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Live as you were to die tomorrow.  

Learn as if you were to live forever. 

  

- Mahatma Gandhi 

  



 

 

  



 

 

ABSTRACT 

Cardiovascular disease (CVD) is the prime cause of death in industrialized countries, 

resulting from the progression of atherosclerotic lesions. An increased level of plasma 

cholesterol, particularly within low-density lipoproteins, is a principle risk factor, but 

also elevated triglycerides and low levels of high-density lipoprotein cholesterol. 

Recognition of dyslipidemia as a risk factor for CVD has led to an international 

consensus that anti-hyperlipidemic drug therapy is essential for the primary and 

secondary prevention in risk patients. HMG-CoA reductase inhibitors, i.e. statins, are 

the most common drugs used for this purpose, inhibiting the rate-limiting step in 

cholesterol biosynthesis. The medical significance of HMG-CoA reductase inhibitors 

have in recent years been expanded to include cholesterol-independent or "pleiotropic" 

vascular effects, including improvement of vascular endothelial function, inhibition of 

vascular smooth muscle cell proliferation and migration, anti-inflammatory actions, 

anti-oxidative effects or stabilization of vulnerable plaques. These effects have potential 

in the treatment of coronary artery disease in various settings, such as prevention of its 

onset as well as its progression. The major aim of this thesis was to contribute to the 

general knowledge about the pleiotropic effects of statins, particularly in relation to the 

vascular endothelium and to carcinogenesis.  

 

We found that fluvastatin at clinically relevant doses up-regulates transcription and 

translation of prostacyclin synthase and endothelial nitric oxide synthase in human 

vascular endothelial cells, associated with an increase in cellular production of 

prostacyclin (PGI2) and nitric oxide (NO), and induces rapid dilatation in isolated 

human arteries via contribution of endothelium derived factors like NO and PGI2. 

These results suggest beneficial effects of fluvastatin on endothelial maintenance in 

vivo and a protective role on the cardiovascular system, particularly at the level of 

vascular endothelium. We also show that simvastatin induces a potentially negative 

alteration of vascular endothelial cells both in vivo and in vitro. Exposure of clinically 

comparable concentrations of simvastatin led to decreased production and release of 

PGI2 in endothelial cells and to significantly increased urinary thromboxane A2 (TXA2) 

levels in healthy volunteers, possibly resulting in a shift of the balance between PGI2 

and TXA2, favoring the thromboxane pathway. Fluvastatin and simvastatin were also 

shown to have different impact on vascular endothelial oxidative stress status, both in 

cultivated endothelial cells and in healthy volunteers. Compared to simvastatin, 

fluvastatin seems beneficial both regarding expression of anti-oxidative stress enzymes 

and reactive oxygen species activity in vitro and anti-oxidative capacity in vivo. The 

suggested anti-carcinogenic properties of statins in relation to expression of the redox-

active enzymes thioredoxin reductases (TrxR) were investigated in paper IV. We found 

that statin treatment decreases the hepatic expression of TrxR1 in humans and rats. In 

addition, the decreased TrxR1-levels were correlated with inhibited carcinogenesis in 

rat liver. The effect on TrxR1 levels might explain some of the anti-carcinogenic effects 

of statins.   

 

Overall, our results add to the conjecture that the impact on production of vascular 

active substances may be significantly different among the statins, and thus the 

consequences of statin exposure may not be drug class related but rather compound 

specific, highlighting the importance of more comparative studies where several statins 

are included. These findings add novel insight in the field of pleiotropic effects of 

statins and provide some insight for functional differences among statins.  
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1 POPULÄRVETENSKAPLIG SAMMANFATTNING 

Kardiovaskulära sjukdomar är den främsta orsaken till för tidig död i västvärlden. 

Förhöjda och/eller obalanserade nivåer av blodfetter är viktiga riskfaktorer för 

utvecklandet av sjukdomar i hjärta och kärl, till exempel åderförkalkning (ateroskleros), 

som leder till förtjockning och minskad rörlighet av kärlväggarna. Den vanligaste typen 

av läkemedel för att behandla eller förhindra återkommande symtom är HMG-CoA 

reduktas hämmare, de som vi i vardagligt tal kallar för statiner. Utvecklingen av statiner 

för att minska konsekvenserna av aterosklerotiska kärlsjukdomar, främst hjärtinfarkt, är 

ett av de största medicinska framstegen de senaste decennierna. Många hjärt-kärl sjuka 

får positiva effekter av statiner utöver den primära effekten gällande korrektion av 

lipidnivåerna. Syftet med denna avhandling var att utöka kunskapen om hur några av 

de vanligaste statinerna interagerar med blodkärlens innersta celler, det vaskulära 

endotelet, och dess produktion av ämnen som har betydels för kärlens funktion samt 

hur statiner kan motverka cancerutveckling.  

 

Kväveoxid och prostacyklin är viktiga substanser som vidgar kärlen och bidrar till ett 

hälsosamt vaskulärt endotel. Vi visar i delarbete I att fluvastatin påverkar metabolismen 

av dessa substanser positivt och att deras bildande i humana kärlendotelceller ökar. Vi 

visar också att fluvastatin akut påverkar blodkärlens förmåga att vidga sig. Detta 

betyder att fluvastatinbehandling kan ge visst skydd för kärlväggen både akut genom att 

minska vaskulär tonus och över längre tid genom att bromsa 

åderförkalkningsprocessen. 

 

I delarbete II studerade vi hur en annan vanlig statin, simvastatin, påverkar bildning och 

balans av två av de viktigaste ämnena för endotelfunktion i cirkulationen, prostacyklin 

och tromboxan A2. Dessa två ämnen är funktionella antagonister, det vill säga de har 

motsatt funktion och måste vara i balans. Vi fann att hos friska frivilliga 

försökspersoner minskades utsöndringen av en viktig prostacyklinnedbrytningsprodukt 

medan tromboxan A2-utsöndringen höjdes efter simvastatinintag. I isolerade vaskulära 

endotelceller som behandlades med simvastatin, minskade produktionen av 

prostacyklin med så mycket som 40 %. Resultaten indikerar att simvastatin rubbar den 

viktiga jämvikten mellan tromboxan A2 och prostacyklin till fördel för tromboxan A2, 

vilket kan ha negativ inverkan på den vaskulära hälsan. 

 

Oxidativ stress och kronisk inflammation i kärlväggarna är ett kännetecken för 

kardiovaskulär sjukdom. Syftet med delarbete III var att jämföra de två statiner som 

studerats i delarbete I och II i relation till oxidativ stresspåverkan. Studiens resultat 

visar att fluvastatin verkar vara mer fördelaktig än simvastatin, då simvastatin 

hämmade genuttrycket av flera försvarsenzymer i endotelceller. Försök på friska 

försökspersoner visade att de som fått fluvastatin hade bättre försvar mot oxidativ 

stress. Dessa resultat tyder på att statinernas effekt kan vara ämnesspecifika och kan 

påverka den oxidativa stresstatusen i vaskulärt endotel.   
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I delarbete IV undersöktes mekanismerna bakom statiners anticarcinogena effekter i 

leverceller. Thioredoxin reduktaser är proteiner som har stor betydelse för 

cancerutveckling och har vistats vara förhöjda i celler med onormal tillväxt. 

Statinbehandling visades minska levercellsuttrycket av thioredoxin reduktas 1 i 

människa och råtta. Denna hämning kan bidra till att förklara potentiella anti-

cancereffekter av statiner. 

 

Sammanfattningsvis så bidrar våra resultat till ökad kunskap och förståelse kring 

statiners verkan i kroppen, samt medverkar till ökad insikt om funktionella 

ämnesspecifika skillnader mellan statiner.  
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2 INTRODUCTION 
 

2.1 THE HISTORY OF STATINS 

In the second half of the 19
th

 century, the German pathologist Rudolf Virchow 

discovered that artery walls of patients dying from occlusive vascular disease were 

often thickened and irregular. He also observed that they also contained a fatty, 

yellowish substance later identified as cholesterol [1]. This pathological condition was 

termed atheroma, the Greek word for porridge [2].  

 

In the 1950s scientists revealed a link between high blood cholesterol levels and 

cardiovascular disease, known as the lipid hypothesis [3]. Treatment was limited 

essentially to dietary changes (reductions in saturated fats and cholesterol), the bile-

acid sequestrants (cholestyramine and colestipol), nicotinic acid (niacin), the fibrates 

and probucol. Unfortunately, all of these treatments have limited efficacy or 

tolerability, or both. Novel and more effective ways to lower blood cholesterol levels 

without modifying the diet and lifestyle of subjects suffering with elevated blood 

cholesterol levels became high priority [2]. HMG-CoA reductase was found to be the 

rate-limiting enzyme in the cholesterol biosynthetic pathway (Figure 1) and hence 

became a natural target for drug development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The biosynthetic pathway of cholesterol  

http://en.wikipedia.org/wiki/Pathology
http://en.wikipedia.org/wiki/Rudolf_Virchow
http://en.wikipedia.org/wiki/Cholesterol
http://en.wikipedia.org/wiki/Lipid_hypothesis
http://en.wikipedia.org/wiki/HMG-CoA_reductase
http://en.wikipedia.org/wiki/Rate-limiting
http://en.wikipedia.org/wiki/Enzyme
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In contrast to other late-stage intermediates there are alternative metabolic pathways 

for the breakdown of hydroxymethylglutarate when HMG-CoA reductase is inhibited, 

rendering no build-up of potentially toxic precursors. 

 

In 1971, Akira Endo, a Japanese biochemist, in the search for a antimicrobial agent 

discovered the natural cholesterol-lowering substance mevastatin (ML-236B) [4] 

produced by the fungus Penicillium citrinum. Endo and his team believed that certain 

microorganisms may produce inhibitors of the enzyme HMG-CoA reductase to defend 

themselves against other organisms, as the product, mevalonate, is a precursor of many 

substances required by organisms for the maintenance of their cell wall (ergosterol) or 

cytoskeleton (isoprenoids) [5]. Mevastatin was however never marketed, because of its 

adverse effects with tumors, muscle deterioration, and sometimes death in laboratory 

dogs. By 1978, Alfred Alberts and colleagues at Merck Research Laboratories isolated 

another natural product in a fermentation broth from the fungus Aspergillus terreus. 

This compound was called mevinolin (MK803), later known as lovastatin and first 

marketed in 1987 as Mevacor. 

 

When lovastatin (Mevacor, Altocor, Altoprev) became available for prescription use, 

physicians were able, for the first time, to easily obtain large reductions in plasma 

cholesterol. Lovastatin at its maximal recommended dose of 80 mg daily produced a 

mean reduction in LDL cholesterol (low density lipoprotein cholesterol, or the “bad 

cholesterol”
1
) of 40 %, a far greater reduction than could be obtained with any of the 

treatments available at the time. Equally important, the drug produced very few 

adverse effects, and with once- or twice-daily dosing, was easy for patients to take. 

For these reasons, lovastatin was rapidly accepted by prescribers and patients. The 

second entrant, simvastatin (Zocord, Lipex), which differs from lovastatin only in that 

it has an additional side chain methyl group, was initially approved for marketing in 

Sweden in 1988 and subsequently worldwide. Pravastatin (Pravachol, Selektine, 

Lipostat) followed in 1991, fluvastatin (Lescol) in 1994, atorvastatin (Lipitor, Torvast) 

in 1997, cerivastatin in 1998, rosuvastatin (Crestor) in 2003, pitavastatin in 2003 

(Livalo, Pitava). Atorvastatin became by 2003 the best-selling pharmaceutical in 

history. 

 

Some types of statins are naturally occurring, and can be found in such foods as oyster 

mushrooms and red yeast rice. Lovastatin is a fermentation product, simvastatin is a 

semisynthetic derivative of lovastatin and pravastatin is derived from the natural 

product compactin by biotransformation
2
. All other HMG-CoA reductase inhibitors 

                                                 
1
 Low-density lipoprotein, or LDL, is one of the five major groups of lipoproteins that enable transport of 

multiple different fat molecules, including cholesterol, within the watery extracellular matrix and within 

the water-based blood stream. Higher levels of a certain types of LDL particles have been coupled to 

promotion of health problems and cardiovascular disease, and are therefore often informally termed the 

bad cholesterol, as opposed to HDL particles, which are frequently referred to as good cholesterol or 

healthy cholesterol particles.   
2
 Biotransformation is the chemical modification (or modifications) made by an organism of a chemical 

compound such as (but not limited to) nutrients, amino acids, toxins and drugs in the body, rendering 

polar compounds to be excreted in the urine. 

http://en.wikipedia.org/wiki/Akira_Endo_(biochemist)
http://en.wikipedia.org/wiki/Mevastatin
http://en.wikipedia.org/wiki/Mevalonate
http://en.wikipedia.org/wiki/Ergosterol
http://en.wikipedia.org/wiki/Cytoskeleton
http://en.wikipedia.org/wiki/Isoprenoid
http://en.wikipedia.org/wiki/Aspergillus_terreus
http://en.wikipedia.org/wiki/Lovastatin
http://en.wikipedia.org/wiki/Pitavastatin
http://en.wikipedia.org/wiki/Atorvastatin
http://en.wikipedia.org/wiki/Pharmaceutical
http://en.wikipedia.org/wiki/Oyster_mushrooms
http://en.wikipedia.org/wiki/Oyster_mushrooms
http://en.wikipedia.org/wiki/Red_yeast_rice
http://en.wikipedia.org/wiki/Nutrient
http://en.wikipedia.org/wiki/Amino_acids
http://en.wikipedia.org/wiki/Toxins
http://en.wikipedia.org/wiki/Chemical_polarity


  

  5 

are fully synthetic products. The structures of these drugs are shown in Figure 5. The 

generic names for all HMG-CoA reductase inhibitors end with ‘statin’, and the  

members of this class are today often referred to as ‘statins’, as opposed to the formal, 

although rather cumbersome, class name ‘HMG-CoA reductase inhibitors’. All 

inhibitors of HMG-CoA reductase produce a qualitatively similar effect on the lipid 

profile [6]. The mean reduction in LDL cholesterol attainable with the maximal 

recommended dose of different statins ranges from 35 to 55 %. 

