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ABSTRACT 

Lipid peroxidation has been implicated in the development uf atherosclerosis. It is 

responsible for modification of low density Iipoprotein (LDL), in jury to endothelial cells 

and has becn rcported to alter prostacyclin synthesis. We therefore investigated Iipid 

peroxidation in humar LDL and in LDL and aortae from rabbits fed cholesterol­

supplemented diets. We also studied the correlation between lipid peroxidation and 

prostanoid production in vivo and in vitro. 

Unsaturated fatty acids in human LDL are oxidized to their monohydroxy derivatives 

during the incubation with CUS04 and endothelial cells. Gas chromatographic-mass 

spectrometrie analysis of monohydroxy fatty acids revealed a similar mechanism of 

pcroxidation of LDL lipids by endothelial cells as that by CUS04' i. e., autooxidation of 

LDL Iipids. 

Increased amounts of monohydroxy fatty acids in LDL and aorta were observed in 

rabbits fed cholesterol-supplemented diets. The increased amounts of monohydroxy 

derivatives of oleic and linoleic acids, but not those of arachidonic acid, wcre due to the 

increased amounts of their fatty acid precursors. The increased amounts of aortic 

monohydroxy derivatives of arachidonic acid, but not those of oleic and Iinoleic acids, 

were positively correlated with the severity of the atherosclerotic lesions. 

Prostacyclin production by aortae was slightly increased after cholesterol­

supplemented diets despite evidence fOI increased lipid peroxidation in this tissue. This 

may be because esterified hydroperoxy fatty acids in aorta are not very effective in 

inhibiting prostaglandin synthesis. In contrast to the moderate changes in aortic PGI2 

synthesis, there was a dramatic increase in the synthesis of thromboxane ~ by aortae 

from hypercholesterolemic rabbits, suggesting a role for thromboxane A2 in 

atherogenesis. 
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ABREGE 

La peroxidation des lipides a été impliquée dans le développement de 

l'athérosclérose; elle est responsable de la modIfication des lipoprotéines de basse densité 

(LDL), de lésions aux cellules endothéliales et a été citée comme cause de l'altération 

de la synthèse des prostacyclines. Pour ",es raisons nous avons étudIé la pcroxydatlOn dcs 

lipides au niveau des LDL chez l'humain et des LDL et de l'aorte ch Col le lapin IlOUrrlS 

avec une diète riche en cholestérol. Nous avons aussI étudié la corrélatIon entre la 

peroxydation des lipides et ia production des prostano'ldcs in \'/VO ct in vu/'(}. 

Les acides gras insaturés des LDL de l'humain sont oxydés lors ùe l'incubation avec 

les cellules endothéliales ou avec du CuS04 , générant des dérivés monohydroxylés. 

L'analyse des acides gras monohydroxylés par chromatographie gazeuse el Spl'ctrométric 

de masse nous demontre que les mécanismes de la peroxydation dCI) LDL IIpidiquc par 

les cellules endothéliales 0\1 le CuS04 est simIlaire, i.e., Dnc autooxydation dl'S 11})J(le'i 

des LDL. 

Chez les lapins nourris avec une diète riche en cholestérol, on rcmarque au niveau 

des LDL et de l'aorte, une augmentation des acides gras monohydroxylés. 

L'augmentation des dérivés monohydroxylés de l'acide oléique ct linoléique, mais non 

celle de l'acide arachidonique, est initialement causée par l'augmentation ùcs précurseurs 

de ces acides gras. Au niveau de l'aorte, la sévérité des léslOIl~ produItes par 

l'athérosclérose est directement associée à l'augmentation des dériv~~ Illonohydroxylés 

de l'acide arachdonique mais ne l'est pas avec celles des aCIdes oléIque et iinolélquc. 

La production de prostacyclines par l'aorte rdy légèrement augmentée sUIte à la diètc 

riche en cholestérol, et cela malgré l'augmentation évidente de la pl.!roxydation des hpidcs 

dans ce tissu. Ce phénomène peut-être causé par l'inefficacité des aCides gra<; 

hydroperoxydés estérifiés à inhiber la synthèse des pro~taglandines. Par opposition aux 

changements modérés de la synthèse des PGI2 aortique, nous avons ob'lcrvé une très forte 

augmentation de la synthèse de thromboxane B2 par l'aorte ChCl le lapl1l 

hypercholestérolémique, suggérant un rôle de la thromboxane A2 dans l'athérogénèsc. 
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INTRODUCTION 

7. ,. DEVELOPMENT OF ATHEROSCLEROSIS 

Atherosclerosis is a corn mon form of arterioscIerosis in which deposits of yellow 

plaques (atheromas) containing cholesterol, cholesteryl esters and other lipid materials 

are present in the large arteries. Coronary heart disease, stroke and other diseases related 

to atherosc1erosis remain the major cause of death in the developed countries. For 

example, atherosclerosis accounts fvr a cumulative coronary incidence of about 50% and 

for 25-30% of death for population in North America [1]. The death rate due to 

atherosc1erosis has recently had a tendency to decline, because of the extensive studies 

on this disease. 

Before getting into the discussion of atherogenesis, a brief review of the 

morphological changes of the aorta due to atherosc1erosis will help us to understand the 

pathogenesis of this disease. 

7.1.1. Lesions of Atherosc/erosis 

The morphological appearance of atherosclerotic aorta depends on the stage of this 

disease. The tirst visible sign to the naked eye is the formation of fatty streaks in the 

intima followed by fibrc'ils plaque and more severe complications. Using light or electron 

microscopy with conventional or immunocytochemical staining, cellular components of 

atherosclerotic lesions have been studied in great detail. In humans, these fatty streaks 

are composed of smooth muscle cells, monocyte-derived macrophages, increased amounts 

of elastin and collagen fibres, and other cellular components. Both smooth muscle cells 

and macrof.·hages are capable of accumulating lipids and are transforming into foam ceUs 

which are characteristics of atherosclerotic Iesions. Other characteristics of atherosclerotic 

lesions include diffused intimaI thickening and proliferation of connective tissue. The 

hypercholesterolemic rabbit is frequently used as a model to investigate the initiation, 

expansion and maturation of the fatty streak. In the early stages of cholesterol feeding 

(ca. 1-2 weeks), mononuclear cell adhesion to the endothelial surface of the aorta can be 

observed. The monocytes start spreading or moving along the endothelium, and begin 
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to penetrate through the gap between endothelial eells into the intima. Lipid accumulatil)n 

can be seen in endothelial ceIls, intimaI smooth muscle cells and monocyte-derived 

macrophages in this stage. Cell proliferation may also be an carly event in atherogcnic 

process. In addition, there are incrcased amounts of elashe fibres, collagen, amorphous 

material and small vesicular structures present in the intimaI space of the aorta. Longer 

periods of cholesterol-feeding (ca. 2-6 months) rcsult in the formation of fibrous plaques 

in atherosc1erotic lesions characterized by multiple layers of mixed populations of large 

foam cens and smooth muscle cells togcther with plasma insudates and connectIve tissue 

components. Accumulation of lipids is also seen within the extracellular spaces, probably 

due to the overloading of lipids within cells. In contrast to human atherosclerotic leslons, 

smooth muscle cells in rabbit aortic lesions do not accounl for as large a pcrccntagc of 

the ceU volume of the carly and mature iatty strcak as do macrophages. 

1.1.2. Pathogenesis of Atherosclerosis 

The exact cause of atherosclerosis is still unc1car even though several hypothcscs 

have been postulated to explain the morphological changes observed in atherosc1erotic 

lesions. The widely accepted ones are that atherosclerosis is mitiated cither (a) in 

response to vascular in jury or (b) in response to changes in lipid metabolislll. Although 

these two hypotheses emphasize different aspects of atherogenesis, they have sOllle 

common features, inc1uding endothelial injury or dysfunctlOn, monocyte/macrophage 

participation and modification of lipid metabolism. 

7. 1.2. 7. Response to changes in lipid metabolism 

(a) Cholesterol metabolism and atherosclerosis 

The basic concept of the lipid hypothesis of atherogenesis is that an elevation of one 

or more of the cholesterol transport fractions of the blood predisposes the artcries to 

atherosclerosis. This hypothesis has been supported by several Iines of eVldence: 

(1) Feeding high-cholesterol diet to certain non-human animaIs produces 

atherosclerotic plaques. This finding can be traced as far back as 1912 when Anitschkow 

reported that dietary cholesterol induced atherosclerotic plaques in rabbit which were 
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similar to those occurring in humans [2]. Over a period of nearly 80 years, cholesterol 

feeding has becn shown to produce atherosclerotic lesions in pigeons, rats, swine, dogs 

and certain strains of monkey besides rabbits. 

(2) The higher the blood total cholesterol level, the greater the chance of having 

atherosclerosis. Large scale epidemiological surveys have shown that the blood 

cholesterol level is a risk factor for atherosclerosis; a cholesterol level above 160 mg/dl 

is a prerequisite for cardiovascular disease [1]. In ~everal countries where low-fat, high­

carbohydrate diets are consumed, coronary heart disease rates are relatively low, 

appearing to be relatcd to the low serum total cholesterollevels [3]. In contrast, only 5% 

of the population in the United States over 40 years of age has a serum or plasma total 

cholesterol level below 160 mg/dl [4]. 

(3) Lowering of total and low density lipoprotein cholesterol in clinical trials 

suggests that cholesterol reduction is associated with a decreased incidence of coronary 

disease proportion al to the degree of lowering [5-8], probably due to an acceleration in 

the regression of athcrosclerotlc plaques [9]. Lovastatin, a competitive inhibitor of 3-

hydroxy-3-methyl-glutaryl CoA reductase (HMG CoA reductase) decreases the extent of 

intimai surface involvement of atheroma by reducing cholesterol synthesis and thereby 

increasing the expression of LDL receptors on liver cells [10]. LAP-20, a synthetic 

peptide which removes cholesterol from the arterial wall and facilitates its transport to 

the liver, has antiatherosclerotic effect [1 1,12]. 

(b) Biosynthesis and metabolism of plasma lipoproteins 

Cholesteryl esters are the major lipid components of both atherosclerotic lesions and 

plasma low density lipc:>protein [13], suggesting a role of these substances in the 

development of atherosclerosis. Owing to their hydrophobicity, cholesteryl esters are 

transported in the circulation by lipoproteins. Based on their density, lipoproteins are 

classified as chylomicrons, very low density lipoprotein (VLDL), low density lipoprotein 

(LDL) and high density lipoprotein (HDL). Besides the density difference, each of these 

lipoproteins has a specifie apolipoprotein compoSition (see Table 1). For example, LDL 

contains only apolipoprotein B-loo (apo B-loo) wherCQs VLDL contains apo E and apo 

C besides apo B-l00. 
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Dietary triglycerides and cholesterol absorbed from the 1I1testlllc arc IIlcorporatcd \IllO 

chylomicrons and then transported through the intestine lymphatlc ~ystcm and gcncral 

circulation to the capillanes (Fig. lA). There, frcc fatty aClds and monoglycl'fide~ ,Ife 

released from chylomicrons by hpoprotel1l hpase and thcn taken up by tl ... SUCS for clll'rgy 

generatlon or storage. The resultll1g chylOlnIcron remuants travel to the II\'cr wherc the)' 

are taken up via remnant receptors (apolipoprotclI1 BlE rcccptors). 'l'lm I~ rderred as the 

exogenous fat-transport pathway Ll41. The cr.dogcnous pathway starts wlth the ~ylllhc'ils 

and release of VLDL from the hver. VLDL undcrgoes a passage sill1llar 10 chylolllicrons 

in the circulation, rut ln ülÎs case, the VLDL remnants arc taken up by elther n.'mnan! 

receptors or by LDL receptors (apolipoprotem B reccptor~). VLDL rernnant~ arc al'io 

converted to cholesterol-ennchcd LOL ln the CIrculation duc 10 th~ extcn"'lve removal or 
triglycerides and apolipoprotems other than apo B- 100 from tht.! VLDL partlclcs LDL 

serve as the major camer of cholcsteryl esters to cxtrahcpatlc tts~lIC~. 

Once It has entered the cells via receptors, absorptlve endocytmls or pIIlOCytO"lI'i, 

LDL is transported through the cytoplasm inside cndocytosis veslclc~ which fuse \VIth 

primaTy lysosomes. LDL IS dlgested into apollpoprotcin partlclcs and cholcstcryl esters, 

which are then hydrolysed ta free cholesterol and free falty aClds by aCld cholc~tcryl e~tcr 

hydrolase (ACEH). Fre~ cholesterol may serve as a rcgulator for intraccllular choIe\tcrol 

homeostasis. Increased cholesterol levels (1) suppre~s the production of ItpOprotCl11 

receptors, preventmg further uptake of plasma Itpoprotems; (2) inhlbIt hydroxymethyl­

glutaryl-CoA (HMG-CoA) reductase, thcrefore reducillg the synthc~l<; of cndogcl1ou'i 

cholesterol; (3) stimulate acyl CoA:cholestcrol acyltransferase (AC AT) whlch cataly~c'l 

cholesterol esterification (Fig. 2). These effects ail contnbute 10 reducc mtraccllular 

cholesterol levels. If the demand for cholesterol I~ Jncrcascd, cholc\tcryl e~tcr\ Will be 

hydrolysed to cholesterol and fatty acid'i by nt'utral cholesteryl ester hydrola~c (NCEH). 

Plasma lipoprotein levels are mall1tamed by the balance of thclr production and 

catabolism. The liver is the major site for lipoprotem production and thclr Illctabolt ... m 

via lipoprotein receptors [14]. While chylomlcron remnants are takcn up by rcmnant 

receptors (apolipoprotein E receptors) and low density Iipoprotein (LDL) by f.DL 
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Table 1 

Chal'O.cteristics of Major Plasma Lipoproteills 

CHi'LOMICRONS VLDL LDL HDL 

DENSITi' < 1.006 -< 1.006 1. 019 - 1. 063 1. 063 - 1. 210 

APOLIPOPROTEIN (\ of total apolipoproteina) 

A-1 7 67 

A-2 4 22 

8-48 23 

8-100 37 100 

c-1 15 3 2 

c-2 15 7 2 

C-3 36 40 5 

., 
LIPID (% of total lipide) ~ 

"-
Cholesterol 1.5 4 9 11 

Cholesteryl esters 3.5 11 43 25 

Triglycerides 91 70 9 4 

Phopholipids 4 15 29 60 
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receptors (apolipoprotein B receptor1i), VLOL and their remnants are l.:'lkcn up by both 

the remnant and LOL receptors. In physiological conditions, the LDL rcccptor pathway 

is the predominant mechanism for clearing circulating cholesteryl esters. This pathway 

is regulated by the availability of cholesterol and cholesteryl esters. Whcn cells such as 

liver and adrenal ceUs grow, the demand for cholesterol incrC<1ses, leading to incrcascd 

production LDL receptors. On the other hand, when the need is low. excess cholesterol 

accumulates within the ceUs, which th en make fewer LOL receptors and take up LDL 

at a reduced rate, protecting them from exce~sive cholesterol. Howcvcr, this local 

protection results in decreased removal of LOL (and thcrcforc cholesterol) from the 

circulation via the high-affinity LDL receptor pathway and conscqucntly acccleratcs the 

development of atherosclerosis. 

The importance of LDL receptors in atherogenesis is highlightcd in a gcnetic disease 

called familial hypercholesterolemia (FH). Patients or rabbits (Watanabe heritablc 

hyperlipidemic rabbits, WHHL rabblts) with this disease Jack or have dcfectivc LDL 

receptors and have profound hyperchoJesteroJemia (Fig. 1 U) [14-17J. Hctcrozygolls FH 

patients have twice the level of LDL as normal subjects and beglO to have heart attacks 

at the age of 35; homozygous FH patients have circlilating LOL Icvels more than six 

times higher than normal and inevitably have heart attacks by the age of 20. 

Down-regulation of hepatic LDL receptors also reslilts from increased dietary 

cholesterol. Unphysiologically high levels of cholesterol lead to incrcascs of both 

chylomicrons and VLOL, coupled with a reduction in the production of LDL rcceptors. 

The combination of VLOL overproduction and retardcd receptor-mcdiatcd catabolism of 

VLDL remnants results in cholesterol levels far above the normal \cvel (Fig. le). 

Hypercholesterolemia resuIts in increased transport of cholesterol-ri ch blood 

components across the endothelium into the intima and subintimal spaces of the blood 

vessel wall, a necessary event for subsequent cholesterol deposltion in this tissue. 

Interaction of LDL with its endothelial cell receptors do not enhance transendothelial 

transport of LDL across normal endothelillm [18,19]. Thcrcfore LDL must bc 

transported across the endothelium by a low-afJïnity uptake process [20] or via a passive 

process which is the result of increased endothelial permeability [21,22]. 
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1. '.2.2. Response to endothelial in jury 

Endothelial cells play a central role in the physiologie homeostasis of the blood 

vessel wall via their ability to function as a thrombo-resistant surface, a macromolecular 

barrier, and an active metabolic unit. 

Development of atherosc1erosis was observed in animais from which the endothelium 

was removed from the aorta by a balloon catheter [23]. This manipulation resulted in an 

intimai lesion characterized by smooth muscle ceU proliferation, connective tissue 

formation and lipid deposition. Later, it was discovered that the smooth muscle eeU 

proli feration in this model was caused by platelet-derived growth factor (PDGF) released 

from platelets adhering to the deendothelialized surface of the aorta [24]. The increased 

Iipid deposition was the result of an increased entry of plasma cnmponents into the 

intima-media following endothelial denudation [25]. However, recent evidence indicates 

that endotheHal denudation is extremely rare in both animal models of atherosclerosis 

[26,27] as weil as in human [28]. Only in advanced atherosc1erotic plaques have regions 

of vessel walllacking intact endothelium been identified morphologically [29]. Moreover, 

platelet aggregation does not increase under conditions where endothelial cell death is 

drastically increased .,ince the repaiT mecha.'1isms for maintenance of endothelial 

conti nuit y do not allow the exposure of the sub-endothelium even under pathological 

conditions [30]. 

However, the possibility of morphological changes and/or dysfunction of the 

endothelium in atherogenesis has been raised. The endothelium is a single layer of 

endothelial cells. Dysfunction or loss of one or more ceUs will result in increased 

permeability of the endothelium, allowing increased entry of cholesterol-rieh lipoproteins 

into the arterial wall [31]. Lipoproteins can become anchored to the subendothelial matrix 

of the arterial tissue, and are then a better source of cholesterol to foam cells [32]. An 

in vivo study also showed that LDL bound to the arterial proteoglycans is more 

susceptible to oxidative modification and uptake by macrophages [33] (see Section 

1.1.2.3. and Section 1.:'.6.4 for more detail). Hemodynamic [34-38], biochemical [39], 

immunological [40] and other factors known to be atherogenic can injure endothelial 

cells, causing increased endothelial cell turnover in specifie regions of the artery [27,28]. 
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The regenerated endothelium shows changes in gap and tight junction morphology 

associated with increased permeability [41]. The regenerated endothelium also leads to 

increased interaction of monocytes with endothelial ceUs [42], which is due to the rclease 

of chemotactic factors [43-45] and expression of binding sites for monocytes [42]. 

The heart of the "response to injury" hypothesis is that the lesions of atherosclero'iis 

are initiated as a response to sorne form of injury to the arterial endothelium. The injury 

leads to a series of interactions between blood components and the arterial wall that result 

in the formation of atherosclerotic plaques. Among the blood components, Iipoprotcins 

are the most obvious since they are the carriers of lipids. However, the deposition of 

lipids in arteries is usually associated with monocytes/macrophages which are frequently 

seen in the carly stages of atherosclerosis. 

7. 7.2.3. Role of monocytes/macrophages 

One of the early cellular responses in hypcrcholesterolemia is the attachment of 

clusters of leukocytes, principally monocytes, throughout the arterial tree. The potcntial 

importance of phagocytic ceUs in atherosclerosis was originally suggestcd by Leary [46) 

who suggested that "atherosclerosis in man and in the experimental rabbit is due to the 

presence of excess cholesterol esters within phagocytic cells, which first appcar in the 

intima of the arterial wall ". The appearance of monocytes on the surface of the 

endothelial surface of the arteries is the result of both monocyte activation [47] and 

endothelial injury [48,49] due to the hyperchoJesteroJemia. Hypercholesterolcmic 

monocytes are more adhesive [50], more responsive to chemotactic stimuli, alld are more 

capable of penetrating areas of altered endothelium [47]. Once they have migrated into 

the arterial intima, they undergo activation and differentiation, and assume the structural 

and functional characteristics of macrophages [51]. 

Macrophages dominate the lipid-enriched core of the plaque. They have receptors 

for lipoproteins not usually found in substantial amount in the arterial tissues. These 

receptors include the VLDL receptor and the scavenger receptor for modified LDL (Fig. 

3). VLDL, particularly B-VLDL, is often elevated in animaIs with a high cholesterol 

diet, whereas modified LDL is the result of increased oxidative stress. In both cases, 
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Fig. 3. Scheme showing role of macrophage in atherogenesis. Having entered the arterial 

wall, monocytes are transformed into macrophages which possess two distinct receptors for 

lipoproteins. One is the 6-VLDL receplor which takes up 8-VLDL or remnants of chylomicrons 

and VLDL; another is the scavenger receptor which binds LDL modified chemically or by cells 

such as platelets, endothelial cells, monocytes/macrophages or smooth muscle ceUs. After taking 

up excessive cholesterol, macrophages become macrophage-derived foam cells. Macrophages also 

damage ceUs by generating free radicals, activate platelets by releasing TXA2, and stimulate 

smooth muscle cell proliferation by releasing growth factors. 
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macrophages serve as scavengers to take up excess lipids, preventing them accurnulatcd 

in the interstitial spaces. Unlike LDL receptors, neither scavengcr rcceptors nor VLDL 

receptors are regulated by intracellular cholesterol levels. In other words, macrophages 

will take up the above "unusual" lipoproteins in an unregulatcd manner. 

Of the two type of receptors, the scavenger receptor is the one that is more 

interesting to researchers because of its role in atherogenesis in diffcrenl species and in 

various situations. Scavenger receptors were discovercd in the 1970's whcn rcsc<t:-chcrs 

tried to learn why incubation of macrophages with high concentratIons of LOL did not 

result in foam ceU formation in vitro and how cholesterol from LDL accumulates in 

macrophages in atherosclerotic plaques of patients with familIal hypcrcholesterolemia 

[52]. They found that monocytes/macrophages took up large amount of LDL, which had 

been modified chemically by acetylated reagents, via a specifie rcecptor. This is the 

scavenger receptor. Besides taking up acctylatcd LOL, scavcngcr rcccptors also rccognizc 

LDL modified by transition metal ions and various type of cells IIlcluding endothcltal 

ceUs [45,53,54], arterial smooth muscle cells [54-56], monocytes [57-59] and activated 

platelets [60]. The underlining mechanism is the modification of lysine residues of the 

apolipoprotein B-lOO by LDL lipid peroxidation products (also sce Section 1.3.6.4). 

Oxidative or maleylated bovine serum albumin, polyvinyi sulphate and polyinosinc also 

bind to these receptors [16,61]. 

Scavenger receptors were first partialiy purified from murine tumours obtaincd by 

injecting the murine macrophage cell line P388D1 into DBA/2 micc [62]. Purification 

of a triton-solubilized 250 kDa protein from rat liver that bouml both malondialdchydc­

modified LOL and maleic anhydride-modified bovine serum albumin on ligand blots was 

also reported [63]. In 1988, two groups reportcd considerable progrcss in the isolation 

and partial characterization of the scavenger receptors for acctyl LOL [64,65]. One group 

purified a 260 Kda protein to homogeneity using rabbit carrageenin-induccd granulomas 

as an "bundant source of macrophage receptor protein. This protcm consistcd of subunits 

between 60 and 70 Kda [64]. Another group obtaincd a similar receptor from bovine 

liver membranes. This receptor, a 220 kDa protein, appeared to be a trimer of 77-kDa 

subunits that contained asparagine linked carbohydrate chains [65]. The lbove finding 
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laid the foundation for the successful cloning of cDNA for two distinct macrophage 

scavenger receptors [66,67]. Both macrophage scavenger receptors, type l and type II, 

appear to be trimmers, consisting of highly glycosylated monomers of 453 amino acids 

(type 1 reccptor) [66] or 349 amino acids (type II receptor) [67]. The receptors have one 

membrane-spanning region and have their N-terminal 50 amino acids in the cytoplasm 

and their C terminus outside the cell. When COS M6 cells were transfected with a 

scavenger receptor expression vector (plasmid pXSR7), the receptors found in this cell 

line had the same specificity as the macrophage scavenger receptor for acetylated LDL, 

maleylated bovine serum albumin and polyinosine. However, low density lipoprotein 

modified by Iipid peroxidation products was not studied in these experiments. Therefore 

it is unclear if these two receptors account for ail of the lipoprotein-scavenger activity 

of macrophages. Cross-competition experiments suggested macrophages expressed several 

scavenger receptors, at least one (probably sorne) of them recognizing only oxidatively 

modified but not acetylated LDL [68,69]. 

Besides taking up modified LDL via scavenger receptors, macrophages also 

accelerate atherogenesis by generating oxygen free radicals [70], synthesizing biologically 

active lipid derivatives such as thromboxane A2 (TXA~ [71] and releasing growth factors 

[72,731. Oxygen free radicals such as superoxide, hydrogen peroxide, hydroxyl radical 

and singlet oxygen can promote membrane lipid peroxidation, leading to further cell 

damage. Oxygen free radicals also modify lipoproteins in the subendothelial spaces, 

increasing the availability of ligands for macrophage scavenger receptors. The release of 

biological1y active lipid derivatives such as TXAz and platelet-activating factors (PAF) 

can promote piatelet activation on the surface of atherosc1erotic Iesions. Growth factors 

are responsible for the proliferation of intimaI smooth muscle cells and the formation of 

smooth muscle cell-derived foam cells within atherosclerotic lesions. 

1.2. PROSTANOIDS 

Prostanoids are a group of compounds derive.d from twenty-carbon polyunsaturated 

fattyacids, notably arachidonic acid, via prostaglandin endoperoxide synthase (also called 

cyclooxygenase) pathway. They are distributed in almost every organ in the body, and 
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are biologically active. However, they act only near their sites of synthesis since they are 

rapidly metabolized to biologically inactive compounds. Thus they generally have very 

short half-life in biological system and their plasma concentrations are very low. 

Prostanoids act on a variety of cells and tissues and have different biological effccts, 

which are principally meJiated via the adenylate cyclase and phosphoinositide pathways. 

Prostacyclin (POI2) and TXA2 are two of the most important compounds in the prostanoid 

family in terms of atherogenesis. 

1.2. ,. Biosynthesis of Prostanoids 

Upon stimulation. arachidonic acid is released from membrane-bound phospholipids 

by the action of phospholipase A2 on phosphatidylcholine [74,75] or phospholipasc C plus 

diacylglyceride lipase on phosphatidylinositol [76,77]. The released arachidonic acid is 

then metabolized by prostaglandin endoperoxide synthase to a 15-hydroperoxy-9.11-

endoperoxide (PGG2) (Fig. 4). The peroxidase activity of the same enzyme rcduces PGGl 

to its 15-hydroxy analogue (PGH2) [78]. PGH2 has different fates in diffcrent tissues 

depending on the presence of various POH2-metabolizing enzymes. In large blood 

vessels, PGH2 is metabolized to PGI2 by prostacyclin synthase, whereas in platelets, il 

is metabolized to TXA2 by thromboxane synthase. Both PGI2 and TXA2 are unstable and 

readily hydrolysed to 6-oxoPGF)o and TXB2, respectively. 6-oxoPGF)<> and TXB2 are 

further metabolized in vivo to a variety of compounds that are excreted into the urine, 

the most abundant of these being 2,3-dinor-6-oxoPGF)a [79] and 2,3-dinor-TXB2 [80), 

respectively. 

Prostaglandin endoperoxide synthase-catalysed fatty acid oxidation occurs slowly 

initially and later accelerates due to the requirement for hydroperoxides for enzyme 

activity [81-83]. Exogenous hydroperoxides eliminate the kinetic lag phase at 

concentrations of 10-7 to 10-8 M. When the availability of hydroperoxide activators was 

decreased by adding glutathione plus glutathione peroxidase, prostaglandin endoperoxide 

synthase activity was suppressed [84,85]. However, high concentrations of 

hydroperoxides, either formed during prostaglandin endoperoxide synthase-catalysed 

reactions or added as exogenous substances, inactivate the enzyme. Prostaglandin 
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Fig. 4. Scheme showing urachidonic acid metubolism via the prostuglandin endoperoxide 

synlhuse puthwHy in plate!ets and blood vessels. Catalysed by phospholipase A2 (PLA:J or by 

phospholipase C and dtacylglyceride lipase (not shown), arachidonic acid (AA) is released from 

111l'I11hlane phospholipids (PL) and then oxidized ta prostaglandin endoperoxide (PGH:z) by 

pl'O~taglandin cndoperoxide synthase (PES). PGH2 is metabalized to thromboxane Al (TXA:J in 

platdl)ts or 10 prostacyclin (PGI2) in vascular endothelial cel1s. Alternatively, PGH2 is also 

m~tabolizcd to plOstaglandin E2 (PGE:J by prostaglandin Ez synthase (E2S). Wh en adhering to 

hlolld vcssels, platdet PGH2 is abo transferred to bload vessels for PGl2 formation. TXAz and 

POl:! aI e quickl y cataholized nonenzymatically to TXBz and 6-oxoPGFI<>' respectively, which are 

fulther metaholized to their dinor derivatives and eventually excreted into the urine. Other 

abbreviations are: TXS: thromboxane A2 synthase; POIS: prostacyclin synthase. 
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endoperoxide synthase-catalysed oxygen consumption declines to zero before complete 

consumption ofthe fatty acid substrate, and a second burst of oxygen consumption occurs 

upon addition offresh enzyme [81]. Such self-inactivation ofprostaglandin endopcroxide 

syn\.hase appears to occur in intact cells as weIl as with purified enzyme preparations 

[86-88] and can be inhibited by the reversible prostaglandin endoperoxide synthase 

inhibitor ibuprofen [89]. Recently it has been speculated that the mechanism is due to the 

covaient binding of decomposition products of prostaglandin endopcroxides to the enzyme 

[90]. 

