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ABSTRACT 

Hyperlipidernia is one of the major risk factors for atherosclero~is~ the leadhg cause ofdeath 

in North Amerka. High levels of cholesteroi in the plasma can hcrease the retention tirne of low 

density lipoprotein (LDL) in the intima, thus increasing the risk of LDL oxidation by fiee radicds 

produced fiom endothelid or smooth muscle ceils. It has been confirmed that oxi&tively rnodiiied 

LDL plays a critical role in atherogenesis. Orndized LDL, in contrast with native LDL, is taken up by 

macrophages to form foam cek and also causes the secretion of cytokines and growth factors fiom 

the arterid wall. In addition, the endothelium-dependent relaxation of blood vessel is impaired by 

oxidized LDL, even before histological evidence of atherosclerotic plaque formation. The active 

inhibitory component of oxidized LDL is found in the phospholipid fiaction, and 

lysophosphatidylcholine (LPC), which accumulates in the LDL particle during the oxidative process, 

has been identified as an agent responsible for this action. 

The endothelium is a single layer of ceils positioned at the interface between the blood and the 

vessel wall. It performs multiple h c t i o n  including the regdation of vascular smooth muscle tone, 

modulation of platelet adhesion and aggregation, local clotting, and vascular growth. The endothelium 

serves a dual role in the control of vascuiar tone. It secretes relaxing factors such as nitric oxide (NO), 

prostacyclin, endothelium-derived hyperpolarizing factor (EDJ3F) and adenosine, as well as 

constncting factors such as the endothelin-l and prostanoids. The balance between these dilators and 

constrictors is very important in regulating the normai vascular tone. Dysfunction of the endothelium 

is considered to be a critical factor in the pathogenesis of vascular disease. 



Atorvastatin is a new synthetic lipid-lowering drug. It is a seledive, cornpetitive inhiiiitor of 

MG-CoA reductase, which is the rate-limiting e q m e  in the biosynthesis of cholesterd 

Atorvastatin lowers plasma cholesterol and lipoprotein levels both by inhibithg hepatic cholesterol 

synthesis and by increasing its cellular uptake as well as innuencing the catabolism of LDL through 

increasing the number of LDL receptors. Atorvastatin can d u c e  both LDL-cholesterol, VLDL- 

cholesterol and triacylglycerol (TG), as welI as the number of apolipoprotein B containing particles. 

The objective of the present shidy is to hvestigate whether treatment with atorvastatin &ers 

the biochemicd content of oxidized LDL in hyperlipidemic patients and the ability ofoxidized Z;DL 

in hyperlipidemic patients to impair the endotheliurn-dependent relaxation. The hypothesis that 

atorvastatin treatment of hyperlipidemic patients attenuates the ability of oxidized LDL to impair the 

endothelium-dependent relaxation of the blood vessels forms the basis of this investigation, and we 

are imerested in determinhg whether such an alteration arises nom changes in the content and 

composition of lysophosphatidylcholine in the oxidized LDL. 

Atorvastatin treatment is effective in reducing total cholesterol, LDL-cholesterol, as well as 

tnglyceride levels in the plasma in hyperlipidemic patients. It is also associated with a slight increase 

in high density lipo protein P L )  levels. With atorvastatin (1 Omglday) treatment for 4 weeks, the 

following, aatistically significant changes were observed: total cholesterol level was lowered by 23%, 

LDL-cholesterol was lowered by 32% and triacylglycerol was lowered by 19% as compared with 

dietary therapy alone. Interestingly, HDL level was found to increase by about 9% in these type IIa 

hyperlipidemic patients. No changes in glucose levels were seen after the drug treamient. 

The impairment of endotheiium-dependent relaxation by oxidized LDL from hyperlipidemic 

patients before and afler dietary therapy and after atorvastatin treatment was assessed by the stepwise 



addition ofacetylchoiine to phenyIephrine-precontracted rat aortic rings in Mtro. The results show that 

the ability of oxïdized LDL fkom hyperlipidemic patients after atorvastatin treatment to impair the 

endothelium-dependent relaxation was significantly reduced as compared with dietary intervention 

alone. The aortic rings incubated with oxidized LDL nom atowastatin-treated patients were almost 

completely relâxed by IO*' M acetylcholine, (comparable to the control rings exposed to native LDL 

or no Lipid). 

AnaLysis of the biochemical contents ofoxidized LDL fiom this group revealed that there is 

an 11% reduction in LPC as compared with the group that received oniy dietary counseling. 

lnterestingly, the dmg also caused a decrease in the C 1610 moiety with a corresponding increase in 

the C18:O rnoiety in LPC in oxidized LDL. We propose that the reduction of LPC observed in the 

oxidized LDL of the atorvastatin-treated group results fiom a combination of the continuecl dietary 

treatment as weli as dmg therapy. Our postulate is based on the notion that patients under dietary 

treatment should consume more unsaturateci- than saturated fatty acids, and this might increase the 

resistance of LDL to oxidative modification. In view of the obsewation that both LPC species are 

equally potent in the impairment of endothelium-dependent relaxation of the aortic rings, we feel that 

the reduced level of LPC in the oxidized LDL produced by atorvastatin treatment is partially 

responsible for the improvement in endothelium control of vascular tone. 



INTRODUCTION 

1. Regulation of Vascular Toae 

Blood circulation is controlied by both the nervous system and local factors. In the brain, heart 

and resistance vessels, however, local factors are more important in this control than is the nervous 

system. Blood flow throughout the body is regulated by resistance vessels. The main component of 

the resistance vesse1 wd is smooth muscle and the latter is always contracted to some degree (basal 

tone). Thus factors which innuence vascular smooth muscle have the potential to regulate vascular 

tone (Berne and Levy 1996). 

1.1 Endothelium-mediated regulation 

1.1.1 The role of endothelium 

The endothelium is u~que iy  positioned at the interface between the blood and the vesse1 

wail. Its firnction has been considered within the context of providing a semipermeable membrane 

for macromolecules and a non-clotting surface. Recent evidence clearly shows that the endothelium 

pefioms multiple fùnctions: it is involved in the regulation of vascular smooth muscle tone, platelet 

adhesion and aggregation, local clotting, and vasculargrowth (Anderson et al. 1994; Furchgott 1993). 

It is a dynarnic tissue secreting and m o d w g  vasoactive substances, intluencing the behaviour of 

other ce11 types, and regulating extracellular matrix production and composition. The endothelium is 

now considered to be a multifùnctional organ whose health is essential to no& vascular physiology, 



and whose dysfùnction c m  be a critical fàctor in the pathogenesis of v d a r  disease @icorleto et 

ai. 1996). 

The endothelium serves a dual role in the control of vaxular tone. It secretes relaxing 

factors such as nitric oxide (NO), prostacyclin, endothelium-derived hyperpolarizing factor (EDEE), 

and adenosine. In addition, the endothelium also secretes coflstricting factors such as endothelin-l and 

prostanoids. The interaction between these dilators and constrictors provides a local contrd 

mechanism that regdates vascuiar tone (Dicorleto et al. 1996). 

1.1.2.1 Endothelium-deriveci relaxing tac tor (EDRF) 

1.1.2.1.1 Discovery of EDRF 

In 1980, Furchgott and ZawaW found the first evidence for release by the endothelium 

of a potent vasodiiator upon stimulation with acetylcholine, and termed this unidentifhi substance 

"endotheliurn-denved relaxing factor" (EDRF, Furchgott and Zawadzki 1980). Nitric oxide (NO) was 

later proposed as the chernical entity ofEDRF (Ignarro et al. 1987; Furchgott 1988). Ln 1987, Palmer 

and others demonstrated that NO was responsible for the biological activity of this factor (Palmer et 

aI. 1987). 

1.1.2.1.2 Nitrie oxide Synthesis 

NO is produced from L-arg.iine by the action of a f d y  of isoenzymes called nitric oxide 

synthase (NOS) (Palmer et al. 1988). Required cofactors are the presence of calcium, calmodulin and 
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four cofactors including flavin mononucleotide 0, flavin adenine dinucleotide (FAD), (6R)- 

5,6,7,8-tetrahydrobiopterin (BK) and niwtinamide adenine dinucleotide phosphate (NADPH) 

(Nathan 1992). The f d y  of isoenzymes in manimalia tissues have widespread cellular and 

subceliular distribution (Nathan 1992) and have a tightly bound heme center (PufiM and Marietta 

1993). The isoforms of NOS are composed of medium-shed subunits (80-125 ma), usudy forrning 

a homodimer (Bredt et al. 1991; Marsden et al. 1992; Nunokawa et al. 1993; Mumganandam and 

Mutus 1994). Three isoforms of NOS have been found: endothelial NOS (eNOS), neuronal NOS 

(nNOS) and macrophage inducible NOS (NOS) (Cooke and Dzm 1997). These three diftèrent 

isoforms are the products of distinct genes located on Merent chromosomes (Marsden et ai. 1993; 

Nadaud et al. 1994; Sessa et al. 1992), and have been classified according to the calcium dependancy 

of the enzyme and whether they are constitutively expressed. Both eNOS and nNûS are calcium- 

dependent enzymes (Griendling et al. 1996). Endothehm NOS isoforrn is a comtitutively expressed 

135 kD membrane-bound protein which is predominantly associated with the partidate subcellular 

fraction (Pollock et al. 199 1; Boje and Fung 1990; Busconi and Michel 1993; Hecker et al. 1994). 

1-1.2.1.3 Functions of EDRF 

Following its synthesis, NO activates its intracellular receptor both in endothelial celis and 

in the adjacent smooth muscle cells. It has been demonstrateci that the intracellular receptor for NO 

is soluble guanylyl cyclase. NO binds to the heme iron in the catdytic domain of guanylyl cyclase and, 

by increasing its activity, lads  to an enhanced formation of cyclic GMP (cGJMP) @rexler et ai. 1989; 

Martin et a(. 1988). In smooth muscle cells, cGMP activates the cGMP -dependent kinase and l a d s  

to the phosphorylation and modulation of the activity of proteins involved in Ca2+ homeostasis. The 



end result of this activation is a reduction in the amount of ca2+ available for contraction and 

subsequently relaxation of smooth muscle (Kobayashi et al. 1985; Hassid 1986; Kai et al. 1987). In 

addition, NO has also been show to activate charybdotoxin (CTX)-sensitive, calcium-dependent 

potassium charnels and induce hyperpolarization in vascular smooth muscies (Bolotina et al. 1994; 

Archer et al. 1994). 

In addition to its vasorelaxing properiies, NO has also been shown to control haemostasis by 

hhibiting cell-cell contact at the sensitive interface beh~een platelets and endothelid cells (Radomski 

and Moncada 1993). Furthemore, NO appears to regulate leukocyte adhesion and activation on 

endothefial cells (Kubes et al. 1991; Moilanen et al. 1993). 

NO may also have a role in controlling the hct ion of the heart. It has dso been suggested 

that NO as well as NO donors enhance myocardial relaxation, decreasing diastoiic tone and slightly 

reducing peak contraction (Shah et al. 1994). When generated by the coronary vasculature, NO 

increases the coronary blood flow and thus supply to the myocardium (Arnezcua et al. 1989). En 

addition, there is now evidence that NO formed both by endocardium and myocardium (Schulz et al. 

1991; De Belder et al. 1993; Balligand et al. 1993) exerts a negative inotropic effect on heart 

contractility. Recently, NO has been found to modulate vascular function by altering the expression 

of genes encoding certain endothelial proteins, which underlines the significance of endothelium- 

derived NO, both in short-term and long-terni vascular homeostasis (Busse et al. 1995). 

lslS2.1.4 Regulation of EDRF synthcsis 

In the vascular system, eNOS is conshtively expressed in endothelial cells and moddated 

by physiological stretch and a variety of receptor-activateci agonists. The integrity and reiease of NO 



are crucial to the normal fùnction of the endothehm (Griendling et al. 1996). 

The physiological forces that result in vascular stretch and stimulate NO release fkom 

endothelium include shear stress, blood fiow velocity and pulsatile blood flow (Traub et al. 1998). The 

shear stress refers to the draggîng nictional force created by blood ff ow. A steady laminar shear stress 

is essential for maintairing the NO production at a constant state (GrBith et al. L 990; Pohi et al. 

1991; Busse et al. 1993). It has b e n  shown that both mRNA and protein levels of eNOS were 

markedly increased in the sheared ce& (Nkhida et al. 1992). The mechanism is slipposed to involve 

a shear response element in the promoter of genes which encode many proteins (Resnick et al. 1993). 

A 6 bp sequence was identüied that confers responsiveness to shear stress. This element, GAGACC, 

has been temied the shear stress response element (SSRE). It is present in the promoter of platelet- 

derived growth factor-B (PDGF-B), tissue plasminogen activator (PA), transfomiing growth factor- 

p 1 (TGF-p 1 ), intercellular adhesion molecde- 1 @CAM- 1), and NOS, among others (Resnick et al. 

1993). The signal transduction pathway which is responsive to stress likely involves the cytoskeleton 

and its associated enzymes (Hecker et al. 1993; Langille et al. 1991; Thurston et al. 1994; Franke et 

al. 1984; Wechezak et al. 1985).The intracellular signal transduction pathway that is initiated by an 

increase in shear stress has been reported to involve the activation of phospholipase C (PLC) 

(Bhagyalakshmi et al. 1992) and a rapid increase in the intraceildar level of inositol-1,4,5- 

trisphosphate (IPJ (Noliert et al. 1990; Prasad et al. 1993), enhanced reIease of NO (Rubanyi et ai. 