 

 

2.2 CHOLESTEROL 

Cholesterol is a waxy steroid of fat and an essential structural component of 

mammalian cell membranes, required for establishing proper membrane permeability 

and fluidity through the interaction with the phospholipid fatty acid chains [7, 8]. 

Within the cell membrane, cholesterol also functions in intracellular transport, cell 

signaling and nerve conduction. It is essential for the structure and function of 

invaginated caveolae and clathrin-coated pits, including caveola-dependent and 

clathrin-dependent endocytosis [9]. Within cells, cholesterol is the precursor molecule 

in several biochemical pathways, for example the production of bile salts in the liver 

hepatocytes, for the synthesis of vitamin D and the steroid hormones, including the 

adrenal gland hormones cortisol and aldosterone, as well as the sex hormones 

progesterone, estrogens and testosterone, and their derivatives. 

 

Mammalian cells retrieve cholesterol primarily from two sources; from outside the cell 

by receptor mediated endocytosis of LDL or by new synthesis from acetyl-CoA. All 

cells in the body are able to produce cholesterol, but with relative production rates 

varying with cell type and organ function. It is a complex 37 step process, involving 

more than 30 enzymes starting with the intracellular protein enzyme HMG-CoA 

reductase. Cholesterol is the principal sterol synthesized by vertebras, formed 

predominantly in the liver. Other sites of higher synthesis rates include the intestines, 

adrenal glands, and reproductive organs. Cholesterol is extensively recycled; upon 

excretion by the liver via the bile into the digestive tract, typically about 50 % of the 

excreted cholesterol is reabsorbed by the small bowel back into the bloodstream, where 

it is carried around by different lipoproteins. 

  

For a person of about 68 kg, the average de novo synthesis of cholesterol in the body is 

about 1 g per day. The total body content of the same person is about 35 g, primarily 

located within the membranes of all the cells of the body. Typical daily dietary intake 

of additional cholesterol, in the United States, is 200 – 300 mg [10]. Small quantities 

are synthesized in other cellular organisms (eukaryotes) such as plants and fungi, but it 

is almost completely absent among prokaryotes, i.e. bacteria.  

 

 

2.2.1 Biosynthesis of cholesterol 

HMG-CoA reductase is a resident glycoprotein of the endoplasmic reticulum (ER) that 

consists of two distinct domains; a hydrophobic N-terminal domain with eight 

http://en.wikipedia.org/wiki/Steroid
http://en.wikipedia.org/wiki/Membrane_fluidity
http://en.wikipedia.org/wiki/Liver
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membrane-spanning regions and a hydrophilic C-terminal domain that projects into the 

cytosol, which exerts the catalytic activity [11]. The N-terminal domain of the enzyme, 

which anchors the protein in membrane of the ER, contains sites for binding of 

regulatory proteins (Insig) and sterol-regulated ubiquitination (Figure 2) [12-14], 

sensing signals for its degradation. The enzyme activity can also be reduced by 

phosphorylation by an AMP-activated protein kinase, leading to halted cholesterol 

synthesis when ATP levels are low [15]. As a key enzyme in this pathway, HMG-CoA 

reductase is regulated by feedback mechanisms operating at multiple levels: 

transcription, translation, posttranslational modification and protein degradation.  

 

 

 

Figure 2: The HMG-CoA Reductase enzyme with its two distinct domains; the hydrophobic N-

terminal domain which anchors the protein in membrane of the ER and the hydrophilic, 

catalytically active C-terminal domain that projects into the cytosol. 

 

 

Biosynthesis of cholesterol is directly regulated by the cholesterol levels present 

through classic end product feedback inhibition. When cells are depleted of sterols, 

membrane-bound transcription factors called sterol regulatory element binding 

proteins, SREBPs, together with another protein, SCAP (SREBP-cleavage-activating 

protein), dissociate from the membrane to the Golgi apparatus. Two proteases, S1P and 

S2P, activated by SCAP, cleave SREBP to a water soluble N-terminal domain that 

subsequently is translocated to the nucleus. The activated SREBP bind to specific sterol 

regulatory element DNA sequences, thus upregulating the synthesis of proteins 

involved in sterol biosynthesis, including the LDL receptor and HMG-CoA reductase 

(Figure 3). In sterol-overloaded cells, SREBP is inactive and transcription of these 

genes falls, synthesis of additional sterols is reduced and sterol levels returns to normal 

[16-18]. These homeostatic mechanisms involved are only partly understood.  
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Figure 3: Low intracellular levels of cholesterol stimulate the expression of proteins involved in 

sterol synthesis, including HMG-CoA reductase and LDL-receptor proteins.  

 

 

Although cholesterol is important and necessary for human health, high levels of 

cholesterol in the blood is associated with damage to arteries and cardiovascular 

disease, which leads us to the next topic, unbalanced cholesterol levels and what that 

can do to your blood vessels. 

 

 

2.2.2 Cholesterol and cardiovascular disease 

The term ‘cardiovascular disease’ can be confusing. Commonly, it centers on 

atherosclerosis, focusing on cholesterol levels, plaque formation, and the narrowing and 

hardening of the arteries. From here, it is necessarily linked to the other diseases that 

lead to and result from these changes, including hypercholesterolemia, diabetes, 

hypertension and stroke. This broadens the scope of the relevant pathophysiology 

tremendously. Atherosclerosis can be further linked with metabolic syndrome, which is 

a group of risk factors (obesity, insulin resistance, aging, genetic predisposition) that 

increase the risk for coronary artery disease, stroke and type 2 diabetes. Cardiovascular 

disease, in this broad sense then, is not so much a single disease as an extensive web of 

interconnected diseases. 

 

 

2.2.2.1 Cholesterol affecting endothelial cells 

A functional arterial blood vessel is to a large extent dependent on endothelial cells to 

release vasoactive agents, such as nitric oxide and prostacyclin. In atherosclerotic and 

high LDL-cholesterol vessels, this endothelium-dependent relaxation is lessened. 

Several studies have shown that patients with increased cholesterol levels (mainly 

oxidized LDL) have reduced ability to respond with vasodilation to acetylcholine, also 
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in vessels without any visibly apparent atherosclerosis. Hypercholesterolemic patients 

also lack the ability to release nitric oxide. Lipid lowering therapy with statins improves 

and normalizes the ability to relax and dilate the blood vessels [19, 20]. 

 

 

2.3 PHARMACOLOGY OF STATINS 

 

2.3.1 Function and molecular properties 

HMG-CoA reductase is the rate-limiting step in cholesterol biosynthesis. The liver is 

the main target for HMG-CoA reductase inhibition since most of the circulating 

cholesterol comes from internal liver production rather than the diet. Statins are 

competitive antagonists of HMG - CoA, as they directly compete with the endogenous 

substrate for the active site cavity of HMG-CoA reductase. By blocking this enzyme, 

the first committed enzyme of the HMG-CoA reductase pathway, they reduce the rate 

by which the enzyme is able to produce mevalonate, the consecutive molecule in the 

cascade that eventually produces cholesterol (see Figure 1). This ultimately reduces 

cholesterol as well as a number of other compounds, including the isoprenoids 

(required for production of dolichol
3
), tRNA isopentenylation, heme A, ubiquinone 

4
, 

and prenylated
5
 proteins such as Ras [15]. Products of the isoprenoid pathway are 

also required for proper germ cell migration during development [21].  

 

When HMG-CoA reductase is inhibited by statins, intracellular sensors detect low 

cholesterol levels and stimulate endogenous production by the HMG-CoA reductase 

pathway, as well as increasing lipoprotein uptake by up-regulating the LDL-receptor. 

The LDL receptor then relocates to the liver cell membrane and binds passing LDL and 

VLDL particles. LDL and VLDL (very low density lipoprotein) extracted from the 

circulation into the liver where the cholesterol is reprocessed into excretable bile salts. 

The end result is lower LDL, TG (Triglycerides) and total cholesterol levels, as well as 

increased HDL (High Density Lipoprotein) levels in serum [2, 4]. 

 

 

2.3.1.1 Structure 

All statins have the same pharmacophore, a HMG-like moiety, which may be present in 

an inactive lactone form. In vivo, these prodrugs are enzymatically hydrolyzed to their 

active hydroxy-acid forms [22, 23]. The inhibitors differ from each other and from the 

natural enzyme substrate in the rigid, hydrophobic structures covalently linked to the 

HMG-like moiety (Figure 4), which also accounts for most of their difference in 

                                                 
3
 Dolichols are long-chain mostly unsaturated organic compounds, involved in many processes in the 

body; for example the co-translational modification of proteins known as N-glycosylation, the 

posttranslational modifications of proteins and they can function as a membrane anchor of certain 

oligosaccharides. 
4
 Ubiquinone is a component of the electron transport chain and participates in aerobic cellular 

respiration, generating energy in the form of ATP. 
5
 Prenylation is the addition of hydrophobic molecules to a protein. 

http://en.wikipedia.org/wiki/Receptor_antagonist
http://en.wikipedia.org/wiki/Endogenous
http://en.wikipedia.org/wiki/Active_site
http://en.wikipedia.org/wiki/Mevalonate
http://en.wikipedia.org/wiki/Blood_serum
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pharmacodynamic
6
 effects, such as affinity for the active site of the HMG-CoA 

reductase, rates of entry into hepatic and non-hepatic tissues, availability in the 

systemic circulation for uptake into non-hepatic tissues and routes and modes of 

metabolic transformation and elimination. The activity of each statin is dependent on 

the binding affinity of the compound at the substrate site and the length of time it binds 

to the site [24]. 

 

 

 

 

 

 

 
 

Figure 4: The pharmacophore of statins (HMG-CoA reductase inhibitor). Shown for reference is 

also the structure of HMG-CoA. 

 

 

The statins can be classified as type I or type II statins due to their structural 

relationship. The type I are nonsynthetic inhibitors, such as lovastatin, pravastatin and 

simvastatin, with a decalin ring structure linked to the HMG-like moiety. Type II 

statins are synthetic inhibitors featuring larger fluorophenyl groups linked to the HMG-

like moiety and include fluvastatin, atorvastatin, cerivastatin and rosuvastatin (Figure 

5). These additional groups are responsible for additional polar interactions that cause 

tighter binding to the HMG-CoA reductase enzyme and range in character from very 

hydrophobic (eg, cerivastatin) to partly hydrophobic (eg. rosuvastatin) [22, 25, 26]. 

 

 

 

 

 

                                                 
6
 Pharmacodynamics is the study of the biochemical and physiological effects of drugs at its site of 

action, the mechanisms of drug action and the relationship between drug concentration and effect. 

HMG-CoA Reductase 
inhibitor

HMG-CoA
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Figure 5: The chemical structures of statins. Type 1 statins, e.g. lovastatin, simvastatin and 

pravastatin, are partially reduced napthylene ring structures with a butyryl group. Type 2 statins all 

exist in their active hydroxy-acid forms. Fluvastatin has an indole ring structure, while atorvastatin and 

rosuvastatin have pyrrole and pyrimidine based ring structure respectively.  

 

simvastatin pravastatin lovastatin

Type 1

Butyryl group of

type 1 statins

atorvastatin

fluvastatin

rosuvastatin

Type 2

Butyryl group of  

type 1 statins 



  

  11 

2.3.1.2 Comparative pharmacology of statins 

The statins differ in their absorption, plasma protein binding, excretion and solubility 

(Table 1), and exhibit variable dose-related efficacy in reducing LDL-C [27, 28]. They 

are often divided into two groups depending on origin; naturally occurring or synthetic 

(Table II). 

 

 

Table I. Comparative efficiency and pharmacology of statins.  