Besides being inhibited by its oxidation products, prostaglandin endopcroxide 

synthase can also be inhibited by nonsteroidal anti-inflammatory agents [91] and certain 

acetylenic fatty acids such as 5,8,11, 14-eicosatetraynoic acid (ETY A). Prostanoid 

biosynthesis is also modulated by dietary fatty acids. Linoleic acid (18:2) inhibits 

arachidonic acid uptake by cells and therefore its o:~idation to prostanoids [92]. 

Eicosapentaenoic acid (20:5) [93] and docosahexaenoic acid (22:6) [94], poor substrates 

for prostaglandin endoperoxide synthase, serve as competitive inhibitors of arachidonic 

acid oxygenation. 

1.2.2. Prostacyclin and Atherosclerosis 

Since the discovery of PGIz in 1977's, its relation to atherosclerosis has becn 

postulated. PGI2 is a potent vasodilator and a systemic vasodepressor. ft inhibits platelct 

aggregation, decreases membrane permeability, inhibits release of growth factors from 

a variety of cells and accumulation of lipids in smooth muscle cells from blood vcsscls. 

On the other hand, PGI2 production in blood vessels is modulated by factors related to 

atherogenesis such as increased hemodynamic stress, endothelial in jury , groWlh factors 

and hypercholesterolemia. 

1.2.2.1. Role of prostacyclin related to atherogenesis 

(a) Regulation of cholesterol metabolism in blood vessel cells 

PGI2 regulates cholesterol metabolism in blood vessel cells by various mechanisms. 
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ft modulates the number of LOL receptors on the cell surface [95], controlling the entry 

of LDL cholesterol into the blood vessels; it increases both acid [96] and neutral [97] 

cholesteryl ester hydrolase activity without affecting acyl CoA:cholesterol acyltransferase 

(AC AT) activity. The overall effect is thercfore to enhance the efflux of cholesterol from 

cells (96] and decrcase the intraccllular levcls of free cholesterol and cholesteryl esters. 

The Încrcased hydrolysis of cholestcryl esters resuIts in increased intracellular cholesterol 

levels, which prevents further cholesterol intake by suppressing LDL receptor synthesis 

and endogenous cholesterol production by inhibiting HMG CoA reductase. Excess 

amounts of free cholesterol are removed From the ceUs along a cholesterol gradient 

providing that the plasma components for accepting and metabolizing cholesterol, such 

as high density lipoprotein (HDL) and leclthin:cholesterol acyltransferase (LCAT), are 

in adequate supply [98]. The role of HDL in reducing intracellular cholesterol 

accumulation is augmented by its effeet on stimulating PGIl production [99,100], 

mobilizing cellular arachidonic acid [101] and PGI2 stabilization [102]. In addition to ils 

effeet on cholesterol, PGI2 may also affect triglyceride metabolism since a stable 

analogue of PGI2 , carbocyc1in, was found to decrease the triglyceride content of smooth 

muscle ceUs from fatty streaks of human aorta [103]. 

(b) Inhibition of plate let aggregation 

PGI2 is a potent endogenous inhibitor of platelet aggregation [104,105]. Intravenous 

infusion or local application of PGI2 inhibits intravascular platelet aggregation in a model 

of coronary arterial thrombosis in dogs [106]. It also leads to platelet disaggregation in 

plasma or on collagen strips isolated from the achilles tendon of a rabbit [107]. The 

inhibition of platelet aggregation by PGI2 is due to activation of the adenylate cyclase 

system, leading to a substantial increase in platelet intracellular cAMP levels [l08, 109] 

and a reduction in platelet cytoplasmic calcium levels due to uptake by the dense tubular 

system [110]. The final effect is the retardation of platelet shape change, aggregation and 

release. Interestingly, PGI2 inhibits platelet aggregation (platelet-platelet interaction) at 

much lower concentrations than those needed to inhibit adhesion (platelet-collagen 

interaction) [Ill]. Direct contact between platelets and blood vessels provides a path for 

translocation of platelet PGH2 to blood vessels for PGI2 synthesis (see Section 1.2.3.2. 
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for more detail) which in tum Iimits thrombus formation and release of platelct granular 

contents, including platelet-denved growth factor (PDGF). 

(cl Inhibition of growth factor release 

PGI2 has been reported to inhibit the release of growth factors from platclets 

[112,113], endothelial cells [112] and macrophages [112]. The effect is long-lasting 

despite of the short half-life of POI2• In addition, PGl2 directly inhibits smooth muscle 

ceU proliferation [114-117], probably by inhibiting DNA synthcsis [118,119]. This in 

tum may be a direct nuclear event due to the location of PGI2 synthase in the nuclc.1r 

membrane [101]. By inhibiting smooth muscle cell proliferation and accumulatIOn of 

lipids in these cells, POI2 has beneficial effects in preventing the formation of smooth 

muscle cell-derived foam cells [120]. On the other hand, there was a report showing a 

stimulatory effect of PGl2 on smooth muscle cell pmiiferation in both statlC and 

superfusion cclI cultures [112]. 

Because of its effects on endothelial cells, platelet activation, hpld mclabohsm and 

smooth muscle cell proliferation, sustained POI2 production by the vascular endothclium, 

its major site of synthesis, may be an important factor in preventing the onset of 

atherosclerosis. 

1.2.2.2. Modulation of prostacyclin production by factors fesponsible for 

atherogenesis 

(al Shear stress a..ru:L.Qrostacyclin production 

Atherosclerotic plaques have a tendency to occur in areas where shcar stress is 

elevated [121]. In rabbits fed a cholesterol-supplemented diet for 4 months, 

atherosclerotic plaques were more extensive in the aortic arch and in the section of aorta 

near the diaphragm than in thoracic and abdomînal aorta [122]. The aortic arch and the 

aorta near the diaphragm are subjected to higher shear stress than the rest of the aorta 

due to the change in the direction of blood flow and the narrowing of the aorta, 

respectively. Interestingly, POI2 synthesis, measured by its inhibitory activity on 

aggregated platelets, was higher in both of the ab ove regions than in the rest of the aorta 

[122]. ln vitro, 6-oxoPGF 1" production by cultured endothelial cells is also stimulated by 
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shear stress [123]. The mechanism may be due to the activation of the phosphoinositide 

system, which rcleascs inositol triphosphate, by high shear stress [51]. Phosphoinositides 

have becn found to stimulate PGI2 release from cultured endothelial cells [124]. Increased 

shear stress also incrcases the number of LDL receptors on endothelial ceUs and enhances 

receptor-mediatcd LDL endocytosis [51], which in tum delivers more arachidonic acid 

for prostaglandin synthesis [125]. 

(b) Endothelial in jury and prostacyclin production 

According to the original response-to-injury model, in jury of the vascular 

endothelium resulted in platelet adhesion, aggregation, and release of platelet-derived 

growth factor. This in jury and the subsequent biological changes were responsible for the 

initiation of atheroscIerosis. It lias been demonstrated, at least in vitro, that damage to 

the endothelium by radiation [126,127] and antibodies to endothelial ceUs [128] is 

accompanied by a transient increase in PGI2 synthesis. This may explain the elevated 

release of PGI2 observed during vascular manipulation, cannulation and exposure to 

hypotonie solutions. It would appear that mild and continuous damage to vascular 

endothelium leads to increascd release of PGI2, which plays an important role in 

protecting the endothelium. 

(c) Growth factors and prostacyclin production 

Besides stimulating cell growth, various growth factors including epidermal growth 

factor (EGF), platelet denved groWlh factor (PDGF), and transforming growth factors 

also stimulate PŒz synthesis [129·134]. In subjects receiving aspirin treatment, growth 

factors accelerate the recovery of PGI2 synthesis by increasing the amount of 

prostaglandin endoperoxide synthase induced by an increase in mRNA level [135-137]. 

(d) Hypercholesterolemia and prostacyclin production 

Hypercholesterolemia, which is one of the major risk factors for atherosclerosis, 

affects P0I2 synthesis. It has been reported to prevent the recovery of PGI2 production 

after deendothelialization of rabbit aorta [138]. Sera from hypercholesterolemic human 

subjects [139] or rabbits [140] inhibit PGI2 production by endothelial ecUs in vitro in a 

dose- and time-dependent manner [140]. The reduced PGI2 production by blood vessels 

could be due to (1) direct inhibition of phospholipase A2 by cholesterol; (2) competitive 
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inhibition by linoleic acid of prostaglandin endoperoxide synthase: and (3) rcduccd 

amounts of prostaglandin endoperoxide synthase [141,142] and POil synthase [142] 

proleins. 

1.2.2.3. Prostacyclin production in atherosclerosis 

There is considerable controversy in the literature about the production of POI2 by 

atherosclerotic blood vessels with several reports indicating considerably diminishcd 

production and others reporting unchanged or even enhanced production. The conclusions 

were based on studies of either cens from atherosc1erotlc lesions, or blood vcsscls 

isolated from atheroscIerotic patients or animaIs, or urinary metabolites of prostacyclin. 

In an experiment by Oryglewski and coworkers [143], rabbits were fed with 1 g of 

cholesterol and 3 g of olive oil daily for l, 3 and 5 months. POI2 synthcsis by sIices of 

aorta From endogenous substrate, measured by bioassay of incubates on a strip of bovine 

coronary artery or platelet-rich plasma, wcre strollgly suppressed aftcr 1 and 3 months 

of the cholesterol diet. There was a tendency for POI2 synthcsls to rccover after 5 

months. On the other hand, Beetens et al found that PGI2 released (mcasurcd as 6-

oxoPGF'a by radioimmunoassay) From the luminal surface of aorta from cholcstcrol-fcd 

rabbits was higher after 2 weeks on a cholesterol diet and the sallie as controls after 4 

weeks. PGI2 production subsequently declined continuously up to 10 weeks [144]. Unhke 

the luminal surface of aorta, these authors found no difference between atherosclerotic 

and control rabbits in POI2 release from slices of aorta [144]. 

Studies of different morphological types of human atherosclerotic leslons ranging 

from fatty streak to fibrous plaque demonstrated significantly decreased PGI2 formation 

by aIl types of lesions [145,146]. The mhibition of PGI2 synthesis in atherosclerosis is 

fUJther supported by the finding that smooth muscle cells from atherosclerotic rabbit 

aorta produces less PGI2 than healthy smooth muscle cells [147]. 

In contrast to the above studies, there are also a number of reports suggesting that 

PGI2 synthesis is higher, rather than lower, in atherosc1erosis. In a rabbit model which 

the aortic endothelium had been stripped by balloon catheter followed by 3 months on 

a cholesterol diet, both endogeaous and arachidonate-induced PGI2 biosyntheses in aortic 
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segments from atherosclerotic rabbits were increased compared to control rabbits [148]. 

When pieces of tissues were punched out of the aorta and incubated in small volumes of 

phosphate buffer, PGI2 synthesis, measured by its antiaggregatory effect on platelets, was 

significantJy highcr in atherosclcrotic regions than that in non-lesion regions in the same 

aorta [122]. The increase was also observed in homogenates of cholesterol-induced 

atherosclerotic aorta ofrabbits [149]. Increased prostacyclin production in atherosclerosis 

in humans was supported by the increased excretion of its major urinary metabolite, 2,3-

dinor-6-oxoPGF1(X, by atherosclerotic patients [150]. 

1.2.3. Thromboxanes and Atheroscleros;s 

TXA7, another member of the prostanoid family, has actions which oppose those of 

PGI2 on many system including platelets and vasculature. These effects are 

physiologically useful in stopping acute haemorrhage. Pathologically, however, TXA2 is 

regarded as a proatherosclerotic compound. 

1.2.3.1. Physiologieal effeets of thromboxane A 2 

TXA2 and its pro-aggregatory effect on platelets '.Nere first reported by 

researchers in Karolinska Institute in mid 1970's [151,152] wh en they tried to 

identify a compound which had a st ronger but shorter contractile activity on the rabbit 

aorta than the prostaglandin endoperoxides released from aggregated platelets or guinea­

pig lungs by arachidonic acid rI53]. Subsequent studies showed that TXA2 mediates 

platelet aggregation and release stimulated by low concentrations of such endogenous 

agents as collagen [154]. This is relevant to atherogenesis since injury to the vascular 

endothelium leads to the exposure of subendothelial matrices and platelet adhesion to 

them. Upon contact with collagen, one of the components of the subendothelial matrix, 

platelets are activated and undergo shape change, aggregation and release of granule 

contents including platelet-derived growth factor, which stimulates smooth muscle œIl 

proliferation [155-157] as discussed above (Section 1.1.2.2. on P. 9). However, the role 

of platelet-generated TXA2 in initiating atherosc1erosis is questioned due to the lack of 

endothelial denudation in early stages of this disease. It therefore appears more plausible 
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that platelet-generated TXA2 is an important factor responsible for the onset of 

complications of atherosclerosis [158,159] rather than atherogenesis. 

TXA2 con stricts various blood vessels incIuding aorta, and coronary and Illesentcric 

arterles via a decrease of intracellular cAMP [160]. Even though this effect does not 

contribute to atherogenesis, it certainly causes such complications of atherosclerosis as 

angina [161-163]. Direct evidence is the releasf' 'lf TXA2 into coronary sinus observed 

in patients with recent episodes of angina [164]. 

1.2.3.2. Balance of ProstacyclinlThromboxane A 2 

An interesting aspect of PGH, metabolism is that the prostaglandin endoperoxide 

produced by one cell type can be used by another to produce prostaglandins. An example 

of this is the translocation of PGH2 from platelets to blood vcssels [165-168]. However, 

translocation in the opposite direction was not observed [167]. The translocation of PGH2 

from platelets to endothelial cells is accentuated by thromboxane synlhase inhibitors [87]. 

This unidirectional translocation is particularly important in the case of endothelial 

damage to the arterles which promotes adherence of plate1ets to the damaged surface. 

PGH2 released from activated platelets on the surface of the injured arteries can thus be 

utilized by undamaged endothelial cells and smooth muscle cells of the blood vessel to 

generate prostacyclin [169], which prevents excessive activation of platelets and thrombus 

formation. 

Inhibition of TXA2 synthesis by platelets can be achieved by inhibiting prostaglandin 

endoperoxide synthase by non-steroidal anti-inflammatory agents. However, this could 

aIso inhibit the production of PGI2 by blood vessels. Use of thromboxane synthase 

inhibitors can overcome this problem due to aspirin by redirecting PGH2 from platelets 

to endothelial ceUs of the blood vessel where it is converted to PGI2 [170]. The balance 

of PGI2/TXA2 can also be shifted to favour PGI2 synthesis by irreversible inhibitors of 

prostaglandin endoperoxide synthase. Platelets do not have nucIei and therefore can not 

synthesize new prostaglandin endoperoxide synthase once it has becn irreversibly 

inhibited. On the other lland, prostaglandin endoperoxide synthase in blood vessels can 

be regenerated as soon as inhibitors are removed [171]. The balance of biologically 
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active PGI2 and TXA2 is aIso affected by the consumption of fish oil, which contains w-3 

polyunsaturated fatty acids. The Eskimo population of Greenland have mildly prolonged 

bleeding times, reduced reactivity to aggregating agents and, notably, a low incidence 

of ischemic heart disease [172]. TXA3 from w-3 polyunsaturated fatty acids appears to 

have little pro-aggregatory activity [173-175] whereas PGI3 maintain antiaggregatory 

effeet as PGI2 [173-175]. Thus the balance is shifted in favour of antiaggregatory 

proslacyclin [175,176]. As a result of fish oil consumption, endogenous production of 

PGI1 (measured as urinary Â J7-2,3-dinor-6-oxoPG.FJJ is higher in Greenland Eskimos 

than in age matched Danish con trois [176]. Surprisingly, PGI2 production (measured as 

urinary 2,3-dinor-6-oxoPGFJJ is also higher, whereas TXA2 is lower, in Eskimos. 

Similar resuIts were also observed in healthy volunteers taking fish oils [177]. 

1.2.3.3. Thromboxane production in atherosclerosis 

Unlike PGI2, TXA2 production was uniformly found to be higher in aorta of 

atherosclerotic rabbits [143,148,178-180]. It seems that the increase is associated with 

hypercholesterolemia in atherosclerosis [181]. ln vitro, 'cholesterol-enriched' platelets 

released more labelled arachidonic acid and more TXB2 than control platelets [182]. 

Atherosc1erosis and ils nsk factors, such as smoking [183], diabetes [184-186], and 

hyperlipoproteinemia [187-189], are all associated with decreased platelet sensitivity to 

antiaggrcgatory prostaglandins. Furthermore, inhibitors of TXA2 synthesis were found 

to suppress atherosc1erotic lesions in hypercholesterolemic rabbits [190,191]. 

1.3. LIPID PEROXIDATION 

Lipid peroxidation has been loosely defined as the "oxidative deterioration of 

polyunsaturated lipids (PUFA)" [192]. Lipid peroxidation may play an important role in 

many diseases, including atherosclerosis, tissue damage due to reperfusion of oxygen 

after ischemia, and cancer. A better understanding of the role of lipid peroxidation in 

these diseases may result in a better treatment. 
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1.3.1. Machanism of Lipid Peroxidation 

Lipid peroxidation is a chain reaction consisting of three events: initiation, 

propagation and termination. 

Initiation of the peroxidation of polyunsaturated fatty acids (LH) is causcd by the 

attack of any species (X·) that has sufficient reactivity to abstract a hydrogcll atoln from 

a bis-allylic methylene group to form a alkyl radical (L', Fig. 5, stcp [1]). The presence 

of a double bond in the fatty acid weakells the C-H bonds on the adjacent carbon atom 

and so makes hydrogen atom removal easier. The alkyl radical tends to be stabilized by 

a moiecular rearrangement to produce a conjugared diene. which then reacts with an 

oxygen molecule to give a peroxyl radical (LOO', Fig. 5, step [2]). The peroxyl radical 

is then converted to a lipid hydroperoxide (LOOH) by abstracting a hydrogen atom from 

another molecule of unsaturated fattyacid (Fig. 5, step [3]), leadillg to propagatiol/ of 

the lipid peroxidation process. 

The position of oxygen insertion depends on the position of hydrogcn-abstraction. 

Bach 1 ,4-cis,cis-pentadiene unit will give rise to two hydroperoxy isomers. For examplc, 

two isomers (9- and 13-hydroperoxy derivatives) are formed from linolcic acid (Fig. 61\) 

and six isomers (5-, 8-,9-, 11-, 12- and 15-hydroperoxy derivatives) are generatcd from 

arachidonic acid (Fig. 68). Two isomers of each of the hydroperoxy falty acids are 

formed, one of which has a CÎs-(rans conjugated diene chromophore, and the other a 

trans-trans conjugated diene chromophore. 

In the case of monounsaturated fatty acids, L· is a radical formed as a result of 

abstraction of an allylic hydrogen. Oxygenation can occur at either end of the allylic 

radical. Therefore four positional isomers, 8-, 9-, 10- and ll-hydropcroxides, will be 

formed from oleic acid (Fig. 7). 

Tennination of lipid peroxidation can be achieved by combination of radicals: 

(1) L· + LOO' LOOL 

(2) 2 LOO' LOOL + O2 

(3) 2 L' L-L. 

In sorne areas of the membrane where PUFA molecules are not adjacent to vitamin 

E molecules (The role of vitamin E will be further discussed in Section 1.4.1.), forming 
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di mers with neighbouring free radicals (reaction 2 and 3) could be the best way to 

prevent propagation of lipid peroxidation and therefore keep the damage to a minimum 

[193]. 

7.3.2. Lipid Peroxidation in Biological System 

Formation of hydroperoxy metabolites of polyunsaturated fatty acids in vivo is more 

complicated than in vitro since lipid peroxidation can be initiated by autoxidation as 

discussed above or by enzymatic catalysis, either directly or indirectly. 

7.3.2.7. Superoxide, hydloxyl radical and lipid peroxidation 

ln vivo lipid peroxidation can be initiated by the passage of etectrons from substrates 

of certain enzymes to a system containing ~ and iron (Fig. 8) [194,195]. One of these 

enzymes involves the NADPH-cytochrome P-450 reductase system which reduces ADP­

Fe3+ to ADP-Fe2+ (step [1]); another is xanthine oxidase (step [2]) [196,197]. The 

resulting electrons are transformed directly to oxygen, reducing it to superoxide, 0: (step 

[3]) [198]. 0: itself is insufficiently reactive to abstract a hydrogen atom from membrane 

lipids and it is not expected to enter the interior of the membrane because of ils charged 

nature [199]. However 0: can be metabolized to hydrogen peroxide H20 2 and ground 

state oxygen by superoxide dismutase (step [4]) [197,198]. In the presence of ferrous 

irons, hydroxyl radical (OH') will be formed by homolysis of H20 2 (Haber-Weiss 

reactionj step [5]) [200]. Altematively, OH' can also be formed by the combination orO: 

and H20 2 [201]: 

OH' is a very strong oxidant, abstracting hydrogen atoms from membrane lîpids to give 

alkyl radicals and water (step [6]) [200]. 

7.3.2.2. Lipoxygenases and lipid peroxidation 

Lipid hydroperoxides can also be formed by enzymatic oxidation of polyunsaturated 

fatty acids by lipoxygenases (Fig. 9). Lipoxygenases catalyse dioxygenation of 

polyunsaturated fatty acids containing a least one 1 ,4-cis ,cis-pentadiene to yield a 
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LOOH 

Fig. 9. Scheme showing the role of Iipoxygcnuscs (LOX) on lipid pcroxidation. Aft~r fürming 

an enzyme-substrate complex, LOX catalyses stereo specifie dioxygenation of polyunsaturatcd fatt y 

acids (LH) to yield conjugated hydroperoxy metaholites (Steps Il) and 12 D. The enzyme can he 

recycled after releasing the final products (Step (3D. Under anaerohic condition, alkyl radical 

(L.) is dissociated from the enzyme (Step 14}) and the dioxygenation of this fatty acid radicals 

results in a racemic mixture of hydroperoxy fatty acids (Step [5)). The enzyme, in the Ft? 1 lürm 

rather than the original Fe3
+ form, then catalyses a reaction calloo lipohydropcroxidation in which 

the initial-formed the hydroperoxy fatty acid~ arc cunverted to the corresponding alkoxyl radical 

(Lü·, Step [6)). Lü· is then dissociated from the enzyme, which is then frec 10 hind another 

polyunsaturated fatty acid molecule (Step [7]) . 
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conjugated I-hydroperoxy-2,4-rrans,cis-pentadiene product. The initial step in 

lipoxygenase catalysis is the regiospecific and stereospecific removal of a hydrogen atom 

from the sllbstrate (step [1]), followed by rearrangement of double bond and the insertion 

of 1110lccular oxygen (step [2]). A hydroperoxy fatty acids IS formed by attracting the 

hydrogen Ion relea~ed during the initial hydrogen abstraction step (step [3]). 

Variolls lipoxygcnascs differ in three substantial features: (1) the site of hydrogen 

abstraction; (2) the direction of the double bond shift in the primary .-adical leading to 

the l-hydroperoxy-2,4-rJ'(fns,us-pentadiene system and (3) the stereospeclficity of both 

hydrogen abstraction and dioxygen insertion. FGr example, platelet lipoxygenase abstracts 

a pro S (L) hydrogen atom from the C-lO position of the arachidonic acid with 

subsequent antarafacial insertion of molecular oxygen in the C-12 position, generating 

12(S)-hydroperoxy-5,8, 10, 14-eicosatetraenoic acid (l2-HPETE) [202,203]. On the other 

hand, both reticulocytr and polymorphonucJear leukocyte lipoxygenase abstract a pro S 

(L) hydrogen atol11 from the C-13 carbon of 20:4 ta yleld 15(S)-HPETE or from the 

Il-carbon of 18:2 to yield 13(S)-hydroperoxy 18:2 [204,205]. In both cases, however, 

the hydrogen is abstracted from the w-8 carbon. 

Most Iipoxygcnascs are not very active in directly oxidizing cellular phospholipids. 

However, S0111C lipoxygenascs, sllch as the 15-Iipoxygenases from soybean [206], hllman 

polymorphonuclear Icukocytes [204] and reticulocytes [205,20"/,208], catalyse not only 

the oxygenation of frcc polyunsaturated fatty acids but also the oxygenation of fatty acids 

cstcrilicd to phospholipids. In contrast, no oxygenation of esterified arachidonic acid was 

observed with either rat basophilie leukaemia cell 5-lipoxygenase or rabbit platelet 12-

lipoxygcnase [204]. 

Lipoxygenases also catalyse another reaction called lipohydroperoxidation under 

circumstanccs whcre the oxygen supply is limited (Fig. 9). In this case, an alkyl radical 

(L·) disassociates from the enzyme and may be ox ygenated non-enzymatically to form 

LOO· (stcp [5]). In sharp contrast to LOOH formed by the action of lipoxygenases, 

which i~ ~tcreospecitïc, the LOO· formed by lipohydroperoxidation is racemic and the 

reaction is readily inhibited by antioxidants, such as butylated hydroxytoillene (BHT). 

LInder the saille conditions of low oxygen concentrations, lipoxygenases in the ferrous 
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form catalyse the hOl1lolytic scission of the 0-0 bond of LOOH fonned in the prcviotls 

reaetion (step [6]). Either an alkoxyl radical (step PD or a keto fatty .del (stcp [8]) will 

be generated by lipohydroperoxygenation. Alkoxyl radicals will decompose to various 

products as discLlssed in the following sectIon. 

1.3.3. Catabolism of Lipid Hydroperoxides 

During the propagation of lipid peroxldation, decomposition of Iipid hydroperoxidcs 

becomes important. Lipid hydroperoxides are decomposed, cspccially in the presence of 

transition metal ions, to alkoxyl and peroxyl radicals: 

LOOH + MI1+1 • LOO· + H~ + Mil 

LOOH + Mil --_. LO· + OH' + M"tl. 

LOO· and LO· th en lIndergo reaetions sllch as intramolccular rcarrangcmcnt, 

intermolecular addition, oxidation-redllction, cyclization, fi-scission, ('(C., to gcncratc 

varieties of products, including polyl1ler~ (dlll1CrS, tri mers and oligomers), hydroxy fatty 

acids, epoxy fatty acicls, epoxy-hydroxy fatty aClds, kctoncs and aldehydcs (Fig. 10). 

Some of these metabolites have dctnmcntal cffccts 111 cellular fllnctlOJ1') (see Section 

1.3.5). 

Besides being decomposed to products as discusscd above, hydropcroxy falty acids 

are also reduced to hydroxy fatty acids by cytosolic peroxiclasc~ [209,2101, which are 

part of the body's defense system against lipid pcroxidation (more 111 Section 1.4.2.). 

1.3.4. Measurement of Lipid Peroxidltion in Biological Systems 

Peroxidation of fatty acids reslilts III many different prodllct~ ranglng l'rom high­

molecular weight polymers to volatile prodllcts. Detailcd analy'ilS of the CO/llplefe 

spectrum of lipid pl~roxidation prodllcts is not feasible. Howcvcr, comb mations of several 

methods is lIseful to study lipid peroxidation ln biological sy~tcl1ls [211,212 J bccamc 

different assays measure IIpid peroxidation products at differcnt ~lage\ ot the reactlon. 

Different assays also have different charactcristics and can nut be rcplaccd by the other'i, 

The methods most frcquently used in studies of lipid peroxidation are di'iclls~cd bclow. 
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Fig. 10. Scheme for the degradation of 12-hydroperoxyeicosatetraenoic acid in the presence 

of transition metal ions. During lipid peroxidation, 12-hydroperoxyeicosatetraenoic acid can be 

converted either to an alkoxyl radical (Step [1 D or to a peroxyl radical (Step [6]). Both these 

radicals can undergo radical combination to form dimers and other polymers (Step [5]). 6-

Scission of hydrogen from the alkoxyl radical formed by Step [1] results in the formation of the 

corresponding oxodiene and the reduction of the alkoxyl radical to a hydroxy product (Step [2]). 

