7(19). 

106. Rundek, T., Atorvastatin Decreases the Coenzyme Q10 Level in the Blood of 

Patients at Risk for Cardiovascular Disease and Stroke. Arch Neurology, 2004. 61: 

p. 889-892. 

107. Negar Maghsoodi, A.S.W., Statins: general safety profile and association with 

myopathy. Clinical Pharmacist, 2016, May 11. 

108. Phillips, P.S., et al., Statin-Associated Myopathy with Normal Creatine Kinase 

Levels. Annals of Internal Medicine, 2002. 137(7): p. 581. 



 

92 
 

109. Schick, B.A., et al., Decreased Skeletal Muscle Mitochondrial DNA in Patients 

Treated with High-Dose Simvastatin. Clinical Pharmacology & Therapeutics, 2007. 

81(5): p. 650-653. 

110. Bouitbir, J., et al., Opposite effects of statins on mitochondria of cardiac and 

skeletal muscles: a 'mitohormesis' mechanism involving reactive oxygen species and 

PGC-1. Eur Heart J, 2012. 33(11): p. 1397-407. 

111. Broniarek, I. and W. Jarmuszkiewicz, Statins and mitochondria. Postepy biochemii, 

2016. 62: p. 77-84. 

112. Broniarek, I. and W. Jarmuszkiewicz, [Statins and mitochondria]. Postepy 

Biochem, 2016. 62(2): p. 77-84. 

113. Marcoff, L. and P.D. Thompson, The role of coenzyme Q10 in statin-associated 

myopathy: a systematic review. J Am Coll Cardiol, 2007. 49(23): p. 2231-7. 

114. Qi, X.F., et al., HMG-CoA reductase inhibitors induce apoptosis of lymphoma cells 

by promoting ROS generation and regulating Akt, Erk and p38 signals via 

suppression of mevalonate pathway. Cell Death Dis, 2013. 4: p. e518. 

115. Bouitbir, J., Statins Trigger Mitochondrial Reactive Oxygen Species-Induced 

Apoptosis in Glycolytic Skeletal Muscle. Antioxidants & Redox Signaling, 2016. 

24(2): p. 84-98. 

116. Muraki, A., et al., Coenzyme Q10 reverses mitochondrial dysfunction in 

atorvastatin-treated mice and increases exercise endurance. J Appl Physiol (1985), 

2012. 113(3): p. 479-86. 

117. Padala, K.P., Simvastatin-Induced Decline in Cognition. The Annals 

ofPharmacotherapy. 40. 

118. Evans, M.A., Statin-Associated Adverse Cognitive Effects: Survey Results from 171 

Patients. Pharmacotherapy 2009. 29: p. 800–811. 

119. Newman, C.B., et al., Statin Safety and Associated Adverse Events: A Scientific 

Statement From the American Heart Association. Arterioscler Thromb Vasc Biol, 

2019. 39(2): p. e38-e81. 

120. Kelley, B.J. and S. Glasser, Cognitive effects of statin medications. CNS Drugs, 

2014. 28(5): p. 411-9. 

121. M Sahebzamani, F., Examination of the FDA Warning for Statins and Cognitive 

Dysfunction. Journal of Pharmacovigilance, 2014. 02(04). 

122. Mach, F., et al., Adverse effects of statin therapy: perception vs. the evidence - focus 

on glucose homeostasis, cognitive, renal and hepatic function, haemorrhagic stroke 

and cataract. Eur Heart J, 2018. 39(27): p. 2526-2539. 

123. Leppien, E., et al., Effects of Statins and Cholesterol on Patient Aggression: Is 

There a Connection? Innovations in clinical neuroscience, 2018. 15(3-4): p. 24-27. 

124. McAleer, S.F., et al., Statin prescription initiation and lifestyle behaviour: a 

primary care cohort study. BMC Family Practice, 2016. 17(1). 

125. Fiedorowicz, J.G. and W.G. Haynes, Cholesterol, mood, and vascular health: 

Untangling the relationship: Does low cholesterol predispose to depression and 

suicide, or vice versa? Current psychiatry, 2010. 9(7): p. 17-A. 