 

 Drug Reductio

n in LDL 

(%) 

Increase 

in HDL 

(%) 

Reduction 

in TG (%) 

Metabolism Protein 

binding 

(%) 

T1/2 (h) Hydro-

philic 

IC50 

(nM) 

FLU 22 – 36 3 – 11 12 – 25 CYP2C9 98 0,5 – 3,0 No 28 

SIM 26 – 47 8 – 16 12 – 34 CYP3A4 95 – 98 1 – 3 No 11 

ATV 26 – 60 5 – 13 17 – 53 CYP3A4 98 13–30 No 8 

ROS 45 – 63 8 – 14 10 – 35 CYP2C9 88 19 Yes 5 

LOV 21 – 42 2 – 10 6 – 27 CYP3A4 >95 2 – 4 No NA 

PRA 22 – 34 2 – 12 15 – 24 Sulfation 43 – 67 2 – 3 Yes 44 

TC indicates total cholesterol; TG, triglycerides; T1/2, half-life. FLU indicates fluvastatin; SIM ,  

simvastatin; ATV, atorvastatin; ROS, rosuvastatin; LOV, lovastatin; PRA, pravastatin.          

 

Table II. The statins can be divided into two groups: fermentation-derived and synthetic. 

Presentation of some of the most common statins along with brand names, which may vary between 

countries. 

Statin Brand name Derivation 

Fluvastatin Lescol, Lescol XL Synthetic 

Simvastatin Zocor, Lipex Fermentation-derived (synthetic derivate of 

a fermentation product of Aspergillus 

terreus). 

Atorvastatin Lipitor, Torvast Synthetic 

Rosuvastatin Crestor Synthetic 

Lovastatin Mevacor, Altocor, 

Altoprev 

Fermentation-derived. Naturally occurring 

compound (oyster mushrooms and red 

yeast rice). 

Pravastatin Pravachol, 

Selektine, Lipostat 

Fermentation-derived (of bacterium 

Nocardia autotrophica). 
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2.3.2 Pharmacokinetics 

Statins have different pharmacokinetic
7
 profiles that are associated with their 

physicochemical properties. Most of the statins are metabolized by the liver before 

reaching the systemic circulation, which causes their relatively low systemic 

bioavailability [29]. Lovastatin and simvastatin are administered in their lactone forms, 

which are more lipophilic than their free acid forms, and therefore they have to be 

activated by hydrolysis to the active anionic carboxylate form [29]. Cytochrome P450 

(CYP) isoenzymes are involved in the oxidative metabolism of the statins, with 

CYP3A4 and CYP2C9 isoenzymes being the most dominant. CYP3A4 isoenzyme is 

the most predominant isoform involved in metabolism of lovastatin, simvastatin, 

atorvastatin and cerivastatin [30]. CYP2C9 isoenzyme is the most predominant isoform 

involved in metabolism of fluvastatin, but CYP3A4 and CYP2C8 isoenzymes also 

contribute to the metabolism of fluvastatin [29]. Rosuvastatin is metabolized to a small 

degree by CYP2C9 and to a lesser extent by CYP2C19 isoenzymes [30, 31]. 

Pravastatin and pitavastatin undergo little metabolism. Their plasma clearances are 

governed by the transporters involved in the hepatic uptake and biliary excretion. 

Also for other statins, which are orally administered as open acid forms (i.e. 

fluvastatin, cerivastatin and atorvastatin), hepatic uptake transporter(s) play important 

roles in their clearances. The statins that have the ability to be metabolized by multiple 

CYP isoenzymes may avoid drug accumulation when one of the pathways is inhibited 

by co-administered drugs.  

 

Polymorphisms in transporter genes can have profound effects on statin 

pharmacokinetics, providing a rational basis for the individualization of lipid-lowering 

therapy according to some researchers [32]. The hepatic uptake of many statins are 

reduced by a common genetic variant of the organic anion-transporting polypeptide 

1B1, increasing the risk of statin-induced myopathy [33]. Similarly, genetically 

impaired efflux activity of adenosine triphosphate (ATP)-binding cassette G2 

transporter results in a marked increase in systemic exposure to various statins [34]. 

Importantly, the effects of these genetic polymorphisms differ depending on the 

specific statin that is used [35-37].  

 

 

2.3.3 Clinical applications 

Statins are lipid-lowering agents, primarily prescribed to patients with 

hypercholesterolemia or hyperlipidemia. In Sweden 2010, about 1/10 of the total 

population were prescribed statins at least once (http://www.socialstyrelsen.se). Since 

the big breakthrough for statin treatment with the 4S study [38] the treatment 

recommendations have been made through monitoring goal LDL-levels, where the 

target concentrations have been defined through consensus and gradually lowered with 

                                                 
7
 Pharmacokinetics is the determination of the fate of substances administered externally to a living 

organism. It includes the study of the mechanisms of absorption and distribution of an administered drug, 

the rate at which a drug action begins and the duration of the effect, the chemical changes of the 

substance in the body and the effects and routes of excretion of the metabolites of the drug and /or the 

drug itself. 
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strengthened evidence for beneficial effects of statins. Clinical practice guidelines 

generally recommend that patients have tried "lifestyle modification", including a 

cholesterol-lowering diet and physical exercise, before statin use is considered; statins 

or other pharmacologic agents may then be recommended for those who do not meet 

their lipid-lowering goals through diet and lifestyle approaches [23, 31]. Treatment 

with statins for atherosclerotic disease is recommended at total cholesterol levels over 

4.5 or LDL cholesterol over 2.5, and is given the highest priority in the guidelines from 

The Swedish National Board of Health and Welfare 

(http://www.socialstyrelsen.se/nationellariktlinjerforhjartsjukvard/sokiriktlinjerna/atero

sklerotiskkarlsjukdomochk1).  

 

Statins are effective in decreasing mortality in patients with preexisting cardiovascular 

disease [39]. They are also currently advocated for use in patients at high risk of 

developing heart disease. On average, statins can lower LDL cholesterol by 1.8 mmol/l 

(70 mg/dl), which translates into a 60 % decrease in the number of cardiac events (heart 

attack, sudden cardiac death) and a 17 % reduced risk of stroke after long-term 

treatment [40]. The benefit of statins in secondary prevention
8
 for treating 

cardiovascular disease (CVD) is convincingly shown, but their value in primary 

prevention
9
 remains controversial. A recent meta-analysis on the placebo controlled 

studies with statins performed by Cholesterol Treatment Trialists’ (CTT) Collaboration, 

comparing low dose statin treatment with high dose, it was demonstrated that high dose 

statin treatment reduces the risk even more in relation to the decrease in LDL-

cholesterol that the high dose treatment resulted in. The CTT authors suggest that 

patients with high risk of cardiovascular events would benefit from intensive statin 

therapy even if baseline LDL cholesterol is below 2.0 mmol/L [39, 41]. The 

Scandinavian IDEAL trial also indicates that health benefits could be obtained with 

statin therapy resulting in LDL cholesterol below 2.0 mmol/L compared with those 

above this level. This turned some researchers into “the lower the better” advocates, 

being convinced that some of the guidelines of today are far too conservative. 

However, another recent meta-analysis did not find a mortality benefit in those at high-

risk but without prior cardiovascular disease [42], while other reviews concluded that 

there is a mortality and morbidity benefit, but concerns regarding the quality of the 

evidence were raised [6, 43]. Some researchers conclude that with respect to quality of 

life there is limited evidence of improvement when statins are used for primary 

prevention [44]. Statins exhibit variable dose-related efficacy in reducing LDL-C [27], 

in general a reduction by an additional 7 % with each doubling of the statin dose [45]. 

Higher doses also give additional CVD improvement effects but at the same time 

increase the risk of adverse drug effects, hence in primary prevention the initial risk of 

the patient should be decisive if treatment will be recommended. Other researchers 

opine that statins are overly used since their use has included groups who do not benefit 

from treatment or where evidence for treatment is not clarified [46, 47]. There are also 

                                                 
8
 Secondary prevention are methods to diagnose and treat existent disease in early stages before it causes 

significant morbidity. 
9
 Primary prevention are methods to avoid occurrence of disease. 

http://www.socialstyrelsen.se/nationellariktlinjerforhjartsjukvard/sokiriktlinjerna/aterosklerotiskkarlsjukdomochk1
http://www.socialstyrelsen.se/nationellariktlinjerforhjartsjukvard/sokiriktlinjerna/aterosklerotiskkarlsjukdomochk1
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investigators that claim that elevated cholesterol levels cannot be coupled to CVD and 

that statins thus are not effective nor safe [48]. 

As a class, the statins have been shown to measurably reduce the burden of 

atherosclerotic illness. However, muscle- and, more recently, nerve-related toxicity has 

emerged as potential complications contributing to treatment withdrawal [49]. The 

adverse effects are relatively rare but severe, and they are thought to a large extent 

being dose dependent. This is for example illustrated in the recent SEARCH study, 

where 80 mg simvastatin gave more cases of myopathy
10

 than treatment with 20 mg 

simvastatin [50, 51]. Generally, the myopathic signs and symptoms of tenderness, 

myalgias, cramping and elevated serum creatine kinase activity are fully reversible after 

drug discontinuation. Pathophysiologic clues regarding the potential causes of statin 

myopathy with or without neuropathy are discussed with particular attention paid to the 

implications of disrupted mevalonate metabolism. For example, secondary defects in 

isoprenoid biosynthesis are expected to impair the production of a variety of 

intermediaries such as dolichols (crucial for N-linked glycosylation), farnesyl-

pyrophosphate (facilitates the endoproteolytic cleavage and maturation of prelamin A, 

and modifies B-type lamins and G-proteins) and geranylgeranyl pyrophosphate 

(necessary for coenzyme Q10 and G-protein synthesis). Also 

isopentenylpyrophosphate, involved in a nucleoside modification of selenocysteinyl-

tRNA and thus indirectly related to the synthesis of all selenoproteins is proposed to be 

affected [49].  

 

The beneficial effects of statins are indeed devaluated by some serious adverse 

reactions (ADRs) in the muscular system, liver and kidneys. The ADR frequency varies 

in different studies, although often reported to be of low risk. However, the clinical 

impression is that muscular side effects are considerably more common as a cause of 

termination of statin treatment. Independent studies on the safety and tolerabilty of this 

treatment are lacking. There is a poor implementation of statin treatment, in all 

probability adverse reactions contribute this, leading to under-treatment [52] and low 

adherence to treatment with lipid-lowering drugs [53-56]. Considering that it takes at 

least 18 to 24 months to observe an effect of statins on coronary heart disease [38] these 

reports are worrying since a large proportion of patients at risk may be untreated.  

 

An alternative way of translating the evidence to treatment guidelines has recently been 

presented [57]. The authors advocate that treatment shall be adjusted to the risk of each 

individual patient, where low dose of statins would be recommended for individuals at 

moderate risk for CVD, and high dose for those at high risk, primarily as secondary 

prevention. While no direct comparison exists, all statins appear equally effective on 

reducing cardiovascular morbidity and mortality regardless of potency or degree of 

cholesterol reduction [6]. A comparison of three statins; atorvastatin, pravastatin and 

simvastatin at commonly prescribed doses, found that there are no statistically 

                                                 
10

 Myopathy is a muscular condition in which the muscle fibers do not function, resulting in muscular 

weakness. 
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significant differences in morbidity and mortality reduction of CVD based on their 

effectiveness against placebo [29].  

 

 

2.4 PLEIOTROPIC EFFECTS OF STATINS 

 

2.4.1 Definition 

In pharmacology, pleiotropy refers to the action of a drug, often unanticipated, other 

than those for which the agent was specifically developed [58]. It may include adverse 

effects which are detrimental, but is often used to denote additional beneficial effects,  

illustrated in Figure 6 [59]. 

 

 

  

 

 

Figure 6: Suggested pleiotropic effects of statins. 

 

 

2.4.2 Statins and the vascular endothelium 

The endothelium is the thin layer of cells that lines the interior surface of blood vessels 

and lymphatic vessels, forming an interface between circulating blood or lymph in the 

lumen and the rest of the vessel wall. The cells that form the endothelium are called 

endothelial cells (ECs), and the endothelial cells in direct contact with blood are called 

vascular endothelial cells. Vascular endothelial cells line the entire circulatory system, 

from the heart to the smallest capillaries. These cells have very distinct and unique 

functions that are paramount to vascular biology, including fluid filtration, such as in 

the glomeruli of the kidney, blood vessel tone, hemostasis, lipid transport, neutrophil 

recruitment and hormone trafficking [60, 61]. Although the exact role of the 
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endothelium in the vascular diseases in vivo remains unclear, accumulating evidence 

indicates that endothelial dysfunction is pivotal in the development of atherosclerosis 

and its complications [62, 63].  