Alkoxyl radicals tend to rearrange into epoxyallylic radicals and consequently form 

epoxyhydroperoxy metabolites (Step [3]). Alternatively, alkoxyl radicals undergo 6-scission, 

resulting in cleavage of a C-C bond adjacent to the alkoxyl group (Step [4]). By comparison, 

mtramolecular rearrangement of peroxyl eicosatetraenoic acid leads to the formation of a cyclic 

peroxide (Step [8]) which is further metabolized either to an epidioxy-hydroperoxy product (Step 

(9)) or to a dialkoxyl radical (Step [tO]). The latter radical then undergot'.s hydrolysis to form 

malondialdehyde (MDA) [Step II). Peroxyl radical combination followed by decomposition of 

tetraoxide (dimer of peroxyl radicals) through a cyclic intermediate (Russel mechanism) results 

in the formation of a molecule each of alcohol, ketone and singlet oxygen (Step [7]) . 
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(a) Measurement of oxygen uptake 

Initiation of lipid peroxidation is characterizcd by the abstraction of a hydrogcn alom 

From unsaturated fatty acids followed by in~ertion of molecular oxygen. Mcasurclllcnt of 

oxygen consumption using an oxygen electrode in the incubation chamber can give us the 

rate of oxidation of lipids. This method howevcr lacks spccificity and will ovcrestilllate 

the reaction rate since oxygen uptake can also be the result of oxidation of othcr 

biological substances such as cholesterol and amino acids rather than fatty acids [213J. 

It can also result From secondary dccomposition of lipld hydropcroxidcs. 

(bl Measurement of fattv acids content 

Lipid peroxidation leads to extensive con\'cr~lon of unsaturatcd fatty acids tn thcir 

oxygenated metabolites. Measuring the loss of faIt y aClds during lipid pcroxidation can 

therefore provide such information as ovcrall rcacl10n rate and the speclfic fatty aClds 

involved. Fatty acids with differcnt earbcl1 lcngths and double bond positions can be 

easily separated and quanti fied using gas chromatography. 

(c) Measurement of conjugated dienes 

Spectrophotometric detection around 235 n111 can be used to mcasurc conJugalcd 

dienes which are formed during lipid peroxldatiol1 products. The molccular extinction 

coefficient is around 30,500 [214]. This mcthod is wldcly uscd to quantify hydropcroxy 

as weIl as hydroxy lipids. However, the maximum absorption of a conjugatcd dicnc 

(around 235 nm) is in the region in which other componcnts of the rcaction mixture also 

show high end absorption. Sorne decomposition products of lipid hydropcroxldcs also 

possess the conjugated diene chromophorcs and therefore have the samc 

spectrophotometric properties as lipid hydropcroxldcs themselves. 1'0 avoid thcsc 

problems, spectrophotometric detection is mually couplcd with chrornatography, 

especially high performance liquid chromatography (HPLC) to measurc specifie 

compounds. 

(d) Measurement of oxygenated products by gas chromatography-mass 

spectrometry {GC-MSl or Iiguid chromatography-mass spectrometry 

(LC-MS) 

Even though HPLC coupled to a UV dctcctor providcs a VCi y useful too1 to scparate 
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and detcct oxygenated products, problems may be encounted in biological sampI es 

because of various interfering substances. as weIl as the presence of positional isomers 

of the oxygenated metabolites of polyunsaturated fattyacids. Coupling of the HPLC or 

Ge colurnn with a mass spectrometer provides a solution to this problem since the 

separation of various lipid peroxidation products by chromatography is followed by a 

highly selective mass spectrometric method. Each compound has characteristic fragment 

ions in mass spectrometry, especially when the functional groups ofthe lipid peroxidation 

products are properly derivatized and electron impact mass spectrometry is employed. 

This high selectivity gives mass spectrometry an advantage over other conventional 

methods. However, the operational cost and requirement for cumbersome preparation of 

samples limit the use of this method for fOutme analysis of lipid peroxidation products. 

(l'~ Measurement of malondialdehyde IMOA) 

MDA is one of the ho moly tic cleavage products formed from lipid hydroperoxides 

(Fig. 10, step [Il]) which can be measured by the thiobarbituric acid (TBA) assay. This 

as say has been widely used by many investigators to study lipid peroxidation in tissues 

because of its simplicity. This test presumably depends on the formation of MDA and 

its reaction with thiobarbituric acid to give an intensely coloured product with a Àmax of 

530 nm [215]: 

HS N 0 

LU + • :fI 
OH 

HSyNyO °1Nyo 

HN~ 

o 0 

The TBA assay has three major disadvantagcs, however. Firstly, MDA is a very minor 

peroxidation product (Fig. 10). Secondly, the TBA assay is rather non-specifie, since 

many other substances such as carbonyl compounds, sucrose, pyrimidines, amino acids 

and peptides also generate chromophores under the as say conditions employed [216-218]. 

Therefore, the Cll. 'nophores formed during the assay are usually referred to as "TBA 

reactive substances" or TBARS. This problem, however, can be overcome by 

quantification of the TBA conjugates by HPLC [219,220] or by gas chromatography 

[221]. Thirdly, MDA is generated only from fatty acids with three or more double 
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bonds, not from linoleic acid, the major polyunsaturated fattyacid in most tissues [222]. 

(1) Measurement of fluorescence 

Aldehydes such as malondialdehyde react with side-chain amino groups of proteins, 

free amino acids or nucleic acids to produce products known as Schiff bases, which can 

be measured spectrofluorometrically after extraction from biological samples. Fluorescent 

products can also be formed by the polymerization of aldehydes. 

Fluorescence is very sensitive and correlates weil with other methods [31,223]. 

However, it has several disadvantages. Firstly, measurement at a single wavelength docs 

not accurately represent aIl the Schiff bases or polymerization products since the exact 

wavelength for the maximal emission of each end product may not be the same. 

Secondly, only the end products of lipid peroxidation are measured by fluorescence, so 

the amounts of fluorescent materials will depend on the extent of decomposltion of Iipid 

hydroperoxides rather than the initial formation of these products. ln normal cclls whcre 

lipid hydroperoxides are rapidly reduced to lipid hydroxides, lipid peroxidation will be 

underestimated. 

(9) Measurement of expired hydrocarbons in the breath 

In the presence of transition metal ions, alkoxyl radicals undergo fi-scission reactions 

to generate both aldehydes and alkyl radicals (Fig. 10). The latter will rcact wilh a 

hydrogen donor to form alkanes which are volatile and therefore can be detected in 

exhaled air. Even though this is the only noninvasive method to measure lipid 

peroxidation in biological systems, it has certain drawbacks. Firstly, alkanes are minor 

metabolites of lipid hydroperoxides. Secondly, they are metabolized by liver and 

therefore their production may be affected by agents which affect liveT function. Thirdly, 

measurement of expired hydrocarbons does not give any information about lipid 

peroxidation in specifie organs. Finally, these hydrocarbons can also be formed by 

batteria in the intestine, which is not relevant to in vivo lipid peroxidation. 

1.3.5. Lipid Peroxidation and Human Diseases 

Lipoxygenase-catalyzed lipid peroxidation have an important biological role in the 

conversion of reticulocyte to erythrocyte and other physiological pTocesses. However, 
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most of the effects of lipid peroxidation products are detrimental due to their atherogenic 

and carcinogenic efft~cts as weB as their effects on the development of other diseases. 

The underlining mechanism involves the aIteration of membrane structure, modification 

of proteins and nucleic acids. 

The effects of lipid peroxidation products on membrane structure include decreased 

membrane tluidity, change of phase properties of membranes, inhibition of cellular 

metabolic processes, loss of secrelory functions, breakdown of transmembrane ion 

gradients and increased membrane permeability [224]. Particularly, peroxidation of 

membrane phospholipids increases their hydrophihcity, favouring the aggregation ofthese 

molecules and may resuIt in the formation of phospholipid polymers or lipid peroxide 

c1usters [193,2251. This may lead to membrane fragmentation and increased membrane 

pcrmeability (Fig. 11). Recent evidence showcd that mcmbrane fluidity in liposomes was 

illcreased when as little as 3.5% of the phosphatidylcholine contained one HETE chain 

[226]. This effect was more pronounced for 15-HETE than 5-HETE probably because 

the hydroxy group of 5-HETE was located closer to the polar surface of the liposome and 

therefore disturbcd the usual packing of the hydrocarbon phase to a lesser extent. 

The modification of proteins by lipid peroxidation products involves the formation 

of fluorescent chromophores, lipid-protein addl1cts, protein-protein cross-links, protein 

scission and amino acid damage [2271, res111tlllg in the loss of activities of receptors and 

enzymes. Of the lipid peroxidation products, unsaturated aldehydes are the most probable 

ones to be involved in the modification of proteins because of their high reactivity with 

thiols and amino groups (Fig. 12, A-C) [228,229]. 4-Hydroxyalkenals originating from 

the peroxidation of liver microsornallipids wcre reported to inhibit calcium sequestration 

activity by binding to the microsornal proteins [230]. The same compounds were reported 

to modify LDL in such way that it was takcn up and degraded by macrophages to a 

greater extent (see Section 1.3.6.4 for more detail). Glucose-6-phosphatase, Ca2 +­

ATPase and monoamine oxidase are a few of the many enzymes inhibited during lipid 

pcroxidation due to the modification of protCIIlS [231-234]. Hormone receptors such as 

6-adrenergic and acetylcholine receptors are also inactivated during lipid peroxidation 

[235,236J. 
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Fig. 11. Scheme showin~ the formation of lipid pcroxidc c1usters and memhrane 

fragmentation upon induction of lipid pcroxidation. 
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Dialdehydes such as malondialdehyde can also react with amino groups on protcins 

to form both intramolecular and intermolecular cross-links (Fig. 12, D-E) [237]. These 

high-molecular-weight protein polymers can be seen in malondialdehyde-trcated 

erythrocytes or aging erythrocytes in the circulation [238]. Protcins can also be modified 

by keto metabolites of fatty acids via covalent binding [239]. 

7.3.6. Lipid Peroxidation and A therosclerosis 

Lipid peroxidation products can mediate the formation of atherosclerotic les ion by 

(1) injuring endothelial ceUs or causing membrane malfunctions; (2) attracting monocyte 

into the blood vessels; (3) inhibiting prostacyclin synthesis and activating platelets; (4) 

modifying LDL trapped inside the intima of the aneries; and (5) SlImulating smooth 

muscle cell proliferation to form smooth muscle cell-dcrived foam eclls. 

7.3.6.7. Lipid peroxidation and endothelial cell in jury 

Because of its constant exposure to blood components and prooxidants, the 

endothelium is very susceptible to oxidative stress and free radical-mediatcd rcactions. 

Free radicals can damage endothelial cells or alter thelr functions leading to the loss of 

selective permeability of the endothelium, and consequently, the increascd entry of 

cholesterol-rich lipoproteins into the arterial wall. lt was found that IlIloleic acid-derivcd 

hydroperoxides, but not linoleic acid itself, increased endothelial cell pcrmeability to 

albumin [240] and LDL [241] in vitro. This was probably the result of rapid and 

irreversible ceIl in jury caused by lipid hydroperoxides or their decomposition products 

since they caused a change of the shape of endothelial cells [242], a dccrease in the 

electron density of the mitochondrial matrix, a dilation of the rough-surfaced endoplasmic 

reticulum, and cellular release of lactate dehydrogenase into the culture medium 

[240,243]. Peroxides and other oxygen radical~ gencrated by hpoxygcnase and 

cyclooxygenase [244), as weII as oxidized LDL [245], have also bcen shown to damage 

endothelial ce11s. Furthermore, injecting linoleic acid-derived hydroperoxides into rabbits 

led to damage of aortic endothelial cells as weB as to the adhesion and aggregation of 

platelets on the injured site, as shown by scanning electron microscopy [246,247]. The 

• 
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morphological changes were correlated with increased level of lipid peroxides (TBARS) 

in serum and in aorta. 

1.3.6.2. Lipid peroxidation and leukocyte activation 

Il has recently been reported tÎlat oxidized LOL stimulated monocyte-endothelium 

interactions [248,249], probably due to the induction of a monocyte-chemotactic protein 

in endothelium [250] and/or an adhesion protein in monocytes. Lysophosphatidylcholine 

[44,45] and 4-hydroxyalkenals [251], which are released during oxidative modification 

of LOL, also have chemoattractant effects. Oxidized LDL also stimulated the 

differentiation of monocytes to macrophages [249]. The attraction and subsequent 

activation of monocytes on the endothelium or in blood vessels results in an increased 

generation of oxygen free radicals su ch as superoxide, hydrogen peroxide and hydroxyl 

radical [252,253], which can propagate Iipid peroxidation in blood vessels. Furthermore, 

activation of monocytes/macrophages is also associated with release of proteolytic 

enzymes such as elastase and collagenase [254] which are destructive to vascular tissues 

[255]. Obviously, activation of leukocytes due to lipid peroxidation products will 

augment the damage to endothelial cells and accelerate the development of atherosclerotic 

lesions. 

1.3.6.3. Lipid peroxidation and prostacyclin production 

Even though low concentrations of hydroperoxides are required to activate 

prostaglandin endoperoxide synthase, high concentrations of lipid hydroperoxides could 

diminish PGI2 biosynthesis [256] at the level of either prostaglandin endoperoxide 

synthase [257], or prostacyclin synthase [258-260], or both [261]. Oxidized LOL is also 

reported to inhibit PGI2 production [262]. The mechanism of the inhibition could be the 

conjugation of Iipid peroxidation products to prostaglandin endoperoxide synthase, 

resulting in inactivation of this enzyme [90]. Inhibition of PGI2 production may result in 

increased interaction between platelets and blood vessels, promoting atherosc1erotic lesion 

formation. 

1 
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7.3.6.4. Modification of LOL br lipid peroxidation products 

Modified LDL has several physical, chemical and biological differences from native 

LDL, including incrcased electrophoretic mobility [54], incrcascd buoyant dcnsity of the 

LDL particles [53,54], decreased fatty acid contents [263,264], dccrcascd 

cholesterol/protein and phospholipid/protein ratios [54], fragmentation of apo B [265J, 

increased uptake by macrophages in vitro [45,53] and toxicity to prolifcrating cclls [54}. 

The following evidence indicates that modification of LOL is initiatcd by the 

peroxidation of polyunsaturated fatty acids in LOL lipids [45,56,263]: 

(1) Incubation of LDL with copper or iron, which can initiate lipid pcroxidation, 

resulted in its modification [45,55,266,267]. 

(2) Phospholipase A2 plus soybean lipoxygenase [268,269] or lipoxygcnasc itsclf 

[270] mimic most of the changes induced by the incubation of LDL with 

endothelial cells. Lipoxygenases may also be required for the modification of 

LDL by endothelial cens and macrophages in vilro [271] and in vivo [272]. 

(3) Thiobarbituric acid reactive substances (TBARS) and variolls aldchydcs, whlch 

are known to be formed as a result of lipid peroxldation, are formcd during the 

modification of LDL [60,273,274]. The rate of uptakr of modificd LDL by 

macrophages is proportional to the amounts of the above products formcd during 

its modification. 

(4) TBARS and aldehydes [60,274-276] as weil as hydroxyl radical [265] directly 

modify LDL in vitro. 

(5) Antioxidants such as butylated hydroxytoluene (BHT) and vitamin E [451 as weil 

as superoxide dismutase [277] inhibit the modification of LDL by cclls and 

transition metal ions. Lipoxygenase inhibitors such as nordihydroguaiarctic acid 

(NDGA) and eicosatetraynoic acid (ETY A) [268] also have the similar effects. 

Peroxidation of LDL lipids resuIts in formation of oxygcnated intcrrncdiates, 

probably unsaturated aldehydes, which react with lysine residues of apolipoprotein B-loo 

[61,278]. The derivatized lysine residues may be the cpilOpcS recognizcd by macrophage 

scavenger receptors. 

In addition to promoting the formation of foam cells, oxidatively modificd LDL may 
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be involvcd in the atherogenic process due to its toxicity to endothelial and smooth 

muscle cells. Products released during the oxidatlve modification of LDL, such as 

Iy~ophosphatidylcholine and 4-hydroxynonenal, have chemotactic effects on 

lllonocytes/macrophages, therefore augmcnting the recruitment of monocytes into 

!:.ullcndothelial ~paces of the arteries and preventing macrophages from leaving the 

arterll'S. 

1.3.6.5, Increased lipid peroxidation in atherosclerosis 

Even though the link belween lipid peroxidation and atherosclerosis has been 

I,uggestcd for about 40 years [279), convincing eVldence did not emerge until the past 20 

year~. One of the carhe~t picces of eVldencc was the identification of oxidized derivatives 

ot cholc~tcryl linoleate 111 atherosclerotic plaques by GC-MS [280]. These substances 

\Vere Ilot observed in non-atheroscIerotic human aorta. III vitro, exogenous arachidonic 

<lcld was sclcctivcly converted to 15-HETE by homogenates [281) or slices [282] of 

(lortae frol11 chole~terol-fed [281,282] or WHHL (282) rabbits at a rate higher than the 

controls, suggcsting 15-lipoxygenase activity was higher in atherosclerotic lesions. Recent 

l~vidcl1cr has shown that aorta of WHHL rabblts had increascd levels of mRNA for 15-

lipoxygcnasc [272]. The rok of lipid peroxidation in atherogcnesls is further supported 

hy sllldics \11 which probuco) \Vas administrated to Watanabe heritable hyperlipidemic 

rabbits ['206,283,284]. Probllcol appears to prevent the progression of atherosclerosis in 

thcsc rabbib by inhibit1l1g the oxidation of LDL, rather than by lowering the plasma 

cholesterol Icvcl. Another antioxidant, BHT, was also reported to suppress the 

dcvclopmcnt of athcrosclerotic lcsions in cholesterol-fed rabbits [285]. 

Bt!sldes the eXistence of lipid peroxidation products in atherosclerotic lesions, in vivo 

studics on the oxidativc modification of LDL also support a role for lipid peroxidation 

ill athcrogcncsis. LDL cxtracted from atherosclcrotlc lesions possesses similar properties 

to LDL l110diticd in vitro [286,287]. Histostaining using a monoclonal antibody to 1-

<ll11ino-3-iminopropene, a conjugated imine prodllced by intramolecular cross-linking of 

pcptidyl lysines by MDA in a 2: 1 molar ratio, indicated the existence of sllch modified 

proteins in aorla of WHHL rabbits [288]. Similar results in WHHL rabbits [289-291] and 
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humans [291] have been confirmed using immunohistochemical assays or Western blots 

of materials from atherosclerotic lesions. Recent evidence indicates that macrophage­

derived foam ceUs within, or freshly isolated From, rabbit atherosclerotic lesions contain 

lipid-protein adducts derived from lipid peroxidation products which were idcntified using 

monoclonal antibodies against MDA or 4-hydroxynonenal conjugated to LDL [292]. This 

suggests that macrophages might take up and degrade oxidized LOL in vivo in the same 

way as in vitro. 

1.4. PROTECTION AGAINST LlPID PEROXIDATION 

Lipid peroxidation is a chain reaction involving hydrogen abstraction from 

polyunsaturated fatty acids by free radicals. /11 vitro lipid peroxidation can be prevcnted 

or suppressed by one of the following mechanisms: (1) scavenging initiating radicals such 

as OH', (2) scavenging intermediate radicals (LO', LOO', etc.) by chain-breaking 

antioxidants, or (3) destroying radicals by speCIfie enzymes. BioJogical systcms posscss 

additional protective mechanisms due to the structure of biological membrane and the 

existence of binding proteins which limit the avallability of transition metal ions and free 

radicals derived from fatty acids [293,294]. For example, phospholipids in biological 

membranes are more resistant to lipid peroxidation than their counterparts in organic 

solvents or in simple micelles [192]. Phospholipids in biological membranc are organizcd 

in such way that the fatty acid side-chains face the interior and the hydrophillic hcads 

form the boundary with the aqueous environ ment. Wh en a fatty acid is oxidized, the fatty 

acid side-chain containing hydroperoxy group tends to fold towards the surface of the 

bilayer due to ils increased hydrophilicity, thus reducing the efficiency of initializing 

peroxidation of neighbouring fatty acids. 

1.4.1. Antioxidants 

Antioxidants are better hydrogen donors than polyunsaturated fatty acids so that free 

radicals will preferentially abstract hydrogen From antioxidants. Unlike polyunsaturated 

fatty acids, however, antioxidant radicals are not reactive enough to abstract hydrogen 

atoms from another molecule, thus breaking the chain reaction of lipid peroxidation. 



, 

- 45-

Antioxidants acting by this mechanism are usually called chain-breaking antioxidants. 

Based on their solubility, antioxidants are classified into two categories, water­

soluble antioxidants and lipid-soluble antioxidants. In biological systems, the mO:Jt 

important ones in these two categories are ascorbic acid (vitamin C) and a-tocopherol 

(vitamin E), respectively. Ascorbic acid, located primarily in plasma and the cytosol, 

reacts readily with superoxide and peroxyl and hydroxyl radicals, protecting lipids from 

free-radical attack (Fig. 13, step [3]). Lipid peroxidation does not occur until the ascorbic 

acid is completely consumed. Other antioxidants, such as urate, bilirubin and protein 

thiol groups can only partially trap aqueous peroxyl radicals. a-Tocopherol, localized in 

membranes due to its hydrophobicity, plays an important role in the resistance of 

biological membranes to lipid peroxidation. a-Tocopherol is also concentrated in LOL 

and plays an important role in preventing LDL from oxidative modification. However, 

like other chain-breaking antioxidants, a-tocopherol will be oxidized to its radical form 

(Fig. 13, step [1]) which undergoes decomposition unless it can be reduced back to 

a-tocopherol. One of these reducing compounds in vivo is ascorbic acid (Fig. 13, step 

[2]). Ascorbic acid prolonged the lag-phase of lipid peroxidation of human LDL but did 

not affect the rate ofperoxidation during the propagation phase [295]. The prolonged lag­

phase is due to the delayed consumption of a-tocopherol in LOL. Thus, ascorbic acid 

and a-tocopherol act synergistically due to the regeneration of a-tocopherol by ascorbic 

acid, resulting in a delay in the onset of lipid peroxidation even though the radicals are 

initially generated within the LOL [296]. 

1.4.2. Enzymatic Defence System 

The action of a-tocopherol is to convert the initially-formed lipid peroxyl radicals 

(LOO') to lipid hydroperoxides (LOOH). In the presence of transition metal ions, 

however, LOOH can be decomposed to both alkoxyl (LO') and peroxyl radicals (LOO') 

as discussed in Section 1.3.3 on P. 32. Fortunately, semistable LOOR can be reduced 

to less reactive hydroxy lipids (LOH) by a group of enzymes called glutathione 

peroxidases (GSH-Px). GSH-Px catalyze the reaction of hydroperoxy faUy acids with 

reduced glutathione to form oxidized glutathione disulphide and hydroxy fatty acids: 



• 

.". 

- 46-

ROOH ROH.H 20 2 GSH GSSG 

GSH - Px .. cI -'» ......... --./- GSII- P x o. -">"",--_/",,- GSn - Px .od 

In this way, GSH-Px prevent the formation of LO· or LOO· from LOOH and thcrcfon: 

retard the propagation of lipid peroxidation. This enzyme is specitic for its hydrogen 

donor, GSH and nonspecific for the hydropcroxidcs. The lack of substratc spccitïcity 

extends the range of substrates from H20 2 to a varicty of hydropcroxldes dcrivcd from 

fatty acids, nuc1eotides, and steroids. 

There are at least three types of glutathionc pcroxidascs: sclcnlllln-dcpcndcnt 

glutathione peroxidase, phospholipid hydropcroxldc glutathione pcroxtdasc (PH-GSH-Px) 

and selenium-independent glutathione pcroxidase. The major forll1 of these enlymes IS 

selenium-dependent and is important in endothdial eclls. PH-GSH-Px IS a Illcmbranc­

bound enzyme that can rcduee phospholipld hydropcroxidcs as weil al) oOtcr 

hydroperoxides in membranes [297,298] (Fig. 13, ~tep [4]). If hydroperoxy fatly acids 

are released from membranes by the action of phosphohpase A2' or if fatty acids arc 

oxidized in the cytosol, they can be rcduccd by the ollter two forms of GSH-Px (Fig. 13, 

step [5]). Therefore, the cooperative effects of th~se GSH-Px arc ~lIf1ïcicnt to protcct 

ceUs against free radical damage. 

The actions of a-tocopherol and GSH-Px arc not just scqucntial. GSH-Px dccrcase 

the amount of a-tocopherol reqllired to inhiblllipld pcroxidation. On the other hand, the 

inhibitioll A microsornal lipid pcroxidatlon by PH-GSH-Px requires vltarnin E sincc the 

protective effect of PH-GSH-Px is dramatically rcduccd aftcr a-tocophcrol has becn 

depleted [299]. The actual mcchal1l~/11 15 still unk.nowll, howcvcr. 

Superoxide dismutase (SOD), locatcd 111 the cyto~olIc fractIon of the ccli, can 

dismute superoxide (O~) to hydrogen pcroxiclc (H1üZ) (Fig. 13, step [6]), whlch in turn 

is reduced to H20 by GSH-Px or catalase (Fig. 13, ~tcps [7] and (8]). Wllhout the 

coupling to GSH-Px or catalase, the dismutation of supcroxidc to H10 2 would be harmfu/ 

because the combination of superoxide and H20 Z cou/a glve risc tu the more rcacUve 

hydroxy radical. GSH-Px and catalase arc complc1l1cntary in thcir locations. GSH-Px 

(except PH-GSH-Px) is located primarily III the cyto~ol and mitochondna but not 111 
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Fig. 13. Scheme showing the interactions of' components of the free radical defence system. 

The abhreviations are as follows: PLOO· : phospholipid peroxy radicals; I-P: Iysophospholipids; 

LOOH: Iipid hydroperoxides; E: a~tocopherol (vitamin E); E·: a-tocopherol radical; C: 

ascorhate (vitamin C); C·: ascorhate radical; X·: water soluble free radicals; GSH: reduced 

glutalhione; GSSG: oxidized glutathione, GSII-Px: glutathione peroxidase; PH-GSH-Px: 

phosph{)lipid-hydr()peroxidegllltathioneperoxida~e; SOD: superoxidedismutase; CAT: catalase. 



peroxisomes [300]. In contrast, catalase is primarily localized in peroxisomcs. 

Mitochondria and endoplasmic reticulum contain little, if any, catalase actlvity [301]. 

7.5. STUDIES IN OUR LA BORA TORY 

Previous investigations on the metabolism of polyunsaturatcd fatty acids in bJood 

vessels from normal animaIs have laid the foundation for the current research [302-304]. 

The effects of selenium-deficient diets on the formation of oxygenation products of 

polyunsaturated fatty acids in aorta from rats and rabbits [305] also aidcd in the 

interpretation of the results obtained from my studies on hypcrlipidemic rabbits. 

Exogenous arachidonic acid is mainly converted to PGIl aJong with small amounts 

of monohydroxy products by particulate fractions and homogenates of felal calf aorta 

[302]. In comparison, linoleic acid was primarily convertcd to 9- and 13-hydroxy 

metabolites [303]. Preincubation of particulate fractions with indomclhacin or 

acetylsalicylic acid inhibited the formation of 6-oxoPGF,o: and monohydroxy denvativcs 

of linoleic acids. On the other hand, nordihydroguaiarctic acid had no cffcct on the 

formation of these oxygenation products except at very high concentrations. This 

suggested that the formation of monohydroxy dcnvatives of Iinolcic acid III this study 

was catalzed by prostaglandin cndoperoxide synthase cven though linolcic acid was a 

much poorer substrate for this enzyme than arachidonic aCld. The samc study also 

showed that substantial amounts of monohydroxy derivatives cr linolclc aCld were formcd 

from endogenous substrate during incubation of slices of fetal calf aorta. A mcthod using 

GC-MS was th en developed to quantify the major oxygenated metabolitcs of 18:2 and 

20:4 formed by blood vessels [304]. In rabbit aorta, the major oxygenatcd products 

derived from endogenous 18:2 were its 9- and 13-hydroxy derivativcs. On the other 

hand, the amounts of monohydroxy derivatives of 20:4 in aorrn were much smallcr than 

the amount of 6-oxoPGFla released from this tis~ue. The distribution of the,;e metabolites 

were different in cellular Iipids. The amounts of monohydrox.y denvatives of 18:2 in 

esterified lipids were about 8 to 10 folds tlmes greater th an the amounts rclcascd into the 

incubation medium. In comparison, the difference betwcen the amounts of estcrified and 

free forms of monohydroxy derivatives of 20:4 was not as great as the diffcrcnce found 
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for monohydroxy derivatives of linoleic acid, even though they were found 

predominantly in esterified lipids. Intcrestingly, the percentage of esterified 20:4 in its 

monohydroxy form was much less than the perccntage of esterified 18:2 which is 

o.<.ygenated. This phenomenon was observed in ail species of animaIs studied as weIl as 

at different ages of the same spccies. It was hypothesized that monohydroxy derivatives 

of different fatty acids may be located in differcnt lipid fractions in aorta. Efforts have 

becn made to investigate the origin of the estentied hydroxy fatty acids in blood vessels 

in which vascular endothelial and smooth muscle cells were incubated with radioactively 

labelled linoleic acid or its 13-hydroxy metaboltte. Allhough 18:2 itse]f was weIl 

incorporated into both the neutral and polar Iipid fractions From endothelial and smooth 

muscle cells, very little 13h-18:2 was incorporated into elther of these fractions in 

endothelial cells, whereas the amount of the lattcr substance incorporated into polar lipids 

in smooth muscle cells was only Il % of that of 18:2. This suggested that the hydroxy 

derivatives of Iinoleic acid denved From the dIrect oxygenation of esterified linoleic acid 

in the tissues rather th an the incorporatIon of oxygenated products into lipids. 