1986; Pohi et ai. 1986) and increased cellular levels of cGMP (Ohno et al. 1993). Phosphoinositide 

hydrolysis by PLC is also linked to the cytoskeleton via association of the iipid substrates with profilin 

(Goldschmidt-Clermont et al. 1990). 

I l  agonies responsible for the release of NO fiom endotheiium incIude 
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acetylcholine, thrombin, serotonin and adenosine diphosphate (Luscher et al. 1987). They interact 

nith their recepton on the luminal d a c e  of endotheliai celis. The receptor is G protein linked to 

PLC which causes production of Il?, and diacyigiycerol. P3 interacts with its receptor on endoplasrnic 

retidum to release calcium (Dinerman et al. 1993), and subsequently increase the synthesis ofNO 

(Bredt et al. 1992). 

1.1.2.2 Pros tacyciin 

Another vasodilator factor secreted by the endotheliurn is prostacyclin (PGIa. It is produced 

fiom arachidonic acid by the activation of cyclooxygenase and prostacyclin synthase. Prostacyciin 

induces relaxation of vascular smooth muscle by activating adenyiate cyclase and increasing the 

production of cyclic AMP (CAMP) (Moncada et al. 1979), which stimulates the extrusion of Ca2+ 

fiom the cytosol Weyemaekers et ai. 1990) and decreases the sensitivity of the contrade apparatus 

to Ca2* (Morgan et al. 1984). CAMP also induces the activation of ATP-dependent potassium 

channels wbich cause the hyperpolarization of smooth muscle ceUs (Siegel et al. 1989; Nakashima et 

ai. 1 995). Prostacyclin is released in response to shear stress, hypoxia, and several mediators that dso 

release NO. Its release depends mainly upon Ca 2+ release fiom intracehlar stores (Parsaee et al. 

1992). The release of prostacyclin induced by shear stress in cultureci human endothelid cells was 

found to be mediated by a pertussis toxin-sensitive G protein (Berthiaume and Frangos 1992). In most 

blood vessels, the contribution of p rostacych to endothelium-de pendent relaxation is negligible, and 

its effect is essentidy additive to that of NO (Vanhoutte 1997). 



1.1.2.3 EDHF 

Although NO and prostacych are the main factors to cause a reduction of vasnilar tone, they 

can not account quantitativdy for the kii actions of Ach-induced endotheiium-dependent relaxation. 

An extensive body of evidence has shown that there exists a non-prostanoid and non-nitnc oxide 

synthesis product which can mediate the hyperpolarktion ofvascular smooth muscle. Blockade of 

NO synthesis has beea show to have little or no effect on the Ach-induced hyperpolarkation (Chen 

et al. 1988; Nagao et d.1991; Fujii et al. 1992; Chen et al. 1991). Similarly, blockade of the effects 

ofN0 by hemoglobin or methylene blue almost completely abolished the inmeases in cGMP, but had 

no effect upoo effect the Ach-induced hyperpolarization in rat aorta (Chen et al. 1988) or mesenteric 

artery (Fuji et al. 1992). However, the effect of this factor cm be abolished by raising K+ 

concentration (Mombouli and Vanhoutte 1997). 

Ekctrophysiological studies in various arteries have demonstrated that endothelium- 

dependent hyperpolarization and relaxation induced by acetylcholine and other agonists is due to a 

diaisible EDHF (Feletou et al. 1988; Vanhoutte 1996). The chernical identity of EDHF is d l  not 

known. In some blood vessels, epoweicosatrienoic acids formed nom arachidonic acid by the action 

of cytochrome P-450 may correspond to EDHF (Campbell et al. 1996; Komon et al. 1990; Nagao 

et al. 1993). The hyperpolarization of smooth muscle cells induced by EDHF is mediated by an 

increased movernent of potassium ions. The type of K+ channe1 involved is more like1y to be calcium- 

dependent rather than ATP-dependent k channels (Cohen et al. 1995; Taylor et ai. 1988). Activation 

of endothelid cells requires an increase in îheir intrace1lula.r calcium concentration (Flavahan et 

ai. 19951, and the resulting release of EDHF produces a reduction in the intraceliular calcium 

concentration in vascdar smooth muscle ceUs (Fukuta et al. 1996). 



The vascular relaxation induced by EDHF is more prominent in smaller than large arteries. 

(Hasunuma et ai. 1991; Mugge et al. 1991; Nagao et al. 1992) In large arteries, both NO and EDHF 

can contribute to endotheliurn-dependent relaxations, but the role ofN0 predomimtes under nonnal 

circumstances (Vanhoutte 1997). In these arteries, ifthe synthesis ofN0 is inhibiteci, EDHF cari still 

mediate near normal endotheliurn-dependent relaxations (Vanhoutte 19%; Kilpatrick et al. 1994). In 

diseases such as atherosclerosi~, when the production and the activity of NO is reduced, this 

preservation may be important for the regdation ofvascular tone. 
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Figure 1. Endothehm derived relaxing factors. (Adapted fiom ~.%n.houtte 1997.) 



1.1.3.1 Endothelin-1 

Endothelin-l is one of three endothelin isofonns which is produced by endothelial cells 

(Yanagisawa et al. 1988). It is a 21 amho acid peptide and has two receptors which are the 

endothelin -A reçeptor on smooth muscle celis and endothelin-B receptor on endothelial ceUs (Arai 

et al. 1990; Sakurai et al. 1990). Endothelin-l can cause vasodilation at lower, but sustained 

contractions at higher, concentrations (Yanagisawa et al. 1988, Kiowski et al. 199 1). In the hart, 

intramyocardial vessels are more sensitive to endothelin- 1 than their correspondhg arterïes (Kung et 

al. 1993, therefore hi@ concentrations of endothelin-l will eventually lead to ischemia, arrhythmia 

and death. Increased expression of endothelin-l rnessenger RNA and production of the peptide have 

been found in the presence of thrombin, TGF-f3 1, interleukin- 1 (IL- I ), epinephrine, angiotension II, 

arginine vasopresski, calcium ionophore, and phorbol ester (Yanagisawa et al. 1988, Boulanger et al. 

1990). In addition, hypoxia is also found to be associated with increase in plasma endothelin level 

(Goerre et al. 1995). However, it has been found that circdating levels of endothelin- l are low, 

suggesting that litîle of the peptide is fonned physiologically (Luscher 1992). Three inhibitory 

mechanisms regulating endotheh production have been proposed: (1) cGMP-dependent inhibition 

(Boulanger et al. IWO); (2) CAMP-dependent inhibition (Yokokawa et al. 199 1), and (3) an inhibitory 

factor produced by vascular smooth muscle cells (Stewart 1990). 

1.1.3.2 Vasoconstrictor prostanoids and renin-angiotensin system 

Thromboxane A, or prostaglandin H,, the product of arachidonic acid catalyzed by 



cyclooxygenase c m  mediate endothelium-dependent contraction (Luscher et al. 1990). Thromboxane 

A, and prostaglandin H, can ais0 counteract NO and prostacyciin by activating the thromboxane 

receptor in vascular smooth muscle and platelets (Luscher and Noii 1995). 

Angiotensin II, which is synthesized Erom angiotensin 1 by the action ofangiotensin converhg 

enzyme in endothelial ceUs, c m  activate endothelial angiotensin recepton which increase the 

production of endothelin and other mediators Guscher et al. 1995). 

1.2 Metaboüc Regulation 

In most tissues, blood flow is closely parailelleci by the metaboiic activity. An increase in 

metabolic rate of the tissue or decrease of oxygen supply will result in more vasodilator substance 

formation and relaxation of smooth muscle, which leads to increases in blood Bow (Berne and Levy 

1996). In contrast, decreased metabolic rate will cause the contraction of smooth muscle. Many 

substances have been assumed to be vasodilator substance, such as lactic acid, carbon dioxide, 

hydrogen ions, potassium ions, inorganic phosphate ions, adenosine. 

1.3 Neural influences 

Most arteries and veins are innervated by the vasoconstrictor fiben ofthe sympathetic nervous 

system. The sympathetic nerve terminal at the blood vessels releases norepinephrine which causes the 

constriction of vessels. Differential responsiveness is seen in the veins which are more responsive to 

sympathetic nerve stimulation than arteries. The influence of the syrnpathetic nervous system on the 

large vessels is also far less important than that on the microcirculation. Ln contrast, the effect of the 

parasympathetic nervous system on total vascular resistance is very small. 



1.4 Autoregulation 

Autoregulation refers to the process by which vascular resistance is altered so as to match 

blood flow to metabolic demand despite changes in perfiision pressure. This is also called the 

myogenic response mechanism. According to this mechanism, the vascular smooth muscle contracts 

in response to stretch and relaxes in response to a reduction in stretch (Beme and Levy 1996). This 

regdation, for example, is m d y  responsible for maintaining a constant blood pressure when a person 

changes 60m a recumbent to a standing position. 

1.5 Humoral factors 

The adrenal gland cm release epinephrine and some norepinephrine into the blood Stream 

when it is stimulated. Both of these amines have effects on the penpheral blood vessels. In skeletal 

muscle, low concentrations of epinephrine can cause vasodiiation while high concentrations cause 

vasoconstriction. However, the main effect of norepinephrine in ail vascuiar beds is vasoconstriction 

(Berne and Levy 1996). 

2. Pathology of Atherosclerosis 

Atherosclerosis is the leading cause of death in North Amerka. The unusual thickening of 

artery wall caused by atherosclerotic plaque decreases the blood flow, sometimes even totally 

blocking the blood flow through the artery, which lads  to the heart attack. Endothelid dyshction 

has been found in the early stages of atherosclerotic plaque formation (Harrison 1994). It is generdy 

thought that atherosclerotic plaque is the result of the endothelial impairment caused by dsk factors 
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of atherosclerosis (Ross 1995; Consigny 1995; Harrison 1994). 

2.1 Structure of the arte y 

The arterial wall is composed of three major layers: the intima, media and adventiitia. The 

intima is the hnermost layer and is bound on the luminal side by a single continuous layer of 

endothelid celis. The outer edge is bound by the intenia elastic lamina. ~ h e  media, or middle layer 

consists entirely of smooth muscle cds surrounded by collageq &c fibers, and proteoglycans. The 

adventitia, or outer most layer consists of numerous bundles of coilagen fibrils, elastic fibers and 

fibroblasts together with sorne smooth muscle cells. The extenial elastic lamina, which is a continuous 

sheet, separates the adventitia f?om the media. 
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Figure 2. Structure of the artery. (Adapted from Ross 1 992.) 



2.2 The lesions of atherosclerosis 

The lesions of atherosclerosis has been divided into three categones: the fatty streak, the 

fibrofatty lesion and the fibrous plaque (Ross 1995). 

2.2.1 The fatty streak 

The fatty streak is the earliest visible atherosclerotic lesion and is commonly found at sites 

where blood flow is aitered, including sites that have decreased flow, back curents, or eddy airrents 

at branches, bfircations, and curves in the vasdar system (Cornhill et al. 1985; Wissler et al. 1983). 

It consists of lipid-filied macrophages and a varying number of T lymphocytes (Faggiotto et al. 1984; 

Stary 1989; Ku et al. 1985). The accumulation of lipid f l e d  macrophages occupies two to five or s u  

layers of the intima of the artery and gives the lesion a yeîiow colour, thus it is termed "fatty streak". 

2.2.2 The fibrofat&y lesion 

The next step in the development of an atherosclerotic lesion is the conversion of fatty streak 

into a fibrofàtty lesion. It contains layers of lipid-nlled macrophages and T ceils, joined with a varyhg 

number of smooth muscle ceus. It is surrounded by poorly developed connective tissue rnatrix of fine 

collagen fibds, elastic fibers, and proteoglycans. Some of the smooth muscle ceiis may also contain 

lipid droplets (Ross 1995). It is suggested that not ail fatty streaks develop into fibrofatty lesions. 

Experimental studies show that fatty streaks c m  regress (Smd 1988; Blankenhorm et al. 1989). As 

the lesion progress, the celis undergo a re-arrangement that lads to the formation of fibrous plaque. 



2.2.3 The fibrous plaque 

The fibrous plaque is characterized by a fibrotic cap cornposed of smooth muscle ceils which 

are embedded in comective tissue ma* made up principdy ofcollagen with some elastic fibers 

(Adams et al. 1989; Stary et al. 1994; Faggiotto et al. 1984). The fibrous cap may also contain 

macrophages and some T lymphocytes (Faggiotto et al. 1984). Beneath the fibrous cap, the lesion 

consists of foam cells originating fi-om macrophages and smooth muscle cells that are ofien associated 

with a core of lipid and necrotic material (Ross 1995). When the lesion becomes thick, small 

microvascular channels, vasa vasora, rnay be present. If the lesion is poorly fomed, turbulence or 

mechanical stress may cause rupture or ulceration, which lads to secondary hemorrhage (Fuster et 

al. 1992; Richardson et al. 1989; Falk 1992; Loree et ai. 1994). Subsequently, thrombosis ensues and 

may lead to occlusion of the artery. 