 

The effectiveness and rapidity of statin-induced decreases in coronary events and 

evidence for restoration of endothelial function before significant reduction in serum 

cholesterol levels, have led to a continuous expansion of the medical significance of 

HMG-CoA reductase in recent years [20, 64-66]. Many of the observed cholesterol-

independent or "pleiotropic" vascular effects of statins appear to especially target the 

concept of ‘vascular failure’, including the improvement of vascular endothelial 

function, inhibition of vascular smooth muscle cell proliferation and migration, anti-

inflammatory actions, anti-oxidative effects or stabilization of vulnerable plaques [65, 

67]. These effects have potential in the treatment of coronary artery disease in various 

settings, such as prevention of its onset as well as its progression. Endothelial 

dysfunction can be broadly defined as an imbalance between vasodilating and 

vasoconstricting substances produced by, and/or acting on the endothelium. It has been 

proposed to be of prognostic significance in predicting vascular events including stroke 

and heart attacks and to be a useful marker of early cardiovascular diseases. A 

dysfunctional endothelium may result from and/or contribute to increased production of 

reactive oxygen species (ROS), decreased synthesis, release or activity of endothelial 

derived nitric oxide (NO) [68] and /or modified expression/ activity of anti-oxidative 

enzymes. 

 

 

2.4.2.1 Vascular inflammation 

Inflammation plays important roles in the genesis, progression and complications of 

atherosclerosis and thrombosis [69, 70]. For example, clinical studies have stressed that 

in as much as 80 % of all sudden cardiac deaths inflammation is the underlying cause 

[71]. The inflamed vascular wall produces exaggerated levels of chemotactic proteins 

and increased expression of adhesion molecules, leading to monocytic adhesion, 

extravasion and formation of fatty streaks [72]. Other inflammatory mediators, 

including mast cells and activated T cells, also attach to endothelial cells and contribute 

to the progression of the atheromatous lesion. In addition, smooth muscle cells secrete a 

number of factors in this chemically modified environment that contribute to an 

increase in the inflammatory response. Some of the inflammatory cytokines, including 

IL-6, IL1β and TNFα, induce the release of C reactive protein (CRP) by the liver, 

which in turn together with modified LDL, superoxide anions and certain interleukins 

may decrease the NO availability, contributing to endothelial dysfunction [73]. 

 

Inflammatory cells and molecules augment the risk of plaque rupture and exposure of 

subendothelial tissue to blood end platelets through contribution of plaque instability 

via the release of chemokines, interleukines and metalloproteinases that degrade the 

collagen of the fibrous cap. Proinflammatory eicosanoid production is an important 

hallmark of  CVD [74]. Statins have been shown to modulate the expression of 
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eicosanoids in a favourable way, and to modulate other factors, reducing inflammation 

of diseased blood vessels [75]. Both experimental and clinical outcome data support the 

hypothesis that statins, in addition to being potent LDL-lowering agents, also attenuate 

plaque inflammation and influence plaque stability. Simvastatin, fluvastatin and 

atorvastatin appear to reduce intimal inflammation [76] and suppress the expression of 

tissue factor and matrix metalloproteinases both in vivo and in vitro [77, 78], whereas 

pravastatin and cerivastatin can reduce macrophage content within experimental 

atherosclerotic plaques [79, 80]. Statins may also inhibit expression of adhesion 

molecules critical for monocyte attachment and adhesion to the vascular endothelium 

[81].  

 

 

2.4.2.2 Oxidative stress 

In all aerobic cells, being dependent on oxygen for energy production in the respiratory 

chain, ROS (reactive oxygen species) are formed. Thus, all aerobic cells are dependent 

on efficient machineries for detoxification of ROS. When excessive oxidative load risk 

to damage the cells, these natural efficient defense systems are activated and an 

intracellular reducing environment is created due to the presence of anti-oxidative stress 

enzymes like these studied in Paper III (Figure 7). The condition called oxidative 

stress occurs when redox homeostasis within the cell is altered, due to either an 

overproduction of ROS or a deficiency in antioxidant defense mechanisms, leading to 

up regulation of these systems. If these systems do not work properly, excess reactive 

oxygen species can be deleterious. They can for example inhibit endothelium-

dependent vasodilator pathways (i.e. the NO pathway and the endothelium-derived 

hyperpolarizing factor (EDHF) pathways) and shift the balance in eicosanoids action 

from vasodilatation and antithrombosis towards endothelial dysfunction, 

vasoconstriction and thrombosis. Accumulating data suggest that several 

proatherogenic stimuli lead to increased production of ROS within the endothelial 

microenvironment and the resultant excessive oxidative stress plays a key role in 

mediating the pathologic manifestations of EC dysfunction associated with 

cardiovascular diseases such as hypertension, atherosclerosis or vascular diabetic 

complications [82]. 

 

It is important to remember, that although ROS often are mentioned in negative 

context, they also serve as regulators for crucial cellular functions, including the 

regulation of many important proteins in signal transduction, such as protein kinase C 

and tyrosine kinases [83] as well as the regulation of redox-sensitive transcription 

factor like Nuclear Factor k (NFk)  and activator protein-1 (AP-1) [84]. In addition, 

activated phagocytes in the immune system produce ROS to kill bacteria [85]. 

 

Antioxidants in mammals include the lipid soluble vitamin E and ubiquinol, the water 

soluble vitamin C, glutathione (GSH) and thioredoxin (Trx). Of major importance are 

also the enzymatic antioxidants and antioxidant regenerating systems including the 

superoxide dismutase (SOD), catalases (Cat), thioredoxin system (Trx system), 

glutathione peroxidase (GPx) and the glutathione system [86].  
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Figure 7: Reactive oxygen species and antioxidant systems in the vasculature. Highlighted in black 

are the most important ROS of the vascular cells. Oxidases, such as NADPH oxidase or xanthine oxidase, 

transfer an electron to oxygen, which is converted to superoxide (O2
−
). Superoxide dismutase (SOD) 

converts superoxide to hydrogen peroxide (H2O2), which can be converted to H2O by either catalase or 

glutathione peroxidase. H2O2 may also be converted to a hydroxyl radical (OH) in the presence of 

reduced iron (Fe
2+

). Superoxide may also react with nitric oxide (NO) to form peroxynitrite (ONOO
−
), 

which is unstable at a pH lower than 8, and therefore rapidly decomposes to OH. There is competition 

between NO and SOD for O2
−
. 

 

 

2.4.2.3 The thioredoxin system  

The thioredoxin system comprises thioredoxin (Trx), thioredoxin reductase (TrxR) and 

NADPH (Figure 8) [87]. The system exists in all living cells and is essential proteins 

for regulating cellular redox balance and mitigating the damage caused by reactive 

oxygen species. The system also participates in redox signaling using molecules like 

hydrogen peroxide and nitric oxide [88] and in the regeneration of antioxidants, 

including ascorbic acid [89] and lipoic acid [90] as well as ubiquinone. Up-regulation 

of Trx and TrxR in several forms of cancer as well as during the carcinogenetic process 

have been reported [91-93]. 

 

Figure 8: The thioredoxin system which includes thioredoxin (Trx), thioredoxin reductase (TrxR) 

and NADPH. 
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Thioredoxins are a family of 12-kD redox active proteins ubiquitously expressed in 

both prokaryotic and eukaryotic cells [94, 95] that have been
 
implicated in a variety of 

physiological processes and biological
 
pathways. Trx1 is mainly found in the cytosol 

but can be translocated to the nucleus. In addition of being an electron donor for 

ribonucleotide reductase, Trx1 participates in the intracellular defence against oxidative 

stress by restoring intracellular thiols
11

 lost by oxidation and regenerates other 

antioxidant enzymes such as peroxiredoxins [86, 87]. Trx1 is also involved in signal 

transduction and regulation of transcription factors, for example NF-Upon 

oxidation of  NF-in the nucleus Trx1 restores the DNA-binding activity, but in the 

cytosol Trx1 is being inhibiting [96]. Since ROS are involved in the regulation of 

intracellular signalling pathways, Trx1 may indirectly influence this regulation by 

being a ROS scavenger. In addition, Trx1 contributes to the regulation of apoptosis by 

binding to ASK-1 in a redox dependent manner and regulating the activity of p53 in 

several ways. Trx is present in human plasma [97] and certain cells in the immune 

system as well as various tumor cells have been shown to secret Trx extracellulary [98-

100]. Extracellulary, Trx has growth factor-like effects in an autocrine manner as well 

as proinflammatory effects, inducing chemotaxis of neutrophils, monocytes and T-cells 

[101].  

 

TrxR, redox-active selenoenzymes, reduce Trx in a NADPH-dependent fashion [102], 

and is a central component in the thioredoxin system [103]. Humans express three 

thioredoxin reductase isozymes; TrxR1, TrxR2 and TrxR3. TrxR belongs to a family of 

NADPH-dependent pyridine nucleotide-disulfide oxidoreductases, to which  

glutathione reductase, lipoamide dehydrogenase and mercuric ion reductase also belong 

[104]. The mammalian TrxR has an exceptionally broad substrate specificity in 

comparison to the other enzymes of this family [105]. Mammalian TrxR is a 

homodimer composed of two identical 58 kDa subunits, with a FAD-domain and a 

NADPH-binding site in each subunit [106]. Three different isoforms of the mammalian 

enzyme have been described so far. The classical TrxR1 is found in the cytosol, TrxR2 

is localised in the inner mitochondria membrane and is structurally and biochemically 

very similar to TrxR1 [107, 108] and the third TrxR isoenzyme, TGR, is expressed only 

in testis. TrxR has been shown to be secreted extracellulary both by neoplastic and 

normal cells and is present in human plasma [109]. 

 

 

2.4.2.4 Carcinogenesis due to chemical modification 

Chemical alterations in DNA may occur due to chemical modifications of DNA-bases 

caused by for example ROS or binding of chemical compounds to DNA, possibly 

leading to errors during the replication process. Such DNA lesions are usually rapidly 

discovered and eliminated by the DNA repair systems, but if cell division occurs before 

DNA repair is complete, mutated daughter cells appear that might bear dysfunction in 

                                                 
11

 A thiol is an organosulfur compound containing a carbon-bonded sulfhydryl (–C–SH or R–SH) group 

(where R represents an alkane, alkene, or other carbon-containing group of atoms). Thiols are the sulfur 

analogue of alcohols (that is, sulfur takes the place of oxygen in the hydroxyl group of an alcohol). The –

SH functional group itself is referred to as either a thiol group or a sulfhydryl group. 
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their growth regulation, including defect contact inhibition and dysfunction in their 

apoptotic machinery, possibly developing into a tumor. Such a mutated cell that shows 

a growth advantage under the influence of a selective pressure during promotion 

compared to the surrounding, normal cells, is called an initiated cell. The initiated cells 

can respond to growth stimulatory signals appearing during regeneration after cell 

injury and are able to grow under circumstances where growth is inhibited in normal 

cells. As a consequence, focal proliferation may occur, generating clones of altered 

preneoplastic cells [110]. Genetic instability facilitates further mutations and after 

several steps of genetic alteration and selection due to growth advantages, malignant 

tumor cells develop. The different cells within the same tumor can show great and 

progressive genetic variability although they all, from the very beginning of the 

carcinogenesis, originate from one single cell [110-112].  

 

In experimental models the preneoplastic as well as the neoplastic
12

 cells are 

characterised by changes in the expression of drug metabolising enzymes, up-

regulation of antioxidants and antioxidant regenerating systems and a capacity to avoid 

apoptosis [113-115]. The carcinogenetic process can be described as a chronic selection 

of cells with a drug resistant phenotype, at least for tumors that develop as a 

consequence of environmental exposure and chronic cell injury. 

 

During recent years it has been proposed that statins have anticarcinogenic effects, both 

in liver [116, 117] and in other tissues such as the prostate, lung and pancreas [118-

121]. 

 

 

2.4.3 Prostanoids 

The biosynthesis of prostanoids is initiated by the activation of phospholipase A2 

(PLA2) and subsequent release of arachidonic acid (AA) from cell membranes. The AA 

is then transformed by cyclooxygenases (COX) and specific prostaglandin (PG) 

synthases. There are two major COX enzymes, COX-1 and COX-2, which differ in 

structure, tissue distribution, subcellular localization and function. COX-1 is commonly 

described as ubiquitous and constitutively expressed. COX-2 is on the other hand 

normally absent from most cell types. Its expression is induced at sites of inflammation 

and vascular injury by inflammatory mediators like TNF-α and IL-1β, and its mRNA as 

well as protein have short half-lives. Both enzymes are membrane-bound homodimers, 

found predominantly on the perinuclear membranes producing the intermediate PGH2, 

which is then converted to the final prostanoid products by tissue specific, terminal 

enzymes. For example, the predominant prostaglandin formed in endothelial cells after 

                                                 
12

 Neoplasm is an abnormal mass of tissue as a result of neoplasia ("new growth" in Greek), the abnormal 

proliferation of cells. Preneoplastic cells, such as metaplasia (cell type conversion) or dysplasia 

(maturation abnormality) often undergo an abnormal pattern of growth but do not always progress to 

neoplasia. The growth of neoplastic cells exceeds and is not coordinated with that of the normal tissues 

around it. The growth persists in the same excessive manner even after cessation of the stimuli, usually 

causing a lump or tumor. Neoplasms may be benign, pre-malignant (carcinoma in situ) or malignant 

(cancer). 
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PLA2 activation is prostacyclin (PGI2) due to high expression of prostacyclin synthase 

(PGIS, also known as CYP8A1). PGIS is a single-pass membrane-bound protein, 

situated in the endoplasmic reticulum and isomerizes PGH2 to PGI2. It is also abundant 

in the ovary, heart, skeletal muscle, lung, and prostate. Unlike most P450 enzymes, 

PGIS does not require molecular oxygen (O2), instead it uses its heme cofactor to 

catalyze the isomerization of prostaglandin H2 to prostacyclin.  