The effects of lipid peroxidation products on prostaglandin synthesis were also 

investigated. 13-Hp-18:2 was found to inhiblt both prostaglandlll endoperoxide synthase 

and P0I2 synthase in particulate fractions [rom aorta [261]. Formation of monohydroxy 

derivatives of 20:4 was not affected. To investigate thls interaction in vivo, oxygenation 

products derived from both 18:2 and 20:4 were mcasured in aorta from rabbits or rats 

fed either conliOl or selenium-deticient diets in order to deplete the selenium-dependent 

form of glutathione peroxidases [305]. This could lead to increased amounts of 

hydlOperoxy fatty acids in aorta, which in turn could affect PGIl synthesis. Glutathione 

peroxidast~ activity in rat aorta was reduced to 17 % of contr01 levels after 4 weeks and 

to undetectable levels after 6 wecks. 6-0xoPGF,« production by slices of aorta from rats 

with selenium-deficient diets was identical to that from control rats after 4 weeks, but it 

was decreased by about 20 % after 6 wecks on the diet. The amounts of monohydroxy 

derivatives of linoleic aCld esteritied to liplds were higher in aorta from selenium­

deficient rats after 6 wecks, but the di fferences were statistically significant only in the 

case of9h-19:2. Glutathione pcroxidase actlvlty in rabbit aorta was reduced by less than 
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50% as a result of administration of a selenium-deficient dict for 7 wecks. Conscquenlly, 

no significant changes were observed in the amounts of 6-oxoPGFln or other Illctabolitcs 

of 20:4 and 18:2 released into the medium by slices of aorta from control and sc1clllllm­

deficient rabbits. Neither were there significant changes in the amounts of cstcritïed 

hydroxy products derived from hnoleie and arachidolllc aClds in rahbit aorta. 

7.6. BASIS FOR THE CURRENT STUDY 

Oxidative modification of LDL appears to be atherogcnic, sincc it kads to the lIptakc 

of modified LDL by macrophages, forming macrophage-dcrivcd foam eclls. In mosl 

studies, the peroxidation of LDL had been evaluated by measuring TBARS, aldrhydcs 

and conjugated dienes. However, these are not entircly satisfactory procedures becausc 

they give little information concerning the nature of the fatty aClds bClIlg oXldlzcd. 

Therefore, we used Ge-MS to measlire mnnohydroxy derivatIvcs, carly pcroxldation 

products, of the LDL fatty aClds as an alternative and mllci. more speclfic approach. 

The role of lipld peroxidation in atherogenesis has becn ~l) ~)othcsllcd to be duc to 

injury of the blood vessels and inhibition of PGI2 biosynthcsls in thIS tlll'illC. Howcvcr, 

the specifie oxidation of individual fatty acids 111 LDL and aorta had not yct bccn 

comprehensively studied. Therefore, we studled the formatIon of monohydroxy 

derivatives of oleic, linoleic and arachidonic aClds in both LDL and aort<1, lI'illlg 

cholesterol-fed rabbits as an experimental model for athcrosc1crosis. The tlme course for 

the effects of cholesterol-feeding on the formatIon of these dcrivativcs was abo "tudlcd. 

Following the investigation of the formation monohydroxy fatty aClds III 

atherosclerotic rabbit aorta, we hypothesized that fatty aCld~ ln diffcrcnt hpld fractIons 

would undergo different degrees of peroxidatlOn during atherogenc~is. If the lipld 

peroxidation occurred in membranes, the effeet wOllld be more detnmcntal. Thcrefore, 

we decided to study the distribution of monohydroxy fatty acid~ JO polar Itpld (pnmanly 

phospholipids) and neutral lipid (mainly cholesteryl esters and tnglyccride~) fractions in 

atherosclerotic rabbit aorta. 

The increased lipid peroxidatlOn in atherosclerotic aorta has bcen sllggc~tcd to be 

responsible for the decreased PGI2 production in lhls tIssue. Howcver, therc is 
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considerable controversy in the literatures with sorne reports of decreased PGI2 synthesis 

and othcrs of incrcascd PGI2 synthesis in atherosclerosis. We hypothesized that one 

rcason for the~e discrepancies could be due to the manipulation of the sample during the 

cxpcnmcnt bccau~c prostaglandin endopcroxlde synthase could be autoinactivated due to 

the large amounts of substrate rcleased dunng tissue preparation. We therefore tested the 

cffccts of addmg Ibuprofen, a rever~lble prostaglandin endoperoxide synthase inhibitor, 

during tissue preparation on the subsequent production of PGI2• 1'0 obtain as much 

information as possible concerning the production of prostanoids m atherosc1erosis, we 

simultaneously measurcd 6-oxoPGF J" (for PGI2), TXB2 (for TXA2) and PGE} released 

l'rom sliccs and synthcsi7cd by the luminal surface of aorta, as weil as the urinary 

mctabolltes of PGI 2 (measured as 2,3-dinor-6-oxoPGF1,.) and TXA2 (measured al) 2,3-

dinor-TXB1)· 

Hydroperoxy derivatlves of linoleic and aracllldonic acids were reported to inhibit 

both prostaglandm cndoperoxide syntha~e and prostacyc1in synthase. But the effects of 

hydroperoxy fatty acids esteritied to lipids on prostacyclin biosynthesis had not been 

studlcd. Mcasuremcnt of monohydroxy denvatlves of fatty acids ln aorta indicated that 

these products were primarily located ln the e~terified Iipld fraction. Therefore, we 

II1vc~tigatcd the effects of hydroperoxy fany acids estentied to phospholipids, cholesterol 

and triglycendcs on prostaglandin endoperoÀlde synthase and prostacyclin synthase 

activities. 
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Tabh.' 2 

Chemicals ami Reagellls 

NAME 

Chemicals 

N-methyl-N-nitroso-p-toluene­
sulfonamide (D~azald) 

Methyl formate 

Platinum (IV) dioxide 

Propyl gallate 

Rhodium on alumina 

Sodium methoxLde 
MSTFA 

EOTA, disodium salt 
_ norganic salts 

Bovine serum albumin 
Butylated hydroxyanLsole 

Ibuprofen 

Papaverl.ne 

Orqanic Solvents 

Organic solvents (HPLC grade) 

Lipids & Fatty Acids 

Sn-Cholestane-3a-ol 

Cholesterol 

Eicosanoic aCl.d (20:0) 
Arachidonl.c acid (20:4) 

10,13-Nonodecadienoic aCLd (19:2) 

Linoleic aCl.d (18:2) 

Oleie acid (18:1) 

PGs & Their Antibodies 

6-0xoPGF lu 

PGE~ 

TXB~ 

6-oxo[ 5,8, 9, 11,12,14,15-3H]PGF I .. 

[ 5,6,8,11,12,14, lS- 1H 1 PGE~ 
[ 5,6,8,9,11,12,14, 15- 'H 1 TXB~ 
lmti-6-oxoPGF I .. 

Anti-PGE~ 

Antl.-TXB, 

( 9a-3H 1 PGFI~ 

COMPANY OR INSTITUTION 

Aldrich Chemical Company 

Pl.erce 

FLsher SCLentl.fic Company 

SLgma Chemlcal Company 

FLsher SCl.entLflC Company 

Aldrich ChemLcdl Company 

Nuchek Prep. Inc. 

Dr. J.E.Pike, UpJohn Company 

New England Nuclear 

Dr. L.Levl.ne, Bradals UnlV. 

Advanced Maynetlcs 
Dr. F.Fl.tzpatrlck 

Our Lab 
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MA TERIALS AND METHODS 

2.1. CHEMICALS AND SOL VENTS 

Thc main chemicals and reagents used in these experiments are listed in Table 2. 

2.2. PREPARATION OF STANDARDS 

2.2.1. 14-Hydroxy Nonadecadienoic Acid (Internai Standard for Ge-MS) 

14-Hydroxy nonadecadienoic acid (I4h-19:2), the interna] standard used for the 

quantification of monohydroxy fally acids, was prepared by incubating 

1O,13-nonadccadlenoic acid (19:2) with soybean lipoxygenase [306]. In detall, 19:2 (5 

mg) was dricd down on one cdge of the bottom of 60 ml beaker. The residue was th en 

dlssolvcd in 150 JLI of 0.019 M ammonium hydroxlde. Soybean lipoxygenase solutIon (10 

ml; 220,000 units/30 ml 0.1 M sodium borate buffer, pH 9.0) was added to Initiate the 

rcaction whlch was carn cd out in an lee-water bath. Addition of enzyme (10 ml) was 

rcpcated aftcr 15 and 30 min. The reaction was stopped at 45 m1l1 by adding 5.3 ml of 

cthanol and the products wcre extracted using Sep-Pak cartridges contaimng ODS-silica 

[307j. Briefly, the mixture was acidified wlth concentrated Hel and th en loaded onto the 

ons sihca Sep-Pak whlch had been pre-washed with methanol and H20. The OOS-silica 

Scp-Pak was washed with 15 % methanol (20 ml), H20 (20 ml) and petroleum ether (10 

ml) followed by elution of 14hp-19:2 wlth methyl formate (10 ml). The hydroperoxy 

metabolite was reduced with sodium borohydride (about 1 mg) In methanol (0.3 ml) for 

20 min at 0 oC followcd by 20 min at room temperature. Sodium borohydride (about 1 

mg) was added to the solution a~ long as the previously added sodium borohydride had 

bcen compIctely dlssolvcd and no bubbles could be seen. The reduction was arrested by 

addmg 1.2 ml of methanol and 8.5 ml of H20. The sample was acidified and extracted 

llsillg an ODS-siltca Sep-Pak cartridge as described above. 

The hydroxylated 19:2 was tïrst purified byan open column procedure. Briefly, 

having becn dncd down in a test tube under nitrogen, the hydroxylated 19:2 was taken 

up in 10 JLI of Isopropanol, 50 pl of eth yi acetate, 3 ml of hexane and 3 JLl of acetic acid 

and then loaded onto a glass column containing 0.5 g of silicic acid (Biosil HA, BioRad 
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Laboratories, Richmond, CA). The column was washed with 5 ml of ethyl 

acetate:hexane:acetic acid (6:94:0.1) and the hydroxylated 19:2 was then cluted with 5 

ml of ethyl acetate:hexane:acetic aCld (20:80:0.1). The hydroxylatcd 19:2 was furthcr 

purified by normal phase-high pressure liqUld chromatography (NP-HPLC) using a 

mobile phase consisting of isopropanol:hexane:acetIc acid (l :99:0.1). 14-Hydroxy 19:2 

was quantified by UV spectrophotometry at 234 nm usmg a value of 30,500 for the 

extinction coefficient. 

2.2.2. Monohydroxy Derivatives of Oleic Acid 

Hydroxy derivatives of octadecenoic acid (h-18: 1) were prepared by autoxidatlon of 

9-octadecenoic acid (oleic acid) by a procedure similar to that describcd 10 the Iitcraturc 

for the preparation of hydroxy derivatives of arachidonic aCld [308]. OlclC acid (10 mg) 

was dissolved in methanol (40 ml), followed by the addition of 10 ml of 0.2 M Tris 

buffer containing CuS04 (0.5 mM). The reaction mixture was stlrred for 5 hours at room 

temperature in the presence ofhydrogen peroxide (0.36 mmol, 400 Id ofa 30% solutIOn) 

which was added at 0, 1 and 3 hour. The rcactlon mixture was th en dilutcd with Hl> 

(100 ml) and extracted on an ODS siltca Sep-Pak as dcscnbcd above. The hydropcroxy 

products were reduced with sodiUm borohydride and punficd using the open column 

procedure as described In the previolls section. This was followed by NP-HPLC llsing 

a mobile phase conslsting of isopropanol:hexane:accuc aCld (0.9:99:0.1) (Fig. 14). 

Fractions containing either lOh-18: 1 or II h-18: 1 (underhncd wlth scparated sohd bars) 

were further purified by reversed phase-high pressure liqllid chromatography (RP-HPLC) 

using a gradient between H20:acetonitrile:acetic aCld (60:40:0.02) and H]O:acctonitrile: 

acetic acid (35:65:0.02) over 30 mm followed by H10:acctomtnlc:acetlc aCld 

(35:65:0.02). The two derivatives were weil separated uSlIlg these conditions (Fig. 14, 

insert). The identities of ail monohydroxy derivatlves of olclC acid wcre contirmcd by 

gas chromatography-mass spectromctry (GC-MS) using linear scanning (Fig. 15) and 

quantified by gas chromatography (GC) u~ing stearic acid (18:0) as an internai standard. 

J 
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Fig. 14. High-pressure liquid chromatograms of monohydroxy Cl8 faUy acids formed by 

autoxidation. Oleic acid (10 mg; 99% purity) from Nu Chek was autoxidized in the presence of 

100 #LM CuSO. in methanol:0.2 M Tris buffer (4: 1; 50 ml) for 5 hours at room temperature. 

Hydrogen peroxide (0.35 mmol; 400 #LI) was added at 0, 1 and 3 hour. The medium was then 

diluted with H20 (100 ml), extracted on an ODS-silica Sep-Pak cartridge and the products were 

separated by open column chromatography. Monohydroxy derivatives of CIS fatty acids were 

puritied by NP-HPLC with a mobile phase of isopropanol:hexane:acetic acid (0.9:99:0.1; 2 

ml/min). Fractions containing either IOh-18: 1 or II h-18: 1 (underlined fractions) were further 

puritied by RP-HPLC (insert) using a Iinear gradient between H20:acetonitrile:acetic acid 

(60:40:0.02) and H20:acetonitrile:acetk add (35:65:0.02). Fractions containing 8h-18:! were 

also collected' 
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Fig. 15. Mass spectra of the trimethylsilyl ether derivativ~ of the methyl ~ters of hydroxy 

derivatives of oleic acid. The 8, 10 and II-hydroxy derivatives of olcic acid (A, fi and ç, 

respectively) were methylated using diazomethane. and converted to thelr trimethyl ether hy 

MSTFA before GC-MS analysis. The products were analyzed by mas!\ spectrometry using 

electron impact ionization (El) and linear scanning. 
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2.2.3. Monohydloxy Delivatives of Linoleic Acid 

9-H ydrox y-l 0, 12-octadecadienoic acid (9h-18:2) was prepared by incubating linoleic 

acid (18:2) with tomato lipoxygenase [309]. In detail, a firm, red tomato was peeled and, 

after the seeds were removed, the flesh was diced and washed in water at 0 oC. The 

slices (10 g) were homogenized in 35 ml of 0.1 M sodium acetate buffer, pH 5.5. 18:2 

(5 mg) was dissolved in 0.019 M ammonium hydroxide (0.25 ml) and added to the 

homogenate and the mixture was shaken for 20 minutes at room temperature. Oxygen 

was bubbled through the mixture for 15 seconds every two minutes. Ethanol (l volume) 

was added 10 stop the reaction and the products were then extracted using an ODS-silica 

Sep-Pak as describcd above. Hydroperoxides were reduced with sodium borohydride and 

9h-18:2 was purified by NP-HPLC using a mobile phase of hexane:isopropanol:acetic 

acid (98.75: 1.25:0.1). 

13-Hydroxy-9,ll-octadecadienoic acid (13h-18:2) was prepared using soybean 

lipoxygenase as described in Section 2.2.1.. 

2.2.4. Monohydroxy Derivatives of Alachidonic Acid 

5-Hydroxy-6,8, II, 14-eicosatetraenoic acid (5h-20:4) and 12-hydroxy-5,8, 10, 14-

eicosatetraenoic acid (12h-20:4) were prepared by incubating 20:4 and A23187 with 

porcine leukocytes in the presence or absence, respectively, of 5,8, Il, 14-eicosatetraynoic 

acid (ETY A) [310]. The monohydroxy products were purified by RP-HPLC as described 

[310). 

8-Hydroxy-5,9, Il, 14-eicosatetraenoic acid (8h-20:4), 9-hydroxy-5, 7,11,14-

eicosatetraenoic acid(9h-20:4)and Il-hydroxy-5,8, 12, 14-eicosatetraenoicacid (llh-20:4) 

were prepared by autoxidation of 20:4 in the presence of CuS04 and hydrogen peroxide 

[308] and then purified and quantified as described in Section 2.2.1 •. 

15-Hydroxy-5,8, 11, 13-eicosatetraenoic acid (l5h-20:4) was prepared using soybean 

lipoxygenase in the same way as described for 14h-19:2. 
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2.3. LlPID PEROXIDA TlON OF HUMAN LOW DENSITY LlPOPROTEIN 

2.3.1. Preparation of Low Density Lipoprotein 

Human low density Iipoprotein (LOL) was prepared according the method of Havel 

[311]. In detail, 100 ml to 200 ml of blood were withdrawn From male volunteers who 

fasted overnight. Plasma was prepared by centrifugation at 200 x g for 20 min al4 oC. 

Propyl gallate was added to the plasma at a final concentration of 50 /-lM to protect LDL 

from autoxidation. Plasma was mixed well with a solution of potassium bromide 

(KBr)/sodium chloride (NaCI) (d = 1.071) in a ratio of 4: 1 to give a tinal dcnslty of 

1.019. The final volume was th en brought up to 9 ml with a solution of KBr/NaCI 

(d= 1.019). The first ultracentrifugation was carried out at 125,000 x g for 18 hours. The 

infranant (middle layer) was withdrawn with a syringe and mixcd weil a so!utlon of 

KBr/NaCl (d= 1.239) in a ratio of 4: 1 to give to a final dcnslty of 1.063. The final 

volume was then brought up to 9 ml with a solution of KBr/NaCI (d = 1.063). Propyl 

gallate was also added at this stage to maintain a concentratIon of at Icast 50 l'M. After 

ultracentrifugation at 105,000 x g for 20 hours, LOL was retrievcd from the top layer. 

LDL was then dialysed against 30 volumes of phosphate-buffercd saline (PBS; 137 mM 

NaCI, 2.7 mM KCI, 9.5 mM NaH2P04; pH 7.4) containing 0.01 % EDTA in the dark 

for 20 hours with two buffer changes at 3 and 10 hours. The buffer had becn dcgassed 

and bubbled with argon for at least 30 minutes before use in order to minimize lipid 

peroxidation during dialysis. LOL was passed through a filter with pore sizes of 0.2 l'm 

before use. 

The protein concentration of the LDL fraction was measured using a modltied Lowry 

protein assay [312]. Briefly, 100 .ul of LDL were diluted in 900 l'lof saline and th en 

mixed with 3 ml of rcagent C, which was freshly prepared by mixing 100 parts of 

reagent A (283 mM sodium carbonate, 52 mM sodium dodecyJ sulphate, 10 mM sodium 

tartrate and 15 mM sodium hydroxide) and 1 part of rcagent B (240 Mm copper 

sulphate). The mixture was allowed to stand at room tcmperature for 10 minutes. Phenol 

solution (Folin Ciocalteu reagent; 1 N) was added to the LOLlrcagent A mixture whiJe 

the latter solution was being vortexed vigorously. The mixture was then allowcd to sit 

at room temperature for 45 minutes and th en the protein concentratIOn was measured 

J 
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using a Hitachi model 2000 spectrophotometer with a wavelength at 660 nm. 

2.3.2. Oxidation of Human LDL 

Human LDL was oxidized either in the presence of endothelial cells or copper ions. 

Endothelial cells from human umbilical vein along with endothelium growth medium 

were purchascd from Clonetics (San Diego, CA.). Endothelial growth medium 

(EGM-UV) was steriie-filtered Iiquid culture medium formulation based on MCDa 131 

medium supplemented with epidermal growth factor (10 ng/ml), bovine brain extract 

containing heparin (2 ml aliquot), hydrocortisone (1 #-tg/ml), fetai bovine serum (2%), 

gentamicin (50 ILg/ml) and amphotericin (0.5 ILg/ml). On the second day after receiving 

the proliferating cells, endothelial cells were subcultured onto Falcon culture dishes (32 

cm2 area) at a density of 5000 cells/cm2 • The cells were then grown in EGM-UV until 

about 70% confluence as suggesled in the literature [45]. Before the experiment, 

endothelial cells were washed twice with serum-free FlO medium and incubated with 

human LDL (2 ml; 200 #-tg/ml). Control incubations were carried out in the absence of 

endothelial cells. After incubation for l,Sand 20 hours, LDL was withdrawn and the 

endothelial cells were washed wlth 1 ml of PBS which was combined with the LDL 

previously wlthdrawn for analysis. 

To investigate the effects of copper ions on the formation of monohydroxy fattyacid 

in LDL, human LDL (2 ml; 200 ILg/ml) were incubated in Ham's FlO medium or in 

Ham's FIO medium supplemented with CUS04 at a final concentration of 20 #LM. After 

l, 5 and 20 hours, LDL was drawn and the test tube was washed with 1 ml of PBS 

WhlCh was then combined with the LDL previously withdrawn for analysis as shown in 

Fig. 16. 

2.3.3. Measurement of Conjugated Dienes and Thiobarbicuric Acid-Reactive 

Substances 

Aliquots (1 ml) were taken from the LDL solutions and mixed with 0.5 ml of PBS 

and the ultraviolet spectra were recorded between 200 and 300 nm using a Hitachi model 

2000 spectrophotometer. The absorbance at 234 nm was selected for the 
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Fig. 16. Scheme ror the analysis or lipid peroxidation products from human LDL lipids. 
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quantification of products with conjugated dienes using a value of 30,500 as the 

extinction coefficient. 

The same aliquot (1 ml) was then assayed for TBARS according to Vagi [313]. 

Briefly, the LDL (l ml) was mixed with 10% BHT in ethanol (8 #LI), 8.1 % sodium 

dodecyl sulphate (0.2 ml), 20% acetic acid in water (1.5 ml, adjusted to pH 3.5 by 

addition of NaOH) and then 0.8% aqueous thiobarbituric acid (1.5 ml). The test tubes 

were put into boiling water for one hour and then cooled with tap water. Water (1 ml) 

and n-butanol (5 ml) were added to the sample which was th en vortexed vigorously. 

After centrifugation at 200 x g for 10 min, the TBARS in the n-butanollayer (top layer) 

were measured using an Aminco-Bowman spectrophototluorometer (American Instrument 

Company, Inc.) with the excitation wavelength at 515 nm and the emission wavelength 

at 565 nm. A standard curve was constructed from freshly ,iiluted 

1,1,3,3-tetramethoxypropane. 

2.3.4. Measurement of Fatty Acids and Their Monohydroxy Derivatives 

2.3.4.1. Measurement of monohydroxy derivatives of fatty acids 

(a) Reisolation of LDL 

Propyl gallate was added to the remainder of the LDL sample (2 ml) to give a final 

concentration of at least 50 IJ.M. A KBr/NaCI solution containing 0.1 % EDTA was 

added to the LDL to give a final density of 1.15 [314] and then reisolated by 

ultracentrifugation at 125,000 x g for 16 hours using a Beckman type 50 Ti rotor. The 

top layer (about 1.5 ml) contained reisolated LDL. 

(b) Extraction of fattv acids and their monohydroxy derivatives 

Fatty acids and their derivatives esterified to LDL Iipids were extracted using the 

Folch method [315] with 14h-19:2 (200 ng) of the methyl ester and 20:0 (10 #Lg) of the 

methyl ester as internaI standards for monohydroxy derivatives of fatty acids and fatty 

acids, respectively. In detail, LDL was mixed with propyl gallate, internai standards, and 

then extracted with 4 volumes of chloroform:methanol (2: 1). The bottom fraction was 

aspirated and then dried under a stream of nitrogen. The residue was then taken up in 

chloroform:methanol (2: 1) and washed with a salt solution (0.04% CaCI2, 0.034% 
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MgCI2, 0.58 % NaCI) in a 4: 1 ratio to remove sorne non-lipid contaminants. 

Monohydroxy fatty acids released into the medium were extracted using an ODS­

silica Sep-Pak cartridge as described in Section 2.2.1 (P. 53) with 14h-19:2 (200 ng) of 

the free acid as an internaI standard. In this case, 30% methanol was used for loading 

the sample onto an ODS-silica Sep-Pak a.ld for the tirst wash since this givcs a bcttcr 

recovery of monohydroxy fatty acids in high salt solution. 

(e) Reduction of hydroperoxy fatty acids 

Lipids from either LDL or fatty acids From medium were treated with triphenyl 

phosphine (1 mg in 1 ml of diethyl ether) for 1 hour at room tempcraturc to rcducc 

hydroperoxides to the corresponding hydroxy fatty acid'i. The latter products arc far more 

stable than their hydroperoxy precursors during the workout dcscribcd in the following 

sections. 

(d) Preparation of methyl esters of fatty aClds and hydroxvlated fatty aClds 

Esterified fatty acids and their monohydroxy derivativcs wcre hydrolyzcd and 

converted to their methyl esters in a single step by transmethylation. Lipid cxtracts were 

transferred to a Reacti-vial (Pierce), dried down under a stream of mtrogen and thcn 

taken up in 50 ILl of methylene chloride. 0.3 N sodium mcthoxidc in methanol (0.6 ml) 

WflS added and the reaction was allowed to proceed under argon at 60 oc for 30 min. 50 

mM Tris-Hel (3.4 ml) and 1 N Hel (100 ~I) were added to the reaction mixture to 

adjust the pH to around 7.5 and the sample was extracted with 3 x 5 ml of mcthylcnc 

chloride. A pH of 7.5 is required to prevent the extraction of some contaminants into the 

organic fraction and, at the same time, maximize the recovery of fatty acids and lheir 

monohydroxy derivatives. 

Free fatty acids and their monohydroxy derivatives, on the other hand, wcre 

converted to their methyl esters by treatment with 1 ml of ethereal diazomcthane for 10-

15 minutes at room temperature. 

(e) Separation of fatty acids and their monohydroxy derivatives 

The sample after transmethylation or methylation was dried down, takcn up in 10 

ILl of isopropanol, 50 ILl of elhyl acetate, and 3 ml of hexane and th en loaded onto a glass 

column containing 0.5 g of silicic acid, which had been washed with hexane (5 ml). The 
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column was first cluted wlth 6% ethyl acetate in hexane (5 ml) and then with 20% ethyl 

acetate in hexane (S ml). Fatty acids were recovered in the initial elute and the fraction 

containing 6% ethyl acetate in hexane whereas monohydroxy fatty acids were recovered 

in the fraction contaimng 20% ethyl acetate in hexane. 

(f) Purification of monohydroxy fatty acids 

Monohydroxy fatty acids were further purified by RP-HPLC on a Novapak 

ODS-silica column (150 x 3.9 mm; Waters-Millipore) which was eluted with a gradient 

betwcen H20/acetomtrile (70:30) and H20/acetonitrile (25:75) over 30 minutes followed 

by a gradient to H20/acetomtrile (15: 85) in 8 minutes. A single fraction containing aH 

the monnhydroxy fatty acids of interest was colJected between 26 and 33 minutes (Fig. 

17). 

(9) Hydrogenation of monohydroxy fatty acids 

Hydrogenation of monohydroxy fatty acids was performed by one of two methods. 

In the first mcthod, mcthanol (300 Ill) containing 1 mg of platinum(lV) oxide (Adam's 

catalyst) was bubbled with hydrogen for 30 seconds. Then a mixture of monohydroxy 

fatty aClds (\11 150 J.LI methanol) was added to the tube and hydrogen was bubbled for an 

addltional 90 seconds. Accordlllg to second method, methanol (300 Ill) containing 1 mg 

of rhodium on alumma was initlally bubbled "vith hydrogen for 90 seconds and th en for 

an addltional 5 mmutes after the addition of the sap"'"'le. In both cases, the sample after 

hydrogenatton was passcd through a column (l x ( 

a further 1.5 ml of methanol. 

(h) Preparation of trimethylsilyl ethers 

n) of sihcic acid and eluted with 

Prior to Ge-MS analysis, monohydroxy fatty acids were converted to their 

trimethylsilyl ethers by treatment with N-methyl-N-trimethylsilyl-trifluoroacetamide 

(MSTF A' 20 /-LI) for 30 111111 at roOI11 tempcrature. Hav1I1g been dried down under 

mtrogen, the samples wcre taken up in 100 III of iso-octane for GC-MS analysis. 