126. Dietschy, J.M., Central nervous system: cholesterol turnover, brain development 

and neurodegeneration. Biol Chem, 2009. 390(4): p. 287-93. 



 

93 
 

127. Zhang, J. and Q. Liu, Cholesterol metabolism and homeostasis in the brain. Protein 

Cell, 2015. 6(4): p. 254-64. 

128. Mauch, D.H., CNS Synaptogenesis Promoted by Glia-Derived Cholesterol. 

SCIENCE, 2001. 294. 

129. Dietschy, J.M., Cholesterol metabolism in the brain. Current Opinion in Lipidology 

2001. 12: p. 105±112. 

130. Gamba, P., et al., A Crosstalk Between Brain Cholesterol Oxidation and Glucose 

Metabolism in Alzheimer’s Disease. Frontiers in Neuroscience, 2019. 13. 

131. Mahley, R.W., Central Nervous System Lipoproteins: ApoE and Regulation of 

Cholesterol Metabolism. Arterioscler Thromb Vasc Biol, 2016. 36(7): p. 1305-15. 

132. Christian Go¨ ritz, D.H.M., Karl Na¨ gler, Frank W. Pfrieger, Role of glia-derived 

cholesterol in synaptogenesis: new revelations in the synapse–glia affair. Journal of 

Physiology, 2002. 96 p. 257–263. 

133. Czuba, E., et al., Cholesterol as a modifying agent of the neurovascular unit 

structure and function under physiological and pathological conditions. Metabolic 

Brain Disease, 2017. 32(4): p. 935-948. 

134. Hayashi, H., et al., Glial lipoproteins stimulate axon growth of central nervous 

system neurons in compartmented cultures. J Biol Chem, 2004. 279(14): p. 14009-

15. 

135. Dietschy, J.M. and S.D. Turley, Thematic review series: brain Lipids. Cholesterol 

metabolism in the central nervous system during early development and in the 

mature animal. J Lipid Res, 2004. 45(8): p. 1375-97. 

136. Pfrieger, F.W., Cholesterol homeostasis and function in neurons of the central 

nervous system. Cell Mol Life Sci, 2003. 60(6): p. 1158-71. 

137. Mohamed, A., K. Smith, and E.P. de Chaves, The Mevalonate Pathway in 

Alzheimer’s Disease — Cholesterol and Non-Sterol Isoprenoids, in Alzheimer's 

Disease - Challenges for the Future. 2015. 

138. Nunes, V.S., et al., Decreased content, rate of synthesis and export of cholesterol in 

the brain of apoE knockout mice. Journal of Bioenergetics and Biomembranes, 

2018. 50(4): p. 283-287. 

139. Leoni, V. and C. Caccia, 24S-hydroxycholesterol in plasma: A marker of 

cholesterol turnover in neurodegenerative diseases. Biochimie, 2013. 95(3): p. 595-

612. 

140. Abildayeva, K., et al., 24(S)-hydroxycholesterol participates in a liver X receptor-

controlled pathway in astrocytes that regulates apolipoprotein E-mediated 

cholesterol efflux. J Biol Chem, 2006. 281(18): p. 12799-808. 

141. <Espenshade-1999-Autocatalytic-processing-of-site--p.pdf>. 

142. Spann, N.J. and C.K. Glass, Sterols and oxysterols in immune cell function. Nature 

Immunology, 2013. 14(9): p. 893-900. 

143. McFarland, A.J., et al., Molecular mechanisms underlying the effects of statins in 

the central nervous system. Int J Mol Sci, 2014. 15(11): p. 20607-37. 

144. Muehlbacher, M., et al., Qualitative prediction of blood-brain barrier permeability 

on a large and refined dataset. J Comput Aided Mol Des, 2011. 25(12): p. 1095-

106. 



 

94 
 

145. Sierra, S., et al., Statins as neuroprotectants: a comparative in vitro study of 

lipophilicity, blood-brain-barrier penetration, lowering of brain cholesterol, and 

decrease of neuron cell death. J Alzheimers Dis, 2011. 23(2): p. 307-18. 