 

 

2.4.3.1 Prostacyclin  

PGI2 is released by healthy endothelial cells and performs its function through a 

paracrine signaling cascade that involves G protein-coupled receptors on nearby 

platelets, endothelial cells and smooth muscle cells; regulating homeostasis, 

hemostasis, smooth muscle function, preventing inflammation, dilating vessels, 

inhibiting platelet aggregation and also separating existing aggregates in vitro. PGI2 is 

therefore considered to play an important role in vasoprotection and its deficiency may 

lead to thrombosis and other vascular lesions [122, 123]. 

 

While the expression of PGIS is constitutive, the production of PGI2 can be 

dramatically increased by the induced expression of COX-2, particularly in vascular 

cells and macrophages. PGI2 is rapidly secreted from source cells, presumably through 

an ATP-binding cassette (ABC) transporter, activating neighboring cells which bear the 

specific I-prostanoid (IP) receptor, a G-protein coupled receptor (GPCR). The PGI2/IP 

interaction signals through the Gαs subunit to stimulate G protein-coupled increase in 

cAMP and protein kinase A (Figure 9, modified from www.caymanchem.com), 

resulting in decreased [Ca
2+

]i. It could also cause inhibition of Rho kinase, leading to 

vascular and bronchial smooth muscle relaxation. In addition, PGI2 intracrine signaling 

may target nuclear peroxisome proliferator-activated receptors and regulate gene 

transcription, suppressing the production of proinflammatory cytokines, angiogenic 

cytokines, and mediators of extracellular matrix remodeling (e.g., IL-1β IL-6, VEGF, 

TGF-α, thromboxane).  

 

The transcriptional regulation of the human PTGIS gene is poorly understood. The core 

PTGIS promoter contains several presumed cis-acting elements for different 

transcription factors like Sp1, NFB and AP-2, which have been shown to be linked to 

induction of other genes after treatment with statins [124, 125]. The PTGIS promoter 

activity has been shown to be regulated by epigenetic mechanisms in human cancer 

cells [122, 126] but the genetic regulation in normal cells is not well studied.  
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Figure 9: Prostacyclin (PGI2) is synthesized from arachidonic acid (AA) in endothelial cells by 

the COX pathway via prostacyclin synthase (PGIS). Secreted PGI2 activates the IP receptor on 

neighbouring smooth muscle cells, which induces cAMP synthesis from ATP. 

 

2.4.3.2 Thromboxane 

Thromboxanes are a group of prostaglandins named for their role in clot formation 

(thrombosis). Thromboxane A2 (TXA2), one of the major forms, is in the 

cardiovascular system predominantly derived from platelet COX-1. The interaction 

with the G-protein-coupled TXA2 receptor, TP, elicits not only platelet aggregation and 

smooth muscle contraction but also the expression of adhesion molecules and the 

adhesion and infiltration of monocytes/macrophages [127]. Vasoconstriction and 

various pro-inflammatory effects exerted by TXA2 on tissue microvasculature is 

considered to be strong contributing factors to why TXA2 is pathogenic in various 

diseases, such as ischemia-reperfusion injury, hepatic inflammatory processes, acute 

hepatotoxicity etc. [128, 129]. 

 

 

2.4.3.3 Prostacyclin vs. Thromboxane 

In the circulatory system, TXA2 is in homeostatic balance with PGI2 [74]. The balance 

of the oppositely-acting COX-derived prostanoids influences many processes 

throughout the body, such as blood pressure regulation, clotting, and inflammation. The 
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PGI2/TXA2 ratio is of particular interest in vivo, with the corresponding synthases 

shown to be differentially regulated in a variety of disease states [130, 131]. In many 

cardiovascular diseases, the widespread vascular and organ inflammation and the 

associated oxidative stress, enhance the production of eicosanoids and shift their 

production/effects from vasodilatation and anti-thrombosis to vasoconstriction, 

prothrombosis and further inflammation [132, 133], representing the functional 

characteristics of endothelial dysfunction. An imbalance towards TXA2 seems to 

promote atherosclerosis and increase risk for cardiovascular events, while an imbalance 

towards PGI2 likely inhibits the development of CVD [134-136].  

 

The widely used drug aspirin
13

 acts by irreversibly binding to COX and thus inhibits 

the synthesis of the precursors of thromboxane within platelets. This anticoagulant 

property makes aspirin useful for reducing the incidence of heart attacks, strokes, and 

blood clot formation in people at high risk of developing cardiovascular diseases. 

Aspirin irreversibly inhibits COX-1 and modifies the enzymatic activity of COX-2. 

High analgetic doses of aspirin inhibits COX-2, disturbing the synthesis of PGI2 and 

thus the protective anti-coagulative effect of PGI2 is decreased, increasing the risk of 

thrombus and associated heart attacks and other circulatory problems. Newer NSAID 

drugs, COX-2 inhibitors (coxibs), have been developed to inhibit only COX-2, with the 

intent to reduce the incidence of gastrointestinal side-effects but [137] several of the 

new COX-2 inhibitors have been withdrawn recently, after evidence emerged that 

inhibition of COX-2 increases the risk of heart attack and stroke due to prostacyclin 

down-regulation relative to thromboxane levels, as COX-1 in platelets is unaffected 

[138]. Thus, the protective anticoagulative effect of PGI2 is removed, increasing the 

risk of thrombus and associated heart attacks and other circulatory problems. 

 

Prostacyclin synthase and thromboxane synthase signaling via arachidonic acid 

metabolism affects a number of tumor cell survival pathways such as cell proliferation, 

apoptosis, tumor cell invasion and metastasis, and angiogenesis. However, the effects 

of these respective synthases differ considerably with respect to the pathways 

described. While prostacyclin synthase expression generally is believed to be anti-

tumor, a pro-carcinogenic role for thromboxane synthase has been implicated in a 

variety of cancers [139-142]. In contrast, increased prostacyclin synthase expression 

and activity has been suggested protect against tumor development [143-145]. 

 

 

                                                 

13
 Aspirin, also known as acetylsalicylic acid (abbreviated ASA), is a salicylate drug often used as an 

analgesic to relieve minor aches and pains, as an antipyretic to reduce fever and as an anti-

inflammatory medication. Aspirin acts as an acetylating agent whereby an acetyl group is covalently 

attached to a serine residue in the active site of the COX enzyme, making aspirin different from other 

NSAIDs such as diclofenac and ibuprofen, which are reversible inhibitors. Aspirin is today one of the 

most widely used medications in the world. 
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2.4.4 Nitric Oxide  

Nitric oxide (NO) is synthesized by the enzyme Nitric Oxide Synthase (NOS) in 

biological systems. NOS is a remarkably complex enzyme which acts on molecular 

oxygen, arginine and NADPH to produce NO, citrulline and NADPH
+
. This process 

requires five additional cofactors; FMN, FAD, Heme, calmodulin and 

tetrahydrobiopterin, and two divalent cations; calcium and heme iron. Three different 

isoforms of NOS have been identified; neuronal, endothelial and inducible NOS. NO is 

produced in trace quantities by neurons, endothelial cells, platelets and neutrophils in 

response to homeostatic stimuli [146, 147] and scavenged rapidly, having a half-life of 

about four seconds. NO acts in a paracrine fashion to transduce cellular signals through 

interaction with guanylate cyclase, leading to activation of the enzyme and 

subsequently increased cGMP levels. Other cells also produce NO, e.g. macrophages, 

fibroblasts, and hepatocytes, in response to inflammatory or mitogenic stimuli, 

providing a defense mechanism against pathogens through oxidative toxicity. These 

high NO levels lead to the formation of peroxynitrite, destruction of iron-sulfur 

clusters, nitration of protein tyrosine residues and thiol nitrosation. Thus, the amount of 

NO produced in different biological systems can vary over several orders of magnitude 

and its subsequent chemical reactivity is diverse. 
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3 AIMS 
 

In the work included in this thesis, I have studied some of the commonly prescribed 

HMG-CoA reductase inhibitors with respect to the vascular endothelium. More 

specifically the aims were to: 

 

 Investigate the influence in vitro of clinically relevant fluvastatin concentrations on 

the metabolism and production of eicosanoids and NO in human endothelial cells. 

 

 Study the impact on vascular function after fluvastatin exposure. 

 

 Study how clinically relevant simvastatin concentrations affect the production and 

balance of two of the most important vascular active prostaglandins, prostacyclin 

and thromboxane A2, in vitro as well as in vivo.  

 

 Compare fluvastatin and simvastatin with regard to impact on oxidative stress in 

human vascular endothelium in vitro and in vivo. 

 

 Evaluate the suggested anti-carcinogenic properties of statins in relation to 

expression of the redox-active enzymes TrxR, by investigating if statin treatment is 

associated with alterations in the hepatic expression of TrxR. 
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4 METHODOLOGICAL CONSIDERATIONS 
The purpose of this section is to provide a methodological overview, considerations and 

limitations to some of the techniques used in the studies of this thesis. More detailed 

descriptions of the separate methods can be found in the Material and Methods section 

of paper I-IV. 

  

 

4.1 EXPERIMENTAL SYSTEMS 

 

4.1.1 Cell culture systems 

Endothelial cells are situated at the interface between the circulating blood and the 

vessel wall. They serve as a sensor and transducer of signals within the circulatory 

microenvironment and is integral in maintaining the homeostatic balance of the vessel 

through the production of factors that regulate vessel tone, coagulation state, lipid 

transport, cellular proliferative response and leukocyte trafficking [60, 61]. Cultivated 

endothelial cells isolated from human vessels are commonly used for physiological and 

pharmacological investigations. Endothelial cells vary in morphology and functions 

according to the type and size of the associated vessel. The work presented in this 

thesis involves therefore endothelial cells from two different locations in the body; 

aorta and umbilical cord. Furthermore, only primary cells were used. Primary cells are 

taken directly in vivo (e.g. biopsy material) and established for growth in vitro. These 

cells have undergone very few population doublings and are therefore more 

representative of the main functional component of the tissue from which they are 

derived in comparison to continuous (tumor or artificially immortalized) cell lines, thus 

representing a more representative model of the in vivo state. With the exception of 

cells derived from tumors, most cell cultures have limited lifespan. After a certain 

number of population doublings (called the Hayflick limit), cells undergo the process of 

senescence and stop dividing, while generally retaining viability. The cells used in our 

work were well within the limit of population doublings recommended by the 

manufacturer. 

 

In general, human endothelial cells are isolated from normal human tissue, in this case 

large blood vessels. Human aortic endothelial cells (HAEC) are isolated from the 

human ascending (thoracic) and descending (abdominal) aorta and human umbilical 

vein endothelial cells (HUVEC) are isolated from the vein of the umbilical cord. These 

cells are commercially available; we used pooled cells isolated from five different 

donors, provided by PromoCell (Heidelberg, Germany). Shortly after isolation, cells 

are cryopreserved in liquid nitrogen at passage one or passage two until experiments 

are carried out. Rigid quality control tests are performed for each lot of cells. They 

are tested for cell morphology, adherence rate and cell viability, cell-type specific 

markers, e.g. von Willebrand Factor and CD31, as well as Dil-Ac-LDL uptake assays. 

Growth performance is tested through multiple passages up to 15 population 

doublings under culture conditions without antibiotics and antimycotics. In addition, 
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all cells have been tested for the absence of HIV-1, HBV, HCV and microbial 

contaminants (fungi, bacteria, and mycoplasma).  

 

 

4.2 STUDY SUBJECTS 

 

4.2.1 Human 

For our human pilot studies in Paper II and III, five healthy volunteers were recruited. 

The subjects were two men and three women, age 30-45, taking no other medication or 

naturopathic drugs, not having any disease or infection, not being pregnant or nursing 

or with known sensitivity to statins. Each subject was given a single dose of 80 mg 

simvastatin and 40 mg fluvastatin, at two separate time points with a two week washout 

period in between. Serum was collected immediately before the tablets were taken and 

two hours after the dose (time of Cmax for simvastatin) [148]. Urine was collected for 24 

hours before and for 24 hours after administration and thereafter aliquoted and kept at   

-80 °C until urinalysis.  

 

For Paper IV we used patient samples from two different cohorts. Cohort 1included 

stored RNA from liver biopsies from normocholesterolemic gallstone patients treated 

with either fluvastatin 20 mg/day (N=5) or atorvastatin 80 mg/day (N=6) or placebo 

(N=8) for two weeks. Fluvastatin 20 mg/day was used to achieve a low cholesterol 

synthesis inhibition and atorvastatin 80 mg/day to achieve a high cholesterol synthesis 

inhibition. From each subject stored plasma was used for the lathosterol och LDL-

measurements [149]. Cohort 2 included cDNA from 18 human livers belonging to the 

human donor liver bank established at the Division of Clinical Pharmacology, 

Karolinska University Hospital, Huddinge. In this cohort three subjects were treated 

with statins and 15 had no statin-treatment according to the medical records. We had no 

information about which statin or which dose the subjects were using. 