3. Risk Factors of Atheroscierosis and the Vascular Endothelium 

3.1 Modified response-to-injury hypothesis 

The original response-to-injury hypothesis was fonnulated in 1973 in order to expiain the 

accumulated experimental and cIinical observations on the process of atherogenesis (Ross and 

Glomset 1973). Shce then, it has been tested modified, retested, and remoditied several tirnes. The 

most recent version suggests that endothelial injury is the earliest event in the formation of 

atherosclerotic lesion (Ross 1993), which results nom various associated risk factors. The injured 

endotheiial cells appear morphologically diierent f?om normal endothelial cefis, they are typically not 



aligned in the direction of blood flow, and they have fewer interceilular attachments, r d t i n g  in 

iacreased penneability (Faggiotto et al. 1984). Injured endothelial c d s  are thrombogenic in that they 

reduce the production of PGI, and EDRF-NO (Groves et al. 1993). Injured endothelial cells also 

promote v a d a r  smooth muscle ceii migration and proliferation by releasing l e s  EDRF-NO and by 

secceting PDGF and endothehl (Garg et al. 1989). F i y ,  injured endothelial ceiis prornote the 

recruitrnent of macrophages by secreting monocyte chemoattractant protein-1 (MCP-1), and by 

expressing tell surface receptors, including E-sel- P-selectin, vascular ceii adhesion m o l d e l  

(VCAM-l), and ICAM-1, to which monocytes can bind (Ross 1993; Bath et al. 1991). M e r  

attaching and adhering, the monocytes migrate into the intima of the artery between endothehal c d s  

due to the generation of chemoattractants by the endothelium, by smooth muscle, or both. Once in 

the intima, the monocytes become activated as macrophages, ingest the modifieci lipids that precede 

them into the artery wall, and can also generate molecules that are chernotactic for additional 

monocytes (Ross 1995). The macrophages become large foam cells through lipid accumulation and 

with the T-cell and smooth muscle, form a fatty streak. The fatty streak can then progress to an 

intermediate, fibrofatty lesion and uitimately to a fibrous plaque. 

The risk factors which are proposed to be responsible for the development of atherosclerosis 

hclude hypercholesterolemia, hypertension, diabetes, obesity, smoking, physicai inactivity, age and 

gender (Averbook et al. 1989). Considerable evidence indicates that these nsk factors initiate the 

atherosclerotic process by blunting the release of EDRF-NO fiorn the endothehum (Havahan 1992). 

Clinical studies have also demonstrateci that endothelial ce11 release of EDRF-NO is diminished with 

aging (Zeiher et al. 1993), smoking (Nitenberg et al. 1993), hypercholesterolemia (Creager et al. 

1 WO), essential hypertension (Panta et al. 1993), and diabetes (Saenz et al. 1989). Furthemore, 



animal studies have revealed d i e s h e d  endothelid ceil production of EDRF-NO in 

hypercho1esteroIemic animais before any morphologie changes take place in the artery (Cohen et al. 

1988). 



Tabie 1. Functions of vwcalnr endothelium in normd and i n j o d  states (Adapted fiom 
Consigny 1995) 

Functïon Normal Endotheiium Injured Endothelium 

Vasomotor tone 

Vascular smoot h 
muscle migration 
and proliferation 

Tight endothetium ce11 junctions 
prevent passage of large molecules 
into subendotheiiurn. 

Platelets are repeUed by negative 
stufâce charge of endothehm 
cells. Platelet aggregation is 
inhibited by endothelium secretion 
of PGI, and EDRF-NO. 
Thrombolysis is promoted by 
secretion of PA 

Vasodilation is promoted by 
secretion of PGI, and EDRF-NO. 

Smooth muscle ceii migration and 
proliferation are inhibited by 
secretion of hepara. d a t e  and 
EDRF-NO. 

Inflamrnatory cells fail to adhere to 
nomai endothelium. 

L o s  of tight junctions increases 
penetration of large moldes ,  
e-g., lowdensity Iipoprotein, into 
subendothelial space. 

Function is coflverted fiom 
antithrombotic to prothrombotic. 
PGI, EDRF-NO, and tPA 
secretions are diminished. 
Plasminogen activator inhibitor 
and tissue factor secretions are 
increased. 

Vasoconstriction is promoted by 
d i s h e d  secretion of PGI, and 
EDRF-NO and by increased 
secretion of endothelin- 1 

Srnooth muscle proliferation is 
promoted by diminished secretion 
of EDRF-NO and increased 
secretion of platelet-derived 
growth factor and endothelln-l 

Leukocytes are recruited to sites 
of injury by expression on ceIl 
surface of proteins (endothelium- 
leukocyte adhesion molecule and 
intercellular adhesion molecule). T 
lymphocytes are recruited by 
eadothelium cells expressing 
major histocornpatiibility complex 
class II proteins. 



3.2 Hyperiipidemia 

Hyperlipidemia has been confirmed to be a major risk fiictor of atherosclerosis in the 

Frarnhgham study (Anderson et al. 1987) and the Multiple Risk Factor Intervention Triai (MRFIT) 

(Martin et ai. 1986) in 1950s. Data nom the two studies showed that t h e  is a proportional increase 

in the risk of coronary disease corresponding to the increase of plasma cholesterol. Evidence fiom 

both animal experiments and clinid data have demonstrateci that hypercholesterolemia can cause 

damage to endothetial bction Several studies have shown that endotheliunidependent relaxation 

is impaired in anhals with experimentally induced hypercholesterolemia werbeuren et al. 1985; 

Freiman et al. 1987; Harrison et al. 1987). Habib and CO-workers studied aomc rings nom 

cholesterol-fed rabbits and found th& relaxations to acetylcholine were markedly abnormal (Habib 

et al. 1986). Jayakody and CO-workers also showed that cholesterol feeding of rabbits decreased aortic 

relaxation to acetylcholine (Jayakody et al. 1987). In most ofthese studies, the abnormal vasodiation 

is seen well before any morphological changes of endothelium . 

The mechanism responsible for causing impairment of endothelium-dependent relaxation by 

hypercholesterolemia has been suggested to be an intracellulm deficiency of arginine, modification of 

the expression ofthe activity ofN0 synthase or increased degradation of the EDRF by the superoxide 

anion (Luscher et al. 1990; Harrison 1995). 
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Figure 3. Relation between serum cholesterol levels and risk of coronary disease. 
(Adapted from Famier 1998.) 



3.3 Hypertension 

Hypertension has been demonstrated to be another independent indicator of increased risk of 

atherosclerosis. In hypertensive patients with high renin levels or left ventricular hypertrophy, reduced 

EDRF has been found (Panza et al. 1994). As EDRF plays a major role in the regdation of systemic 

vascular resistance, these patients are prone to develop large and s m d  vesse1 vasoconstriction, 

reduced blood flow, and myocardial ischemia. This process can be reversed by treatment whichlowers 

blood pressure (Panza et al. 1993). However, if treatment is not initiated soon enough, or, it is the 

primary problem rather than a consequence, the endothelial defect can become irreversible (Panza et 

ai. 1993). 

3.4 Smoking 

Cigarette smoking is a major risk factor for the development of atherosclerosis and coronary 

events. Research has s h o w  that there is a dose-dependent impairment of endothelial dyshction in 

asymptomatic young smokers (Cefermajet et al. 1993). In addition, endothelial dysfunction may be 

worsened by cigarette smoke. Kiowski and CO-workers studied the effect of short- and long- terni 

smoking on vascular tone. They found that long-tem smoking is associated with vasodilation and 

further that short-term smoking is associated with enhanced endotheiin-l induced vasoconstridon 

(Kiowski et al. 1994). Studies have demonstrated a direct toxic effect of tobacco smoke on human 

endothelium associated with an increase in the number of endothelial cells with nuclear damage in the 

circulating blood (Davis et al. 1985). One theory is that components of cigarette smoke may be toxic 

by inducing oxidative stress and thereby causing endothelial damage. This risk factor, however, is 

reversible. Smokers who discontinue smoking decrease their risk of devefoping wronary disease. 



3.5 Male gender 

Men have a greater ri& of heart attack than women, and they have attacks earlier in We. These 

observations suggest a protective effect ofestrogen. Several studies have demonstrated that estrogens 

can improve the endotheliurn-dependent relaxation of atherosclerotic coronaty arteries in 

ovariectomized fernale monkeys (Losordo et aL 1994; Lieberman et al. 1994; Williams et al. 1994). 

It was also found that treatment with conjugated equine estrogen augmented endothelium-dependent 

dilation of atherosclerotic arteries (wrlliams et al. 1992). Further, the addition of cyclic or continuous 

medroxyprogesterone acetate to the conjugated estrogen regimen diminished the endothelium- 

mediated dilation. A hypothesis has been tested in a rabbit mode1 that the sex hormone status 

influences responsiveness of the coronary artery to exogenous estrogen ( C o h s  et al. 1994). The 

results showed a significant dinerence in the relaxhg sensitivity of aortic rabbit rings in 

oophorectomized animais but sensitivity in anirnals with estrogen replacement were comparable with 

acutely hormone-deprived animals. Therefore, estrogen can beneficially affect coronary vasornotion, 

and this May explain some of the proteetive effects of estrogens. 

3.6 Aging 

Aging causes a decrease in vascular cornpliance. This effect may be caused by the decrease 

in elastin dong with wllagen degeneration and increased intima-media thickness in the arterial waii 

with age. In addition, another potentidy important factor occurring in the arterial system with aging 

might be the loss of endothelium-dependent vasorelaxation. Several studies have shown that 

increasing age is associated with progressive coronary endothelid dy sfiindon (Egashira et al. 1993 ; 

Cohn et al. 1992). The mechanisms leading to the loss of EDRF-mediated vasodiiation seen with 



aging are probably related to age-related decreases in EDRF production or responsiveness increased 

degradation of EDRF in the blood vesse1 wall, or an increased production or responsiveness to 

vasoconStncting factors (Glasser et al. 1996). 

3.7 Diet 

The role of diet, separate 60m its effects on lipids and blood pressure, is currently being 

evduated. One proposal is that providuig L-arginine as a substrate for hcreased NO production may 

be beneficial b w u s e  NO is an end product of L - a r m e  metabolism. Recently, both short-terni and 

long-term studies have shown support for this concept @bois-Rande et al. 1992; Hamon et al. 

1994). The beneficial effects of long-term L - a r m e  administration on the degree of neointimal 

thickening and response to acetylcholine after baIloon denudation of iliac rabbit arteries has been 

demonstratecl by Hamon et aL(1994). Another interesthg area is the role of antioxidant therapy in 

primary and secondary prevention. In the isoiated vascular ring model, an antioxidant c m  normaiize 

endothelium-dependent relaxation when vascula. tone is rendered abnormal by ischemia (Mehta et 

al. 1993). Also, epidemiologic studies support the idea that dietary antioxidants are useful in 

preventing coronary events ( m g a n  et al. 1994). The results of a study on the e E i  of antioxidant 

vitamins on the susceptibility of low density lipoprotein &DL) to oxidation and endothelium- 

dependent vasodilator responsiveness in patients with hypercholesterolemia showed that antioxidant 

vitamin supptements can reduce the susceptibüity of LDL to oxidation, but impairment of endothelid 

fùnction was unimproved ( m g a n  et al. 1994). 



3.8 Diabetes meNitus 

Diabetes is cIinicaily associated with impaired endothelial fùnction which is worsened by 

severe hypergiycemia (lohnstone et al. 1993). Chronic hyperglycemia associated with diabetes can 

modiQ protein structure and h c t i o n  due to growth factors such as insulin which stimulate the 

proliferation of smooth muscle celis. Diabetes is also associated with elevation of plasminogen 

activator inhibitor-1 and aiterations in the lipid profile, including elevated wigiywrides and LDL 

cholesterol and reduction in high density lipoprotein (HDL) cholesterol. Extensive studies of 

endothelial dysfirnction in diabetic patients and animais and studies of the effect of elevated 

concentrations of glucose on normal blood vessels and cultureci endotheliai cek have been reporteci. 

These results suggest that elevated glucose can cause characteristic dyshction of the endothelium 

in the regulation of vascular tone (Cohen 1993). 

3.9 Exercise 

Lack of physical exercise is a recognized nsk factor for atherosclerosis. It is generally thought 

to be independent of its eEects on body weight, blood pressure, or lipids. Endothelium-dependent 

vasorelaxation in athletes was investigated and the results suggested that it was enhanced with chronic 

exercise (Khgwell et al. 1995). Also, an increase in artenal cornpliance was observed in 13 previously 

sedentary young men who received a 4-week exercise training program (Cameron et al. 1994). 

Furthemore, in endurance-trained male athletes, arterial stifiess was significantly less than in 

sedentary age peers (Vaitkevicius et al. 1993). 



4. Effkct of Oxidized LDL on Vascular Tone and Its Role in Athemsclerosis 

4.1 Oxidative modification of LDL 

LDL is a large spherical particle with a molecular weight of about 2.5 million daltons. It has 

a centrai core which is composed of cholesteryl ester and triglyceride molecules, and is surrounded 

by an outer monolayer shell composed of phospholipids and fke cholesterol molecules. Embedded 

in the outer rnonolayer is a large protein termed apoprotein B-100 (apoB-100). In native LDL it is 

this protein that is recognized by the-LDL receptor. 