146. Fonseca, A.C., et al., Cholesterol and statins in Alzheimer's disease: current 

controversies. Exp Neurol, 2010. 223(2): p. 282-93. 

147. Chuang, C.S., et al., Decreased prevalence of dementia associated with statins: a 

national population-based study. Eur J Neurol, 2015. 22(6): p. 912-8. 

148. Zhang, X., J. Wen, and Z. Zhang, Statins use and risk of dementia: A dose-response 

meta analysis. Medicine (Baltimore), 2018. 97(30): p. e11304. 

149. H., L.H., L.C. L., and H.C. N., Neuroprotective effects of statins against amyloid 

beta-induced neurotoxicity. Neural Regen Res, 2018. 13(2): p. 198-206. 

150. Schultz, B.G., D.K. Patten, and D.J. Berlau, The role of statins in both cognitive 

impairment and protection against dementia: a tale of two mechanisms. 

Translational Neurodegeneration, 2018. 7(1). 

151. Anand, R., K.D. Gill, and A.A. Mahdi, Therapeutics of Alzheimer's disease: Past, 

present and future. Neuropharmacology, 2014. 76 Pt A: p. 27-50. 

152. Shepardson, N.E., Cholesterol Level and Statin Use in Alzheimer Disease. 

NEUROLOGICAL REVIEW, 2011. 68: p. 1239-1244. 

153. Silva, T., et al., Alzheimer's disease, cholesterol, and statins: the junctions of 

important metabolic pathways. Angew Chem Int Ed Engl, 2013. 52(4): p. 1110-21. 

154. SPARKS, L., Intraneuronal [3-Amyloid Immunoreactivity in the CNS. 

Neurobiology of Aging, 1995. 17(2): p. 291-299. 

155. Eckert, G.P., et al., Regulation of the brain isoprenoids farnesyl- and 

geranylgeranylpyrophosphate is altered in male Alzheimer patients. Neurobiol Dis, 

2009. 35(2): p. 251-7. 

156. Wolozin, B., Decreased Prevalence of Alzheimer Disease Associated With 3-

Hydroxy-3-Methyglutaryl Coenzyme A Reductase Inhibitors. Arch Neurology 2000. 

57. 

157. Loera-Valencia, R., et al., Alterations in cholesterol metabolism as a risk factor for 

developing Alzheimer’s disease: Potential novel targets for treatment. The Journal 

of Steroid Biochemistry and Molecular Biology, 2019. 190: p. 104-114. 

158. Cramer, C., Use of statins and incidence of dementia and cognitive impairment 

without dementia in a cohort study. Neurology, July 29, 2008. 71. 

159. Buxbaum, J.D., E.I. Cullen, and L.T. Friedhoff, Pharmacological concentrations of 

the HMG-CoA reductase inhibitor lovastatin decrease the formation of the 

Alzheimer beta-amyloid peptide in vitro and in patients. Frontiers in bioscience, 

2002. 7: p. a50. 

160. Cordle, A., et al., Mechanisms of statin-mediated inhibition of small G-protein 

function. J Biol Chem, 2005. 280(40): p. 34202-9. 

161. Hosaka, A., et al., Statins reduce amyloid beta-peptide production by modulating 

amyloid precursor protein maturation and phosphorylation through a cholesterol-

independent mechanism in cultured neurons. Neurochem Res, 2013. 38(3): p. 589-

600. 

162. Bosel, J., et al., Neuroprotective effects of atorvastatin against glutamate-induced 

excitotoxicity in primary cortical neurones. J Neurochem, 2005. 92(6): p. 1386-98. 



 

95 
 

163. Sala, S.G., HMG-CoA Reductase Inhibitor Simvastatin Inhibits Cell Cycle 

Progression at the G1/S Checkpoint in Immortalized Lymphocytes from Alzheimer's 

Disease Patients Independently of Cholesterol-Lowering Effects. Journal of 

Pharmacology and Experimental Therapeutics, 2008. 324: p. 352-359. 

164. Cordle, A. and G. Landreth, 3-Hydroxy-3-methylglutaryl-coenzyme A reductase 

inhibitors attenuate beta-amyloid-induced microglial inflammatory responses. J 

Neurosci, 2005. 25(2): p. 299-307. 