 

 

4.2.2 Animals 

A strain, in reference to rodents, is a group in which all members are as nearly as 

possible genetically identical. In rats, this is accomplished through inbreeding. By 

having this kind of population, it is possible to conduct experiments on the roles of 

genes, or conduct experiments that exclude variations in genetics as a factor. 

 

The Fischer 344 (F344) rat is one of the most commonly used rat strain in 

carcinogenesis because of its genetically in-bred status, relatively small size, ease of 

maintenance and sensitivity to various carcinogens and its relatively low spontaneous 

tumor rate except for testicular Leydig cell tumors [150]. The rat model was originally 

described by Solt and Farber [151] and was called “the resistant hepatocyte model” 

implementing the appearance and selection of resistant hepatocytes with up-regulated 

cellular defence. In Paper IV we used rat liver tissue from a study conducted earlier 

in our laboratory, where male rats had been treated according to the chemical induced 

hepatocarcinogenesis protocol described previously [38] and 5 rats had been given 
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lovastatin in the diet for 5 weeks (dose approximate 13 mg/kg bodyweight/ day) and 

5 rats standard chow diet (R36) for 5 weeks. Since rodents have a much quicker 

metabolism of statins compared to humans this is likely to be an adequate statin dose 

with an exposure similar to or less than that in humans. Similar or higher doses have 

been used in previous works [152, 153].  

 

 

4.3 EXPERIMENTAL METHODS 

 

4.3.1 Quantitative real time PCR 

Real-time polymerase chain reaction, also called quantitative real time polymerase 

chain reaction (Q-PCR/qRT-PCR) or kinetic polymerase chain reaction (KPCR), is a 

powerful technique which is used to amplify and simultaneously quantify a targeted 

DNA molecule as the reaction progresses in real time. The quantity can be either an 

absolute number of copies or a relative amount when normalized to DNA input or 

additional normalizing genes. Prior to the PCR step, reverse transcription was 

performed to obtain the first strand DNA, then TaqMan Probe-based assays were used 

in the expression experiments in Papers I-IV. Briefly, the assays use a fluorogenic-

labeled oligonucleotide probe to enable the detection of a specific PCR product as it 

accumulates during PCR cycles. A reporter dye is incorporated on the 5´end and a 

quencher dye on the 3´end of the probe. As long as the probe is intact, the proximity of 

the quencher greatly reduces the reporter dye emitted fluorescence. If the target 

sequence however is present, the probe anneals between primer sites and is cleaved by 

the 5´nuclease activity of the DNA polymerase during the extension phase of the PCR 

reaction. The reporter dye is then separated from the quencher, which increases the 

reporter dye signal and also allows the primer extension to continue to the end of the 

template strand. With each cycle additional reporter dye molecules are cleaved, 

resulting in increased fluorescence intensity proportional to the amount of amplicon 

produced. Thus the higher the starting copy number of the target sequence, the sooner 

significant increase in fluorescence is observed, i.e. when the fluorescence increases 

above the baseline and crosses the threshold [154]. The cycle at which this occurs is 

called the Ct value and can be employed for quantification [155].  

 

 

4.3.2 Promoter studies 

In Paper I and II, to assess the genetic background for the variation observed in statin 

induced regulation of PGIS mRNA in endothelial cells, we transfected HUVECs with 

the PTGIS core promoter incorporated into a reporter construct. Briefly, the method 

works as follows (see also Figure 10): 

 

1. Amplification by PCR is carried out. We amplified PGIS promoter fragments, 

including the cis-acting elements required for basal transcriptional activity 

(approximately 300 bp), using human genomic DNA as template. The PCR products 

were verified on an agarose gel by electrophoresis.  
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2. Next step is subcloning. The PCR product is cloned into a vector
14

 (here supplied 

with single 3´-thymidine (T) overhangs, allowing PCR inserts to ligate efficiently 

with the vector.  The plasmid also contains topoisomerase I covalently bound to the 

vector - referred to as "activated" vector) by cleaving the plasmid and the PCR product 

from step 1, using restriction enzymes
15

, and then ligate them together. 

 

3. We are now ready to perform transformation
16

 into competent
17

 bacteria and expand 

them overnight on selective agar plates, on which only successfully transformed 

bacteria are able to grow.  

 

4. Isolated clones are selected for further expansion and subsequent purification of 

plasmids. The plasmids are then cut by restriction enzymes and desired fragments 

isolated by gel-purification. We also analyzed purified fragments from each clone for 

verification of insert by sequence analysis and compared with PGIS official sequence 

using BLAST
18

. 

 

5. A second round of subcloning can now be executed, but this time we put our 

promoter sequence into a construct containing an expression reporter downstream of 

our insert. This results in a luciferase
19

-gene containing expression vector construct 

driven by the PGIS promoter insert.  

 

6. The complete vector is then expanded in bacteria through transformation, purified 

and analysed as before.  

 

7. Human umbilical endothelial cells (HUVECs) could then be transfected
20

 with our 

expanded and purified reporter constructs. As expression control, renilla
21

-containing 

plasmids were co-transfected into the HUVECs.  

 

8. Eight hours after the transfection, statin or vehicle was added and cells were let grow 

for 24 hours before harvest and analysis. 

  

                                                 
14

 Vector: used in genetic engineering and are commonly used by molecular biologists to deliver genetic 

material into cells. A vector is a type of plasmid, a DNA molecule that is separate from, and can replicate 

independently of, the chromosomal DNA usually occurring naturally in bacteria, but is sometimes also 

found in eukaryotic organisms. 
15

 Restriction enzymes: enzymes that cut DNA at specific recognition nucleotide known as restriction 

sites. 
16

 Transformation: bacterial transformation may be referred to as a stable genetic change due to the 

uptake of naked DNA (DNA without associated cells or proteins). Transformation occurs naturally in 

some species of bacteria, but it can also be performed by artificial means in other cells. 
17

 Competent bacteria: refers to the state of being able to take up exogenous DNA from the environment. 
18

 BLAST: Basic Local Alignment Search Tool, an algorithm used in bioinformatics. 
19

 Luciferase: class of oxidative enzymes used in bioluminescence. 
20

 Transfection: the process of deliberately introducing nucleic acids into cells. The term is used notably 

for non-viral methods in eukaryotic cells. 
21

 Renilla luciferase control reporter vectors constitutively express Renilla luciferase, cloned from the 

anthozoan coelenterate Renilla reniformis (sea pansy), and thus provide an internal control value to which 

expression of the experimental firefly reporter gene may be normalized. 

http://en.wikipedia.org/wiki/Biologist
http://en.wikipedia.org/wiki/Genetic_material
http://en.wikipedia.org/wiki/Genetic_material
http://en.wikipedia.org/wiki/Cell_(biology)
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9. Luciferase activity was measured by the Dual-Luciferase Reporter Assay System 

where the ratio between the PTGIS firefly luciferase signal and the control renilla 

luciferase signal for each statin exposed sample was compared to the ratios for each 

vehicle treated sample. 

 

 
 

 

Figure 10: Schematic principle of the transfection procedure. See text for details.  

 

8. ”Experiment”
9. Measure Luciferase activity
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4.3.3 Enzyme Immunoassay  

Enzyme immunoassay (EIA) or enzyme-linked immunosorbent assay (ELISA) is a 

powerful type analytic biochemistry technique used for detecting and quantifying the 

presence of an antigen in tissue homogenates, plasma or other body fluids [156, 157]. 

There are many variants including indirect, sandwich, reverse and competitive EIA. 

The work in Papers I, II and III was performed using the competitive EIA method.  

 

The principal protocol for competitive EIA (see Figure 11 and www.caymanchem.com) 

utilizes an immunoplate, pre-coated with a secondary antibody and the non-specific 

binding sites blocked. Sample containing an unknown amount of antigen is added to 

the wells of the immunoplate, together with tracer (molecules of the analyte each 

covalently attached to a molecule of acetylcholinesterase (AChE
22

 )) and antiserum 

(primary antibody with a Fc fragment to which the secondary antibody can bind, and a 

Fab fragment specific to the analyte). Any unbound reagents are washed away after 

incubation and the plate is developed with Ellman’s Reagent which contains the 

substrate of AChE.  The product of this enzyme reaction is a distinct yellow color, 

which absorbs strongly at 412 nm. The intensity of the color determined 

spectrophotometrically, is proportional to the amount of analyte Tracer (labeled 

antigen) bound to the well, which is inversely proportional to the amount of free 

analyte (sample antigen) in the well during the incubation, i.e. in the sample added. In 

other words, the labeled antigen now competes for primary antibody binding sites with 

the sample antigen. The more antigen in the sample the less labeled antigen is retained 

in the well and the weaker the signal.  

 

  

 

 

 

 

   

  

 

 

 

 

 

 

 

 

 

 

Figure 11: Schematic principle of the EIA method. 

                                                 
22

 AChE: a stable enzyme isolated from the electric eel, Electrophorus electricus, with a high turnover for 

the hydrolysis of acetylthiocholine. The reaction produces thiocholine, which after non-enzymatic 

convertion to 5-thio-2-nitrobenzoic acid has a strong absorbance at 412 nm. 

http://en.wikipedia.org/wiki/Biochemistry
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Interpretation of the signal produced in an immunoassay requires reference to a 

calibrator that mimics the characteristics of the sample medium. For qualitative assays 

the calibrators consist of a negative sample with no analyte and a positive sample 

having the lowest concentration of the analyte that is considered detectable. For 

quantitative measures additional calibrators with known analyte concentrations are also 

included. Comparison of the assay response of a real sample to the assay responses 

produced by the calibrators makes it possible to interpret the signal strength in terms of 

the presence or concentration of analyte in the sample. The main limitation with EIA is 

that due to the very small volume, even a small deviation of each reagent can have a 

compounded effect. Therefore, samples should ideally be run in triplicates. Other 

parameters should also be taken into account when using EIA; accuracy of the 

measurement, detection limit and detectability range of the EIA and the specificity of 

the antibodies [158]. Accuracy is especially crucial when determining concentration of 

the samples. In the studies included in this thesis we therefore chose to use relative 

concentrations, i.e. changes in detection between untreated controls and the samples.   

 

 

4.3.3.1 Enzyme Immunoassay - PGI2 

PGI2 is very short-lived. In the body it is quickly non-enzymatically hydrated to 6-keto 

PGF1α and then converted to the major metabolite, 2,3-dinor-6-keto PGF1α (t1/2 = 30 

minutes) [159-161], which is why we measured the contents of both metabolites in the 

urine. Although 6-keto PGF1α is commonly measured in plasma and urine as an 

estimate of prostacyclin synthesis, it should be noted that there may be more than one 

source of PGI2 in these samples [162]. Urinary concentrations of 6-keto PGF1α are 

confounded by the fact that some plasma prostacyclin (~14 %) is excreted into urine as 

6-keto PGF1α and the remainder is of renal origin [162, 163]. These problems are 

circumvented by measuring urinary 2,3-dinor-6-keto PGF1α as an indicator of systemic 

PGI2 production. Moreover, in our studies we only use the relative changes and not 

absolute values when interpreting and presenting the data. The EIAs for these 

prostacyclin metabolites typically displays an IC50 (50 % B/B0) of about 40 pg/ml (6-

keto PGF1α) and 400 pg/ml (2,3-dinor-6-keto PGF1α), and a detection limit (80 % B/B0) 

of approximately 6 pg/ml (6-keto PGF1α) and 100 pg/ml (2,3-dinor-6-keto PGF1α).  

 

 

4.3.3.2 EIA – Thromboxane A2 

In the body, the produced thromboxane A2 is rapidly hydrolyzed non-enzymatically to 

form thromboxane B2 (TXB2). Most of the TXB2 measured in the plasma or urine of 

healthy individuals is however due to ex vivo platelet activation or intra-renal 

production [159]. Normal concentrations of circulating TXB2 are extremely low (1-2 

pg/ml) and highly transient (t1/2 = 5-7 minutes), which is why we chose to assay a 

metabolite of TXB2, 11-dehydro TXB2, not formed by platelets or the kidney and with 

a longer circulating half-life of 45 minutes [164, 165]. In Paper II a competitive EIA 

assay was used for quantification of 11-dehydro TXB2 in urine.  Its measurement in 

plasma or urine will give a time-integrated indication of TXA2 production and is 
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recommended to estimate TXA2 levels to circumvent measurement complications 

associated with TXB2. The EIA typically displays an IC50 (50 % B/B0) value of 120 

pg/ml and a detection limit (80 % B/B0) of approximately 34 pg/ml. 

 

 

4.3.4 Western Blotting 

The Western blot is an analytical technique used to detect specific proteins in a sample. 