LDL oxidation can be initiated in vitro by incubating it with macrophages (Parthasarathy et 

al. 1986), endotheliai ceiIs (Morel et al. 1984; Steinbrecher et ai. 1984), smooth muscle celis 

(Heinecke et al. 1984), lymphocytes (Cathcart et al. 1985) as weli as in the presence of transition 

metal ions (Hessler et al. 1979). Oxidation of LDL causes dramatic changes in both the apoB-100 and 

al1 of the lipid rnoieties of the Lipoprotein. There are two prominent changes that take place in the 

apoB-100. One is the single polypeptide chah of apoB-100 is fiagmented into pieces but still 

associated with the surface of the LDL particle (Fong et al. 1987). The other is that reacfve residues 

of the apoprotein, lysine and histidine, bind to Iipid peroxïdation products, includïng malondialdehyde 

(MDA) and Chydroxynonenal(4-HNE) (Jurgens et ai. 1987), both ofwhich are aldehyde breakdown 

produas of polyunsaturated fatty acyl moieties. These changes increase the net negative charge of the 

lipoprotein f?om its native state, alter receptor recognition, and thereby increase the rate at which 

oxidized LDL is removed f?om plasma (Steinbrecher et al. 1987; Nagelkerke et al. 1984). Fragmented 

apoB-100 is no longer recognized by the LDL receptor but by the scavenger receptor. Numerous new 

Lipid products are also formed when LDL is oxidized, including oxysterols, MDA, 4-HNE and many 



others (Jurgens et al. 1987). h addition to numerous lipid oxidation productsy another bioactive lipid, 

lysophosphatidylcholine (LPC) is fomed indiredy, secondary to the oxidation of LDL. A 

phospholipase A, (PLAJ activity has been discovered in association with LDL during exogenous 

oxidation (Steinbrecher et al. 1984) and has been described as an e~~zymatic activity inherent to apoB- 

100 which hydrolyses preferentially the 2-position unsahirated fatty acid of phosphatidylcholine 

(Steinbrecher et al. 1989; Parthasarathy et al. 1985; Stafforhi et al. 1989; P m a t h y  et al. 1990; 

Stafforini et al. 1987). 

It has been reported that LDL which is modied by copper sulfate in vitroy produces 

biochernical and functional alterations of LDL which are similar to those by ceus, and is commonly 

used to study the fùnctional effects of Ppid oxidation (Steinbrecher er al. 1984). The effects of Cu " 

induced oxidation include the loss of endogenous antioxidants, changes in electrophoretic mobility 

of LDL, increases in lipid peroxides and the formation of lysophosphatidylcholine (Esterbauer et al. 

1987; Parthasarathy et al. 1985). 
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Figure 4. Structure o f  LDL. 



4.2 Effect of ou'dized LDL on vascular tone 

N o r d  arterial tone is directiy iduenced by the endothelium lining the vesse1 via endothelial 

ce11 production and release of EDRF such as NO. However, endothefium dependent vasodilation is 

senously impaired in atherosclerotic vessels (Bossder et al. 1987; Forstennann et al. 1 98 8; Tomoike 

et al. 1989). It has been demonstrated that oxidized LDL has many effects on the v d a r  tone of 

arteries, including effects on the M c  oxide pathway, calcium ion exchange, and prostaglandin and 

endothelin production. 

Oxidized LDL has been demonstrated to have an overd negative efféct on the EDRF- 

mediated relaxation of arterial smooth muscle cens. Studies have shown that oxidized LDL may 

interfere with multiple steps, including the m e s i s  of nitric oxide synthetase, the transport of nitric 

oxide nom the endothelial ce& and the responsiveness of the smooth muscle ce11 (Chisolm et al. 

1996). Oxidized LDL , but not native LDL, is a potent inhibitor ofEDRF-mediated vasodilation (Chin 

et al. 1992; Yokoyama et al. 1990). The mediator of the effect of oxïdùed LDL were shown to be 

contained in the lipid moiety and absent in the protein portion of the lipoprotein (Yokoyama et ai. 

1990). 

Lysop hosp hatidylc holine (LPC), whose level is drarnatically elevated du ring ondative 

modification of LDL, has been shown to be responsible for the biological eEécts of oxidized LDL 

(Chin et al. 1992; Yokoyama et al. 1990; Ohgushi et a1.1993; Kugiyama et al. 1990; Matsuda et al. 

1993). Liu and CO-workers found that there is a five fold increase in the arnount of LPC contained in 

oxidized LDL compared with native LDL upon oxidation in vibo with CuSO, at 37 OC (Liu et al. 

1994), and they dso demonstrated that impairment of endothelium dependent relaxation occurs in 

direct proportion to the amount of LPC produced in LDL during oxidation. Removd of LPC from 



oxidized LDL with phospholipase B or albumin abolished its impairment on endothelium-dependent 

relaxation (Kugiyama et al. 1990; Mangin et al. 1993; Yokoyama et al. 1990). Direct treatment of 

endothelium-intact artenal rings with LPC mimics the inhibitory &ects of oxidized LDL on 

endothelium-dependent relaxation (Kugiyama et al. 1990; Mangin et al. 1993; Tanner et ai. 1991). 

It has been shown that the ability of LPC to impair endothelium-dependent relaxation is also 

dependent on the chah length of the acyl group in LPC - only long-chainLPC has the ability to impair 

endothelium-dependent relaxation (Chen et ai. 1997). 

4.3 Occurrence of oxldized CDL in vivo 

Several lines of evidence suggest the presence of oxidatively modined LDL in vivo. First, 

immunocytochemical evidence for the presence ofoxidatively modined LDL in atherosclerotic lesions 

but not in normal arteries has been found by using antibodies that recognize epitopes ofoxïdwd LDL. 

Second, LDL eluted fbrn lesions, but not from nomal artenal tissue, has all  the physicai, 

Unmunologic, and biologic properties observed with LDL oxidized in vitro, and can be rapidly taken 

up in macrophages. Third, oxidized LDL is immunogenic, and autoantibodies aga% epitopes of 

oxidized LDL can be found in the sera of rabbits and humans. Fourth, IgG in atherosclerotic lesions 

recognizes in vitro oxidized LDL. Fifth, treatrnent of hypercholesterolernic rabbits with antioxidants 

leads to inhibition of the progression of atheroscIerosis, independent of any effects on plasma 

lipoprotein levels (Reaven et al. 1995; Witztum 1993; Witztum et al. 199 1; Reaven et al. 1996). 

4.4 RoIe of oxidized LDL in atheroscierosis 

A high concentration of circulating LDL is a major risk fador for atheroscierosis. Whereas 





al. 1987). A h ,  oxidized LDL itselfcan act as a chemoattractant for circulating human monocytes. 

The monocytes not only adhere to the endothelid cells but migrate dong the MCP-1 gradient into the 

subendothelial space ( Navab et al. 1988; Navab et al. 1991). Mer entering the intima, monocytes 

differentiate into macrophages under the influence of macrophage-colony stimulating factor (M-CSF) 

( Rajavashisth et al. 1990). Macrophages can internalize oxiàized LDL by their scavenger receptors, 

which are not subject to negative feedback regdation (Witztum et al. 199 1; W u  et al. 1992). As this 

modifieci LDL uptake is not saturable, large amounts of modified LDL cao be hcorporated into 

macrophages, resulting in the formation of foam celis. Srnooth muscle cells are also found in the 

intima, which may be facilitated by a chemoattractant effect (Autio et aL 1990) as weil as by the 

proliferative inauence of oxidized LDL (Chattejee 1992; Mont  et al. 1995). Smooth muscle cens 

can develop into foam cells by engulfïng oxidized LDL through scavenger receptors (Pitas et al. 1983; 

Li et al. 1995). Taken together, the accumulation of foam cens which develop f?om macrophages and 

smooth muscle cek by internabng orcidized LDL in the intima is the first important step in the 

formation of a atherosclerotic lesion. 



Table 2. Atberogenic e f f '  of oxidkd LDL (Adapted fkom Partbamthy et al. 1992) 

ûxidized LDL is rapidly taken up by macrophages and leads to cholesterol accumulation 

Wdized LDL is chernotactic for monocytes, yet inhibits macrophage motility 

OBdized LDL is cytotoxic 

Mïnimdy oxidized LDL can alter gene expression in arte~al cds ,  for example, including 

endotheiium celis to express colony-stimulathg fàctors and monocyte chernotactic protein- 1 

(MCP-I) 

Wdized LDL increases expression of adhesion molecules at the endothelium cell surface 

ûxidized LDL inhibits endothelium-dependent relaxation 

O>cidized LDL exhibits increased binding to type4 collagen 

O-ndized LDL can adversely affect coagulation pathways 

OWdized LDL is immunogenic. 



Figure S. Proposed mechanism by which oxidwd LDL causes atherosciemsis. 
(Adapted fiom Chisolm et al. 1996.) 



5. The Metabolism of Cholesteroi in the Human Body 

Cholesterol is present in tissues and in plasma lipoproteins either as fkee cholesterol or, 

combined with a long-chah fatty acid, as cholesteryl ester. It is not ody an important component of 

ce11 membranes, but also the precursor of adrenal steroids and vitamin D and a substrate for the 

synthesis of bile acids in the body. The input and output cf cholesterol must be balanced in the human 

body such that any defects in cholesterol metabolism m y  cause disease, including cardiovascular 

disease. 

5.1 Metabolism of cholesterol 

5.1.1 Synthesis and excretion of cholesterol 

The cholesterol pool of the human body is derived fiom two sources: absorption of dietary 

cholesterol and de novo biosynthesis in the liver. The diet provides halfof the cholesterol of the body, 

and the remainder derives from synthesis (Mayes 1993). Dietary cholesteryl esters can not be utilized 

by the body directly, but must first undergo hydrolysis into fiee cholesterol by pancreatic cholesterol 

esterase in the s m d  intestine, and then be absorbed by passive diffiision in the srnail intestine. W1thin 

the intestinal mucosal celIs, cholesterol is reacylated into cholesteryl esters by acyl CoA: cholesterol 

acyltransferase (ACAT), and then cholesteryl esters, triacylglycerols, phospholipids and some fiee 

cholesterol are packaged with specific proteins to form chylomicrons. Chylomicrons are exported into 

the lymphatic system by exocytosis and enter the blood at the angie of the left jugular and subclavian 

vein (Marinetti 1990). 

The de novo synthesis of cholesterol in the body occurs primarily in the Liver. It starts from 



acetyl-CoA Ma a cornplex pathway in the cytosol of Iiver celis. Bnefiy, three molecules of acetyl-CoA 

form mevalonate. This is the rate-limiting step ofcholesterol synthesis and is catalyzed by HMG-CoA 

reductase. A 5-carbon isoprenoid unit is fomed fiom rnevaionate by loss of CO2 and six isoprenoid 

units condense to form squalene (G)). Squalene undergoes cyclization to form the parent steroid 

lanosterol, which, d e r  the l o s  of 3 methyl groups, forrns cholesterol (G) (Mayes 1993). 

Cholesterol is eliminated from the body by conversion to bile acids which are excreted in the 

feces, and secretion of cholesterol into the bile which transports it to the intestine for eIimination. A 

s m d  portion of cholesterol is also lost nom the skin cells and through urine (Champe et al. 1994). 

5.1.2 HMGCoA Reductase 

HMG-Co A reductase is the rate-limiting enzyme in c holesterol biosynthesis and therefore rnay 

be the primary regulatory site on the & novo synthesis pathway of cholesterol. HMG CoA reductase 

is located on the endoplasrnic reticulum. The molecular weight is 97,092 D and consists of 887 amino 

acids in a single polypeptide chain. The enzyme has two dom-. The hydrophobie domain is 

embedded in the membrane and catalytic domain protrudes into the cytosol (Vance 1988). The 

regulation of HMG CoA reductase c m  be achieved in several ways: (1) cholesterol effects feedback 

inhibition of its own synthesis by inhibithg the activity of pre-existing HMG CoA reductase; (2) 

increased cholesterol concentrations decrease the arnount ofmRNA for wding MG-CoA reductase; 

(3) increased cholesterol concentrations increase the rate of the degradation of HMG-CoA reductase; 

and (4) the activity of HMG Co A reductase is modulated by phosp horylation and dephosphorylation. 

Phosp hory lation inhibits and dephosphorylation activates the enzyme. Insullli can stimulate the 

dephosphorylation of HMG CoA reductase, whereas epinephrine and glucagon stimulate the 



phosphorylation ofHMG CoA reductase (Champe et ai. 1994). 



f H coo- 
Catalytic 
domain 
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Figure 6. Proposed structure of HMGCoA reductase. (Adapted fiom Vance 
1988.) 
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Figure 7. Regulation of HMGCoA reductase. (63, Stimulation; 8, Inhibition.) 



5.2 Metabolhm of chylomicron and very low densüy lipoprotein 

Chylornicron is a exogenous triacylglycerol-rich lipoprotein It is synthesized in the srnail 

intestine utilizing dietary cholesterol, triacylgiycerol and phospholipid~~ and &es prirndy 

triacylglycerols and cholesteryl esters via the lyrnphatics to the blood. C hylomicron is degraded in the 

blood by lipoprotein lipase, which hydrolyzes the triacylgiycerol to f?ee fatty acids and glycerol, and 

converts chylomicron to a smaller particle called the chylomicron remnant, which contains apoB-48 

and apoE. The chylomicron remnant is taken up by liver ceils through LDL receptor mediateci 

endocytosis. In liver ceus, chylomicron rernnants are degraded by lysosomal proteases, lipases and 

phosphodiesterases to fkee amino acidsY fatty acids, giycerol, and fiee cholesterol (Mainetti 1990). 