165. Merla, R., et al., The central role of adenosine in statin-induced ERK1/2, Akt, and 

eNOS phosphorylation. American Journal of Physiology-Heart and Circulatory 

Physiology, 2007. 293(3): p. H1918-H1928. 

166. Barone, E., et al., Long-term high-dose atorvastatin decreases brain oxidative and 

nitrosative stress in a preclinical model of Alzheimer disease: a novel mechanism of 

action. Pharmacol Res, 2011. 63(3): p. 172-80. 

167. Garcia-Roman, N., et al., Lovastatin induces apoptosis of spontaneously 

immortalized rat brain neuroblasts: involvement of nonsterol isoprenoid 

biosynthesis inhibition. Mol Cell Neurosci, 2001. 17(2): p. 329-41. 

168. Meske, V., et al., Blockade of HMG-CoA reductase activity causes changes in 

microtubule-stabilizing protein tau via suppression of geranylgeranylpyrophosphate 

formation: implications for Alzheimer's disease. Eur J Neurosci, 2003. 17(1): p. 93-

102. 

169. Murakami, M., et al., The inhibitory effect of simvastatin on growth in malignant 

gliomas - with special reference to its local application with fibrin glue spray in 

vivo. Int J Oncol, 2001. 19(3): p. 525-531. 

170. Oliveira, K.A., et al., Atorvastatin Promotes Cytotoxicity and Reduces Migration 

and Proliferation of Human A172 Glioma Cells. Mol Neurobiol, 2018. 55(2): p. 

1509-1523. 

171. Marz, P., U. Otten, and A.R. Miserez, Statins induce differentiation and cell death 

in neurons and astroglia. Glia, 2007. 55(1): p. 1-12. 

172. Kumar, B., et al., Mevastatin induces degeneration and decreases viability of 

cAMP-induced differentiated neuroblastoma cells in culture by inhibiting 

proteasome activity, and mevalonic acid lactone prevents these effects. J Neurosci 

Res, 2002. 68(5): p. 627-35. 

173. Arnold, D.E., et al., Lovastatin induces neuronal differentiation and apoptosis of 

embryonal carcinoma and neuroblastoma cells: enhanced differentiation and 

apoptosis in combination with dbcAMP. Mol Cell Biochem, 2010. 345(1-2): p. 1-

11. 

174. Rosa, P. and A. Fratangeli, Cholesterol and synaptic vesicle exocytosis. 2010. 3(4): 

p. 352-353. 

175. Sodero, A.O. and F.J. Barrantes, Pleiotropic effects of statins on brain cells. 

Biochim Biophys Acta Biomembr, 2020. 1862(9): p. 183340. 

176. Yanagisawa, M.M.a.K., Inhibition of Cholesterol Production but Not of Nonsterol 

Isoprenoid Products Induces Neuronal Cell Death. Journal ofNeurochemistry, 

2002. 



 

96 
 

177. Murakoshi, H., H. Wang, and R. Yasuda, Local, persistent activation of Rho 

GTPases during plasticity of single dendritic spines. Nature, 2011. 472(7341): p. 

100-4. 

178. Jaffe, A.B. and A. Hall, Rho GTPases: biochemistry and biology. Annu Rev Cell 

Dev Biol, 2005. 21: p. 247-69. 

179. Martino, A., et al., Rho GTPase-dependent plasticity of dendritic spines in the adult 

brain. Front Cell Neurosci, 2013. 7: p. 62. 

180. Linseman, D.A. and F.A. Loucks, Diverse roles of Rho family GTPases in neuronal 

development, survival, and death. Front Biosci, 2008. 13: p. 657-76. 

181. Hooff, G.P., et al., Modulation of cholesterol, farnesylpyrophosphate, and 

geranylgeranylpyrophosphate in neuroblastoma SH-SY5Y-APP695 cells: impact on 

amyloid beta-protein production. Mol Neurobiol, 2010. 41(2-3): p. 341-50. 