The technique uses gel electrophoresis to separate native or denatured proteins by the 

size of the polypeptide or by the 3-D structure of the protein. Western blots allow 

investigators to determine the molecular weight of a protein and to measure relative 

amounts of the protein present in different samples. The general protocol (Figure 12) 

starts with separation of the proteins and biotinylated molecular weight markers by gel 

electrophoresis, usually SDS-PAGE
23

. The proteins are then transferred to a sheet of 

nitrocellulose membrane, retaining the same pattern of separation they had on the gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Schematic principle of the Western Blot procedure. See text for detailed description. 
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 SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis separates proteins according to 

their electrophoretic mobility, which is a function of the length of a polypeptide chain and its charge and 

no other physical feature. SDS is an anionic detergent applied to protein sample to linearize proteins and 

to impart a negative charge to linearized proteins. In most proteins, the binding of SDS to the polypeptide 

chain imparts an even distribution of charge per unit mass, thereby resulting in a fractionation by 

approximate size during electrophoresis. 
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The blot is incubated with a generic protein (such as milk proteins) to bind to any 

remaining sticky places on the nitrocellulose and block unspecific binding sites. A 

primary antibody specific to the target protein is then added to the solution, let bind 

during incubation and unbound antibody is then washed away. We then used a 

chemiluminescent detection method based on a HRP-linked (horseradish peroxidase) 

secondary antibody, which forms a complex with the primary antibody. The location of 

the antibody complex is revealed by incubating it with specific substrate to generate a 

light signal and the image is analysed by densitometry, which evaluates the relative 

amount of protein staining and quantifies the results in terms of optical density. HRP 

conjugates have a very high turnover rate, yielding good sensitivity with short reaction 

times.  

 

 

4.3.5 Colorimetric assay – detection of NO production 

In biological fluids, NO undergoes a series of reactions with several molecules, the 

end-products being nitrite (NO2
-
) and nitrate (NO3

-
). The relative proportion of these 

two is variable and cannot be predicted with certainty, thus the best index of total NO 

production is the sum of NO2
-
 and NO3

-
. The fluorometric assay used in Paper I is a 

convenient and accurate method for measurement of total NO2
- 
and NO3

- 
concentration 

by firstly converse all nitrate to nitrite utilizing nitrate reductase, followed by 2,3-

diaminonaphthalene (DAN) and NaOH. DAN is then converted to the fluorescent 

product, 1(H)-naphthotriazole. Measurement of this compound determines the NO2
-
 

concentration [166]. 

 

 

4.3.6 LC-MS/MS 

Liquid chromatography – mass spectrometry (LC-MS) is a technique in analytical 

chemistry that combines the physical separation capabilities of liquid chromatography 

(or HPLC
24

) with the mass analysis capabilities of mass spectrometry (MS
25

). LC-MS 

is a powerful technique used for many applications, having very high sensitivity and 

selectivity, and is generally used for the detection and potential identification of 

compounds in a complex mixture in the presence of other chemicals. The major 

advantage MS has is the use of tandem MS-MS, also known as MS/MS or MS
2
, where 

the detector may be programmed to select certain ions to fragment and further separate 

[167].  

 

Sample concentrations of simvastatin, simvastatin-acid (SIM-OH) and fluvastatin in 

serum from the healthy volunteers and from simvastatin or fluvastatin incubated HAEC 

in Paper III, were measured by a standard LC-MS/MS method previously developed 

for at our department. Briefly, sample preparation was based on pH-controlled solid 

                                                 
24

 HPLC  is a common chromatographic technique used to separate a mixture of compounds in analytical 

chemistry and biochemistry with the purpose of identifying, quantifying and purifying the individual 

components of the mixture. 
25

 MS is a powerful technique where the sample molecules are ionized and the mass-to-charge ratio of 

charged particles or molecule fragments is measured.  

http://en.wikipedia.org/wiki/Analytical_chemistry
http://en.wikipedia.org/wiki/Analytical_chemistry
http://en.wikipedia.org/wiki/Biochemistry
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phase extraction followed by evaporation under nitrogen and subsequent reconstitution. 

Subsequent analysis was performed on a reversed-phase column with a triple 

quadrupole mass spectrometer as detector and quantification was calculated on 

analyte/internal standard peak area ratios. The limit of detection was 0.02 ng/mL.  

 

 

4.3.7 Myographic readings 

A myograph is any device used to measure the force produced by a muscle when under 

contraction and can be used to study the velocity and intensity of muscular contraction. 

In Paper I ex vivo experiments were conducted on vessels isolated from fat biopsies 

obtained from ten healthy normotensive pregnant women (two nulliparous
26

). Using a 

stereomicroscope, one or more subcutaneous arteries of similar size, internal diameter 

of 203±8 µm, were dissected and immediately placed in ice cold physiological salt 

solution. The arterial vessel rings were mounted on two parallel stainless steel wires, 25 

m in diameter, in organ baths of a four-channel wire myograph filled with Krebs-

Ringer physiological salt solution continuously gassed with 95 % O2 / 5 % CO2 at a 

temperature of 37 °C. One pin was connected to a force transducer and the other to a 

micrometer screw for length adjustment.  

 

The vessels were preconstricted with norepinephrine, NE, a catecholamine with 

multiple roles but here acting through α-adrenergic receptor activation of the vascular 

smoth muscle cells. The concentration added was sufficient to evoke a sustained, steady 

contraction before adding cumulatively concentrations of fluvastatin (10
-7 

- 10
-4 

mol/L, 

log unit steps). Failure to respond to NE in the freshly isolated vessels excluded the 

preparations from further experimentation. Concentration-response curves were in this 

way obtained prior to and after incubation with either N

-nitro-L-arginine methyl ester 

(L-NAME) or indomethacin. L-NAME is an inhibitor of the enzyme endothelial NO 

synthase, eNOS, and thus reduces the cellular formation of cGMP. Indomethacin is a 

non-steroidal anti-inflammatory drug, nonselectively inhibiting COX-1 and COX-2, 

which are enzymes responsible for formation of the prostacyclin precursor PGH2 in 

endothelial cells. 

 

In order to figure out the relative contribution of eNOS and COX products to the 

fluvastatin-induced relaxation, their respective inhibitors were added alone or in 

combination. The force (mN) developed per length (mm) of artery segment during 

application of each concentration of vasoactive compound was calculated. All absolute 

measurements were corrected for the baseline force developed by the arteries. The 

relaxation to fluvastatin was calculated as percentage of reduction of the active force at 

the stable plateau level. The contractions and concentration-response curves were then 

compared before and after incubation with the two different pharmacological inhibitors. 

 

                                                 
26

 Nulliparous refers to a woman who has never completed a pregnancy beyond 20 weeks and never 

given birth. 
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5 RESULTS AND DISCUSSION 
 

5.1 GENERAL COMMENTS 

Notably, many previous studies in vitro claiming mechanistic insights behind 

pleiotropic effects of statins have used concentrations 1000-fold higher than those 

detected in human plasma [168]. In the studies of this thesis much lower, clinically 

relevant concentrations of simvastatin and fluvastatin, were used in our in vitro 

experiments. Also, the intracellular concentrations, analyzed by means of LC-MS/MS, 

of statins in our cultivated cells were in the same range as the plasma concentrations of 

statins of our human subjects (reported in Paper III). Further, when testing cell 

viability for concentrations higher than used in this work, 10 µM, the cells showed 

signs of decreased membrane integrity by retaining dye in the viability test, which was 

another reason for us to excluded concentrations above 1.0 µM. 

 

Another intention with this work was to use time points that are clinically relevant. 

Since statins are usually therapeutically administrated every 24 h, we chose this as time 

point for our studies. One can argue that when doing transcriptional studies, the 

information on the time profile is of interest and by only testing for 24 h we may miss 

the acute effects on the transcription. But since we here not only assess the genetic 

effects but also the phenotype consequences (i.e. effect on prostacylin release) we 

decided to only include 24 h.  

 

I have also received the question why we have not extended and/or verified the effects 

of the statins on PGI2 generation by ECs using different models, i.e. laminar shear 

stress that would mimic the flow of blood in the vessels and/or in response to an 

inflammatory stimulator like IL1-β. I cannot but agree, these two situations would be 

very valuable to add to the studies. The models are commonly used to assess the 

protective effects of compounds and to stimulate an atherosclerotic (inflammatory) 

environment. But the ultimate model is of course to study humans, and since we 

confirmed our findings in healthy volunteers, we considered these extra in vitro models 

not to be required in this work. I pass this task on to my successor PhD student, and the 

exciting job to study these effects in statin patients.  

 

Regarding the choice of different doses of simvastatin (80 mg) and fluvastatin (40 mg) 

in the in vivo study, the rationale behind this was that we aimed to study both a 

commonly given maximum dose of statin and a commonly given medium dose of 

statin. 80 mg fluvastatin is approved by the Swedish Medical Products Agency 

(Läkemedelsverket) to be prescribed but is extremely rare. 
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5.2 PAPER I: BENEFICIAL VASOACTIVE ENDOTHELIAL EFFECTS OF 

FLUVASTATIN: FOCUS ON PROSTACYCLIN AND NITRIC OXIDE 

We show in Study I that fluvastatin is a modulator of vascular tone in human small 

arteries, most likely via acute and possibly also prolonged increased formation and 

release of endothelium-derived relaxing factors such as NO and PGI2, since inhibitors 

of both eNOS and COX significantly decreased relaxation in response to fluvastatin. A 

robust concentration dependent relaxation was produced with fluvastatin, reaching a 

maximum within three minutes. Fluvastatin-induced relaxation was reproducible and 

did not deteriorate after repeated application. Moreover, we showed that fluvastatin 

induces significant transcriptional and translational up-regulation of PGIS and eNOS, 

with increased cellular production of PGI2 and NO in EC cultures, suggesting that this 

compound may have beneficial effects on endothelial maintenance in vivo. Relaxation 

due to fluvastatin administration in the resistance vasculature may associate with 

reduced peripheral resistance and increased blood flow to target organs. The tone of 

resistance arteries is considered to be critical for blood pressure control. To our 

knowledge this is a first study that reports an acute relaxant effect of a statin – 

fluvastatin - in isolated small human arteries. Interestingly, preliminary data using the 

same technique, protocol and same type of material as in Paper I, but incubating with 

atorvastatin, show no effect on vascular reactivity. 

 

As discussed in the methodological considerations section, endothelial cells vary in 

morphology and functions according to the type and size of the associated vessel. The 

works presented in this thesis therefore involve endothelial cells from two different 

locations in the body; aorta (HAEC) and umbilical cord (HUVEC), both cell types 

being commonly used for studies of the vascular endothelium. It is important to note 

that although HUVECs have venous features, the umbilical cord vein has the 

physiological role of conveying oxygenated, nutrient-rich “arterial blood” from the 

placenta to the foetus. In fact, umbilical cord veins have long been used in clinical 

arterial transplantation [169].  

 

Regarding patient group for the ex vivo experiments, one might question the rationale 

for choosing pregnant women and how to approach effects of pregnancy sex hormones 

- would it not be more accurate to use samples from men having abdominal surgery? 

Indeed, other patients groups are of interest, however at the time for Study I it was 

not possible to get such biopsies from e.g. males with normal or altered lipid profile. 

Furthermore, normal pregnancy is associated with significant changes in serum lipids 

(a shift towards small, dense LDL subfractions, raised triacylglycerols and 

cholesterol) and by the third trimester most women have a lipid profile which would 

be considered highly atherogenic in the non-pregnant state. This undoubtedly 

represents a transient disturbance which reverts to normal after delivery, and is 

related to the maintenance of nutrient fuel to the mother and fetus. Therefore, it might 

be anticipated that vessels from normal pregnant women might represent a good 

model to test the direct effects of fluvastatin on vascular function. It is well known 

that sex hormones can affect vascular reactivity, but since we have worked with 

isolated arteries in conditions when tissue was kept out from organism's environment, 
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ex vivo, for several hours the acute modifying effects of hormones can be neglected. 

Also, in Study I, the aim was to show the primary vascular effect of fluvastatin with 

subsequent clarification of the contribution of endothelium-derived factors to 

fluvastatin-induced responses of resistance arteries. With such an aim in mind we 

withdrew our attention from possible modifying effects of pregnancy hormones. 

 

 

5.3 PAPER II: INFLUENCE OF SIMVASTATIN ON THE THROMBOXANE 

AND PROSTACYCLIN PATHWAYS, IN VITRO AND IN VIVO 

In contrast to Paper I which concerns fluvastatin, the HMG-CoA reductase inhibitor 

simvastatin, studied in Paper II, shows a potentially unfavorable alteration of the 

vascular endothelium both in vivo and in vitro. After treating endothelial cells at 

clinically relevant concentrations of simvastatin, the cells were shown to decrease their 

production and release of PGI2. Addition of mevalonic acid lactone, a precursor of 

cholesterol, reverted the effects of simvastatin on PGI2 release in ECs, indicating that 

this effect is mevalonate dependent. Also, simvastatin administrated as a single dose to 

healthy volunteers was shown to significantly increase urinary thromboxane A2 (TXA2) 

levels, which may result in a shift of the balance between PGI2 and TXA2, favoring the 

thromboxane pathway. Uncoupling of this balance could have pathophysiological 

implications by promoting a prothrombotic state in the blood vessels as discussed in 

Paper II. These findings add novel insight in the field of pleiotropic effects of statins 

and provide some insight for functional differences among statins.  