Very low density lipoprotein (VLDL) is a endogenous lipoprotein which is produced in the 

liver. It is synthesized in the rough endoplasmic reticulum, and assembled, packaged, and transported 

via secretory vesicles to the plasma. The h c t i o n  of VLDL is to transport triacylglycerol 

phopholipids, and cholesterol fiom the liver to other tissues of the body. The nascent VLDL in the 

plasma is stepwise degraded by lipoprotein Lipase, yielding intemediate density lipoprotein (DL) and 

then LDL. IDL contains both apoB-100 and apoE. It can be taken up more rapidly by liver cells 

through apoB/E receptors than can LDL, which contains only apoB-100. Thus, D L  do not normdy 

accumulate in the plasma, and consequently LDL represents the major degradation end product of 

VLDL metabolism (Mainetti 1990). 

5.3 Metabolism of low density lipoprotein 

LDL is the major carrier of cholesterol in the plasma. It is composed of fiee cholesterol, 

phospholipids, tiacylglycerol, cholesteryl esters and apoB-100. More than 50 percent of LDL is 



cholesterol and cholesteryi esters (Champe et al. 1994). LDL derives fiom the endogenous lipoprotein 

VLDL by the degradation of Iipoprotein lipase. The removal of LDL f?om plasma is mainly dependent 

on receptor-mediated endocytosis. Briefiy, LDL particles are bound by cd-surface membrane 

receptors which specificaiiy recognize apoB-100. LDL particles are îhen internalized by endocytosis 

in the form of clathrin-coated vesicles. Intraceliularly, the coated vesicle loses its clathrin and fuses 

with lysosomes. LDL is broken down in the lysosome by the action ofhydrolytic enzymes. The LDL 

receptors are not destroyed but separated eoom LDL and rehim to the cell d a c e  (Glew 1992). 

The LDL receptors are negatively charged glycoprotein molecules which are clustered in pits 

on the cell sufiace opposite the clathrin-coated cytosolic side. Each receptor has five domains and 

consists of 839 amino acids. The binding domain of the receptor contains clusters of negatively 

charged amho acids that can bind to the positively charged lysine and arginine residues of apoB and 

apoE. It is synthesized in the rough endoplasmic reticulum, modified in the Golgi, transportecf to the 

membrane and gathered in coated pits (Mainetti 1990). 



Figure 8. Metabolism of LDL. (Adapted fiom Marinetti 1990.) 



5.4 Metabolism of high density lipoprotein 

High density lipoprotein @DL) is synthesized in the h e r  and is released into the bloodstream 

by exocytosis. Newly secreted HDL consists of diskiike particles containhg predomulantly 

unesterified cholesterol phospholipids and a number of apolipoproteins including apoE, apoA and 

apoC. ApoC and E are transferred between HDL and VLDL and chylomicrons in the plasma because 

they are essentid in the metabolism of chylomicrons and VLDL. Once £iee cholesterol is taken up by 

the HDL, it is immediately estediecl by lecithin: cholesterol acyltransferase (LCAT). LCAT can 

transfer an unsaturated fatty acid fkom the 2-position of PC to the hydroxyl group of cholesterol, 

producing cholesteryl ester and lysopho~phatidylcholine~ The nonpolar cholesteryl esters move into 

the hydrophobie interior of the bilayer, whereas LPC is transfemed to plasma albumin. During this 

process, the HDL particle changes shape fiom disk to sphere. Spherical HDL particles are taken up 

by the liver by receptor-mediated endocytosis, and the cholesteryl esters are degraded. The cholesterol 

thus released can be either repackaged in lipoproteins, converted into bile acids, or secreted into bile 

for removaI f?om the body (Mayes 1993). 

HDL particles perform a number ofimportant fiuictions in the metabolism ofcholesterol. First, 

they serve as a circulating reservoir of apoC and apoE for VLDL and chylomicron. Second, they can 

transfer cholesteryl esters to VLDL and LDL in exchange for triacylglycerol and can cary cholesteryl 

esters to the liver by itseK The most important fùnction of HDL is that it can ammulate cholesterol 

from peripheral tissues and transport it to the liver, which is the major mechanism for the body to 

eliminate excess cholesterol (Mainetti IWO). 



Figure 9. Overview of the metabolism of plasma lipoproteins. (Adapted fi-om Marinetti 1990.) 



6. The Metabolism of Triaeylglycerols in the Human Body 

Triacylglycerols (TG) are the major energy storage source and transport form of fatty acids 

in animals. The major sites of synthesis are in the intestine, Liver and adipose tissues. niere are two 

separate synthetic pathways of triacylglycerol in the human body. The intestine utilizes a pathway 

beginning with 2-monoacylglycerol which accounts for 80 percent of triacyIglycerol metabolism in 

the body. Other tissues utilize a pathway beginning with glycerol3-phosphate (Montgomery et al. 

1990)- 

In the intestinal lumen, dietary triacylglycerol is degraded by pancreatic lipase to 2- 

monoacylglycerol and fatty acids. These products enter the epithelial cells of the small intestine and 

are resynthesized to txiacylglycerol by direct acylation of monoacylglycerol which is catalysed by 

acyltransferase. In the liver and adipose tissue, the biosynthesis of triacylglycerol starts f?om glycerol 

3-phosphate which normally cornes f?om glucose metabolism. Glycerol3-phosphate is first acylated 

to phosphatidic acid by the action of acyltransferase. Then the phosphate group is hydrolysed by 

phosphatidate phosphatase to form diacylglycerol, and later diacylgIycerol is further acylated to 

triacylglycerol (McGany 1 992). 

7. The Metabolic Pathway of Lysophosphatidylcholine 

Lysophosphatidylcholine derives fiom phosphatidyl choline by the action of phospholipase A, 

(PLA,) or phospholipase A, (PLAd. PLA, selectively hydrolyses the sn-1 fatty acyl bond, which is 

usually esterified with saturateci fatty acids. In contrast, PLA, selectively hydrolyse the sn-2 fatty acyl 

bond, which is usudy esterilied with unsaturated fatty acids (Choy and Arthur 1989). In mammalian 

cells, PLA, is the major phospholipase responsible for the formation of LPC. However, in plasma, 



LPC is mainly produced by lecithin: cholesterol acyltransfefase, which cleaves the sn-2 acyl ester in 

PC and transfèrs it to cholesterol to form cholesteryl ester (Stein 1968). LPC is a detergent-like 

phosphoiipid, which can distub the integrity of the ceil membrane. It is important that the amount 

of LPC be controkd in the ceIl. LPC can be either degraded to gIycerophosphocholine by lysolipase 

or reacylated to form PC by the action of LPC-aqdtransferase (Choy and Arthur 1989). 
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Figure 10. Combined pathway of triglycerïde and LPC metabolism. 



8. Clinicai Clwaications of Hypcriipidernia 

Hyperlipidemia can be classified as primary and secondary hyperlipidemia P m  

hyperlipidemia d e s d e s  elevated cholesterol levels that are independent of other health problems, 

such as familal hyperlipidemia. Secondary hyperlipidemia is associated with other health problems, 

such as diabetes meiiitus and obesity. Primary hyperlipidemia is generally caused by genetic defects. 

There may be a defective synthesis of the apoproteins a lack of receptors, defective receptors, or 

defects in the handling of cholesterol within the cek. 



Table 3. Classifications of hyperlipidemia and their genetic basis (Adapted from Cotran et al. 
1994) 

Type Familia. Name Lipoprotein abnonnality Known underlying genetic defas 

Exogenous dietary Elevated chylomicrons and Mutation in lipoprotein lipase 
hypertriglyceridemia triglycerides gene 

Familial Elevated LDL-cbolesterol Mutation in LDL receptor gene 
hyperc holesterolemia or in apolipoprotein B gene 

Combined Elevated LDL, VLDL, and Mutation in LDL receptor gene 
hyperiipidemia triglycendes or in apolipoprotein B gene 

Remnant Increased remnant s Mutation in apolipoprotein E 
hyperiipidemia (chyiomicrons), D L  gene 

triglycerides, and cholesterol 

Endogenous Elevated VLDL and Unknown 
hypertriglyceridemia triglycerides 

Mixed EIevated VLDL, Mutation in apolipoprotein C II 
hypertriglyceridemia chylomicrons, cholesterol, gene 

triglycerides greatly elevated 



9. The Pbarmacoiogicai Buis of Atorvwtatin (~ipitor9 Tavatment 

Atorvastatin is a synthetic lipid-lowering agent. The chernical name for atorvastatin is @X- 

(R',R*)]-2-(4-fluorophenyl)-fi, 6-dihydroxy-5-(1-met hylethy1)-3 -phenyl-4-[(phenyI amina)carbonyi]- 

1-pyrrole- 1-heptanoic acid, and the molecular weight is 1209.42. It is a seleetive, cornpetitive 

inhibitor of 3 -hydroxy-3-methylglutary1-coenzyme A(HMG-CoA) reductase, whichis the key enzyme 

in the biosynthesis of cholesterol. Atonrastatin lowers plasma cholesterol and Lipoprotein levels by 

inhibithg HMG-CoA reductase and cholesterol synthesis in the liver and by increasing the number of 

hepatic Iow density lipoprotein recepton on the ceIl surfàce for enhanced uptake and catabolism of 

LDL. Atorvastatin can reduce both LDL-cholesterol VLDL-cholesterol and TG, as weil as  the 

number of apolipoproteio B containing particles. 

Before receiving atorvastatin treatment, patients should be placed on a standard cholesterol 

l o w e ~ g  diet, and should continue this diet during treatment. The recommended dose of atorvastatin 

is 10 mg once a day. The sigdicant response is w i t h  2 weeks, and maximum response is usually 

achieved within 2-4 weeks. 



Figure 1 1. Structural formula of atorvastatin. 



10. Atorvastatin Treatment and Oxidatively Modified LDL in Hyperiipidemic Pdents: 

Statement of Hypothesis 

Atorvastatin is an HMG-CoA reductase inhiiitor which is highly effective in reducing LDG 

cholesterol levels in hyperlipidemic patients. This h g  may also be able to lower trigiyceride and 

elevate HDGcholesterol levels in these patients. The objective ofthe present research project was to 

investigate the effect of atorvastatin treatment on the biochernical content of oxïdized LDL and its 

ability to impair the endothelium-dependent relaxation in hyperlipidemic patients. The hypothesis was 

that atorvastatin treatrnent of hyperlipidemic patients attenuates the ability oftheir oxidized LDL to 

impair the endotheliurn-dependent relaxation of blood vessels. Such an alteration rnay arise nom 

changes in the content and composition of lysophosphatidylcholuie in the oxidized LDL by drug 

treatment. 



IL MATERIALS AND METHODS 

1. Materials 

1.1 Dmgs 

Atorvastatin &ipitor@, lOmg tablet) was donated by the b r  company. 

1.2 Experimentai animals 

Mature male Sprague-Dawley rats (250 * 50g) were used for the studies of endothehm 

dependent relaxation. The rats were purchased from Charles River Canada Inc., St. Constante, 

Quebec, Canada. The rats were cared for in accordance with the guidelines of the Canadian Council 

on Animal Care. 

1.3 Chemical reagents 

Sodium brornide, copper suKate, were purchased Erom Fisher ScientSc. Heparin sodium and 

Diazepam were obtained fkom the phannacy of the Health Science Centre, Wuinipeg, IMtoba .  

Phenylephrine hydrochloride and acetylcholine were purchased eom the Sigma Chemical Company, 

St. Louis, MO. Thin layer chromatographie plates (G-25), chloroform, methmoi, acetic acid were 

perchased nom Fisher Scientinc. Reagents for lipid phosphorus determination were purchased firom 

the Sigma Chemical Company, St.Louis, MO. BCI, methanol was obtained fiom Supelco Canada Ltd., 

Oakviile, Ontario. High grade nitrogen, hydrogen and compresseci air were fiom Welders Supplies, 



Wuuiipeg, Manitoba. AU other chernicals were of regent grade and were obtaiued through the Canlab 

Division of Travenol Canada Inc., Mississauga, Ontario. 

2. Methods 

2.1 Recruitrnent of hyperlipidemic patients 

Twenty-five patients with type Ua hyperiipidemia (total cholesterol > 6.2 mmol/L) were 

recruited at the Lipid Clinic, Health Sciences Centre, Winnipeg, Manitoba. None of the patients was 

on active treatment with cholesterol-lowing agents or antioxidant drugs. A blood sample was taken 

after idormed consent fkom the hyperlipidemic patient upon recniitment. 

2.2 Diet counseling of hyperiipidemic patients 

M e r  recmitment, hyperlipidernic patients were counseled to follow the American Heart 

Association Step I diet. The duration of the dietary treatment was 6 weeks and subsequently a second 

sample was taken. 

2.3 Atowastatin treatment of hyperlipidemic patients 

Nineteen of the above patients were found stüi to have hi& plasma lipids after dietary 

treatment, and these patients were treated with atorvastatin (1 Omg/day) for the subsequent 4 weeks 

(diet continueci). A blood sarnple was then taken d e r  dmg treatment. 