182. Marcuzzi, A., et al., Lovastatin induces apoptosis through the mitochondrial 

pathway in an undifferentiated SH-SY5Y neuroblastoma cell line. Cell Death Dis, 

2013. 4: p. e585. 

183. Kausar, S., F. Wang, and H. Cui, The Role of Mitochondria in Reactive Oxygen 

Species Generation and Its Implications for Neurodegenerative Diseases. Cells, 

2018. 7(12). 

184. Oesterle, A., U. Laufs, and J.K. Liao, Pleiotropic Effects of Statins on the 

Cardiovascular System. Circ Res, 2017. 120(1): p. 229-243. 

185. Mendoza-Oliva, A., A. Zepeda, and C. Arias, The Complex Actions of Statins in 

Brain and their Relevance for Alzheimer’s Disease Treatment: an Analytical 

Review. Current Alzheimer Research, 2014. 11(999): p. 1-1. 

186. Yin, H., et al., Neurite outgrowth resistance to rho kinase inhibitors in PC12 Adh 

cell. Cell Biology International, 2015. 39(5): p. 563-576. 

187. Wang, W.-L., Current Situation of PC12 Cell Use in Neuronal Injury Study. 

International Journal of Biotechnology for Wellness Industries, 2015. 4. 

188. Stockert, J.C., et al., MTT assay for cell viability: Intracellular localization of the 

formazan product is in lipid droplets. Acta Histochemica, 2012. 114(8): p. 785-796. 

189. Strober, W., Trypan Blue Exclusion Test of Cell Viability. Current Protocols in 

Immunology, 2015. 111(1). 

190. Chubinskiy-Nadezhdin, V.I., Y.A. Negulyaev, and E.A. Morachevskaya, 

Simvastatin induced actin cytoskeleton disassembly in normal and transformed 

fibroblasts without affecting lipid raft integrity. Cell Biol Int, 2017. 41(9): p. 1020-

1029. 

191. Sokalska, A., et al., Simvastatin Induces Apoptosis and Alters Cytoskeleton in 

Endometrial Stromal Cells. 2010. 95(7): p. 3453-3459. 

192. Konietzny, A., J. Bär, and M. Mikhaylova, Dendritic Actin Cytoskeleton: Structure, 

Functions, and Regulations. Frontiers in Cellular Neuroscience, 2017. 11. 

193. Venkatesh, K., A. Mathew, and S.P. Koushika, Role of actin in organelle trafficking 

in neurons. Cytoskeleton, 2020. 77(3-4): p. 97-109. 

194. Davies, J.T., et al., Current and Emerging Uses of Statins in Clinical Therapeutics: 

A Review. Lipid Insights, 2016. 9: p. 13-29. 



 

97 
 

195. Dohlmann, T.L., et al., Statin Treatment Decreases Mitochondrial Respiration But 

Muscle Coenzyme Q10 Levels Are Unaltered: The LIFESTAT Study. The Journal of 

Clinical Endocrinology & Metabolism, 2019. 104(7): p. 2501-2508. 

196. Littarru, G.P. and L. Tiano, Clinical aspects of coenzyme Q10: an update. Nutrition, 

2010. 26(3): p. 250-4. 

197. Deichmann, R., Coenzyme Q10 and Statin-Induced Mitochondrial Dysfunction. The 

Ochsner Journal 2010. 10: p. 16–21. 

198. Enriquez, J.A. and G. Lenaz, Coenzyme q and the respiratory chain: coenzyme q 

pool and mitochondrial supercomplexes. Mol Syndromol, 2014. 5(3-4): p. 119-40. 

199. Nicolson, G.L., Mitochondrial Dysfunction and Chronic Disease: Treatment With 

Natural Supplements. Integrative Medicine, 2014. 13. 

200. Busanello, E.N.B., et al., Pravastatin Chronic Treatment Sensitizes 

Hypercholesterolemic Mice Muscle to Mitochondrial Permeability Transition: 

Protection by Creatine or Coenzyme Q10. Front Pharmacol, 2017. 8: p. 185. 

201. Martinez-Reyes, I. and N.S. Chandel, Mitochondrial TCA cycle metabolites control 

physiology and disease. Nat Commun, 2020. 11(1): p. 102. 