 

As a drug class, statins are considered by clinicians to be useful to their patients but 

these data may question the effects of statins on health and raise the question of 

thorough comparative studies on secondary vascular effects of statins.  

 

One of the aims with Paper II was to compare the effect on PGI2 metabolism after 

exposure to fluvastatin, studied in Paper I, with exposure to the in Europe more 

commonly prescribed simvastatin. The majority of the in vitro experiments in these two 

papers are directly comparable with each other. This is for example why we in Paper 

II chose to include the PTGIS promoter activity studies performed in HUVEC only, 

although the transcriptional effect on PTGIS seemed more pronounced in HAEC. 

Unfortunately, the transfection method was for unknown reasons not successful in the 

HAEC. Being primary cells make them more similar to the in vivo situation, but it also 

renders them more sensitive to chemical modifications than cell lines. 

 

On the subject of presenting and discussing the data from the human subjects, the 

TXA2/PGI2 biosynthesis ratio is commonly used in the literature to visualize balance 

changes of these two important metabolites. An abnormal TXA2/PGI2 ratio may 

predispose affected patients to for example thrombosis. Also, the TXA2/PGI2 balance 

is particularly critical in the regulation of maternal and fetal vascular function during 

pregnancy and in the newborn. An increase in the ratio in the maternal, fetal and 

neonatal circulation may contribute to preeclampsia, intrauterine growth restriction and 
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persistent pulmonary hypertension of the newborn, respectively [170]. On the other 

hand, increased PGI2 activity may contribute to patent ductus arteriosus
27

 and 

intraventricular hemorrhage in premature newborns [171]. 

 

Recent studies have shown that urinary metabolites of TXA2 and PGI2, constitute 

unique markers of the activation and/or interaction between platelets and vascular 

cells. Such an approach reflects the in vivo production of these mediators but has the 

advantage of circumventing the artifactual production of eicosanoids occurring during 

blood or tissue sampling. There are other arachidonic acid metabolites of interest that 

are active and affected in the vasculature, but these are two of the most important, being 

abundant, potent and having contrasting effects.  

 

Also worth highlighting is the seeming dependence on the mevalonate - HMG-CoA 

reductase pathway for the actions of simvastatin reported in study II, since addition of 

mevalonate abolished the reduction of PGI2 synthesis in HAECs. Mounting 

experimental evidence suggests that inhibition of the isoprenoids by statins might 

explain the clinical observations that statins improve cardiovascular outcomes, even in 

subjects with atherosclerosis and normal cholesterol levels [172]. However, these basic 

observations have not been fully translated into humans and may be challenged by our 

findings of a simvastatin mediated perturbation of the balance between the 

vasoregulatory TXA2 and PGI2 pathways with a potentially negative effect on the 

vascular homeostasis. It should also be noted that statins usually in the clinical situation 

are used in combination with low doses of acetylsalicylic acid, which could influence 

the levels of TXA2, as described in section 2.4.3.3, and perhaps the weight of our 

findings.  

 

 

5.4 PAPER III: ANTI-OXIDATIVE EFFECTS OF STATINS ON VASCULAR 

ENDOTHELIUM  

Although statins in the last years have been acknowledged for their range of often 

beneficial pleiotropic effects, particularly relevant to cardiovascular disease including 

improved endothelial function and reduced oxidative stress, very sparse data on how 

statins affect the anti-oxidative status of the vascular endothelium are to be found. Our 

aim with Paper III is thus to provide additional information and hopefully to shed 

some light on the complex processes of cellular oxidative stress. The same cellular 

model systems as in Paper I and II was used, cells were exposed in the same way to 

either fluvastatin or simvastatin, and the expression pattern of central oxidative stress 

defence enzyme genes (SOD-1, TXN, TrxR1, GPx4 and Cat) and the generation of 

ROS in human vascular ECs was assessed. However, in order to estimate a time for 

maximum ROS generation, which does not necessarily parallel the expression of the 

enzymes included in the study, three different time points were studied. Moreover, the 

effect on oxidative capacity in vivo was analysed in urine after statin administration, a 

single dose of simvastatin (80mg) or fluvastatin (40mg), to healthy volunteers.  

                                                 
27

 Ductus arteriosus ia a congenital disorder in the heart wherein a neonate's ductus arteriosus, a blood 

vessel connecting the pulmonary artery to the aortic arch, fails to close after birth. 

http://en.wikipedia.org/wiki/Ductus_arteriosus
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The results from Study III indicate that the effects of statins may also here be 

compound specific and could have major impact on the vascular endothelial oxidative 

stress status. Analogous to Study I and II, the two statins were shown to have different 

impact on the mRNA expression of the investigated genes. Simvastatin significantly 

down-regulated the expression of all genes tested, whereas for fluvastatin no clear trend 

was observed. Also the levels of intracellular reactive oxygen species activity in vitro 

decreased after exposure to fluvastatin but not to the same extent for simvastatin. A 

small but significant increase in anti-oxidative capacity was observed in urine after 

fluvastatin but not simvastatin administration compared to before statin intake, which is 

in accordance with our in vitro results, i.e. that FLU seems to have a less undesirable 

effect on the expression on the anti-oxidative enzymes.  

 

As discussed more thoroughly in Paper III, the antioxidative capacity of fluvastatin 

has been reported by others in other model systems, such as human aortic smooth 

muscle cells [173] and on the plasma lipids of hyperlipidemic subjects [174]. This is 

proposed to be a consequence of its unique structure compared to other statins, giving it 

a free radical-scavenging activity against the superoxide anion and hydroxyl radical 

[175, 176] that is independent of its HMG-CoA reductase inhibition capacity [177].  

 

 

5.5 PAPER IV: STATINS INHIBIT EXPRESSION OF THIOREDOXIN 

REDUCTASE 1 IN RAT AND HUMAN LIVER AND REDUCE TUMOUR 

DEVELOPMENT 

In Paper III we concluded that statins have an impact on the expression of the TrxR1 

enzyme. Since this enzyme has been suggested to be a significant player in 

carcinogenesis, we set out to expand our studies of this enzyme in relation to cancer 

and statins, Paper IV. We show in this article that statin treatment decreases the 

hepatic expression of TrxR1 in humans and rats. Further, a clear correlation between 

inhibition of carcinogenesis and decreased TrxR1-mRNA levels in a rat model for liver 

cancer was observed, making us postulate that a possible causal relationship between 

statin-induced decrease in TrxR1expression and inhibition of carcinogenesis seems to 

exist. Since the statins display a clear inhibition of TrxR1 independent of 

carcinogenesis in our human material, we conclude that the reduced TrxR activity is 

caused directly by the statins and not to a statin-induced reduction of nodule size.  

 

These findings add insight to the field of possible anti-carcinogenic effects of statins, as 

well as other side effects of statins. I also hope that these findings may invite larger 

studies involving human subjects to further clarify the relationship between statins, 

TrxR1 and carcinogenesis in man. 
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5.6 UNDISCLOSED AND UNPUBLISHED RESULTS 

An initial aim with the thesis was to include all four of the most commonly prescribed 

statins around the world, something I could not fully proceed with due to unforeseen 

circumstances and the nature of science. This however means that there are some 

results that are not finalized for publication but that I still mean to share.  

 

 

5.6.1 Atorvastatin and rosuvastatin vs. expression of COX, PGIS and 

eNOS 

Similar effects on transcription and translation of PGIS were observed after exposure to 

the other two statins, i.e. both atorvastatin and rosuvastatin increase the mRNA 

expression of PGIS in HUVEC (Figure 13A). The mRNA expression however, did not 

correlate with the PGI2 production (Figure 13B), probably due to inhibition of COX 

activity. When assaying the activity of the COX enzymes in EC cultures, we found that 

simvastatin, atorvastatin and rosuvastatin all interfered with the enzymes, inhibiting 

approximately 90 % of the total COX activity. Possibly this could decrease the 

production of PGH2 and depleting the cells of the substrate for PGIS, resulting in a 

decrease in prostacyclin production. This might partly explain why the increase in 

mRNA and protein does not correlate with product release. 
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Figure 13: Additional HUVEC and HAEC analyses. A) mRNA expression in HUVEC exposed to 

either rosuvastatin for 24 hours or 48 hours (ROS 24 and ROS 48, respectively) or atorvastatin for 24 

hours or 48 hours (ATV 24 and ATV 48, respectively). B) 6-keto-PG1Fα (6KPG1Fα) release in HAEC 

cell medium after treatment with rosuvastatin (ROS) or atorvastatin (ATV), alone (-MEV) or with 

mevalonate 100 µM (+MEV). 

 

 

5.6.2 Atorvastatin and rosuvastatin vs. PTGIS promoter activity  

Apart from fluvastatin and simvastatin, we have also looked at the influence on PTGIS 

promoter activity in PGIS core promoter transfected HUVECs exposed to 0.1 µM 

atorvastatin, rosuvastatin or corresponding vehicle for 24 hours, using the same cloning 

and transfection procedure as in Papers I and II. Atorvastatin exposed cells displayed a 

significant twofold increase in promoter activity (P = 0.001), while exposure to 

rosuvastatin indicated a slightly increased promoter activity although not significant 

(Figure 14). 
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Figure 14: PTGIS promoter activity in PGIS core promoter transfected HUVECs exposed to 0.1 

µM atorvastatin (ATV), rosuvastatin (ROS) or corresponding vehicle for 24 hours. The bars 

represent mean ± S.E.M., N=15. The luciferase expression was normalised to the transfection efficiency 

by the control renilla luciferase expression in each sample and normalised against the mean of respective 

control, set as 1. 

 

 

5.6.3  Atorvastatin and rosuvastatin vs. anti-oxidative stress enzyme 

genes 

In addition to study how fluvastatin and simvastatin affects the mRNA expression of 

several enzymes involved in the defence against oxidative stress (Paper III), the HAEC 

cells were also exposed to atorvastatin and rosuvastatin for 24 hours (figure 14). In 

opposite to the other statins, rosuvastatin exert a significant increase in GPx4.  

In agreement with fluvastatin and simvastatin, atorvastatin and rosuvastatin also 

inhibits mRNA expression of catalase. Neither rosuvastatin or atorvastatin inhibits the 

mRNA expression of TXN in HAEC. In fact simvastatin appears to be the only statin 

that significantly inhibit the TXN mRNA level in HAEC. This is in agreement with our 

now ongoing studies that are being performed in human hepatoma (HepG2) cells to 

further assess the molecular mechanisms behind the statin induced inhibition on TrxR1 

transcription. Preliminary results in HepG2 cells indicate that the statins inhibit TrxR1 

to different extent, and that simvastatin exert highest inhibitory effects. The in vitro 

findings in HAEC and HepG2 cells are not agreement with our in vivo results in Paper 

IV, i.e. that atorvastatin inhibits the hepatic expression of TrxR1 in patients 

administrated with atorvastatin for four weeks. The reason for this discrepancy may be 

explained by the fact that the human subjects had been taking statins for a long period 

time, whereas in the in vitro experiments, the cells have been exposed to a single dose 

of statins. 
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Figure 15: mRNA expression of oxidative stress enzyme genes in HAEC cells exposed to increasing 

concentration (0.01-1 uM) of rosuvastatin (ROS) and atorvastatin (ATV) for 24 hours. 
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6 CONCLUSIONS 
 

The main results obtained from these studies can be summarized as follows:  

 

 

 Fluvastatin is proposed a protective role of on the cardiovascular system, 

particularly at the level of vascular endothelium since it up-regulates 

transcription and translation of PGIS and eNOS in human vascular endothelial 

cells, associated with an increase in cellular production of PGI2 and NO, and 

induces rapid dilatation in isolated human arteries via contribution of 

endothelium derived factors like NO and PGI2.  

 

 Simvastatin induces a potentially unfavorable alteration of the vascular 

endothelial cells both in vivo and in vitro. Exposure to clinically comparable 

concentrations of simvastatin decreased the production and release of PGI2 in 

cultivated endothelial cells. Simvastatin was further shown to significantly 

increase urinary TXA2 levels in vivo, which may result in a negative alteration 

of the balance between PGI2 and TXA2. 

 

 Fluvastatin and simvastatin have different impact on vascular endothelial 

oxidative stress status. Compared to simvastatin, fluvastatin seems beneficial 

both regarding expression of anti-oxidative stress enzymes and reactive oxygen 

species activity in vitro and anti-oxidative capacity in vivo. 

 

 Statin treatment decreases the hepatic expression of TrxR1 in humans and rats 

which is relevant for suggested anti-carcinogenic effects of statins. 

 

 

Overall, our results add to the conjecture that the impact on production of vascular 

active substances may be significantly different among the statins, and thus the 

consequences of statin exposure may not be drug class related but rather compound 

specific, highlighting the importance of more comparative studies where several statins 

are included.  
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