Table 4. The American Heart Association and the National Cholesterol Education Program 
Step 1 diet 

Recommended intake as Percent of Total CaIories 

Step 1 Diet 
- - -  

Total Fat 

Sahirated Fatty Acids 

Polyunsaturated Fatty Acids 

Monounsaturated Fatty Acids 

Carbohydrate 

Protein 

Cholesterol 

Total Calories 

- -- 

30% or Iess 

8-10% 

up to 10% 

up to 15% 

55% or more 

Approxïmately 15% 

Less than 300 mg per day 

To achieve and maintain desired weight 

* Calories fkom alcohol not included. 



2.4 Measurement of plasma lipid and lipoprotein contents in hyperiipidemic patients 

Al1 blood samples were taken from patients after fasthg ovemight. The samples were collecteci 

in Vacutainer tubes containing EDTA (4.0 mM). Plasma was separated by low speed (2,500 rpm) 

centrifugation at 4OC. Concentrations oftotal serum cholesterol high density lipoprotein-cholesterol, 

triglycerides and glucose were determined by eozymatic analysis using commercial test kits 

(Boehringer Mannheim, Mannheim, Gemany). LDL-cholesterol was calculated by the Friedewald 

equation (Friedewald et al. 1972). 

2.5 Isolation of LDL samples from hyperlipidemic patients plasma 

LDL (d=1.019-1.063 g h i )  was isolated fiom freshly prepared plasma by sequentid 

ultracentrifugation (Havel et al. 1955). Sodium bromide was used to adjust the density of the plasma. 

EDTA (0.3 mM) was placed in all buffers in order to prevent auto-oxidation of the lipoproteins. LDL 

samples were dialyzed for 48 h at 4OC against 3 changes of phosphate-buffer saline (composition: 

NaCl 140 mM, KC13 mM, Na,HPO, 2 mM and EDTA 0.3 mM) and immediately used for the next 

step. 

2.6 Protein determination 

The protein content in the LDL sample was determined by the method of Lowry (Lowry et 

ai. 1951). 

2.7 Oxidative modification of  LDL 

Oxidative modification of LDL was effected in vitro by the addition of 5@i CuSO,, an agent 



known to produce a modincation of LDL similar to that produced by endothelium ceus (Steinbrecher 

et al. 1984) and was the preferred procedure in most recent studies. The isolated LDL was dialyzed 

for 24 h at 4OC against 3 changes of an EDTA-he phosphate-bufFered saline peor to oxidative 

modification. After measuring the volume, protein concentration in the sample was determined by the 

method of Lowry and was adjusted to Img/mi by EDTA-fiee phosphate -bufEered saline. ûxidation 

was initiated by addition of 5 phi CuSO, and samples were constantly agitateci at 3 7°C in an incubation 

bath for 24 h (Liu et ai. 1994). The oxidation process was terminated by the addition of EDTA (0.6 

mM). A portion of native and oxidized LDL samples were dialyzed at 4OC for 24 h with 4 changes 

of Krebs-Henseleit b s e r  (composition: NaCl 120 mM, KCl 4.76 mM, MgCI, 1.18 mM, CaCl, 1.25 

mM, NaHC03 25 -0 mM, NaHJ?04 1 .18 mM and glucose S. 5 mM). The dialysis buffer was saturated 

with N, These in vi@o oxidized LDL sarnples are referred to as oxidized LDL throughout the thesis. 

For cornparison, LDL samples were processed in an identical mamer in the absence of CuSO,, which 

are referred as native LDL. Ail LDL samples were stored at 4°C under N, and used within 2 weeks. 

Liu and CO-workers (1994) have dernonstrated that the oxïdative modification produced by this 

method is complete. The products of this oxidation process include high amounts of lipid peroxides 

(thiobarbituric acid reactive substances, TBARS), high amounts of LPC and the electrophoretic 

mobility of LDL is altered as well (Liu et al. 1994). 

2.8 Assessrnent of endothelium-dependent relaxation in aortic rings 

M e r  the administration of an anticoagulant and sedative (800 units of heparin and 0.65mg 

diazepam, respectively), male Sprague-Dawley rats ( 250 * 50g ) were killed by cervical dislocation. 

The thoracic aorta was removeci, carefùily cleared of adhering connective and fatty tissue and cut into 



3 mm sections. Each aortic ring was mounted between two horizontal steel wires in an organ bath. 

A resting tension of 2.0 g was applied to the aortic ring and changes in tension were measurd with 

a Grass Ft.03 force-displacement transducer connecteci to a Gould Bmsh 2400 chart recorder. The 

organ bath containeci 10 ml of Krebs-Henseieit solution which was maintained at 37°C and bubbled 

with a gas mixture containing 95% 0, and 5% CO2. M e r  an equilibration period of90 min, with 

tension being adjusteci periodicaily until resting tension remained stable at 2;0 g, the aortic ring was 

precontracted with phenylephrine (lo4 M). When the contraction had becorne stable, acetylcholine 

(Ach, 1 05- 1 O-' M) was added cumulatively to produce endothelium-dependent relaxation. The 

relaxation produced by acetylcholine was expressed as a percentage of the phenylephrine-induced 

contraction. Criteria for acceptability of the endothelium/vasdar ring preparation included active 

contraction of at least 1. Sg and acetylcholine-induceci relaxation of at least 80%. After the washout 

of phenylephine and Ach, the aortic ring was incubated with oxidized LDL (0.3 mg LDL proteinhnl) 

for 1 h. The oxidized LDL was removed fkom the bath prior to the determination of contraction by 

phenylephrine and relaxation by acetylchoiine. The removal of LDL fiom the bath was necesçary as 

the presence ofLDL may inactivate the endothelium-denved relaxhg factor. For cornparison, controls 

treated with native LDL (0.3 mg LDL proteidml) or no addition were also shidied. 



Acetylcholine concentration (-log M) 

Figure 1 2  Endothelium-dependent relaxation. The aortic ring was precontracted 
by phenylephrine, then relaxed by stepwïse addition of acetylcholine. 



2.9 Biochemiuü anaîysis of native and o r i d i d  LDL 

The protein concentration in the LDL samples was determined by the method of Lowry et al. 

(1 95 1). Lipids in the LDL samples were extracted by a chloroform/rnethan01 mixture (2: 1, vlv), and 

the total lipid phosphoms in each sample was determined by the method ofBartlett (1959). The lipid 

extract was separateci into phospholipid groups by thin layer chromatography (TLC) usiog a solvent 

system ofchlorofom-methanoLacetic acid-water (7O:3 O:2:4, v/v). Phospholipid fiactions on the TLC 

plate were visualized by iodine vapor. Bands corresponding to PC, SM and LPC were scraped into 

tubes &er the evaporation of iodine. Phospholipids were eluted fiom silica gel and the lipid 

phosphorus content in each fiaction was determineci by the method of Bartlett (1959). 

2.10 Lipid phosphorus determination 

The iipid phosphoms content in the LDL sample was determined by Bartlett method (Bartlett 
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Figure 13. Bartlett lipid phosphonis analysis. Absorbante was measured at 830 
m. 



2.11 Determination of acyl groups in LPC 

Mer separation by TLC, LPC was eluted fiom silica gel with GLC grade chloroform and 

methanol(1: 1). The solvent was evaporated under a stream of nitrogen. Subsequently, 0.5 ml of BC!, 

regent was added to the dried sample. Methylation of the sample took place in a screw-capped tube 

which was heated at 96OC for 5 min. The reaction was stopped by adding 0.5 ml distiiled water. Then 

1.5 mi petroleum ether was added to the reaction mixture to extract methylated esters. The mumire 

was then vortexed briefly and cenvifuged at 2000rpm for 5 min The methyl esters were recovered 

in the petroleum ether phase and the efficiency of methylation was over 95%. The methyl esters were 

anaiyzed with a Shimadzu gas-liquid chromatograph (Tekscience; Oakville, Ontario, Canada) 

equipped with a 15% DEGS columns. Heptadecanoic acid methyl ester was used as a standard for 

quantitation. The data obtained were analyzed with a Shimadzu Chromatopac CR601 integrator. 

2.12 Statistical analyses 

Paired t test was used to compare data between recruitment and after diet treatment, after diet 

treatment and d e r  atorvastatin treatment. AU values are expressed as mean * standard emr of the 

mean (SEM). P value < 0.05 was considered to be statistically significant. 



1. Efferts of dietary counseling and atorvastatin trament on the plasma lipid levels in 

type Ha hyperiipidemic patients 

Twenty-five patients with type IIa hyperlipidemia were recniited for the study. A bIood 

sample was taken immediately upon recmitment. The cholesterol, tngiyceride and glucose 

concentrations in blood samples were determined. The levels oftotal cholesterol and LDL-cholesterol 

were significantly elevated in the plasma (Table 5) compared with the Canadian Cholesterol 

Consensus Guidelines (values in pmol/mi, total cholesterol a4.5-5.0, LDL-cholesterol a3.4 HDL- 

cholesterol t 0.9, triglyceride s 2.0). The levels of HDL-cholesterol and triglycerides were within 

the normal range. These data confinned the type IIa hyperlipidemic status of these patients. 

The American Heart Association and the National Cholesterol Education Program Step 1 diet 

were the basis for dietary counselling given to these patients immediately upon their recruitment. The 

step I diet is recommended by the American Heart Association and the National Cholesterol 

Education Program for the treatment ofhypercholesterolernia. The primary aim of this dietary therapy 

is to reduce the nsk of coronary heart disease. The diet is designed to help patients decrease their 

intakes of saturated fat and cholesterol and restore appropriate calorie balance. In rnost triais, patients 

are recommended to follow the NCEP Step 1 diet for several weeks before they receive any dmg 

treatment and are encouraged to maintain this diet throughout the study (NECP 1994). M e r  six 

weeks of dietary therapy, the cholesterol trigiyceride and glucose concentrations in blood sarnples 



of these patients were detennuied. Six of these patients were found to respond to the dietary therapy. 

Their total plasma cholesterol and LDLcholesterol levels decreased to within the normal range (data 

not shown). This shows that dietary therapy is e f f i v e  in decreasing the plasma cholesterol level in 

some patients. However, 19 of the patients failed to respond to the dietary counsehg and their lipid 

Ievels remained elevated (Table 5). 

The type Da hyperlipidemic patients who were resistant to dietary therapy (19/25) were 

treated with atorvastatin for the subsequent 4 weeks. A blood sample was taken after dnig treatment 

and the cholesterol, tnglyceride and glucose concentration were measured. Atorvastatin treatment 

showed good effectiveness in reducing total cholesterol, LDL-cholesterol and ttigïycende levels in 

the plasma of these patients (Table 6). It also produced a slight increase in HDL levels. After 

treatment with atorvastatin (1 Omg/day) for 4 weeks, total cholesterol Ievels were found to be lowered 

by 23%, LDL-cholesterol was lowered by 32%, and triacylglyceroi was lowered by 19% compared 

with dietary therapy alone. Interestingly, HDL level was also found to increase by about 9% in these 

type IIa hyperlipidernic patients. No change was observed in the glucose level after the dmg treatment. 



Table 5. Plasma lipid uid lipoprotein contents in hypedipidemic patients before and d e r  
dietary counseling 

(pmol. mi -' plasma) 

Total cholesterol 7.14M.24 7.1W.24 

LDL cholesterol 4.79I0.22 4-8M.22 

KûL cholesterol 1.43I0.06 1.39I0.06 

Triglyceride 2.03M. 19 2.06M. 16 

Glucose 4 . 9 M .  15 5.22-10.25 

Blood sarnples were taken from patients before any treatment @re-diet) and after 6 weeks dietasr 
counsehg (diet). LDL was obtained fiom the plasma by density centrifugation. AU values are 
expressed as mean S E M  (n=25). No significant dserences between means of groups for any of the 
measured lipids, pre- and post dietary counseling were found. Paired t-test was useci. 



Table 6. Plasma lipid and lipoprotein contents in hyperiipidernic patienb after dietary 
counseling and after atorvastatin treatment 

(pmo1.d -' plasma) 

Total cholesterol 7.6B0.24 

LDL cholesterol 5 -2 1M.23 

HDL cholesterol 1.3S0.07 

Trigiycerïdes 2.19=t0.20 

Glucose 5.4W.34 

Blood samples were taken fiom patients after 6 weeks dietary counselùig (diet) and after 4 weeks 
atorvastatin treatment (lOmg/day, diet wntinued). LDL was obtained from the plasma by density 
centrifugation. AU values are expressed as mean *SEM (n=19). **p< 0.001, *p< 0.02 when 
compareci with subjects after dietary counseling. Paired t-test was used. 



2. Effects of dietary counseüng and atorvastatin treatment on the oxidized LDL fmm 

hyperiipidemic patients: impairment of endothdium-dependent rdaxation 

In the present research, we focused on studing the effects of LDL which had been oxidized 

in vitro. The term "oxidized LDL" used thoughout this thesis represents exogenously oxidked LDL. 

The LDL-cholesterol b r n  patients upon recruitment, after dietary therapy and after atorvastatin 

treatment were isolated f?om the plasma by sequential ultracentrifugation and oxidized in the presence 

of 5 pM wpper sulfate at 37OC for 24 hour with a constant agitation. The ability of oxidatively 

modified LDL fiom these patients to impair the endothelium-dependent relaxation of aortic rings was 

investigat ed. 