202. ENRIQUE CADENAS, K.J.A.D., MITOCHONDRIAL FREE RADICAL 

GENERATION, OXIDATIVE STRESS, AND AGING. Free Radical Biology & 

Medicine, 2000. 29: p. 222–230. 

203. Sena, L.A. and N.S. Chandel, Physiological roles of mitochondrial reactive oxygen 

species. Mol Cell, 2012. 48(2): p. 158-67. 

204. Deichmann, R., Coenzyme Q10 and Statin-Induced Mitochondrial Dysfunction. The 

Ochsner Journal, 2010. 10: p. 16–21. 

205. Izabela Broniarek, W.J., Statins and mitochondria. Postępy Biochemii, 2016. 62. 

206. Pal, S., et al., Atorvastatin induced hepatic oxidative stress and apoptotic damage 

via MAPKs, mitochondria, calpain and caspase12 dependent pathways. Food and 

Chemical Toxicology, 2015. 83: p. 36-47. 

207. Kaufmann, P., et al., Toxicity of statins on rat skeletal muscle mitochondria. Cell 

Mol Life Sci, 2006. 63(19-20): p. 2415-25. 

208. Sieczkowski, E., et al., Double impact on p-glycoprotein by statins enhances 

doxorubicin cytotoxicity in human neuroblastoma cells. International Journal of 

Cancer, 2009: p. NA-NA. 

209. ALICIA J. KOWALTOWSKI, A.E.V., MITOCHONDRIAL DAMAGE INDUCED 

BY CONDITIONS OF OXIDATIVE STRESS. Free Radical Biology & Medicine, 

1999. 26: p. 463–471. 

210. Singh, A., et al., Oxidative Stress: A Key Modulator in Neurodegenerative Diseases. 

Molecules, 2019. 24(8). 

211. Manoharan, S., et al., The Role of Reactive Oxygen Species in the Pathogenesis of 

Alzheimer’s Disease, Parkinson’s Disease, and Huntington’s Disease: A Mini 

Review. Oxidative Medicine and Cellular Longevity, 2016. 2016: p. 1-15. 

212. Bouitbir, J., et al., Atorvastatin treatment reduces exercise capacities in rats: 

involvement of mitochondrial impairments and oxidative stress. J Appl Physiol 

(1985), 2011. 111(5): p. 1477-83. 

213. Sánchez, C.A., et al., Statin-Induced Inhibition of MCF-7 Breast Cancer Cell 

Proliferation is Related to Cell Cycle Arrest and Apoptotic and Necrotic Cell Death 



 

98 
 

Mediated by an Enhanced Oxidative Stress. Cancer Investigation, 2008. 26(7): p. 

698-707. 

214. Li, Y., et al., Mitochondrial protective mechanism of simvastatin protects against 

amyloid beta peptide-induced injury in SH-SY5Y cells. Int J Mol Med, 2018. 41(5): 

p. 2997-3005. 

215. Johan Ericsson, G.D., Distribution, Biosynthesis, and Function of Mevalonate 

Pathway Lipids. Subcellular Biochemistry, ed. J.R.H. N. Borgese. Vol. 21. Plenum 

Press, New York. 

216. Smith, R.A. and M.P. Murphy, Animal and human studies with the mitochondria-

targeted antioxidant MitoQ. Ann N Y Acad Sci, 2010. 1201: p. 96-103. 

217. Tauskela, J.S., MitoQ--a mitochondria-targeted antioxidant. IDrugs, 2007. 10(6): p. 

399-412. 

218. Smith, R.A.J. and M.P. Murphy, Animal and human studies with the mitochondria-

targeted antioxidant MitoQ. Annals of the New York Academy of Sciences, 2010. 

1201(1): p. 96-103. 

219. Cochemé, H.M., et al., Mitochondrial targeting of quinones: Therapeutic 

implications. Mitochondrion, 2007. 7: p. S94-S102. 

220. Marcuzzi, A., et al., Neuronal Dysfunction Associated with Cholesterol 

Deregulation. International Journal of Molecular Sciences, 2018. 19(5): p. 1523. 

 



 

 

 