(i) Q!lantification of monohydroxy fatty acids 

Monohydroxy fatty acids were qllantified on a Hewlett-Packard model 5890 gas 

chromatograph wlth a 12 m DB-l fusee: capil1ary column cOllpled to a model 5988 mass 

spectromcter using electron impact ionization. The temperature gradient for eluting 
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Fig.l7. High-pressure liquid chromatogram ofmonohydroxy derivativt."II orratty acids From 

human LDL. The fractions containmg monohydroxy ùi!rrvatlve~ of fatty amIs trom an open 

column of silkie acid were further puntieJ hy RP-HPLC on a Novapak ODS-~llIca column wlth 

a linear gradient between water-acetonitnle (70.30) and water.aœtonltnle (25 75) over 30 minutes 

followed hy water' acetonitrile (25:75) followed hy a gradient 10 H20/aœtol1ltnlc (15 85) m 8 

minutes. The elute collected during the time In(lIcated by the solid !ine contarnoo ail ot the 

monohydroxy denvatives of interest and was eombined and analyzed by GC-MS 

-



1 

- 66 -

ma.,. .. mass mass 
momtored momtored mOnltored 

245 313 
5h-20 0 8h-180 ,''', , , 

259 245 
9h-IB 0 8h-20 0 

, 1,'" 
\?L j 

Q) 273 ' 259: 

0 / IOh-18 0 
9h-20 0 

C ,. ~. ~ 1 
1 • q;1 ~ ~ 

!11 
"0 
C 

: 2(17) ;:) '287 : 
.0 l , 

~ 
, 

IIh-20 0 lth-IB 0 ' , 
(. -), \ (' 3 r; '~\ 1 

1 

,301 301: 12h-20 0 
1 12h-18 0 ' \ ( 1 1'rj,,1 J , \ , . 1 

1315 ' i 329\ 14h-19O i 343: 
, 13h-18 0 Il l' 15h-20 0 

/; (l, ,1)' l, I, (l('/b :) 

\_~: .3~,,\ " \ ' 
, \ 

- ----~ --- -~ --
7.2 7.4 76 7.8 8.0 8.2 

Tlme (min) 

Fig. 18. Selected ion chromatograms of monohydroxy fatty acids in human LOL. After 

purification and derivatizalion, aliquots of monohydroxy derivatives of fatty acids from human 

LDL were mcasured hy Ge-MS usmg electron impact ionization (El) and selected ion monitoring 

(SIM). The Ions momtored (enc1osed in hoxes) were changed at 7.6 and 7.81 minutes (indicated 

hy vertical dottcd \ines) to mea~ure the spedtied monohydroxy compounds eluted from the Ge 

column. The area of each peak was compared to the area of the internai standard (l4h-19:0) and 

the ratio was compared 10 a standard curve constructed for each experiment. Note that the peak 

heights are normalized according to the highest peak for each ion monitored. 

1 
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monohydroxy fatty acids was 50 oC for 1 minute followcd by a rapid incrcase in oven 

temperature at 25 oC/min to 240 oC. The column was then purgcd at 280 oc for 15 

minutes before the next injection. Monohydroxy fatty acids (C 1M - Czo) wcrc divided into 

three groups according to their carbon numbers. The IOns mOllltored by the mass 

spectrometer were changed between each group (Fig. 18). The peak arca of C<1ch 

compound was compared to the peak area of the internai standard, 14h-19:0, and the 

ratio was compared to a calibration curve constructed for each expcrimcnt. 

2.3.4.2. Measurement of fatty acids and cholesterol 

Fractions of open column chromatography containing fatty acids (Section 2.3.4.1. 

(e) on P. 62) were quantified using a Varian model 3300 gas chromatograph with a !lame 

ionization detector. Fatty acids and cholesterol from rabblt LDL and aorta wcre extractcd 

and transmethylated as discussed in the prevlOus section. But in thls ca~e, open column 

chromatography was omitted and the fany acids and cholesterol wcrc treatcd WIth 

MSTFA prior to GC analysis. A 30 meter OB-25 fused sllIca capillary column was uscd 

for the analysis. The temperature program was 50 oC to 220 oC al a rate of 20 OC/min 

followed bya rate of 2 OC/min. The column was purgcd at 250 oC for 15 mm bcforc 

the next injection. The gas chromatogram of fatty acids and cholesterol from rabbit LDL 

is shown in Fig. 19. 

2.4. LIPID PEROXIDA TION AND PROSTANOID PRODUCTION IN 

A THEROSCLERO TIC RABBITS 

2.4. 1. Source of Animais and Diets 

Male New Zealand white rabbits (2 - 2.2 Kg) were purchascd l'rom La Ferme Lapro 

lnc., Stukely-Sud, Quebec. In studies on the cffects of hlgh cholesterol and high fat dicts 

on the formation of monohydroxy derivatives of fatty acids and prostanOlds, rabbits wcrc 

fed a daily ration of either standard rabbit chow (60 g; Purina Canada, catalog No. LC-

5301) or standard rabbit chow (53 g) supplemcntcù with cholc~tcrol (0.5 g), pcanut oil 

(6 ml; Planters), ethanol (0.5 ml) and butylated hydroxyamsole (BHA; 0.5 g) as 

described by Weigensberg et al. [316]. Ta prcvent the rabbits From bccoming sick, the 
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Fig. 19. Gas chromatogram of faUy acids and chol~terol in rabbits LDL. LOL lipids from 

a control rahhit was extracted using the Folch method with 16 JLg of nonadecadienoic acid (19:2) 

and 56-cholestane-3a-ol as the internaI standards for fatty acids and cholesterol, respectively. 

They were transmethylated, treated with MSTFA and then analyzed by gas chromatography on 

a J&W DB-23 fused capillary column (30 m x 0.25 mm) with a flame isonization detector. The 

temperature program was 50 oC for 1 min followed by a temperature program to 220 oC at a rate 

of 20 oC/min. The increasing rate was then changed to 2 oC/min until the oven temperature 

reached 250 oC. 
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cholesterol-supplemented diet was replaced by standard chow two days a wcck (on 

weekends) starting on the 8th week of the 15-wcek expcriment. The compositIon of fatty 

acids and their monohydroxy derivatlvc:-, ln the expcrimcntal and control dicts is hstcd 

in Table 3. In a second study on the distnbutlOn of monohydroxy derivativcs of fatty 

acids in dlfferent lipid fractions, rabblts were fcd a daily ratIOn of standard rabbit chow 

(100 g), or standard chow supplementcd wlth cither cholesterol alone (1 g). or cholesterol 

(1 g) plus peanut oil (12 ml), butylatcd hydroxytolucne (1 g) and cthanol (1 ml) for 13 

weeks. 

2.4.2. Preparation of Samples 

Two days before the aorta samplcs werc to be collcctcd, rabbits wcre placcd in 

metabolic cages. After 24 hours of stablltzatlon, urine was collcctcd ovcr a 24-hour 

period. Unnary creatinine content was l11ea~urcd al the Dcpartll1cnt of Chnical 

BlOchemistry, Royal Victona Hospital. Dinor mctaholites of pro'itacyclill and 

thromboxane A 2 (2,3-dinor-6-oxoPGF
'

<t and 2,3-dinor-TXB2, rcspcctlvcly) wcrc measurcd 

by Ge-MS with the collaboratIOn of Dr. Falardeau al the Chmcal Rescarch lnstitute of 

Montreal [317,318]. The purificatIOn procedure is summarized 111 Fig. 20. 

On the morning of the day when the rabbits were to be sacnficcd, blood was 

withdrawn from the car vein into two V ACUT AINER blood collection tubes (Bec ton 

Dickinson) containing 10.5 mg EDTA (tripotassium salt) and 0.014 mg potassIUm sorbatc 

peT tube and the LDL was prepared :IS dc~cribed ln Section 2.3.1. on P. 58. Rabbits 

were then injected with papaverine (4 mg/kg body weight) and hcpann (200 Ulkg body 

weight) to minimize the effects of vesse! contractIOn and thrombin formation, respcctivcly 

[319]. Two minutes later, they were sacrificcd by inhalation of carbon dioXldc. After 

rapidly opening the thoracic cavity, the aorta was 1 mmcdiatcly pcrfused in situ with Ca2+ 

and MgH -free modifi~d Krebs-Ringer-Tris medium contaming 127 mM NaCI, 5 mM 

KCl, 1.27 Mm KH2PO<t, 5.5 PlM glucose, 2 mM EDTA disodium salt, \0 /lM ibuprofcn, 

lO p.M papaverine, and 15 Mm Tris-HCl, pH 7.4 (medium A). The aorta was th en 

removed and placed in medIum A in wl1lch It was cut into 4 plCceS as shown in Fig. 21. 

Adhering fatty tissue was removcd l'rom each of the pieces. The area of aorta covcred 
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Tahle 3 

Daüy Imale of Fatly Acids and 7'heir Monohydroxy Derivatives 

Control and High cholesterol, high fat rahbit chow were grounded into powders and then 

clltracted by 20 volumes of chloroform/methanol (2: 1). An amount equal to one ten thousandth 

of the daily intake was mixed wlth 20 p.g of 19:2 and 200 ng of 14h-19:2 as internai standards. 

After reduction hy tnphenyl phosphine, the Itpid extracts were hydrolyzed by 0.3 N KOH at 60 

oC for 4S mmutes. The free fatty acids and their monohydroxy derivattves were acidified with 

concentratcd HCI and then extracted wlth methylene chloride tollowed by methylation with 

diazomethane. Fatty aClds and thelr monohydroxy derivauves were then separated from each 

other hy an open column procedurc. Fatty aClds were quantitied by agas chromatography (3A) 

whereas thcir monohydroxy metabolitcs were quantitied by GC-MS after RP-HPLC puritication 

and hydrogcnation (38). The values are the averages of triplicate analyses. 
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Fig. 20. Scheme showing the purification of dinor metabolite4i of PGlz and TXAz for Ge­

MS analysis. The abbreviations are as the follows: PFBB: pentafluorobenzyl bromide; MOX: 

methyoxyarnine hydrochlol ide; BSTFA: N,N-bis(trimethylsilyl)tritluoflJacetamide. 
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Fig.21. Preparation of aortic tissue for incubation. After opening the thoracic cavity, rabbit 

aorta was immediately perfused in situ with Ca2 +, Mg~+ -free buffer containing ibuprofen and 

EDTA. The aorta was then removed and freed of adhering fatty tissue in the same buffer. Two 

sections (SI and Sz) were cut into small slices and then incubated al 37 oC for 30 min. The two 

remaining sections (TI and T2) were mounted in a template as shown in next figure. 
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with lesions was evaluated visually by two individuals and expresscd as a pcrccnlagc of 

the total area. 

2.4.3. Incubation of Aortic Tissues 

2.4.3.7. Slices of aorta 

The aortic arch (SI) and the middle section of the thora~lc <lOrt(l (S}) wcrc cul Inlo 

small shces (about 3 mm2
). To remove the EDTA, Ibuprofcn and papaverine, the shcc~ 

were washed 5 times at 0 cC wnh Krebs-Ringer-Tris medium contalllll1g ln mM NaCl, 

5 mM KCI, 1.27 mM MgS04 , 1.27 mM KH2P0-t, 2.7 mM CaCl]. 5.5 mM glllco~e. and 

15 mM Tns-HCl, pH 7.4 (medIUm E). The shccs were thcn IIlcuhatcd ln 10 ml of 

medium B for 30 min al 37 oC in the absence of cxogcnolls fatty aCld ~llb~lrate. A.lter 

incubation, aortic slIces were removed from the IIlclIbation mcdllllll and cxlracted wllh 

chloroform/methanol for analy~ls of monohydroxy fatty aClds. A.n alIquol (1 ml) uf the 

medium was withdrawn for radiOimmunoassay and the re\t was extractcd wllh an OI>S­

silica Sep-Pak cartridge for measuremcnt of the monohydroxy fatty aClds rclca\ed froll1 

aorta. 

2.4.3.2. Luminal surface of aorta 

Sections (TI and T 2) of the aorta were placcd vertically betwccn two Ilicite blocks, 

one of which contained a sl11all incubatIon cham ber (height, 27 mm; dlamctcr, 10 mm), 

which allowed the medium to come In contact with only the luminal surface or the aorta 

(see Fig. 22). The chamber extcnded below the aorta, which was mOllntcd on the sldc, 

to permit stirring with a magnetic stirring bar dunng the Incubation l319} The tcmplatc 

was kept in a cham ber wlth a constant temperatllre of 37 oc. The lliminal surface no 
mm2) of the aorta was incubated for 5 min with medium A and th en washcd for 5 period~ 

of 5 min with medium B. The aorta was then incubated for 10 min at 37 oC in the 

presence of exogenous arachidonic aCld (25 IJ.M). 

Aliquots from the incubations of the rabbit aorta slices or the aortic lumen wcrc 

assayed for 6-oxoPGF1a , PG~ and TXB2 by radioimmllnoassay [305]. 

J 
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Fig. 22. Cross-section of incubation tcmplate for measuring products released from the 

luminal surface of the aorta. A side view (Ieft) and a top view (right) of an incubation template 

are shown, Sections of rahhit aorta were placed vertically between two lucite blocks, one of 

which conta:ns a smalt incubation chamber, which allows the medium to come in contact with 

only the luminal surface of the aorta, The cham ber extended below the aorta, which is mounted 

on the side, to permit stirring with a magnetic stirring bar during incubation. 
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2.4.4. Measurement of Fatty Acids and Their Monohydroxy Derivatives in 

Aorta and LDL from A therosclerotic Rabbits 

A small portion of the rabbit aortie sliees (about 20 mg) from each section of aorta 

was homogenized in saline (4 ml) and an aliqllol was t\ken for mcasuremcnt of protein. 

The remaining aortic slices (about 200 mg) were homogcnized in CHCI/CHIOH (2: 1) 

containing 14h-19:2 (200 ng) of the mcthyl ester as an internaI standard for monohydroxy 

fatty acids, and extracted usmg the Folch method. The CHCI/CH,OH mixture was 

bubblee! with argon and cooled in an acetone/dry Ice bath III whlch the extraction 

procedure was earried out. Medium from the IIlcubation was cxtracted on an ODS-sIlica 

Sep-Pak cartridge with 200 ng 14h-19:2 (frec acid) as the InternaI ~tandard. The extracts 

were then derivatized and purified as described prcviously in Section 2.3.4.1.. 

For measurement of esteri fied fatty acids and total cholesterol, picces of rabbll aorta 

(about 50 mg) from upper part of the thoraclc aorta (T\) were homogcni7cd III sallllc (4 

ml). Aliquots of homogenates or LDL were mixcd with 16 p.g of 19:2 (mcthyl estcr) and 

56-eholestane-3a-ol as the internaI standards for fatty aClds and cholèslcrol, rcspectively, 

and extracted using the Folch method. The lipid ex tracts werc transmdhylated and the 

cholesterol and 513-cholestane-3a-ol wcre convcrted to thclr tnmethyhIlyl ethers wlth 

MSTFA before GC analysis (see Fig. 19 on P. 67). 

The experimentai protocol is slimmarized in Fig. 23. 

2.4.5. Measu,ement of Fatty Acids and Thei, Monohydroxy Derivatives in 

Neutral and Polar Lipids 

To investigate the lipid c1ass containmg the estctllicd hydroxylatcd fatty acids and 

their fatty acid precursors, Iipid extracts of aortae from elther normal rabbils or l'rom 

rabbits fee! either 1 % cholesterol or 1 % cholesterol, pcanut oil and BHT for 13 wccks 

were separated into fractions containing neutral and polar Itpids by chromatography on 

a silieie acid column [304]. In dctail, the residuc from the Iipld cxtrach wa"i dl~~olvcd 

in chloroform (3 ml) and passed through a glass column contall1Îng 0.3 g of slltcic aCld. 

The column was eluted with a further 7 ml of chloroform. The 10 ml chloroform fraction 

contained neutrallipids (triglycerides and cholcsteryl esters). Polar lipids (phospholipids) 
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were then eluted with methanol (4 ml) followed by 2 ml of methanol:H20 (1: 1), which 

were combined. 14H-19:2 and 19:2 (mcthyl esters) wcre addcd to the neutral and polar 

lipid fractions as internaI standards for monohydroxy fatty acids and thelr fatty acid 

precursors, respectively. After transmethylallon and punfication as described in Section 

2.3.4.1., the amounts of esterified monohydroxy fatty acids and fatty aClds in thcse two 

fractions were measured by GC-MS and Ge, respectively. 

2.5. EFFECTS OF HYDROPEROXY LlP/DS ON THE FORMAT/ON OF 

PROSTAGLANDINS BY PARTICULATE FRACTION FROM FETAL CALF 

A OR TA 

2.5. 7. Preparation of Particu/ate Fractions from Fetal Calf Aorta 

Fetal calf aorta was cleaned and the advcntltia rcmovcd. The remallllng tlSSUC was 

minced in 0.05 M Tris-HCl, pH 7.5, (4 ml/g tissue) and homogc11Ilcd in an Icc-watcr 

bath with a Vir-Tis homogenizer (6 x 10 seconds with 50 seconds in bctwcen to allow 

for cooling). The supernatant was filtered through one layt.:r of (:hccscc\oth and the pellet 

was resuspended to the original volume of the homogcnalc by addition of TrIS buffer, and 

rehomogenized with a Vir-Tis homogenlzer (3 x la ~cconds). This hOJ11ogcnate was 

centrifuged for 10 min at 400 x g and, after filtration, the two filtcred supcrnatanls wcrc 

combined and centrifuged at 100,000 x g for 60 mIn at 4 oC using a Bcckman type 50.2 

Ti rotor. The pellet was resuspended in Tris buffcr (0.25 mllg ti~slle). 

2.5.2. Preparation of PGH2 

Ram seminal vesicle microsomes (2 ml) were mixcd with 1 % liquid phenol ln watcr 

(20 ftl) and th en kept in an ice bath for 30 min. P-hydroxyrncrcuribcn70atc (a PG~ 

synthase inhlbitor; 2.2 mg) was then addcd and the lTI1crosom\.~~ wcre placcd III a water 

bath at 37 oC for 5 min. The reactlon was started by arlding [l-IICJ 20:4 (3.5 x lOf) cpm 

with 200 pog unlabclled substrate). One I11l1lute later, the rl'actlon wa\ \toppcd hy 

acidification wlth 1 N Hel and the mixture was extractcd tWlce wlth 8 ml of 

hexane:diethyl ether (1 :4). The organic and inorganic phase~ wcrc ~cparatcd by rapid 

centrifugation. The organic fraction was washcd with water and the exccss water was 
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removed by addition of MgS04 • The purity of the preparation was checked by reducing 

an aliquot of PGH2 with triphenyl phosphine (1 mg in 1 ml of ether) for 1 hour at room 

temperature. The products were analyzed by thin-layer ehromatography using a mobile 

phase consisting of petroleum ether:diethyl ether:acetic acid (15:85:0.1) and the 

radioactivity on the plate was measu!'~d using a radioaetivity scanner. 

If the hexane:diethyl ether extract contained significant amount of other oxygenation 

products, purification of PGH2 was performed using column chromatography (0.5 g 

silicie acid) with 15 ml of ethyl acetate:hexane (l :4) followed by 15 ml of cthyl 

aeetate:hexane (1 :3). The last fraction was kept at -40 oC before use. 

2.5.3. Preparation of Hydroperoxy Lipids 

Solutions of cholesteryl linoleate (2 mg) in toluene (2 ml), trilinolcin (2 mg) in 

toluene (2 ml) or I-palmitoyl-2-linoleoyl-phosphatidylcholine (2 mg) ln 

chloroform:methanol (1: 1; 2 ml), aIl containing dl-a-tocopherol (50 iJ.g) to retard the 

decomposition of peroxyl radicals (see Section 1.3.3 on P. 32 and Section 1.4.1 on P. 

44), were concentrated to dryness in round bottom flasks using a rotary evaporator. The 

round bottom flasks were f1ushed with oxygen and kept in the dark for 70 hours at 40 

"C. 

Hydroperoxides prepared from cholesteryl Iinoleate and trilinolein were purificd by 

NP-HPLC using hexane:isopropanol (99.7:0.3) with a flow rate of 5 ml/min. 

Hydroperoxides prepared from phosphatidyJcholine were purificd by RP-HPLC using 

methanol:water (95:5) with a flow rate of 2 ml/min (Fig. 24). 

The hydroperoxy nature of the samples was confirmed by their capability to reduce 

oxidized iodide (1") ions to iodine (1;0. FOI hydroperoxy derivatives of trilinolein, the 

products were reduced with sodium borohydride and th en rechromatographed by NP­

HPLC using the same condition as described above. The resulting hydroxy lipids had 

longer retention time than their hydroperoxy counterparts. Hydroperoxy lipids \Vere dried 

down and taken up in acetone just prior to the experiment. 
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I<ig. 24. Purification of hydroperoxy derivatives of Iipids by high pressure Iiquid 

chromatography. Hydroperoxy derivatives prepared from cholesteryl linoleate (A) and 

trilinolein (J!) were purified by NP-HPLC using a mobile phase ofhexane:isopropanol (99.7:0.3) 

at 5 ml/min. Hydroperoxy derivatives prepared from I-palmitoyl-2-linoleoyl-phosphatidylcholine 

~) were purified by RP-HPLC uSÎng a mobile phase of methanol:water (95:5) al 2 ml/min. The 

peaks marked with asterisks were collected for the experiment. 
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2.5.4. Experimental Protocol 

2.5.4.1. Effects on prostaylandin endoperoxide synthase 

Prostaglandin endoperoxidc synthase activity was cvaluated by incubating particlllate 

fractions from fetal calf aorta with arachidonic acid followed by measurcment of the total 

amounts of oxygenation products. Particulate fractions (0.5 ml) were premcubatcd at 37 

oC for 1 min. A solution of 0.04% Triton X-loo in Tris-Hel (0.5 ml, pH 7.5; final 

concentration, 0.02%) was added, followed by lipid hydropcroxides in acetone (10 J!l). 

After incubation for a further 3 min, 20:4 (30,000 cpm or 1.71 J!g/incubation) was addcd 

in 3 ",lof ethanol and the incubation was continued for 10 min. The rcaclion was stoppcd 

by addition of ethanol (2 ml). [9a-3H]PGFI6 (20,000 cpm) was added as an internai 

standard and the mixture was centrifuged. The sllpernatant was extracted on an ODS­

silica Sep-Pak cartridge as described in Section 2.2.1. on P. 53 and the methyl formate 

fraction was dried down under a stream of nitrogcn. The residlle was dlssolvcd ln 10 1'1 

of methanol and then 5 ml of a solvent consisting of hcxane:toluene:acctic acid (95:5:0.1) 

was added. The sample was th en loaded onto a column of silicic acid (0.5 g), which was 

eluted with 13 ml of hexane:ether:acetlc aCld (95:5:0. \) to rcmove unconvcrtcd 20:4. 

Total oxygenation products of 20:4 wcre th en eluted wlth 10 ml of methyl 

formate:methanol:acetic acid (80:20:0.1). This fraction was evaporatcd in a fume hood 

overnight and the radioactivity due to the 14C-Iabelled products was measurcd using a 

beta-counter with a detection window range of 350-655. Recovery was calculated by 

counting the radioactivity due to [9a-3H]PGF1B in the tntlum window (0-250). Inhibition 

of the enzyme was ca1culated by dividing the radioactivity duc to 14C in the samplcs 

containing hydroperoxide (corrected for recovery) by the radioactivity in the control 

incubations. 

2.5.4.2. Effects on prostacyclin synthase 

Prostacyclin synthase activity was evaluated by measuring the amounts of 

prostaglandins formed from PGH2 by particuJate fractions from fetal calf aorta. 

Particulate fraction (0.5 ml) were preincubated at 37 oC for 1 min. A solution of 0.04% 

Triton X-lOO in Tris-Hel (0.5 ml, pH 7.5; final concentration, 0.02%) was added, 
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followed by Iipid hydroperoxides in acetone (10 J.'1). After incubation for a further 3 min, 

PGH2 (30,000 cpm or 17.1 J.'glincubation) in 3 1-'1 of ethanol was added and the 

incubation was continued for another 3 min. The reaction was stopped by addition of 

ethanol (2 ml). [9cx-3H]PGFlo (20,000 cpm) was added as an internai standard and the 

mixture was centrifuged. The sllpernatant was extracted on an ODS-silica Sep-Pak 

cartridge and the methyl formate fraction was dried down under a stream of nitrogen. 

Prostaglandins formed in the reaction were separated by RP-HPLC using 

acetonitrile:water:acetic acid (31 :69:0.02) for 5 min with a flow rale of 1.5 ml/min 

followed by a linear gradient to 3cetonitrile:water:acetic acid (80:20:0.02) over 6 min 

with a flow rate of 3 ml/min, and th en to acetonitrjle:acetic acid (100:0.02) over 5 min. 

The radioactivity in fractions collected every minute for the first 10 minutes was 

measured using a beta-countcr and the amount of radioactivity in the peak corresponding 

to 6-oxo[ l-14C]PGF la was calclllated and corrected for recovery. 

2.6. STAT/ST/CAL ANALYS/S 

Statistical analyses (Table 4) were performed using SPSS-X (release 3.0) for IBM 

OS/MVS at the computing centre of McGill University. 

2.6. 1. Comparison between Two Means 

Comparison of two means was performed using Student's t-test. There are two 

situations for which this test is used -- independent samples or paired samples. The 

arrangement of data is quite different in the:;e two situations: 

Treatment 

1 

II 

Measurement 

YI Y2 

a 

c 

b 

d 

For independent sample, the two measurements are being considered independent 

of each other. For example, when the means for control rabbits (a) and cholesterol-fed 
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Tahle 4 

Statistical Analyses Vsed in This TIlesis 

Statistical analyses were performed using SPSS/X trelease 3.0) for IBM/MVS at the 

computing centre of McGill University. Dependent variahles (Y) are the response to other 

variables. Independent variables (X) are the predktor or grouping variahles. lb\! levcl of 

independent variables is included in the bracket. 

INDEPENDENT VAR. 

(X) 

1 category (2) 

-- independent 

l category ( 2 ) 

-- paired 

1 category (>2) 

2 categories (>1) 

1 category (>2) 

1 continuous 

DEPENDENT VAR. 

(Y 1 

1 continuous 

1 continuous 

1 ccnti.1uous 

1 continuoua 

1 continuous 

repeated measurea 

on the sarne sarnple 

1 continuous 

PROCEDURE 

student's T-Test 

(independent) 

student's T-Teat 

(paired) 

Analyaia of Variance 

& Multiple Comparison 

Analyaia of Variance 

(two-way ANOVA) 

Analysis of Variance 

with repeated measures 

Pearson product-moment 

Correlationa 

• 
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rabbits (b) of the amounts of TX~ released by sIices of aorta (YI) were to be compared, 

the rncan and variance of each group (a and c) were ca1culated separately and then 

compared. The control line of SPSS-X was 

T-TEST GROUPS = trcatment (l,II) / VARIABLES = YI: 

For palrcd samples, the same sarnple was measured twice on different occasions. 

For example, wh en the dlffercnce bctween the aortic arch (YI) and the micldle section 

of the thoracic aorta (Y2) from the same aorta (1) were to be compared in their 

production of TXBh the differences in the values between pairs (a and b) were used in 

the calculation and therefore the variance between different animaIs for the same section 

of aorta was removed. The controlline of SPSS-X was 

T-TEST PAIRS = YI Y2. 

2.6.2. Comparison among Several Means 

In biomedical research, the cffects of multiple factors on experimental variables are 

often investigated. In our study on the effeet of cholesterol feedillg on TX~ production 

by aorta, the length of time lJn the dlets was also a factor of interest: 

Treatment Length of Time on Diets 

2 8 15 

a b c 

II d e f 

ln this case, two-way analysis of variance (ANOY A) was utilized to test the 

differcnce between treatments (group effeet) and the differences among several time 

periods (time effect). The interaction of these two effects was also investigated. The 

control1ine for SPSS-X was 

ANOVA VARIABLES = txb2 EY treatment (l,II) time (1,3) 

IMETHOD=UNIQUE. 

+. SPSS/X procooures an! !>hown tn Italles and in upper ca:;es. Keywords for each procedure are shown 
JO upper cases. Vanahles are ail shown ln lower cases even though some of them should have been 
shown \0 upper cases (I.e .• txh2 for TXB:J. 
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The method used to decompose sum of squares was UNIQUE, which should be 

used in situations where there are unequal number of cases in each group. If all the 

groups had equal number of cases, the EXPERIMENTAL approach could have been 

used. 

If there existed a significant interaction bctwecn two factors. i.e., trcalment and 

time, post-hoc tests were performed to test the differences betwccn groups due to 

treatment in a particular time period, SlIlce an interaction would suggcst that the 

magnitude of the difference between groups due to trcatment would change with tune. 