The effect of LDL olridation on the endothelium-dependent relaxation was assessed by 

stepwise addition ofacetylchoiine to phenylephrine-precontracted, endothelium-intact rat aotic rings. 

M e r  incubation with 0.3 mgml LDL for 30 rnins, segments exposed to oxidized LDL £tom patients 

both upon recruitment and after dietary therapy showed strong impairment of the endothelium- 

dependent relaxation of aortic rings compared with native LDL and wntrols. It should be noted that 

the oxidized LDL samples fiom patients after dietary therapy did not show any improvement on the 

impairment of endothelium-dependent relaxation compared with samples obtained £tom patients upon 

recmitment (Fig. 14). 

Regarding the effect of atorvastatin treatment, the LDL was also isolated fkom patients who 

received the atorvastatin treatment, oxidized by addition of 5- CuSO,, and the effect of this 

oxidized LDL on the endotheliurn-dependent relaxation was examined. ûxidized LDL fiom patients 

after atorvastatin treatment still showed considerable impairment of endothelium dependent relaxation 



compared with native LDL and controls. There was, however a significant difference as compareci 

with samples fiom patients after diet therapy (alone). The abfity ofoxidized LDL from patients af€er 

atorvastatin treatment was greatly reduced, especidy, at the higher concentrations of acetylchohe 

(Fig. 15). 



-0- Na-LDL Prediet 
--&- Na-LDL Diet 
+ Ox-LDL Pre-diet 
-A- Ox-LDL Diet 

Acetylcholine concentration (-log M) 

Figure 14. Effect of oxidized LDL from patients before and after dietary 
intervention on the impairment of endothelium-dependent relaxation. The 
aonic ring preparation was exposed to native and oxidized LDL (0.3 rnglrnl) 
from hyperlipidemic patients ( 0- native LDL from pre-diet patients, @- oxkiized 
LDL from pre-diet patients, A- native LDL £kom diet patients, A- oxidized LDL 
from diet patients) for 1 hour. Subsequently, the aonic ring preparation was 
was hed wit h buffer and the acetylcholine-induced endotheliurn-dependent 
relaxation was determuied. Each point represents the mean of 25 patients tested. 
The vertical bar re~resents the SEM- 



-A--- Na-LDL Diet 
-++ Na-LDL Atorvastatin 
-A- Ox-LDL Diet 
+ Ox-LDL Atorvastatin 

I I l I 

8 7 6 5 

Acetylcholine concentration (-log M) 

Figure 15. Effect of oxidized LDL from patients after dietary intervention 
and after atorvastatin treatment on the impairment of endothelium- 
dependen t relaxation. The aortic ring preparation was exposed to native and 
oxidized LDL (0.3 mg/ml) £tom hyperlipidemic patients (A- native LDL fiom 
diet patients, A- oxidized LDL from diet patients, 0- native LDL fkom 
atorvastatin treated patients, W- oxiâized LDL tiom atorvastatin treated patients) 
for 1 houx-. Subsequently, the aortic ring preparation was washed with buffer and 
the acetylcholine-induced endothelium-dependent relaxation was determined. 
Each point represents the mean of 19 patients tested. The vertical bar represents 
the SEM. 



3. EffecfS of dietary couaseling and atorvastatin treatment on phospholipid contents in 

native and oxidized LDL from hyperiipidernic patients 

The major phospholipids in native LDL are choline-containing p hospholipids, which are 

phosphatidylcholine (PC), sphingomyelùi and very s m d  amounts of LPC. They comprise a 

monolayer with fke cholesterol on the outer d a c e  of LDL. In the human body, phospholipids corne 

from two sources. One is f?om the diet and the other is fkom endogenous synthesis. 

The biochemical factor leadmg to the impairment of endotheiium-dependent relaxation by 

oxidized LDL has been confhned to reside in the lipid components. It is reported that there is a five- 

fold increase of LPC content in the oxidized LDL compared with native LDL (Chen et al. 1997). 

Thus the phospholipid content of oxidized LDL fiom these patients upon recruitment, after dietary 

therapy and after atorvastatin treatment was exarnined. Lipids were extracted fkom native and 

oxidized LDL and the content ofeach phospholipid class was analyzed by thin layer chromatography. 

No signifiant diierence was detected in the total phospholipid content of the native and 

oxidized LDL fiom patients upon rec~tment.  A substantial decrease in the level of PC and a 

concomitant increase in the level of LPC were detected in the LDL after oxidization (Table 7). Afier 

6 weeks of dietary therapy, no signifiant changes were found in the composition of phospholipids 

both in native and oxidized LDL compared with those obtained upon recruitment (Table 7). Further 

analysis of the LPC content in the oxidized LDL fiom patients d e r  atorvastatin treatment showed 

that after 4 weeks of treatment there were no signifiwit changes in the LPC content of native LDL, 

but there was an 11% decrease in LPC content of LDL between the two groups aller oxidative 

modification (Table 8). 



Table 7. Phosphoüpid contents in native and or id id  LDL fmm hypedipidemic patients 
before and aftcr dieta y counse1ing 

(pmol.mg '' LDL protein) 
P hosp holipids (total) 

native LDL 1 -347k0.043 
oxidized LDL 1.250.0 13 

Phosphatidylcholine 

native LDL 0.799=t0.021 
orcidized LDL 0.41 1H.016 

Lysophosphatidylchotine 

native LDL 0.068S.007 
oxidized LDL 0.40 1S.021 

Blood ~amples were taken from patients upon recnitment @re-diet) and after 6 weeks dietary 
counseling (diet). Oxidized LDL was prepared NI vitro by addition of 5 p M  CuSO, with constant 
agitation at 3 7OC for 24 h. ALI values are expressed as mean *SEM (n=25). No significant Merences 
between means of groups for any of  the measured Lipids, pre- and post dietary counseling were found 
(pc0.05, paired t-test). 



Table 8. Phospholipid contenb in native and oridized LDL fmm byperiipidemic patients after 
dietary counseluig and d e r  atorvastatin treatment 

(pmol.mg 'l LDL protein) 
Phospholipids (total) 

native LDL 1.35M.053 
oxidized LDL 1.25M.043 

native LDL 0.78W.042 
oxidized LDL 0.41W.016 

Lysophosphatidylcholine 

native LDL 0 . 0 6 ~ . 0 1 1  
oxidized LDL 0.4OM.O 12 

Blood samples were taken corn patients after 6 weeks dietary counseling (diet) and after 4 weeks 
atorvastatin treatment (1 Omg/day, diet continuai). Oxidized LDL was prepared in vitro by addition 
of 5 pM CuSOI with constant agitation at 37OC for 24 h. AU values are expressed as mean S E M  
(n=19). *p<O-001 when cornpared with subjects in the d e r  dietary counseling group. Paired t-test 
was used. 



4. Effects of dietiry counseling rad atorvastatin treatment on the distribution of aq l  

groups in LPC in native and oxidized LDL fmm hyperiipidemic patients 

It has been reported that LPC in oxidized LDL fiom hyperlipidemic patients has more long 

chain acyl groups compared with samples £tom normal people (Chen et al. 1997). It has also been 

confinned that only long chah LPC can cause impairment of endotheiium-dependent relaxation (Chen 

et al. 1997). In order to iavestigate whether dietary therapy and atorvastatin treatment can change 

the structure of LPC in LDL before and after oxidatively modification, LPC was isolated f?om other 

phospholipds and chah length was determined by GLC. 

The acyl groups in LPC in native LDL from patients upon recmitrnent are mainly 16:O and 

1 8:O, of which 1 6:0 accounts for 55% and 1 8:0 accounts for 40% (Table 9). After LDL undergoes 

oxidative modification, the 1 6: 0 group increases to 63 %, and correspondingly the 1 8 : 0 group 

decreases to 34%. 

M e r  these patients received 6 weeks dietary intervention, acyl groups in LPC fiom native 

and oxidized LDL were measured again. In oxidized LDL, no significant changes were found in acyl 

groups of LPC between patients after dietary therapy and upon recruitment. A significant Merence, 

however, was seen in LPC acyl groups in native LDL compared with patients upon recruitment with 

6% decrease in 16:O acyl group. The latter provides a rneasure of patient cornpliance and indicates 

that patients did effect changes Ui their diets, a factor which is very important for the validity ofthis 

study (Table 9). 

The acyl groups in LPC in both native and oxidized LDL were also determined in the nineteen 

patients who received atorvastatin treatment. Compared with dietary therapy alone, the acyl groups 



in LPC fiom native LDL show no change in patients &er atowastaih treatment. However, &er 

oxidation of LDL, a signincant ciifference was found in acyl groups in LPC comparai with diet 

therapy: there was a decrease of about 4% in thel6:Q group, with a smail increase in 18:O group 

(Table 10). 

As LPC with either 16:O or 18:O groups is equaliy potent in the impairment of endothelium- 

dependent relaxation of aortic rings (Chen et al, 1997), the physiologicd signincance of this change 

in acyl group profile ofLPC in oxidized LDL is unlaiown. 



Table 9. Disaibution (./O) of acyl p u p s  in lysophosphatidylcholine in native and oxidized 
LDL from hyperlipidemic patients before treatment and after die- counseling 

Native LDL 
Acyl Group 

16:O 
16:l 
18:O 
18:1 
18:2 

Oxidized LDL 
Acyl Group 

l6:O 
163 
l8:O 
18: 2 
18:2 

Blood ~amples were taken from patients before any treatment @re-diet) and d e r  6 weeks dietary 
counseling (diet). Oxidized LDL was prepared in vitro by addition of 5 pM CuSO, with constant 
agitation at 3'7°C for 24 h. Numbers represent the mean *SEM (n=25). *P< 0.002 when cornpared 
with untreated subjects. Paired t-test was used. 



Table 10. Distribution (96) of acyl groups in îysophosphatidy~cboüile in native and oridized 
LDL fmm hyperlipidemic patients after dietary counseliag and after atorvwtath tmtment 

Native LDL 
Acyl Group 
16:O 
16: 1 
18:O 
18:l 
l8:2 

Oxidized LDL 
Acyl Group 

16:O 
163 
18:O 
18: 1 
18:s 

Blood ~amples were taken from patients after 6 weeks dietary counseling (diet) and after 4 weeks 
atorvastatin treatment (10mg/day). Oxidized LDL was prepared in Mfro by addition of 5 pM CuSO, 
with constant agitation at 37OC for 24 h. Numbers represent the mean S E M  (n=19). *p< 0.00 1 when 
compared with d e r  dietary counseling subjects. Paired t-test was used. 



W. DISCUSSION 

1. Effect of atorvastatin treatrnent on plasma lipid leveis 

Based on the results of our study, the administration of atorvastatin (10mglday) for 4 weeks 

caused a si@cant reduction in total cholesterol(23%), LDL-cholesterol(32%) as weli as plasma 

triglyceride levels (19%) in type IIa hyperlipidemic patients. The drug treatment was also associated 

with a slight increase in HDL (9%). Similar results have also been reported by others (Cilla et al. 

1996; Le et al. 1996). 

Atorvastatin is a synthetic reversible cornpetitive inhibitor of HMG-CoA reductase which is 

the rate-limiting enzyme of cholesterol biosynthesis. MG-CoA reductase catalyzes the conversion 

of HMG-CoA to mevalonate, a rate-limiting step in the formation of endogenous cholesterol. The 

inhibition of HMG- CoA reductase lads to the decrease in the intracellular stores of cholesterol and 

this results in the up-regdation of the number of low density lipoprotein receptors on the ceil 

membrane, thus increasing the clearance of LDL cholesterol fiom plasma (Blum 1994; Rackely 

1996). The elevated cholesterol levels in hepatic cells r e d t s  fkom the increased intemaikation of 

LDL and produces a feedback inhibition on the activity of the pre-existing HMG-CoA reductase. In 

addition to the feedback inhibition, the elevated cholesterol in cells will cause a decrease in the 

amount of mRNA for coding HMG-CoA reductase, and accelerate the rate of degradation of the 

enqme in the cytosol. Taken together, these effects increase the utilkation of plasma LDL by ceUs, 

and reduce the level of LDL in the plasma. 



It is interesting to note that atorvastatin rnay also lower plasma choIesterol levels by inhibiting 

hepatic synthesis of cholesterol in very low density lipoproteh which is the source of LDL 

cholesterol, resulting in the reduced levels ofLDL cholesterol (Haria et al. 1997). Since atorvastatin 

duninishes the synthesis of cholesterol in hepatic ceils, and cholesterol is essentially required in the 

normal production of VLDL particles, the inhibition of cholesterol synthesis rnay impair VLDL 

particle assembly and secretion, decrease the VLDL levels in plasma, and M e r  decrease the LDL 

level in plasma (Bakker et ai. 1996). 

The major source of cholesterol for the human body is primarily dietary. The effect of statins 

in inhibithg the absorption of dietary cholesterol in the srnail intestine has also been suggested 

(Mietthen 1 99 1). It is reported that the efficiency of dietary cholesterol absorption was reduced 7.3% 

after 3 weeks, 16.8% d e r  6 month treatment by pavastath. The rnechanisms for reduced cholesterol 

absorption during statin treatment are thought not to involve a lack of intestine bile acid. One 

proposed mechanism is that statins may reduce the cholesterol content in the intestinal mucosal cells, 

with a subsequent reduction in ACAT activity and thus decrease the absorption of cholesterol 

(Miettinen 199 1). 

It is generally accepted that HMG CoA reductase does not play a direct role in the replation 

of TG levels. Atorvastatin administration, however, produces marked reduction in TG levels in 

hyperlipidemic patients. Two indirect mechanisms have been suggested to explain the efféct of 

atorvastatin on TG levels. The dmg has been shown to inhibit the assembly of apoB and TG into 

VLDL (Arad et ai. 1992, Ginsberg 1998). Since VLDL is the major transporthg molecule of TG, 

suppressing the incorporation of TG into this molecule will impede the formation of VLDL particle 

and minimize the VLDL particles available for secretion, resulting Ui a lower TG level. A second 



possibility is that atorvastatin induces a marked reduction in hepatic cholesterol levels, Ieading to an 

increase in LDL receptor expression, which in tum causes a reduction in the TG levels through the 

increased binding of VLDL particles and LDL (Conde et al. 1996). Furthemore, LDL recepton 

recognize apoB and E and as various VLDL particles contain both ofthese apolipoproteins (Grundy- 

1991), and VLDL remnants rnay have greater a861nity than LDL for these receptors (Ma et al. 1986). 

The exact mechanism for the increase in HDL cholesterol levels caused by atorvastatin 

treatment remains unciear. It is possible that atorvastatin treatment alters the production of HDL by 

the liver or gastrointestinal tract, or that the increase is associated with the decrease in VLDL and 

LDL levels- The increased level of HDL would facilitate an increase the clearance of fiee cholesterol 

which is produced by peripheral tissues f?om plasma, and thus help to fürther decrease the cholesterol 

level in piasma- 

In type IIa hyperlipidemia, which is also called familial hypercholesterolemia, the high level 

of LDL is caused by a genetic defect in LDL receptors. It results fiom a mutation in the gene which 

specifically codes for the LDL receptor. It is also possible that the defect in LDL receptor synthesis 

renders it unable to bind with LDL. Altematively, it is possible that LDL receptors are completely 

absent in t hese patients. Therefore, the effect of atorvastatin to upregulate LDL receptors on the cell 

membrane seems hadequate to explain the reduced LDL level in these patients. We interpret the 

effect of atorvastatin treatment in reducing plasma LDL-cholesterol levels in these patients to be 

dependent on its effectiveness in inhibithg the actïvity of HMG-CoA reductase, thus leading to a 

decreased production of cholesterol, the assembly and secretion of VLDL ftom liver and the 

absorption of dietary cholesterol in the smaii intestine. On the basis of the obsmed reduction in LDL 

cholesterol in this study, we conclude that atorvastatin may be particularly suitable for patients with 



heterozygous or homozygous familial hypercholesterolemia. 

2. Effèct of atorvsstatin treatment on W C  levels and endothelium-dependent relaxation 

ûxidized LDL used in this study was prepared in vitro by the addition of5pM CuSO, this 

agent being known to produce a modification ofLDL similar to that produced by endothelium ceus 

and is commonly used to study the fùnctional effects of lipid oxidation (Steinbrecher et al. 1984). 

Several lines ofevidence suggest the presence ofoxidatively modifiecl LDL in vivo. At this tune, it 

is unclear if the oxidized LDL produced by CuSO, is the same as that produced in vivo oxidation. 

This study shows that the ability of oxidized LDL f?om hyperlipidemic patients &er 

atorvastatin treatment to impair the endothelium-dependent relaxation has been significantly reduced 

compared with dietary therapy aione. The aortic rings incubated with oxidized LDL firom patients 

&er atorvastatin treatment cm be alrnost completely relaxed by 1 O-' M acetylcholine (similar to rings 

incubated in the absence of oxidized LDL). Analysis of the biochemical content of LDL fiom this 

group revealed that 11% less LPC was present &er oxidation when compared with the group that 

received only dietary counseling. Interestingiy, the drug also caused a decrease in the C l6:O moiety 

with a corresponding increase in the C 18:O moiety in LPC in oxidatively modified LDL in the dmg 

treated group. We think this might result 5om a combination of continued dietary treatment and drug 

therapy. In view of Our observation that both LPC species are equdy potent in the impairment of 

endothelium-dependent relaxation of the aortic rings, we feel that the atorvastatin-induced reduction 

in the level of LPC in the oxidiized LDL is partialiy responsible for the improvement of endothelium- 

dependent relaxation of the aortic ring. 



Endothelium-dependent relaxation of blood vessels can be inhibiteci early in the 

atherosclerosis process, even before histological evidence of plaque formation (Cohen et al. 1988, 

Shimokawa et al. 1989). Oxidized LDL has been confhed to be responsible for this inhibition 

(Simon et al. 1990; Galle et al. 1991; Steinberg et al. 1989; Parthasarathy et al. 1989). The inhibitory 

action of oxidized LDL, in tu- can be partidy attnbuted to LPC, which accunulates in the LDL 

particle d u ~ g  the oxidative process (Chen et al. 1997). It has been reported that the aortic rings 

f?om hypercholesterolemic rats &er lïpid-lowering treatment showed irnproved responsiveness to 

acetylcholine, and the latter was attributed to the Lowered level of LDL in the plasma (Harrison 

1994). In the present study, we were surprised to find that atowastatin could dso alter the ability of 

oxidized LDL to impair endothelium-dependent relaxation. It thus appears that atorvastatin 

treatment may provide beneficial eEects, not only in the reduction of LDL-cholesterol, but also in 

dirninishing the impairnient of endothelium function when the LDL is oxidized under physiological 

conditions. 

LPC is a phospholipid with detergent properties. It has a positively charged hydrophilic 

choline head, and one hydrophobie fatty acid tail. It is very effective in disrupting membranes by 

intercalation into the membrane matrix and, at high concentrations, may cause the solubilization of 

the membrane-associated lipids and proteins. W C  can solubilize membrane components by forrning 

detergent-lipid and detergent-lipid-protein mixed micelles because of its detergent properties and its 

molecular configuration (Jacobsen et al. 1988). The inhibition of endothelium-dependent relaxation 

by LPC is probably caused by its ability to alter the fluidity ofthe endothelium membrane, but not due 

to its cytotoxicity towards the endothelial cell (Cowan et al. 1995), since the endothelium-dependent 

relaxation of the aortic ring can be reversed after the removing of LPC nom the bathing solution. As 



acetylchohe induces the release of EDRF fkom endotheiium ceils through activating its membrane 

recepton lading to increased intracellular calcium concentration, LPC may intempt the signal 

transduction pathway ofEDRF release which is thought to occur within, or in close proximity to the 

ce11 membrane (Cowan et al. 1995). In separate studiesy LPC has been shown to have a broad 

inhibitory effect on uitraceilular signaling processes, including the inhibition of P3 production and 

calcium elevation (Kugiyama et al. 1992; houe et al. 1992) and inhibition of G-protein-mediateci 

signai transduction (Flavahan 1993; Liao 1994). LPC may act to alter the membrane enviromnent 

with which membrane-bound proteins interact and thereby alter their aflhity for substrates or 

cofactors. Alteration of membrane fluidity by LPC could provide an explanation for the diverse 

reported effects of LPC (Bing 1993). It is speculated that the effect of LPC on the impairment of 

endothelium-dependent relaxation is due to alteration of membrane fiuidity in endothehm ceus, 

inhibition of G-protein-mediated signal transduction, and thus inhibition of the release of NO and, 

perhaps, other endothelium-denved relaxant substances. 

There is limited information on the modulation of phosphoiipid metabolism by atorvastatin. 

Yanagita and CO-workers have shown that statins can inhibit phospholipid synthesis in HepG2 ceUs 

(Yanagita et al. 1994). In this study, we are the ikst to report that atorvastatin modulates the 

hydrolysis of PC to LPC when LDL is being oxidized. It is clear that the content of LPC and the 

distribution of acyl groups in LPC in native LDL were not significantly changed among the three 

study groups. When LDL was oxidized by Cu2+ for 24 hours, the content of LPC in oxidized LDL 

fkom the atorvastatin-treated group was found to decrease about 1 1%, the distribution of acyl groups 

in LPC molecule was sign5cantly changed with a decrease in 16:O group and a corresponding 

increase of l8:O group. The group treated with diet only produced a slight decrease in the 16:O group 



of LPC compared with the non-treated group. It is possible that the reduction of LPC observeci in 

the oxidized LDL of the atowastatin-treated group r d t e d  fiom a combination of the continued 

dietary treatment as weli as dnig therapy. Our postdate is based on the notion that patients under 

dietary treatment wodd consume more unsaturateci- than saturated fatty acids. It has been conf4rmed 

that double bonds in unsaturated fatty acids can act as an antioxidant, thus high amounts of 

unsaturated fatty acids in LDL might hcrease its resistance to the oxidative modifÏcation. Therefore, 

under the same conditions of oxidative modiiication, a lesser degree of LDL fiom patients &er 

atorvastatin treatment is oxidized and thus less LPC is formed, because the amount ofLPC generated 

in oxidized LDL is proportional to the degree of oxidation (Liu et al. 1994). In the liver, the increased 

consumption of w t u r a t e d  fatty acids might increase the utilïzation of unsaturated fatty acid to 

synthesize PC. The latter could lead to the substitution of saturated fatty acids with unsaturateci fatty 

acids at sn- 1 position in the PC molecule. The major class of unscaturated fatty acids in foods are oleic 

acid (18:1), linoleic acid (18:2) and linolenic acid (18:3) (Marinetti 1990). Thus LPC, which is 

generated fiom PC in LDL after oxidative modification, has increased amounts of the 1 8:O group. 

In the present research, we noticed that there is more LPC with C16:O group formed in oxidized LDL 

compared with native LDL. It appears that PC, with a saturated C16:O group at its sn-1 position, is 

more vulnerable to hydrolysis during oxidation. It has been suggested that apoprotein-B has intrinsic 

PLA2 activity which cm act to hydrolyze PC to LPC during the oxidative modification of LDL. We 

propose that PC, with unsaturated C 18: 1, C 18:2 or C 18:3 groups at the sn-1 position, might not be 

hydrolyzed efficiently by this PLA, causing the decreased content of LPC observed in oxidized LDL 

after atorvastatin treatment. This needs to be fùrther explored. 



3. Other benefits of atorvastain treatment 

Recently, atorvastatin, like other drugs of its class, has been suggested to have additional 

antiatherogenic effkcts beyond its signincant capacity to lower plasma LDL cholesterol level. Soma 

and co-workers reported that atorvastatin treatment can inhibit the focal accumulation of LDL and 

thus prevent the formation ofthe fatty streak (Soma et al. 1996). Also, atorvastatin has been reported 

to inhibit the in Miro proliferation and migration of vascular smooth muscle cells (Negre et al. 19%; 

Ortego et al. 1996; Soma et al. 1996). Interestingiy, a significant reduction ofatherosclerotic lesion 

size by the treatment ofatorvastatin has been shown in cholesterol-fed rabbits (Bocan et al. 1994). 

Furthemore, in patients with hyperlipidemia, atorvastatin showed significant ability to reduce plasma 

viscosity, factor W activity, red blood cell sedirnentation rate and arachidonic acid-induced whole 

blood aggregation (Dujovne et al. 1996). There is also evidence that atorvastatin treatment can reduce 

the plasma level of E-selectin, a soluble adhesion molecule which may have some relevance to the 

development of atherosclerosis (Hackman et al. 1996). 

As mentioned in previous sections, the major risk factor for atherosclerosis is hyperlipidemia. 

Increased plasma cholesterol c m  increase the retention of LDL in the intima and subsequently 

incrase the oppominity for LDL to be exposed to fiee radicals. The latter, which are generated by 

endothelial- or smooth muscles cells, cause the oltidative modification of LDL. ûxidized LDL is 

atherogenic and can darnage the normal fiinction of the endothelium. High levels of cholesterol in the 

plasma can also increase the viscosity of the blood; this may decrease the velocity and change the 

laminar state of the blood flow, causing decreased shear stress rate on the endothelial cells (Deng et 

al. 1995). This change of blood flow can fùrther impair the release 0fE.DR.F fkom the endothelium 



ce11 and increase the tendency toward vasospasm. Atorvastatin can effectvely inhibit HMG-CoA 

reductase, decrease the LDL lwels in the circulation and initiate the sequace of events identifiai 

above. The increased blood tiow can reduce the retention of LDL in the intima, and d u c e  the 

oxidation of LDL. In addition, atorvastatin has been codmed  to have antiatherogenic effects 

leading to the regression of atherosclerotic lesions. Therefore, atorvastatin can be used as both 

primas, management drug to prevent atherosclerosis and as the first choice dnig to treat 

atherosclerosis. 

In conclusion, atorvastatin treatrnent can benefit hyperlipidemic patients fiom many ways, 

including d u c e  LDL-cholesterol levels in the blood; change the biochernical content of oxidked 

LDL; attenuate the ability of oxidized LDL to impair the endothelium-dependent relaxation of blood 

vessels; and prevent the formation of atherosclerotic plaque. We thuik it is the best drug for treating 

both hyperlipidemia and atherosclerosis avaiiable so far. 

While the amount of o~dized LDL in the blood of patients, as measured by its LPC content, 

is Likely quite low, the parameter of physiological interest would be the oxidation of LDL in the sub- 

endothelid space. At present, there are no methods of analysis avilable for estimating the oxidation 

of LDL in that hctionaily important area. 
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