In a two-way experimental design discussed above, rliffercnl subjects (rabblts in this 

case) were used in each group. Howcvcr, il may be possible to measure a vanablc for 

the same subjc ... ts or the samc tissue al diffcrcnt points. In thls case, ImivtJrtale repl'llll'd 

measures F-tesl should be utilized to rcmove the variance due to dlffercnt subjccts and 

increase the power of analysis. For example, to test the cffect of Ibuprofen/EDTA on 

PGI2 production by slices of aorta, the same picces of aorta wcre used III the incubation 

and aliquolS were taken at 0, 5, 10, 20, 30 and 40 min for analySlS. The data was 

arranged as follows 

Trealmenl 

1 

Il 

1ength of Ti me on Diets 

o 5 10 20 30 40 

abc d e f 
g h i j k 1 

The cor.tTol line for SPSS-X was 

MANOVA pgi_O TO pgi_ 40 BY trcalment (l,II) 

/WSFACTOR = lime (6) 

/CONTRAST (lime) = POLYNOMIAL (0,5,10,20,30,40) 

/WSDESIG~ == lime 

/PRINT = TRANSFORM 

SIGNIF (A VERF) 

/DESIGN 
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ln this analysis, the PGI 2 production at different time points was used as the 

dependent variable rather th an one single indepcndent variable as was the case in two­

way ANOVA. We tcstcd the difference in PGI2 production by two groups of rabbit aortae 

(1 for con troIs and Il for aortae treated wlth ibuprofen/EDTA). Since more than two 

depcndent vanables were involvcd, mu1tlvariate analysis or repeated measure F-test was 

used. WSF ACTOR was to assign the ume factor as a within-subject factor. CONTRAST 

indicated a trend analysis, which reported the statistJcal significances based on Iinear, 

quadratlc, cubic or hlghcr polynomial trends. The numbers in the brackets after the 

keyword POLYNOMIAL indicates of the spaces between different variables; otherwise 

cqual dIstances would ha\ e been applied to ail variable!! The subcommand PRINT 

reported the transformatIon information since ail the original values were transformed for 

consequent analysis and ',e keyword SIGNIF (AVERF) reported the repeated measure 

F-test along with mlllti\tariate analysis with repeated measures. The subcommand 

DESIGN indicated that the treatment (1 and II) was the between-subject factor. 

2.6.3. Cotielation between Two Variables 

The associatIon betwecn two dependent variables was measllred using Pearson's 

correlation coefficient (Pearson r ) with the control line for SPSS/X 

CORRELATIONS YI Y2. 

It is important to note that a strong correlation does not necessarily indicate a 

cause-effeet relationshtp. For example, the fact that Y 1 and Y2 are correlated does not 

necessarily mean the change in Y2 is caused by the change in YI or vice versa. 

l 

J 
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RESULTS 

3.1. MEASUREMENT OF L/PID PEROXIDATION iN HUMAN LDL 

Modification of LDL by Iipid pero.(idation products has becn hypothcsizcd as an 

important event leading to atherosclerosis. Incubation of LDL l1/ \'Ilro with transition 

metal i,ons and cells, including endothelial cells, lcads to IIlcrcascd formation of TBARS, 

modification of apolipoprotein B-l00 and the consequent uptake and dcgradation of LD!. 

by macrophages. Even though Iipid peroxidatlOn plays an Important role ln the 

modification of LDL, there were no reports in the litcrature on the mcasuremcnt of 

monohydroxy derivatives of polyunsaturated fatty aClds, which are initial products of the 

lipid peroxldatlon •. We therefore decided to mcasure thcsc dcnvatlvcs and compare the 

changes in their levels during oxidatlOn of LDL wlth changes ln other paramcters of lipld 

peroxidation such as loss of LOL fatty acids, formatIOn of conjugatcd dicnes and 

TBARS. 

Polyunsaturated fatty acids are readily oxidized in the presence of oxygen, thcrcforc 

rigorous efforts were made to minimize lipid pcroxidation dunng prcparatlon of the 

samples. Ali procedures performed prior to the separation of monohydroxldcs from thclr 

fattyacid precursors were performed under argon or nitrogen. Addition of propyl gallatc 

prior to the extraction could enhance this protection since coppcr-catalyzcd OXldatlOn of 

LDL Iipids was nearly completely inhibited by propyl gallate evaluated by ail the 

parameters of Iipid peroxidation which were measured. 

3.1.1. Measurement of Monohydroxy Derivatives of Fatty Acids 

The initial products of Iipid peroxidation of fatty aClds are hydroperoxidcs whlch 

can be reduced to more stable hydroxy derivatlves by tnphenyl phosphinc. Measuremcnt 

of hydroxy derivatives of different fatty acids could give us an indication of the rate of 

oxidation of each individual fatty acid. 

"'. We started the experiment on human LDL in the summer of 1989 and had ail the re!>ult.., from 
incubation of LDL with copper in the spring of 1990. However, before we got the chance to puhh!.h 
it, a paper appeared 10 the 1990 July Is!tue of Journal of Lipid Researrh ln whlch monohydroxy 
derivatives of 18:2 and 20:4 were measured by HPLC ln LDL subJected to Cu21 OXldatlOn. 
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3. 1. ,. ,. Monohydroxy fatty acids in human LOL after peroxidation induced by 

coppe, 

Monohydroxy fatty acids ln LDL w,-:re quantlfied by gas chromatography/mass 

spectrometry (Ge-MS) usmg a method slmilar to one previously developed in our 

laboratory [304]. The sampI es were hydrogenated pnor to analysis to increase the 

speclfictty of the assay wlth respect to the position of the hydroxyl group, since the 

hydrogcnatcd compounds have relatively simple fragmentatIOn patterns. Peroxidation of 

polyunsaturatcd fatty acids results in the formation of conjugated double bonds from 1,4-

ciS,cls-pentadlene groups (sec .~ig. 9 on P. 30). Although the predominant configuration 

of thcse conjugatcd double bond are frans-cis, monohydroxy fatty acids also have 

conjugated double bonds with franS-lrans configurations especially when they are formed 

by non-enzymatlc peroxidatlon. The cis-Irans and franS-Irans configurations of the same 

positional isomer will give identical products aftcr hydrogenatlon, yielding a "impler gas 

chromatographlc profile of monohydroxy fatty acids. However the disadvantage of 

hydrogenation is that is not possible to know how many double bonds were present in 

the parent compound. This is not the major problem for hydroxyl.~ted fatty acids wlth 20 

carbons since they come aimost exc1usively from arachidomc acid. But it is a problem 

for monohydroxy deri vatives of fatty acids with 18 carbons since they can be derived 

from either oleic aCld or Iinoleic acid, two major fatty acid components in human LDL. 

This problem, however, can be partI y solved by studying the dynamic changes of these 

monohydroxy fatty acids under conditions in whlch they undergo decomposition at 

different rates as in the presence of moderately high concentrations of copper ions .. Fig. 

25 shows the changes in monohydroxy C18 fatty acids in LDL incubated with 20 #LM of 

CuS04 • There were basically two patterns -- one was represented by 8h, lOh, and 11h-

18:0 (Fig. 25; A, C and E. respective] y) in which the amounts of monohydroxy 

derivatives increased continuously up to 20 hours; another was represented by 9h and 

13h-18:0 (Fig. 25; B and D, respectively), the amounts of which were elevated after 5 

hours but declined significantly after 20 hours of incubation. Since oleic acid can be 

oxidized to 8, 10 and Il-hydroxy dcrivatives (sec Section 1.3.1 on P 24), it is reasonable 

to conclude that 8h, IOh and Il h-18:0 are coming from hydroxylated derivatives of oleic 
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Fig. 25. Changes in the amounts of monohydroxy dcrivatives of CIS fatty acids in LDL 

incubated with CuSO •• Human LOL was incuhated in Ham's FlO medillm (0 () or in 

Ham's FlO medium containing 20 J.tM of CuS04 (.'---4) for l, 5 and 20 hOUfS, 

Monohydroxy derivatives ta Cl8 fany acids esteritied to LDL lipids werc then purifie<! and 

measured by GC-MS as descrihed in MATERIALS AND METIIODS. The values arc averages 

of triplicates. 
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acid. 9H-18:0 and 13h-18:0, on the other hand, are presumably comin[ from 

hydroxylatcd derivatlves of linolcic acid whlch contain 2 double bonds and would 

therefore more easily be further oxidlzed to sccondary products. Only a relatively small 

amount of 12h-18:0 was detected (Fig. 25F). Although the amount i'lcrcased with time, 

the difference betwecn the control and the sample mcubated with copper was much less 

than those for other hydroxy Cu products. Furthermore, the origin of 12h-18:0 is not 

clear [304]. Wc therefore declded not to mclllde the values for 12h-18:0 in the following 

results. Ali monohydroxy fatty acids derived From arachidonic acid had similar patterns 

to 9h-18:0 and 13h-18:0. 

Based on the information in Fig. 25, monohydroxy fatty acids in LDI... were 

c1assified into three groups: 8h, lOh and Ilh-18:0 in group 1; 9h and 13h-18:0 in group 

2; 5h, 8h, 9h, I1h, 12h and 15h-20:0 in group 3. The total amounts 10 cach group are 

shown in Fig. 26. The amollnts of monohydroxy derivatives of oleic acid (8h, Wh and 

II h-18:0) were the same as the control after 1 hour In the presence of 20 ILM CuS04 , 

but increased compared to the controIs after incubation for 5 ho urs (Fig. 26A). This 

increase was tlme-dependent up to 20 hours. In comparison, the amounts of 

monohydroxy derivatives in group 2 and 3, i.e., monohydroxy derivatives of 

polyunsaturated fatty acids, wcre dramatically incrcased after 5 hours of incubation but 

declined signitïcantlf after 20 hours (Fig. 26; C and E). 

The amounts of indivldual monohydroxy fatty acids in LDL after 5 hours of 

incubation with CuSO .. are presented in Fig. 27A. AlI monohydroxy fatty acids from the 

same fatty acid precursors increased to approximately the same extent, consistent with 

the pattern expected for the autoxidation of lipids. 

3. 1. 7.2. Monohydroxy fatty acids in human LDL incubated with endothelial 

cells 

The mechanism of oxidation of I...OL lipids in the presence of endothelial celIs may 

be different from the oxidation of LOL induced by copper due to the presence of 

Iipoxygenases in the endotheliai cells. If the oxidation is mediated by lipoxygenases, 12h-

20:4 and/or 15h-20:4 wou Id increase. On the other hand, if the oxidation is due to 
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Chang~ in the amounts of monohydroxy derivatives of unsaturatcd fattyacids 

in LDL incuhated with CuS04 or with endothclial cells. Human LDL was incubated in Ham's 

FlO medium (0--- --' -0), or in Ham's FIO medium supplemented with 20 /LM of CuS04 

(. .,,A, C and .m, or in Ham's FIO medium with human umbllical win endotheli<ll cells 

(. ., ft, 0 and E) for 1,5 and 20 hours. Monohydroxy derivatlves of olei~: (A ami fi), 

Iinoleic ~ and 0) and arachidonic cg and E) acids e~terified to LDL lipiJs were then prepared 

and measured by GC-MS. The values are averages of triplicates (CuS04) or duplicatcs 

(endothelial ceUs). 
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Fig. 27. Formation or individual monohydroxy derivatives or unsaturated ratty aeids in 

hum an LDL incubated with CuS04 or with endothelial eells. Human LDL was incubated in 

Ham's FIO medium (open bars), or in Ham's FIO medium supplemented with 20 ILM ofCuS04 

for 5 hours (A. salid bars), in H<tm's FlO medium with human umbilical vein endothelial cells 

@, sotid bars) for 20 hours. Monohydroxy derivatives of unsaturated fatty acids esterified to 

LDL lipids were prepared and measured by GC-MS. The values are averages of triplicates (A) 

or duplicates (ID. Note the change of seale above 10 nmol/mg protein in panel A. 
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autoxidation, a pattern similar to the one obtained in the previolls expcriment wOlild be 

expected . 

The amounts of monohydroxy fatty acids in LDL derived from 18:2 and 20:4 

increased by 2 to 3 times after incubation with endothelial ceUs for 20 hOUTS comparcd 

to the controls (Fig. 26; D and F) whereas the amounts of monohydroxy fatty acids 

derived from 18: 1 were less than twicc the amounts in the control after the same period 

(Fig. 268). No differences were observed after either 1 or 5 hours of incubation. 

The amounts of each individual monohydroxy fatty acid in LDL after incubation 

with endothelial cells for 20 hours are shown in Fig. 278. The pattern was simi\ar to that 

obtained when LDL was incubated with CUS04 for 5 hours (Fig. 27 A). No selective 

increase of one positional isomer over otller derived from the same fan y acid was 

observed. 

3. 1.2. Measurement of Other Parameters of Lipid Peroxidation in Oxidized LOL 

To compare the measurement of monohydroxy fatty acids with other rncthods lIsed 

for the evaluation of lipid peroxidation, peroxidation of LDL \ipids in the presence of 

copper ions and endothelial cells was also evalllated by measurement of fatty acid 

content, as weIl as the formation of conjllgated dienes and thiobarbitllric acid-reactive 

substances (TBARS). 

3. 1.2. ,. Loss of fatty acids in human LOL during oxidation 

Fattyacids in LDL were extracted, separated from their monohydroxy derivatives 

by column chromatography and quantified by ~as chromatography with a tlarne-ionizatlOn 

detector. Oxidation of human LDL in the presence of 20 ftM CuS04 was accompap:ed 

by moderate decreases in stearic (Fig. 28A) and oleic (Fig. 28C) acids. In contrast, 

polyunsaturated fatty acids (linoleic and arachidonic acids) were cornpletcly dcplctcd after 

20 hours of incubation (Fig. 28; E and G). Incubation of LDL wlth endothelial eclls 

resulted in only slight decreases in the amounts of ail fatty acids in LDL (Fig. 28; B, D, 

F and H). 
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Fig. 28. Loss orratty acids rrom human LDL during lipid peroxidation. Human LDL was 

incubated in Ham's FIO medium (0----------0). or in Ham's FIO medium supplemented with 

CuS04 (20 #lM; ....--., A. C, E, ID. or in Ham's FIO medium with endothelial cells 

(. ., ,B., D, E. H) for 1, 5 and 20 hours. Fatty acids esterified to LDL lipids were 

extracted hy the Folch method with methyl arachidic acid (20:0) as an internai standard, and 

measured hy gas chromatography. Quantification of fatty acids was performed hy comparing the 

peak areas for LDL fatty acids to the peak area for internai standard (20:0). The results are 

averages of triplicates (CuS04) or duplicates (endothelial cells). 



- 93-

3. 1.2.2. Formation of conjugated dienes during oxidation of human LDL 

Incubation of LDL with 20 #LM CUS04 resulted in continuous increases in ultraviolet 

(UV) absorption around 234 nm and between 260 and 280 nm after 5 and 20 hours (Fig. 

29). However, no increase in UV absorption at these wave1engths was observed in the 

case of incubation of LDL with endothelial cells up to 20 hours (data not shown). 

3.1.2.3. Formation of TBARS during oxidation of IIuman LDL 

Malondialdehyde, considered as one of the end products formed during the 

oxidation of polyunsaturated fatty acids, was measured by the thiobarbituric acid (TBA) 

assay using spectrophototluorometry. Since lipid peroxidation products other than 

malondialdehyde also react with TBA, the results are expressed as "thiobarbituric acid­

reactive substances" (TBARS). TBARS increased continuously up to 20 hours ln LOL 

incubated both with copper ions and with endothelial cells (Fig. 30). 

3.1.3. Different Distribution of Monohydroxy Fatty Acids and TBARS 

To investigate the distribution of lipid peroxidation products after oxidation of LOL, 

LDL was incubated with CuS04 and th en reisolated by ultracentrifugation. Due to the 

loss of fatty acids, the density of LOL increascd after the oxidation. Therefore, a solution 

with a density of 1.15 was necessary to recover the modificd LDL [314]. Monohydroxy 

fatty acids in LDL and in incubation media were extracted and punficd as dcscribcd in 

Section 2.3.4 (P. 61). TBARS were also measured in these two fractions. The rcsuIts 

showed that over 98% of the monohydroxy fatty acids were found estcrified to LDL 

lipids whereas about 80% of TBARS were present in the incubation medium (Table 5). 

3.2. MONOHYDROXY DERIVA TlVES OF FA TTY ACIDS IN HYPERLIPIDEMIC 

RA.BBITS 

It has becn reported that atherosclerosls is associatcd with elcvatcd lipid 

peroxidation in LDL and aorta as well as altcred production of prostanOlds by blood 

vessels. Wc therefore investigated the formation of rnonohydroxy fatty acids dcrivcd 

from oleic, linoleic and arachidonic acids in aorta and LDL and the relationship bctwecn 
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Ultra viole" spectra of LDL incubated with CuSO •. Human LOL was incubated in 

the presence of CuS04 (20 ItM) for 1, 5 and 20 hours. LOL was diluted with phosphate-buffered 

saline and the ultraviolet spectra were recorded. The baseline was established by recording the 

spectrum of same incubation medium without LOL. 
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Fig. 30. Increase in the formation of thiobarbituric acid-reactive substanc~ ffIlARS) 

from LDL during lipid peroxidation. Human LDL was incuhated in FIO medium (0 0), 

in FIO medium supplemented with CuS04 (20 JLM; ... --... , A), or in FIO medium with 

endothelial cells ( .... --.... ,~) for 1,5 and 20 hours The incuhates were diluted with phosphate-

buffered saline and the TBARS were measured using spectrophototluorometry with an excitation 

wavelength at 515 nm and emission wavelength at 565 nrn. The conCt!l1tration of TBARS was 

calculated against a freshly-prepared calihration curve of 1,1 ,3,3-tetramethoxypropane. The 

values are averages of triplicates (CuS04) or duplicates (endothehal cells). 
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Tahle 5 

Distribution of Monohydroxy Fait y Acids in LDL and Medium after Incubation wh CUSO~ 
LDL was incuhated with 20 JtM CuS04 for either 5 hours (a) or 20 hours (b) and then 

reisolated by ultracentrifugation. Monohydroxy derivatives of fatty acids in LDL and in medium 

were extracted and purified as described in Section 2.3.4. TBARS were also measured in these 

two fractions. Ali values are averages of three measurements and expressed as "nmole/mg LDL 

proteins" . 

Native 

Oxidized 

h-184/(b) h-18:2(a) 

LDL Medium LDL Medium 

0.15 

50.26 

0.20 0.72 

0.35 109.56 

0.17 

0.19 

h-20:4(a) 

LDL Medium 

1.50 

17.13 

0.13 

0.30 

TBARS(b) 

LDL Medium 

0.30 1.82 

11.95 48.35 
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Iipid peroxidation and aortic prostanoid production in hypercholesterokm:c rabbits. 

Rabbits were fed either control diets (standard rabbit chow) or dii.!ts supplcmented 

with cholesterol, peanut oil and BHA. After 2, 8 and 15 weeks. rabbits were housed in 

metabolic cages for 48 hours. The urine collccted dunng the second 24 hours was 

extracted and the 2,3-dinor metabolitcs of PGI] and TXA] were mcasured. On the 

morning of the day when the rabbits were to be sacnficed, blood was collccted from an 

car vein and LDL was prepared. Aorta samples were then obtained after sacriticing the 

rabbits. The final numbers of rabbits from which samplcs were obtamed for analysis are 

listed in Table 6. The area of aorta covercd with lcsions was evaluated visually by two 

individuals and the scores were averaged (Table 7). 

3.2. 7. Monohydroxy Fatty Acids in LOL trom Cholesterol-fed Rabbits 

Monohydroxy derivatives of fatty acids were mcasured in LDL from rabbits fed a 

high cholesterol and high fat diet. Among the monohydroxy fatty acids measured, those 

derived from 18:2 were the most abundant. The levels of monohydroxy derivatives of 

20:4 in control LDL were too low to be detected at the lime of this experimcnt. The total 

amounts of monohydroxy derivatives of 20:4, however, were 1.06, 2.97 and 19.26 

ng/mg LDL protein, after 2, 8, and 15 weeks on a cholcsterol-supplcmented dict, 

respectively. 

Monohydroxy derivatives of CUI fatty acids in LDL are shawn 111 Fig. 31. The 

amounts of 9- and 13-hydroxy denvatives of linolcic acid m LDL rcachcd about 100 

ng/mg LDL protein after 2 weeks on a high cholesterol/high fat dlet, and wcre about 2 

to 3 times higher than controls (Fig. 31A). The amounts of monohydroxy derivativcs 

from 18:2 in LDL from cholesterol-fed rabbits were aIso about twice the control values 

at 8 and 15 weeks (Fig. 31; Band C). In contrast, monohydroxy dcrivatives of oleic acid 

in LDL were not increased in the cholesterol-fed rabbit exccpt for 8h-18: 1 aftcr 2 wceks 

(Fig. 3IA). These derivatives were actually decrcased after 8 wccks on a cholesterol diet 

(Fig 318) and th en retumed to levels similar to the controls after 15 weeks (Fig. 3IC). 

Wh en the above results were expressed as "ng monohydroxy fatty acids in LDL/ml 

plasma" to represent of total amounts of these products in plasma, the differcnccs 
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Table 6 

Numbers of RaMus on Control and Cholesterol/Pean ut Oïl Diets 

from Which Samples Were Obtained 

Rabhits were fcd a control diet or a diet supplemented with 1 % cholesterol, 10% peanut 

oi! and 1 % BHA (CHal + PO) for 2, 8 and 15 weeks. Urine was collected for a 24-hour period 

for the analysis of dinor metabolites of PGl2 and TXA2• LDl was prepared from these rabbits 

for the measurement of fatty acids and their monohydroxy derivatives. Sections of aortic tissues 

(S\I TI' S2 and T2 • see Fig. 21 for the location ofthese sections) were also used to measure fatty 

acids and their monohydroxy derivatives as weil as prostanoids. The numbers of rabbits from 

which each of the above samples were taken are shown in this table. 

2 week 8 week 15 week 

Rabbits csurvivedlpurchased) 

Control 9/10 7/7 7/7 
CHaL + po 7/8 5/8 7/12 

Aorta 

St, 52 Control 9 6 7 

CHaL + po 8 5 7 

Tt, T2 Control 7 4 7 

CHOL + PO 6 5 7 

LDL 
Control 9 6 7 

CHOL + PO 8 5 7 

Urine 

Control 9 6 6 

CHOL + PO 6 5 7 
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Tahle 7 

Lesions in Aorta Jrom Hyperlipidemic Rabbils 

Rabbits were fed a diet supplemented with 1 % cholesterol, 10% pean ut oil, 1 % BHA and 

1 % ethanol for 2, 8 and 15 weeks, respectively. The areas covered with lesions in different 

sections of the aortae were evaluated visually hy two individuals and were averaged. The values 

are average.'I of 5 - 7 samples with the range shown in hrackets. Aortic total cholesterol 

concentration was measured hy gas chromatography wlth 16 Ilg of 5B-cholcstane-3a-ol as an 

internai standard. The values are means ± S.E.M .. * P < 0.05. ** p < 0.001, compared to 

the corresponding controls using Student's t-test. 

TIME OF CHOLESTEROL OIET 

8 Weeks 15 Weeks 

Visual Evaluation ( %) 

SI 56 (20 - 90) 94 (80 - 100) 

TI 38 (10 - 90) 93 (80 - 100) 

S2 26 (10 - 50) 53 (10 - 100) 

T2 14 (10 - 20) 50 (10 - 100) 

Total Cholesterol (ug/mg proteinl 

Control 10.66 ± 1.21 16.43 ± 1.65 

Cholesterol 123.98 ± 41.46 'Ir 378.93± 38.66 'Ir 'Ir 
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Fig. 31. Amounts or monohydroxy derivatives of CI8 fatty acids in LDL from control and 

hyperlipidemic rabbits. LDL from rabbits on either a control (open bars) or a cholesterol­

supplemented (solid bars) diet for either 2 (A), 8 (8) or 15 weeks (C) was extracted using the 

Folch method. Monohydroxy derivatives of fatty acids esterified to LDL lipids were measured 

by GC-MS. The values are means ± S.E.M .. Statistical differences between control and 

hyperlipidemic rabbits in the amounts of monohydroxy derivatives of fatty acids in LDL were 

c~iculated using Student's t-test. * P < 0.05, ** P < 0.01. 
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between control and cholesterol treatment became more profound, especially aftcr 8 and 

15 weeks (Fig. 32) because of the elevation of LDL in plasma as a result of the 

cholesterol diet (Table 8). This was true for monohydroxy derivatives of both olcic and 

linoleic acids. 

3.2.2. Monohydroxy Fatty Acids in Aorta from Hyperlipidemic Rabbits 

Slices of aortlc arch (5\) were incubated at 37 oC for 30 minutes and monohydroxy 

fatty acids in the medium and in the aortic slices were cxtracted on an ODS-sllica Sep­

Pak and by Potch method, respectively. InternaI standards were added prior to extraction 

in both cases. The monohydroxy fatty acids were th en derivatized and punticd for GC­

MS analysis. Unlike the s',ud~' ('rl oXldation ofhuman LDL, only Ilh-20:4, 12h-20:4 and 

15h-20:4 rather than ail six HETEs were measured in thls study SlI1ce previolls studies 

done in our laboratory showed that the dominant monohydroxy dcrivatives uf arach\donic 

acid in rabbit aorta were 11-20:4, 12-20:4 and 15-20:4, along wtlh smaller amounts of 

5-20:4, 8h-20:4 and 9h-20:4. 

3.2.2.1 Release of Monohydroxy Fatty Acids into the Medium 

The amounts of monohydroxy derivatlves of fatty acids released mto the medIum 

after incubation of sUces of aortic arch for 30 mm at 37 oC are shown in Fig. 33. There 

were no differences between control and treated rabbits after 2 wccks on a cholcstcrol 

diet (Fig. 33A). After 8 weeks on the cholesterol diet, the amounts of monohydroxy 

derivatives of linoleic and arachidonic acids werc hlgher III the cholcsterol-trcatcd group. 

However, the differences between the two groups were stattstically signiticant only ln the 

cases of the 11- and 15-hydroxy derivatives of arachidoOlc aClds (Fig. 338). Simllar 

results were obtained after 15 weeks on the cholesterol diet, but 111 thls ca~e, only 9h-

18:2, 13h-18:2 and 15h-20:4 were significantly higher in the chole~terol-fed group (Fig. 

33C). There were no differences between the control and cholestcrol-lrcatcd group in the 

amounts of monohydroxy derivatives of oleic acid released mto the medIum at ail time 

investigated . 
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Fi~. 32. Amllunts of LDL-associated monohydroxy derivath'es of CI8 futty acids in plasma 

l' .. om l'ont roi und hyperlipidemic rabbit'l, MonohyJroxy derivatives of C
1S 

fatty acids in LDL 

Il llll rabbits un either a control (open bars) or a cholesterol-supplemented (solicl bars) diet for 

either :2 CA), 8 (U) or 15 weeks CC) were quantitied by GC-MS. The concentt ations of 

l1lollllhydroxy dellv.ltives are expressed as lOng in LDL per ml of plasma" in~tead of lOng per mg 

of LDL protein" as shown in Fig. 31 to represent the concentrations of these LDL-associated 

lkrivatives in plasma. Statistkal differences between control and hyperlrpidemic rabbits in the 

alllllunts of these dl.!rivatives were cakulated using Student's {-test. * P < 0.05, ** P < 0.01. 



- 103-

Table 8 

LDL Concentration ill Plasma Jrom llyperlipidemic Rabbus 

Rabbits were fed a control diet or a diet supplemented with 1 % cholesterol. 10% pcanut 

oil, 1 % BHA and 1 % ethanol for 2. 8 and 15 weeks LDL protein concentration was quantilicd 

by a modification of the Lowry method. The values, expressed as "mg LDL plOtdn/ml plasma", 

were corrected according th,;.! tinal volume Qf LDL anù the original volume of plasma Statistical 

analysis was performed by 2-way ANOV A followed hy a post-hoc tc!>t (!>imple cOI,trast) tn 

compare the means of pairs at the same Ume Ali three effects in 2-way ANOVA, i.e., group 

effect, time effect and group x time effect are highly signiticant (P < 0.01). 

2 weeka 

8 • ... eeka 

15 weeks 

LDL proteins (mg/ml plasma) 

Control 

0.18 ± 0.02 

0.21 ± 0.03 

0.32 ± 0.06 

Cholesterol 

0.43 ± 0.04 

1.47 ± 0.25 

1. 67 ± 0.21 
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Fig. 33. Amounls of monohydroxy derivatives of fatay acids released by aortae of control 

and hyperlipidemic rabbits. After 2, 8 and 15 weeks on a cholesterol diet (A, J! and ~, 

respectively), slices of aortic arches (S.) from control (open bars) or cholesterol-fed rabbits (solid 

hars) were incubated in Tris-HC1 huffer for 30 minutes at 37 oC. Monohydroxy derivatives of 

fatty acids in the incuhation medium were extracted on an ODS-silica Sep-Pak and the quantified 

hy GC-MS. The values are expressed as means ± S.E.M .. Statistical differences between control 

and hyperlipidemic rabbits in the amounts of these derivatives were calculated using Student's 

t-test. * P < 0.05. Note that the scale of panel A is only half that of the other panels. 
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3.2.2.2. Esterified Monohydroxy Fatty Acids in Rabbit Aorta 

The amounts of monohydroxy C18 fatty acids esterified to aortic lipids were about 

10 times greater than the amounts released into the medium. After 2 wccks, 

monohydroxy derivatives ofoleic acid (llh-18:1) and linoleic acid (9h-18:2 and 13h-

18:2) were lower in aorta From cholesterol-fed rabbits than from controls (Fig. 34A). 

However, after 8 weeks, the amounts of a11 hydroxy derivatives of CUI fatty acids exccpt 

for llh-18: 1 were about 2 to 3 limes higher than the corrcsponding control (Fig. 348). 

The amounts of 8h-18: 1, IOh-18: 1 and 9h-18:2 were still considcrably elcvated after 15 

weeks on a cholesterol diet, but there was no sigmficant differcnce in aortîc 13h-18:2 

between hypercholesterolemic and control rabbits (Fig. 34C). 

Unlike the situation with the hydroxy derivatives of C1K fatty acids, the amounts of 

esterified monohydroxy derivatives of arachidonic acid were only about twice as high as 

the amounts measured in the incubation medium. Furthermore, thcre were no significant 

differences in the amounts of esterified monohydroxy derivatives of 20:4 in aorta from 

the two groups until 15 weeks on a cholesterol-supplemented diet, at which time the 

amounts of aH of the monohydroxy derivatives of arachidonic acid were markedly higher 

in the cholesterol-fed rabbits (Fig. 34C). 

3.2.3. Esterified Fatty Acids in Aorta 

The above results immediately pose a question: can the changes in estcrified 

monohydroxy fatty acids in aortae From cholesterol-fed rabbits be explained solely by 

changes in the levels of their fatty acid plecursors? To answer this question, lhe amounts 

of esterified fatty acids in aortae From control and cholesterol-fcd rabbits were measured 

by gas chromatography using a DB-23 capillary column. 

Fig. 35 shows typical GC chromatograms of the fatty acid composition~ of aortae 

from control and cholesterol-fed rabbits after 15 weeks on the diets. At this time, it is 

evident that there is an increased percentage of 18: 1 and a decreased percentage of 20:4 

compared to other fatty acids in the aortae From cholesterol-fed rabbits. 

The amounts of oleic, linoleic and arachidonic acids are shown in Fig. 36 (D, E and 

F). The value for the monohydroxy derivatives of 18:1 (the combined amounts of 
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Fig.34. Amounts of ~terified monohydroxy derivatives of fatty acids in aortae of control 

and hyperlipidemic rabbits. After 2, 8 and 15 weeks on a cholesterol-supplemented diet (A, 

l! and !:, respectiv~ly), slices of aortic arches (SI) of control (open bars) or cholesterol-fed rabbits 

(solid bars) were incubated in Tris-HCl buffer for 30 minute:, at 37 oC. Monohydroxy derivatives 

of fatty acids esterified to the aortic lipids were extracted using the Folch method and then 

quantified by GC-MS. The values are expressed as means ± S.E.M .. Statistical differences 

between control and hyperlipidemic rahbits in the amounts of these derivatives were calculated 

using Student's t-test. * P < 0.05, ** P < 0.01. Note that the scale of panel A is only half that 

of the other panels and that the values for monohydroxy derivatives of arachidonic acid have been 

multiplied by 10. 
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Fig. 35. Gas chromatograms of fatty acids ~h:rified lo aortic lipids from control and 

hyperlipidemic rabbits. Aortic Iipids from control (Icft) and hypcrlipidemic (right) rahhiL'i were 

extracted and analyzed by gas chromatography. The temperature program was identical tu that 

in the legends to Fig. 19 on P. 67. 
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Fig. 36. Amoullts of cstcl'ificd fatty acids and thcir' mOlloh)'(h'u,~' dl'l'Ï\'ath'l's in 

a0l1ac f'l'om contl'ol and hYPcl'lipidclllic mbbits. The total al110unts of esten lÏed 

monohydroxy derivatlves of 18: 1 (A), 18:2 cm and 20:4 (Ç] in aorta l'rom control (, \ \ ,) 

and cholesterol-fecl (e-e) rabbits were calculatecl by adding the vaIlles for cach of the 

indivldual products shown \11 Fig. 3~. The amounts of thcir fatty ,\l'Id precur~ors in thl' 

same tissue are shown in pancls D, .5 and E. The pcrcentagc of l'sten lied ratty al'Id~ 

present in the forms of thelr monohydroxy metabolitcs in aorla frunl the Iwo groups or 

rabbits are shown in panels G, H and 1. Data arc exprcsscd as means ± S.E..M. for t'atty 

acicls and their monohydroxy derivatives (pancls A to E), and as <lverages of the ratlll., 

of monohydroxy derivatives to their fatty acicl prccursor (pancls G to l). The statiS1H.',1I 

c1ifferences between control and cholesterol-l'cd rabbits in fatty acidl) ,1.nd thcl!' 

l11onohydroxy derivatives were asscssed by two-way analysis of variance (using tn:atllll'nt 

and time on dicts as two inclependent variables) using the regrel)sion approach. Post-hoc 

tests \Vcre done lIsing simple contras! based on design matrix to compare the dll1'ercllccl) 

between control and trcated groups at each particular tllllC pcnod. 
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8h-18:1, 10h-18:1 and 11h-18:1), 18:2 (thecombined amountsof9h-18:2and 13h-18:2) 

and 20:4 (the combined amounts of I1h-20:4, 12h-20:4 and 15h-20:4) are also shown in 

Fig. 36 (A, B and C). The percentages of oleic, linoleic and arachidonic acids in the 

form of their monohydroxy derivatives were calculated from the above data and are also 

shown in Fig. 36 (0, H and 1). 

The amounts of 18: 1 and 18:2 were about 3 to 4 times higher in cholesterol-fed 

rabbits than in the control rabbits in ail time points (Fig. 36; D and E). Consequently, 

the percentages of 18: 1 and 18:2 present as their monohydroxy derivatives were lower 

in the cholesterol-fed group even though the absolute amounts of these monohydroxy 

fatty acids were higher after 8 and 15 weeks on the diet (Fig. 36; G and H). In 

comparison, the aortic content of arachidonic acid was not changed after 2 weeks on the 

diet and significantly 10wer in the cholesterol-fed group after 8 and 15 weeks (Fig. 36F). 

Thus, although there were no significant differences in the absolute amounts of 

monohydroxy C20 fatty acids after 8 weeks (Fig. 36C), the percentage of 20:4 present 

in the form of its monohydroxy derivatives was significantly higher in aortae from 

hypercholesterolemic rabbits (Fig. 361). After 15 weeks, increased amounts of 

monohydroxy 20:4 were accompanied by decreased amounts of their fatty acid precursor 

so that the percentage of 20:4 oxidized in aorta from cholesterol-fed rabbits was the 

highest after 15 weeks (Fig. 361). Interestingly, the percentage of arachidonic acid in the 

form of its monohydroxy derivatives in control rabbit aorta was rather low compared to 

that of linolek acid in the same tissue. However, after 15 weeks on a cholesterol diet, 

the percentages of linoleic and arachidonic acids as their monohydroxy derivatives were 

about the same. 

3.2.4. Correlation of the Amounts of Monohydroxy Derivatives of Arachidonic 

Acid in Aorta with the Severity of Atherosclerotic Lesions 

As mentioned above, the percentage of 20:4 present in the form of its monohydroxy 

derivatives was significantly higher in aortae from hypercholesterolemic rabbits after 8 

and 15 weeks on the diet where.as the opposite was true for 18:1, 18:2 and their 
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Fig. 37. Correlations between monohydroxy derivatives of fally acids e<oiterified to aortic 

Iipids and severity or atherosclerotic lesions in aorta rrom hyperlipidemic rabbits. Rahhits 

were fed a cholesterol-supplemented diet for 8 (open circ1es) or 15 (closed circles) weeks. 

Monohydroxy metabolites of fatty acids esterified to the aortic lipids were quantifie<.! by GC-MS. 

Severity of atherosclerotic lesions was evaluated either hy visual estimation of the areas of aortic 

lumen covered by lipid plaque (panels A, ç and .m or by measurement of total aortic cholesterol 

(panels .fi, D and f.). Correlation between monohydroxy derivatives of fatty acids and severity 

of atherosclerotic lesions was calculated using Pearson 's product-moment correlations (Pearson's 

r ). 
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monohydroxy derivatives. This would suggest that there is a closer relationship between 

monohydroxy derivatives of arachidonic acid and the severity of atherosclerotic lesions. 

The severity of atherosclerotic lesions was assessed by two methods, visual 

evaluation of the area of the aortic arch covered with atherosclerotic lesio.1s and the total 

cholesterol content of the aortic arch. Pearson product-moment correlation~ (Pt'..aTson r) 

were used to estimate the correlations between the amounts of esterified monohydroxy 

fatty acids IR aorta and the severity of atherosclerotic lesions. Scatter plots with 

regression lines for the total monohydroxy derivatives of each fatty acid are shown in 

Fig. 37. The amounts of esterified monohydroxy derivatives of 18:2 were not related 

(Fig. 37; C and D), whereas monohydroxy derivatives of 18: 1 were weakly negatively 

correlated (Fig. 37; A and B) to the severity of atherosc1erotic lesions. In other words, 

in aortae with atherosc1erotic lesions, the amounls of monohydroxy C18 derivatives were 

either not changed (18:2), or tended to drop (18:1) as the severity of the atherosclerotic 

lesions increased. In contrast, positive correlations were observed between the amounts 

of esterified monohydroxy 20:4 in aorta and the severity of atherosclerotic lesions, 

particularly with regard to total aortic cholesterol. 

3.2.5. Fatty Acids in LDL from Cholesterol-fed Rabbits 

Typical GC chromatograms of fatty acids from LDL of con troIs and cholesterol-fed 

rabbits after 15 weeks on the diets, respectively, are shown in Fig. 38. The total amounts 

of monohydroxy derivatives of 18:1, 18:2 and 20:4 and their fatty acid precursors in 

LDL are listed in Table 9. Fatty acids in LDL after 2 weeks on the diet were, 

unfortunatel y, not measured. 

In spite of a 100% increase in 18: 1 in LDI. from cholesterol-fed rabbits, there were 

no changes in the amounts of monohydroxy derivatives of 13: 1 in LDL. Therefore the 

ratio of monohydroxy derivatives of 18: 1 to its faIt y acid precursor 18: 1 was decreased 

after the cholesterol diet, as was observed for aorta. On the other hand, an increase of 

18:2 in LDL from cholesterol-fed rabbits was accompanied by a parallel increase of 

monohydroxy 18:2 in the same sample. Consequently there was no difference in the ratio 
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Fig. 38. Gas chromatograms of faUy acids esterified to lipids in LDL from control und 

hyperlipidemic rabbits. Lipids in LDL from control (left) and hyperlipidemic (right) rabbiL'i 

were extracted and then analyzed by gas chromatography. The temperature program was shown 

in the legend to Fig. 19 on P. 67. 
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Tahle 9 

Fait Y Acids and Their Monohydroxy Derivatives in LDL 

Jrom RabbiJs Fed Diets Supplemented wiJh Cholesterol and PeanuJ Oil 

Rabbits were fed a control diet or a diet supplemented with cholesterol, peanut oil and BHT 

for 8 and 15 weeks. Fatty adds and their monohydroxy derivatives in LDL were prepared, 

derivatized, puritied and measured by GC and GC-MS, respectively. Data are averages of 5 -7 LDL 

samples with S.E.M .. Statistical an:>lyses on the effects of the cholesterol diet over different time 

periods were performed by two-way analysis of variance (ANOVA) on either the original data or 

the natural logarithmic-transformed data Lepending on the variances of the groups. The sum of 

squares were decomposed using the regression approach because of the unequal group sizes of the 

experiment. N.D., not detectable. N.A., not available. § P < 0.01, GROUP effect and 

INTERACTION or 1 P < 0.01, GROUP effect using two-way ANOVA. * P < 0.01, compared 

to the control group at the same period using Student's t -test as a post-hoc test. (a) ILg/mg LDL 

protein. (b) ng/mg LDL protein. 

18: 1 .. h-18: 1 

18:1 (a)t 

h-18: 1 (b)S 

Ratio (%c)' 

1812 Il h-18:2 

18:2 (a)! 

h-18: 2 (b)! 

Ratio (%c) 

20:4 .. h-20:4 

20:4 (a) 

h-20:4 (b) 

Ratio (%c) 

8 week 

Control Cholesterol 

401 ± 53 957 ± 31 

39.7 ± 6.0 17.3 ± 2.8* 

.102 ± .016 .018 ± .000 

292 ± 34 738 ± 48 

70.9 ± 12.9 140.9 ± 12.1 

.242 ± .040 .194 ± .019 

N.D. 29.6 ± 3.1 

N.D. 2.97 ± .37 

N.A. .101 ± .017 

15 week 

Control Cholesterol 

402 ± 83 1080 ± 47 

35.6 ± 7.9 34.3 ± 5.5 

.127 ± .036 .032 ± .005 

447 ± 69 868 ± 58 

58.9 ± 9.0 129.6 ± 14.9 

.145 ± .031 

28.2 ± 3.7 

N.D. 

N.A. 

.187 ± .030 

45.1 ± 2.1 

19.3 ± 5.6 

.312 ± 071 
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of monohydroxy 18:2 to 18:2 between the control and cholesterol-fcd rabbits. Cholesterol 

feeding led to an elevation of both 20:4 and its monohydroxy derivatives in LOL. Since 

monohydroxy derivatives of arachidonic acid could not be detected in control LOL, we 

could not ca1culate the percentage of arachidonic acid as its monohydroxy derivatives. 

However, the percentage of arachidonic acid as its monohydroxy derivatives double 

between 8 and 15 weeks on a cholesterol diet (Table 9). 

3.2.6. Distribution of Esterified Monohydroxy Fatty Acids in Neutral and Polar 

Lipids (rom Rabbit Aorta 

One question to be answered is what causes the differences between monohydroxy 

derivatives from CI8 fatty acids and from arachidonic acid in terms of the pcrccntage of 

the fatty acid which is oXldized and the correlation between formation of monohydroxy 

fatty acids and progression of atherosclerotic lesions. One of the possible rcasons is that 

there may be differences in the distributIon of thcse fatty acid!. in different lipid classes. 

Fatty acids in different lipid fractions, probably due to their localization in the cells or 

tissues, may have different susceptibilities to free radical attack. Another question which 

we needed to answer was whether the peanut oil, which was mcluded with cholesterol 

in the high cholesterol diet in the above experiment, contributcd to the changes which we 

observed in monohydroxy fatty acids To answer these questions, 1 conducted an 

experiment in collaboration with Dr. Wen-qui Yu in our laboratory in which rabbits were 

fed diets consisting of (1) standard rabbit chow, (2) chow supplementcd with 1 % 

cholesterol, and (3) cholesterol supplemented with 1 % cholesterol, 10% pcanut oil and 

1% BHT for 13 weeks. Lipids were extracted from the aortae of the rabbits and th en 

separated into neutral (cholesteryl esters and triglycerides) and polar (mainly 

phospholipids) fractions by chromatography on a silicic acid column. The amounts of 

esterified 18:2 and 20:4 and their monohydroxy derivatives in these two fractions were 

measured by GC and GC-MS, respectively. 

Similar to the previous experiment discussed in Section 3.2.2.2. (sec P. 105), the 

total amounts of aortic monohydroxy derivatives (combination of monohydroxy 

derivatives in neutral lipids and in polar lipids) of linoleic and arachidonic acids were 
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increased after 13 weeks on diets supplemented with cholesterol and peanut oil (Fig. 

398). Total monohydroxy fatty acids were also increased to a similar extent in rabbits 

on a diet supplemented with cholesterol alone, suggesting that the increased amounts of 

monohydroxy derivativcs of fatty acids in aortae from rabbits on diets supplemented with 

cholesterol and peanut ail are not due ta the increased dietary intake of fatty acids or 

their hydroxy derivatives in the peanut oil. 

Fig. 39 also shows the distribution of aortic linoleic and arachidonic acids and their 

monohydroxy derivatives in neutral and polar lipid classes. In control aorta, linoleic acid 

was almost exclusively localized in neutral lipids (Fig. 39A; 18:2 (Ctrl», but its 

monohydroxy derivatives were evenly distributed between neutral and polar lipids (Fig. 

3911; h-18:2 (Ctrl)). Therefore, the proportion of linoleic acid as its monohydroxy 

derivatives was much greater in polar lipids (0.448 % ± 0.116%) than in neutral lipids 

(0.049% ± 0.008%) (Table 10). After cholesterol supplementation, the amounts of 

linoleic aCld in both polar and neutral lipids were elevated 6 times over the controls (Fig. 

39A; 18:2 (C) and 18:2 (CfP». The amounts of its monohydroxy derivatives, however, 

were increased to a less extent (about 4 folds) in neutral lipids and unchanged in polar 

lipids in cholesterol-fed rabbits (Fig. 39; h-18:2 (CfP). The proportion of linoleic acid 

as its monohydroxy derivatives in both neutral and polar lipid fractions was therefore 

decreased after cholesterol or cholesterollpe-anut oil-supplemented diets (Table 10). 

Both arachidonic acid (Fig. 39A, 20:4 (Ctrl» and its monohydroxy derivatives were 

almost exclusively localized in polar lipids (Fig. 39B; h-20:4 (Ctrl» of aortae from 

control rabbits. The proportion of arachidonic acid as its monohydroxy derivatives was 

0.014% ± 0.023% in polar lipids whereas the proportion in neutraI lipids was not 

calculated since the amounts of monohydroxy derivatives of arachidonic acid in ncutraI 

lipids were under the detection li mit of the assay (Table 10), which was about 0.01 

ng/mg protein. After cholesterol treatrnent, the arnounts of aortic arachidonic acid were 

increased slightly in neutral lipids but either unchanged (Fig. 39A; 20:4 (C» or 

decreased (Fig. 39A; 20:4(C/P» in polar lipids. The amounts of mOllohydroxy 

derivatives of arachidonic acid in polar lipids were slightly increased as was the case for 

the monohydroxy derivatives of linoleic acid. Therefore, although the proportion of 
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Fig. 39. Distribution of 18:2 and 20:4 and their monohydroxy dcrivéltivcs in aortal' 

from control and hypcrcholestel'olcmic mbbits. Rabbits were fcd a control dict (ClII; 

n = 4), or a diet supplementcd with 1 % cholesterol (C; n = 3), or a dicl supplclllcntcd 

with 1 % cholesterol plus peanut oil (C/P; n = 5) for 13 weeks. AorlIc liplds wcrc 

extracted using the Folch method and then separated into neutral (soltd bars) and polar 

(hatched bars) fractions on an open column of silicic acid. 20:0 And 14h-19:2 (mcthyl 

esters) were added to these Iwo fractions as internaI standards for fatty acids and thcir 

monohydroxy derivatives, respectively. Fatty acicls wcre qllantlfied by GC (panel /1) and 

their monohydroxy derivatives were analysed by GC-MS (panel B). Note that the values 

for 20:4 and its monohydroxy derivatives have been mliitiplieci by 10. 
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Table 10 

Percentages of Fatty Acids in tlze FOIm of Their Monolzydroxy Derivatives 

in Differellt Lipid Fractiolls from Rabbit AOIta 

18:2 and 20:4 and their monahydroxy derivatives in aortae from 3 groups of rabbits 

were mea~llred as describcd in the legend to Fig. 39. The ratios of hydroxy 18:2 or 

hydroxy 20:4 ta their fatty acid precursors in either polar or neutral lipid fractions in 

aorta were obtained from the data presented in Fig. 39. The values are expressed as 

Mean ± S.E.M .. Original data were transformed using natural logarithm to archive 

cqual variances for the groups. The ove raIl differences among three groups of rabbits 

wcrc estimatcd by ANOVA (. P < 0.01). Differences betwecn any two groups were 

cstimatcd by Duncan's multiple comparison test ('" P < 0.01, compared to control; , 

P < 0.01, comparcd lo CHOL). U.D.: under detection limit. CHOL: cholesterol; PO: 

pcanut oil. 

mh-18:2/18:2 mh-20:4/20:4 

Polar Neutral Polar Neutral 

CONTROL O.448iO.116. O.O49±O.OO8 O.014tO.OO2 U.D •• 

(N = 4) 

CHOL O.O63±O.O16'" O.O14±O.OO3'" O.O23±O.OlO O.O82±O.O23'" 

(N = 3) 

CHOL/PO O.O31±O.OO9'" O.O14±O.OO2'" O.O27±O.OO5 O.353±O.10S"'1[ 

(N ", 5) 
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arachidonic acid as its monohydroxy derivatives in polar lipids tended to be higher in 

aortae of rabbits on cholesterol or cholesterollpeanut oil-supplemented diets compared 

to the controls, the differences were not significant (Table 10). On the other hand, the 

amounts of monohydroxy derivatives were dramatically elevated in neutral lipids. 

suggesting that arachidonic acid was selectively oxidized to ils monohydroxy derivatives 

in neutraI Iipids after the cholesterol diets. 

3.3. BIOSYNTHESIS OF PROSTAGLANDINS AND THROMBOXANES BY 

AORTA IN VIVO AND IN VITRO BY HYPERLIPIDEMIC RABBITS 

We evaluated prostanoid synthesis by rabbit aorta using two different mcthods. 

Incubation of tissue slices enables us to measure prostanoids synthesized by ail parts of 

the aorta, inc1uding the intima, media and adventitia. The template (Fig. 22 on P. 73) 

was used to measure prostanoids synthesized primarily by the cells of the aortic lumen. 

Since the basal release of prostanoids from lumll1al surface was quite low under our 

conditions, exogenous arachidonic acid was added to the medium. In vivo production of 

PGI2 and TXA2 was also estimated by measuring their dinor metabolites in urine. 

3.3.7. Effects of Preincubation with Ibuprofen and EDTA on the Synthesis of 

6-0xoPGF'a 

The production of prostanoids by aorta could be diminishcd due to the partial 

autoinactivation of prostaglandin endoperoxide synthase caused by a rapid burst in the 

release of arachidonic acid during preparation of the tissue. We attempted to minimize 

this problem by perfusing the aorta in situ with medium containing EDT A and the 

reversible prostaglandin endoperoxide synthase inhibitor, ibuprofen (10 #LM). Tissue 

sections were then prepared i::1 the same medium, and mounted in a template. Having 

been washed several times with calcium-containing medium to remove the ibuprofen and 

EDTA, the aortic IUJl'en was incubated with arachidonic acid (25 #LM). Prctreatment of 

aortae with ibuprofen/EOTA resulted in a decrease in the basal relcase of 6-oxoPGFla 

by the aortic lumen, and an approximately 2-fold increase in the amount of this substance 

synthesized from exogenous arachidonic acid (25 #LM), added after 40 min (Fig. 408). 
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Fig. 40. Release or 6-oxoPGF ... rrom rabbit aorta prepared in the presence and absence of 

ibuprofen/EDTA. Aortae from normal New Zealand White rabbits were prepared either in 

medium containing calcium and magnesium (medium B, ..... ; see Material and Methods) or in 

calcium and magnesium-free medium (Medium A) containing EDTA (2 mM) and ibuprofen (10 

"M) (0 -0). Panel A: Aorta arch (SI; see Fig. 21 on P. 71) were cut into slices in the same 

medium in which they were prepared, and then washed 5 times with medium B. The slices were 

then incuhated in medium B (10 ml) for 40 min, with aliquots (300 ,,1) taken every 10 min to 

measure of 6-oxoPGFla' Statistical differencr. between two treatment was calculated using 

univariate analysis of variance with repeated measures. • p < 0.05, within subject and 

interaction effects, Panel H: Segments taken from the upper part of the aortae (fI) were mounted 

in a template in medium A in which they were prepared and incubated f''Jf a further 10 min. Then 

medium A was replaced by medium B and the aorta was incubated fOf a further 10 min. This was 

repealed twice, followed by the addition of medium containiIlg arachidonic acid (25 ILM) at 40 

min. After incuhation with arachidonic acid for 10 min, the medium was replaced by medium B 

(without arachidonic acid) for an additional 10 min. Statistical difference between two treatment 

in synthesizing 6-(lJ(OPGFla from exogenous 20:4 was calculated using Student's t-test. • p < 

0.05. Ail values are means ± S.E.M. with 4 rabbits in each of the two groups. 
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The initial burst in the release of 6-oxoPGFln in the first 10 min, which was much 

greater in non-pretreated aortae, was presumably due to stimulation caused by mounting 

the tissue in the template. 

Pretreatment with ibuprofen/EDTA had a relatively small effeet on the amount of 

6-oxoPGFlu initially synthesized from endogenous substrate by slices of aorta (Fig. 39A). 

However, the synthesis of this substance by the non-pretreated aortae virtuatly ceased 

after incubation for 20 min, whereas it continued almost linearly with time up to 40 min 

after pretreatment with ibuprofen/EDTA (Fig. 40A). It should be noted that in the 

experiment using the template, depicted in Fig. 40B, the medium was changed evcry 10 

min, whereas in the experiment performed on aortic slices, the values are the cumulative 

amounts of 6-oxoPGFla released, measured in aliquots rcmoved from the incubation 

mixture every 10 min. 

3.3.2. Biosynthesis of Prostaglandins and Thromboxane A 2 br Blood Vessels 

trom Cholesterol-fed Rabbits 

The amounts of 6-oxoPGF la' TXB2, and PGE2 formed From endogenous substrate 

by slices of aortic arch (SI; see Fig. 21 on P. 71) from rabbits fcd cholesterol for 

different periods of time are shown in Fig. 41 (A) C, and E). The same figure (B, D, 

and F) also shows the amounts of these substances synthesized From exogenous 

arachidonic acid (25 f'M) by the luminai surface of the thoracic aorta (TI) a~ evaluated 

by the template technique. In both cases, aortae were prepared in medium containing 

ibuprofen and EDTA as described above. We also compared the amounts of these three 

prostanoids synthesized by the upper (SI and TI) and lower (S2 and T2) parts of the aorta 

(Fig. 42; A, C, E for slices and B, D, F for the luminal surface). 

3.3.2.1. Formation ot 6-oxoPGF'a 

The amounts of 6-oxoPGFla synthesized by the luminal surface of aorta (Fig. 41 B) 

were almost the same for control and cholesterol-fed rabbits at ail time points 

investigated. Neither was there any difference betwecn the control and cholesteroJ-fed 

groups in the ability of the lumen (Fig. 42B) from the 10wer part of the aorta (T2) to 

synthesize this product after 15 weeks on the diets. 
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Fig. 41. Synthesis of 6-oxoPGF..., TXBz, and PGEz by aortae from rabbits fed control and 

cholesterol-supplemenled diels for different periods of time. Aortae from rabbits fed either 

control (0 D) or cholesterol-supplemented (.-.) diets were either eut into small pieces (SI; left 

panels) or were mounted in a template (TI; right panels). Prostanoid production was from 

endogenous suhstrate in the incuhations with aortic slices, and was stimulated by addition of 

exogenous arachidonic acid (25 #lM) in the template procedure. Aortae were pretreated in both 

cases with ihuprofen and EDTA. 6-0xoPGFla, TXB2, and PG~ were measured by 

radioimmunoassay. Ail values are means ± S.E.M .. Statistical differences between control and 

cholt'~literol-supplementation in prostanoid production were calculated using two-way ANOVA 

with the regression approach (with treatment and time as two independent variables). Post-hoc 

tests were done using simple contrast based on design matrix control and treated groups at each 

partkular lime period. 4 p < 0.05 (2-way ANOVA; between subject effect), '4 P < 0.001 

(2-way ANOVA; ail effects). ** p < 0.001 (post-hoc test). 
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Fig. 42. Synth~is of 6-oxoPGF ... , TXB1, and PG~ by different regions of aorta from 

control and hyperlipidemic rabbits. After 15 weeks on a cholesterol diet, the amounts of 6-

oxoPGFto< CA, J}), TXB2 (Ç, J2), and PGE2 œ. E) synthc!.ized by slices and the luminal surface 

of aorta from either control (open bars) or hyperlipidemic (solid bars) rabbits were determined 

by radioimmunoassay. Ali values are means ± S.E.M .. Statistical signiticance of differences 

betw~en two groups was calculated by Student's t-test. • p < 0.05; •• P < 0.01. The regions of 

the aortae used in these experiments (SI and S2 for slices and TI and Tz for the template 

procedure) are shown in Fig. 21 on P. 71. 



t 

- 122 -

The synthesis of 6-oxoPGFla by slices of aorta from control and cholesterol-fed 

rabbits were not significantly different from one to another at any of the 3 individual time 

points investigated (Fig. 41A). However, two-way analysis of varial'ce using treatment 

and time as two independent variables indicated that the production of 6-oxoPGFla was 

significantly higher in aorta from the cholesterol-fed rabbits (group effeet: p = 0.023; 

time effeet: p = 0.(00). No interaction effeet was observed (p = 0.160). 

3.3.2.2. Formation of TXB 2 

The release of TXB2 by slices of aortic arch (SI) was the same after 2 weeks, over 

2-fold higher after 8 weeks and about 10 fold higher after 15 weeks on a cholesterol­

supplemented diet compared to controls (Fig. 41C). Statistical analysis showed very 

significant differences due to treatment, time and interactions. A strong interaction effeet 

indicated that the differences between the control and cholesterol-fed groups in TXB2 

production changed over the time. Slices from the lower pan. of aorta (S2) from 

cholesterol-fed rabbits also released significantly more TXB2 ttan controls, but the 

difference was much less pronounced than observed for the aortic .. rch (Fig. 42C). 

TXB2 synthesis by the aortic lumen was also higher in the cholesterol-fed group, 

but the difference was much less than with slices (Fig. 41D). Two-way analysis of 

variance led to the same conclusion as it did for the analysis of 6-oxoPGFla production 

by slices of aorta. The amounts of TXB2 synthesized by the luminal surface of the aorta 

from cholesterol-fed rabbits were not significantly different from the con trois at each 

individual time point. The between-subject effect became significant only if all three time 

points were pooled together for analysis. There were no differences in TXB2 synthesis 

by the lumen of the lower part of the aorta (T2) between the control and experimental 

groups (Fig. 42D). 

3.3.2.3. Formation of PGE2 

PG~ synthesis by aortic slices and the aortic lumen tended to increase with age, 

but was nearly the ~me in the two groups of animais (Fig. 41; E and F. Fig. 42F). The 

only exception was in the release of PG~ from slices of the lower part of the aorta, in 

1 
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which case cholesterol feeding resulted in significant decrease in PGE! production (Fig. 

42E.). 

3.3.3. Correlation between the Severity of Atherosc/erotic Lesion and Aortic 

Prostanoid Synthesis 

As we did for the amounts of estcritied hydroxy 20:4 in norta from cho\cstcrol-f~xl 

rabbits, we also investigated the correlation betwcen PGI 2 productIon by sliccs of aorta 

l'rom cholesterol-fcd rabbits and the seventy of the athcro~c\erotlc ksinns (Fig. 43). In 

this way, we attempted to determine whether or not the incn:.lscd amount of l'Cil .. 

produced by atherosclerotic rabbit aorta was associatcd with thls dlsca'ie. The analy"l~ 

revealed that there existed a moclerate positive correlation betwccn 1>(11 1 production and 

atherosc1erotic development in aorta especially whcn the arca of aorta covcrcd with 

lesions was taken as an index of severity. Thus, PGI2 biosynthcsis tcndcd to inclca"ic 

slightly with the development of atherosclerotic lesions. 

The degree of correlation bctwecn TXB2 synthesis by cither aortlc slIcc'i 01 aortll' 

lumen and the seventy of athero'iclerotic leslons was also c'ltimatcd (Fig. 44). TXB} 

synthesis by both shces and lumen of the atherosclerotic aorta was modl'rately a'lsociatcd 

with the development of atherosclerosis in tcrtns of area covered wlth k~lons (Fig. 43; 

A and C). However, when total cholesterol content in aorta wa<; med a<; a paramcter tn 

evaluate the severity of atherosclerotic lesions, a Il1uch strongt:r <.:orn:lation wlth l'X B} 

synthesis by slices of atherosclerotic aorta was observcd (Fig. 448). In comparison, the 

correlation between TXB2 released from the IUl1linal surface of ath~ro)clerotic Horta and 

total cholesterol 111 this tl~~ue was l11L1ch weaker (I<'ig. 44D). 

Since bath TXB2 (Fig. 448) and csteritïed Illonohydruxy lknvallvl:'l of aracll1dolllC 

acid (Fig. 37F) were correlated strongly with the content of cholesterol in athero')clerotlc 

lcsions, we also determined the degree of correlatIOn bctween TXÂ 2 o;,ynthcsis and tht: 

amounts of esteritïed monohydroxy 20:4 in athcrosclerotic aortac from cholesterol-fl'd 

rabbit. A highly pOSItive correlation (r = 0.926) can be ~ecn (Fig. 451\). Â'l exp<.:ctcd 

from Fig. 43 and Fig. 37F, therc is also a correlation bctwecn PGI2 ~ynthcsis and the 

amounts of esterified monohydroxy 20:4 in atherosclcrotic aortae (Fig. 458). But in thi') 
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Fig. 43. Correlations between 6-oxoPGFla synthesis and the severity of atherosclerotic 

letions in aorlae from hyperlipidemic rabbits. Rabbits were fed a cholesterol-supplemented 

diet for 8 (open circles) or 15 (c1osed circles) weeks. Slices of aortic arch (SI) were incubated 

for 30 min at 37 oC and then aliquots of the incubation medium were assayed for 6-oxoPGF.a 

by radioimmunoassay. The severity of atherosclerotic lesions in aorta was evaluated either by 

visual estimation of area covered with lipid plaque (A) or by measuring total cholesterol (ID using 

gas chromatography. The correlation between severity of atherosclerotic lesions and 6-oxoPGF.a 

synthesis in aorta of cholesterol-fed rabbits was computed using Pearson product-moment 

correlations (Pearson r). 
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Fig. 44. Correlation between TXB1 synthesis and the severity or atherosclerotic lesions in 

aortae rrom hyperlipidemic rabbits. Rabbits were fed a cholesterol-supplemented diet for 8 

(open circles) or 15 (c1osed circles) weeks. TXB2 production by slices CA, !!) or by luminal 

surface (k, 0) of the aortae were measured by radioimmunoassay. The severity of atherosclerotic 

lesions in aorta was estimated either by vi!.ual estimation of the area covered with lipid plaque 

(A, ~) or by measuring total cholesterol Q1, D) using gas chromatography. Correlations between 

the severity of atherosclerotic lesions and TXB~ synthesis in aorta of cholesterol-fed rabbits was 

computed using Pearson product-moment correlations (Pearson r). 
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Fig. 45. Correlation between monohydroxy derivatives of 20:4 esterified to lipids and 6-

oxoPGF1 .. and TXB1 formation by slices of aorta from hyperlipidemic rabbits. Rabbits were 

fed a diet supplemented with cholesterol and peanut oil for 2 (open squares), 8 (open circ1es) and 

15 (c1osed circles) weeks. Monohydroxy derivatives of 20:4 esterified to aortic Iipids (TI) were 

analyzed by GC-MS. TXB2 (A) and 6-oxoPGFla li) releas\.!d from the same tissue were measured 

hy RIA. Correlations between monohydroxy derivatives of 20:4 and prostanoids were computed 

using Pearson product-moment correlations (Pearson r). 
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case, the degree of correlation is weaker compared to that between TXA2 and 

monohydroxy 20:4 (0.634 vs. 0.926). 

3.3.4. Biosynthesis of PGI2 and TXA 2 in vivo by Control and Cholesterol-fed 

Rabbits 

To estimate the production of PGI2 and TXA2 ill vivo, we measured the amounts of 

their principal urinary metabolites, 2,3-dinor-6-oxoPGF1n and 2,3-dinor-TXB2 , in rabbits 

fed control or cholesterol/pean ut oil-supplemented diets (Fig. 46). This work was donc 

in collaboration with Dr. Falardeau at the Clinical Research lnstitute of Montreal. Thcre 

were no overall differences in the amounts of urinary 2,3-dmor-6-oxoPGF1n bctwccn 

hypercholesterolemic rabbits and controls at any of the times we measllred (Fig. 46A). 

Somewhat unexpectedly, the levels of 2,3-dinor-TXB2 in urine were the same for controls 

and cholesterol-fed rabbits and the levels were dccreased rather than increascd with age 

(Fig. 46B). 

3.4. EFFECTS OF LlPID HYDROPEROXIDES ON PROSTAGLANDIN 

ENDOPEROXIDE SYNTHASE AND PROSTACYCLIN SYNTHASE IN 

FETAL CALFAORTA 

13-Hydroperoxy 18:2 and 15-hydroperoxy 20:4 can inhibit both prostaglandin 

endoperoxide synthase and prostacyclin syntha~c and can thereby diminish prostanoid 

synthesis. We have shown that atherosclerotic aortae contain large amollnts of 

monohydroxy products derived from the abo le hydroperoxidcs. Howcver, these products 

exist primarily in the esterified form, rather Ihan as free monohydroxy fatty acids. It was 

therefore of interest to compare the effccts of esterified and free fatty acid 

hydroperoxides on the enzymes required for PGI2 synthesis. 

Particulate fractions of fetal calf aorta provided a good source of both prostaglandin 

endoperoxide synthase and prostacyc1in synthase. 14C-Iabelled 20:4 or PGH2 were used 

as substrates for prostaglandin endoperoxide synthase and prostacycJin synthase, 

respectively. Incubations were carried out in the presence of 0.02% Triton X-lOO and 

in the absence or presence of 13-hydroperoxy-18:2 or hydropcroxidcs preparcd from 
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Fig. 46. Amounts of 2,3-dinor-6-oxoPGFIII and 2,3-dinor-TXB1 in urine from control and 

hypercholesterolemic rabbits. After 2, 8, or 15 weeks on either control (0-0) or cholesterol· 

supplemented ( •• ) diets, rahbits were placed in metabolic cages and the urine was collected 

during a 24·hour period. Urinary 2,3-dinor-6-oxoPGF.
ClI 

and 2,3-dinor-TXB2 were quantified by 

GC-MS using negative ion chemical ionization and selected ion monitoring. Values are means 

± S.E.M .. 
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cholesteryl linoleate, trilinolein, or l-palmitoyl-2-linoleoyl-phosphatidylcholine as 

inhibitors. Due to the low yield of hydroperoxy lipids prepared, the Huee major isomers 

of hydroperoxide derived frorn trilinolein were pooled togcther for the expcrimcnt (sec 

Fig. 24B on P. 78). A single peak of hydroperoxide derived from cholcstcryl linoleate 

and I-palrnitoyl-2-1inoleoyl-phosphatidylcholine was obtained after RP-HPLC and lIscd 

in the experirnent. However, the positional isomers of phosphatidylchohne 

hydroperoxides rnay not been resoh:ed by the chromatographie method wc lIsed. 

However, the inhibitory effects of falty acid hydroperoxides arc not affeetcd to a 

signifieant extent by the position of the hydroperoxy group [320]. 

13-Hydroperoxy-18:2 inhibited prostaglandin endoperoxide synthase and 

prostacyclin synthase by 53 % and 70 % at 2 JlM and by 78 % and 92 % al 10 JlM, 

respectively (Fig. 47). In contrast, at a concentration of 2 JlM, ail 3 of the hydropcroxy 

derivatives of lipids inhibited these enzymes by only 20 %. Howcver, this effeet was not 

concentration-dependent for the hydroperoxides of cholesteryllinolcatc or trilinolcin sincc 

higher concentrations (10 and 25 JlM) did not increasc their inhibitory efl{~cts. 

Hydroperoxy phosphatidylcholine, on the other hand, tnhibited prostaglandin 

endoperoxide synthase in a dose-dependant manncr whereas prostacyclin synthase activity 

was not affected by this hydroperoxide. 

Since hydroperoxy derivatives of esterified lipids are not very soluble in aqucous 

solution, efforts were made to solubilize these products with detergcnt. Howcvcr, the 

detergent initially used, Triton X-100, had tnhibitory effects on prostaglandin 

endoperoxide synthase (Fig. 48). On the other hand, Triton X-tOO was not mhibitory to 

prostacyclin synthase at these concentrations. To eliminate the inhlbitory effects duc to 

Triton X-lOO, digitonin, which did not inhibit prostaglandin endoperoxide synthase at 

concentrations up to 0.1 % (not shown), was used as the detergent in anothcr experiment. 

In this case, prostaglandin endoperoxide synthase was inhibited by hydroperoxy 

phosphatidylcholine (25 JlM) to a sirPilar extent as observed in the experirnent using 

Triton X-lOO (Table 11). Phosphatidylcholine itself inhibited prostaglandin endoperoxide 

synthase to sorne extent at this concentration, but not ncarly as much as its hydroperoxy 

derivatives. 
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Fig. 47. Erfects or rrt'e and esterilied hydroperoxy derivatives or Iinoleic acid on 

prostaglandin endoperoxide synthase and prostacyclin synthase activities. Particulate fractions 

from fetal calf aorta (0.5 ml) were preincuhated at 37 oC for 1 min. A solution of 0.04% Triton 

X-IOO in Tris-HCI (pH 7.5; 0.5 ml) was added, followed by hydroperoxy derivatives at 

concentrations of 2 (open bars). 10 (hatch bars) or 25 (solid bars) J-tM in acetone (10 J-tl) and the 

incubation was continued for 3 min. (1_14C]20:4 CA) or [1-14C]PGH2 was added and the 

incubation was continued for 10 min CA) or 3 min ill). Prostaglandin endoperoxide synthase 

(PES) activity was estimated by measuring the conversion of [1-'4C]20:4 to total oxygenation 

products CA), wherea., °Gl2 synthase activity was estimated by measuring the conversion of [1-

14CJPGHz to 6-oxoPGF1OI ill). The values are averages of duplicate incubations and are expressed 

as percentage of the control values. 13hp-18:2: 13-hydroperoxy 18:2; CE-hp: hydroperoxy 18:2 

esterified to cholesteryl linoleate; TL-hp: hydroperoxy 18:2 esterified to trilinolein; PC-hp: 

hydroperoxy 18:2 esterified to phosphatidylcholine. 
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Fig. 48. Effects of Triton X-IOO on prostaglandin endoperoxide synthase adi vit y . Particulate 

fractions of fetal calf aorta (0.5 ml) were incuhated at 37 oC for 1 min. Solutions ot Tris-HCl 

(0.5 ml) with different concentrations of Triton X-I 00 were added to the incuhation media, giving 

final concentrations Gf 0.02%, 0.08%, 0.3% and 0.1 %, and the incuhatlOn was continuoo for 3 

min. [l-t4C]20:4 or [l-14CJPGH:! were added and the incuhation was continued for a further 10 

min or 3 min, respectively. Prostaglandin endoperoxide synthase (.---.) or PGf2 synthase 

(0----------<)) activities were estimated hy rneasuring total oxygcnil~c products trom radiolahclled 

20:4 or 6-oxoPGFta from radiolahelled PGHè, respectivcly. Ali values are averagl.!s of duplicate 

incubations and expressed a<; a percentage of the value ohtained from incuhations without Triton 

X-lOO. 
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Effects of lIydroperoxy-pllOsphatidylc1lOline on Prostaglalldin Endoperoxide SylltIJase 

Particulate fractions from tetal calf aorta (0.5 ml) \Vere incubated at 37 oC for 1 min. Tris­

Hel (0.5 ml) (;ontainlng 0.1 % of digitonin was added to the incubation media, followed by the 

hydlOperoxy derivatlves of I-palmitoyl-2-linoleoyl-phosphatidylcholint; (25 f!M) or unoxidized 

phosphatidykholme (25 /lM). The inn bat ion wa~ cuntinlled for 3 min. [l.1·C]20:4 (30,000 cpm) 

was added was atlded and the incubation was continued fol' a fllrther 10 min. Prostaglandin 

clHJopelOXldl.! synthasl.! activity was estimated by measliring total oxygenation products from 

radiolahelled 204 as de"cl ibed in MATERIALS AND METHODS (P. 79). The values are the 

aWlages or dupllcate IIlcubations. 

Control 

Phosphatidylcholine 

Hydroperoxy 
Phosphatidylcholine 

Products (cpm) 

3304 

2666 

1741 

Inh~bition (%) 

19.3 

47.3 
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DISCUSSION 

Lipid peroxidation has becn implicated in the development of atherosc1erosis. 

Products of Iipid peroxidation can cause damage to the endothelium, modification of low 

density lipoprotein (LDL), movement of monocytes into the arteries as weil as inhibition 

of PGI2 synthesis. Ail these effects may combine to accelerate the development of 

atherosc1erotic Jesions. Even though increases of various lipid pcroxidation products have 

been obselVed in atherosclerosis, little was known concernmg the peroxidation of specifie 

fatty acids in LDL and aorta in atherosclerosis. Study of the pcroxidation of specific fatty 

acids during atherogenesis could lead to a better understanding of the role of lipid 

peroxidation in the development of athcrosc1erosis. Therefore. we decided to investigate 

the formation of monohydroxy derivatives of fatty aClds, carly lipid pcroxidation 

products, in human LDL incubated wlth copper IOns and endothclial ecll~ as well as the 

formation of these products in LDL and aorta from cholcstcrol-fcd rabbits. The 

correlation between lipid peroxidation and prostanoid productIOn in these rabbits was also 

studied. 

4.7. MEASUREMENT OF MONOHYDROXY DERIVA TlVES OF FATTY AC/DS 

BYGC-MS 

To achieve a better understanding of the role of lipid peroxldation in atherogenesis, 

sensitive and selective methods should be employed. Pnor to this study, agas 

chromatographic-mass spectrometrie method had been developed in our laboratory to 

measure the monohydroxy derivatives of polyunsaturated fatty acids in blood vesscls. 

Using gas chromatography, monohydroxy denvatives of fatty aClds can be separated 

based on their carbon numbers; using mass spectrometry, positional Isomers of the 

monohydroxy derivatives of fatty acids can be dctected bccause of the unique 

fragmentation of each product. Unhke the conventlonal TBA assay which measures end 

products of lipid peroxidation, measurement of monohydroxy derivatives of fatty acids, 

early Iipid peroxidation products, could help us to understand the mechamsm of this 

process. For example, selective i~creases of 11h-20:4 and 15h-20:4 may implicate the 
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action of prostaglandin endoperoxide synthase; selective increases of 12h-20:4 or 15h-

20:4 may implicate 12- and 15-lipoxygenases, respectively; whereas increases of all 

isomers of monohydroxy derivatives of fatty acids to the same extent would suggest that 

autoxidation is the mechanism. 

The method used in these studies has been modified from the original method in 

several ways. Firstly, hydroperoxy compounds were reduced to their hydroxy products 

by triphenyl phosphine before derivatization and purification. This prevented 

decomposition of hydroperoxy fatty acids during preparation of the sampI es prior to 

analysis by GC-MS. Secondly, hydrolysis of esterified lipids and methylation of their 

carboxyl groups is donc in a single step by transmethylation, in stead of alkaline 

hydrolysis followed by methylation wlth diazomethane. Thirdly, purification of 

monohydroxy denvatives of fatty acids is performed by RP-HPLC instead of NP-HPLC. 

This eliminates the use of radiolabelled internaI standards to verify the retention time of 

monohydroxy fatty acids since monohydroxy derivatives of polyunsaturated fatty acids 

can easily be monitored by a UV detector at 235 nm. It also reduces the purification time 

by over one-third for each sample. 

The method has also been extended to measure monohydroxy derivatives of oleic 

acid. The application of this method to the study of lipid peroxidation of LDL in vitro 

and in vivo provided us with a tool to explore the mechanism of oxidative modification 

of LDL. Il also enabled us to investigate the peroxidation of individual fatty acids in 

aorta from cholesterol-fed rabbits. Even though this is not the tirst report of 

monohydroxy fatty acids in LDL and atherosclerotic aorta, it is the tirst on the oxidation 

of oleic acid and on the relative amounts of monohydroxy derivatives from 

monounsaturated and polyunsaturated fatty acids in these tissues. 

Peroxidation products of oleic acid cannot casily be measured by conventional 

techniques since they do not contain conjugated diene chromophore and are not 

decomposed to malondialdehyde. On the other hand, monohydroxy fatty acids with 

conjugated diene chromophore can be analyzed in biological samples using HPLC with 

a UV detector [264,321,322], although the selectivity of this method is not ncarly as 

good as GC-MS. Using GC-MS, however, monohydroxy derivatives of oleic acid can 
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be measured at the same time as monohydroxy derivatives of polyunsaturatcd fattyacids. 

4.2. MEASUREMENT OF L1PID PEROXIDA TlON IN HUMAN LOL 

Oxidative modification of LDL has been hypotheslzcd to be an Important step in 

atherogenesis. LDL, which has been modified by transition metal ions, endothelial cells, 

arterial smooth muscle cells, monocytes/macrophages, platclcts, is rcadily takcn up and 

degraded by macrophages, resulting in the formatIon of macrophage-denved foam cclls. 

The involvement of lipid peroxidation in the modification of LDL IS supportcd by 

measurement of increases in lipid peroxidation products in LDL during the modification 

process and the inhibition of modification by antioxidants. Howcvcr. Illcasurcmcnt of 

TBARS and conjugated dienes rcveal little concerning the mcchamsm of hpid 

{X'TOxidation. Therefore, we decided to Investigate the formatIon of monohydroxy 

derivatives of fatty acids in LDL oxidized in the presence of copper Ions or in the 

presence of endothelial cells, and to compare the pattern of thcsc products forrncd in 

these two conditIOns. Other parameters such as loss of falty aClds, formation of 

conjugated dlcnes and trienes, and formation of TBARS wcrc also mOllltorcd for 

comparison with the GC-MS method. 

4.2.7. Measurement of Monohydroxy Fatty Acids in Human LDL by Ge-MS 

We found that incubation of LDL with Cu2 + or endothelial cells results 10 incrcascd 

amounts of monohydroxy derivatives of linoleic and arachidonic acids (Figs. 26 and 27 

on P. 89 and P. 90 respectively). These monohydroxy dcrivatives werc dramaticallj 

increased after 5 hours ln the presence of 20 j.tM CuS04 but dropped aftcr 20 hours of 

incubation (Fig. 26; C and E). This pattern is similar to the tlme course for hpid 

autoxidatlon postulated by Gardner [211]. Polyunsaturated fatty acids are continuously 

oxidized to hydroperoxy metabohtes which are then converted to either high molecular 

weight or low molecular weight compounds after the concentratIons of hydropcroxldes 

reaches a certain level. ConsIstent with thls hypothcsis, the reduction in the 

concentrations of monohydroxy denvatives of linoleic and arachidonic aClds after 20 

hours of incubation is due to the exhaustion of their fatty acid precursors (Fig. 28; E and 
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G) and the continuous decomposition of hydroperoxides to substances such as 

malondialdehyde (Fig. 30). 

Monohydroxy products derived from Iinoleic and arachidonic acids were shown to 

be increased in LOL incubated with copper ions [264]. Our study however is much more 

extensive than other studies since we measured ail the major monohydroxy derivatives 

of linoleic and arachidonic acids in LDL with much better selectivity than that can be 

obtained by HPLC with a UV detector. Moreover, we have measured the monohydroxy 

derivatives of oleic acid which could not be detected using HPLe with a UV detector 

because they lack a conjugated diene chromophore. 

Oleic acid has been postulated to have a beneficial role in preventing 

atherosclerosis. Ole.ic acid lowers the serum LDL cholesterol as much as does Iinoleic 

acid. Oleic acid, however, does not lower HOL cholesterol as does linoleic acid. An 

epidemiological study showed that in the Mediterranean, where large quantities of oleic 

acid are consumed in the form of olive oil, coronary heart disease rates are relatively low 

[323]. Il is possible 'hat this could be due, at least in part, to the substitution of oleic 

acid for the more easily oxidized linoleic acid in LDL and tissue Iipids. Laboratory 

evidence has shown that retina membrane [324] and LOL [325] from rabbits fed an oleic 

acid-supplemented die\t are more resistant to oxidatiw modification. Our results indicate 

that oleic acid in LDL is oxidized in the presence of copper ions, on the basis of the loss 

of oleic acid from LDL (Fig. 28C) and the increase in the amounts of its monohydroxy 

derivatives (Figs. 26A and 27 A). However, the time course for the formation of 

monohydroxy derivativt!s of oleic acid is quite different from that for monohydroxy 

derivatives of polyunsaturated fattyacids, in that the former increased linearly with time 

over a period of 20 hours even though the initial rate of formation was slower (Fig. 

26A). The presence of only one double bond in oleic acid makes this molecule relatively 

resistant to oxidation compared to fatty acids with l ,4-cis ,cis-pentadiene units because 

more energy is required for hydrogen abstraction [326]. Furthermore, the decomposition 

of monohydroperoxy derivatives of oleic acid would also be expected to be slower than 

that of the polyunsaturated hydroperoxides, since they would be both metabolically and 

chemically more stable [326]. 

~------------------. ----
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It is hypothesized that it is the decomposition products of hydroperoxy fatty acids 

rather than the hydroperoxides themselves which modify apolipoprotein B of the LDL 

[274]. No matter how the lipids are oxidlzed, by endothelial cells or by the sequcntial 

actions of phospholipase A2 and lipoxygenases on LDL, LOL is modified only in the 

presence of transition metal ions [45]. Transition metal ions promote the decomposition 

of lipid hydroperoxides to various compounds includmg unsaturated aldehydcs, such as 

4-hydroxynonenal and malondialdehyde, which can modify LDL directly [60,274-276] 

via conjugation with lysine amino groups in apolipoprotcin B [288]. Our results combined 

with those of Parthsarathy on oleate-fed rabbits [325] suggest that, even though oleic acid 

can be oxidized to hydroperoxides just like polyunsaturated fatty acids, the relative 

resistance to further decomposition to 1,2-unsaturated aldchydes and other products in 

the presence of transition metal ions make the modification of oleate-enriched LDL less 

likely. 

The oxidation of LDL by copper ions was comparcd to its oxidation by endothelial 

cells. Unlike the oxidation of LDL in the presence of COppeT ions, oxidatlOn of LOL in 

the presence of endothelial cells resulted in an increase in the amounts of monohydroxy 

fatty acids only after 20 hours (Fig. 26; B, D and F). This difference could be the result 

of the incubation conditions. In the presence of Cu + and Cu2+, hydropcroxides will be 

rapidly decomposed to either alkoxyl and pcroxyl radicals, respectively [327]. These two 

radicals are in turn rapidly decomposed or polymenzed to form low molecular weight 

or high molecular weight products [328,329]. The increased formation of unsaturated 

aldehydes and ketones from LOL incubated in the presence of copper Ions is evidenced 

by the increased UV absorption between 260 - 280 nm (Fig. 29). With mJlder conditions, 

such as in the presence of endothelial ceJls or lower concentrations of copper [264], the 

formation of hydroperoxides may exceed the decomposltion of these compounds, 

resulting in an increase over a ionger penod of time. 

Modification of LOL by endothehal cells [268,269] or macrophages [271] was 

postulated to be the result of Iipoxygenase-catalyzed oxidation since the modification 

could be retarded by inhibitors of lipoxygenases. The mechanism could be the direct 

oxidation of LDL lipids by endothelial lipoxygenase (Fig. 49; step [1 D. Parthasarathy 

et. al. showed that modification of LDL by endothe1ial cells required direct contact of 



( 

( 

( 

- 138-

LDL and endothelial cells, since no modification occurred wh en LDL was added to 

endothelial cell cultures within a dialysis bag [268]. Cathcart et. al. further demonstrated 

that incubation of soybean lipoxygenase (l5-1ipoxygenase) with human LDL in vitro 

resulted in increased formation of conjugated dienes and TBARS as well as increased 

cytotoxicity of LDL [270]. According to this hypothesis, there would be a selective 

increase of 13-hydroxy derivatives of linoleic acid and 15-hydroxy derivatives of 

arachidonic acid in LDL. However, our results on the oxidation of human LDL by 

human endothelial cells indicate otherwise. The pattern of monohydroxy derivatives of 

arachidonic acid in LDL incubated with endothelial cells was similar to that in LDL 

incubated with 20 #LM CuS04 (Fig. 27) in that there was no selectivity with respect to 

the position of oxygenation, suggesting an autoxidation process. 

Therefore, an alternative hypothesis must be considered. Even though 15-

lipoxygenase can oxidize arachidonic acid esterified to phospholipid, it is unlikely that 

cytosolic lipoxygenases of endothelial cells could directly catalyze oxidation of LDL 

phospholipids. Moreover, Iipoxygenases oxygenate free arachidonic acid more efficiently 

than esterified arachjdonic acid. In contrast to Cathcart's results, Sparrow et. al. found 

that oxidative modification of human LDL resulted from the sequential action of 

phospholipase A2 and soybean lipoxygenase, rather than from the action of phospholipase 

A2 or Iipoxygenase alone [269]. Therefore, unlike the first hypothesis, endothelial cell 

lipoxygenases presumably oxidize arachidonic acid released From cellular phospholipid 

by phospholipase A2 to ils hydroperoxy derivatives (Fig. 49; step [2] and [4]), which are 

then transferred to LDL upon LDL-endothelial cell contact (Fig. 49; step [5]). During 

this LDL-endothelial cell contact, arachidonic acid From LDL (by the action of LDL 

phospholipase A2-like protein) can also be used by endothelial lipoxygenases as a 

substrate (Fig. 49; step [3]). In the presence of transition metal ions, hydroperoxy 

derivatives of arachidonic acid are converted to alkoxyl or peroxyl radicals, the latter 

serving as hydrogen abstractors to initiate a chain of lipid peroxidation in LDL. 

According to the second hypothesis. endothelial ceU lipoxygenases are the initiator for 

lipid peroxidation in LDL only. Any site-specifie oxidation would be masked by the 

fol1owing propagation of lipid peroxidation. 



1 

- 139 -

( 1..l2L 

PC 1'(' 
1 1 

,\·\-0011 ,\ \ 

\ [11 

LOX 

[41 

Fig. 49. Hypothetical schemes for the oxidation of LDL lipids in the presence of 

endothelial cells. PC: Phosphatidy1choline; PLA2: phospholipase A2; AA: arachidonic 

acid; LOX: lipoxygenases; AA-OOH: hydroperoxy derivatives of arachidonic acid; AA-

00': peroxy radicals derived from arachidonic acid. 
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4.2.2. Measulement of Othel Lipid Peloxidation Products in LDL 

In addition to measurement of hydroxy derivatives of fatty acids by GC-MS, we 

also evaluated liptd peroxidation in LDL by three other methods incIuding (1) fattyacid 

analysis, (2) measurement of conjugated dienes and trienes, and (3) measurement of 

TBARS. These methods each give information about different stages of lipid peroxidation 

(see Section 1.3.4. on P. 32). 

Oxidation of LDL has been reported to be associated with a loss of fatty acids 

[263,264], cholesteryl esters and triglycerides in LDL [330] due to conversion to their 

oxygenated products. Consistent with these observations, lipid peroxidation in LDL is 

accompanied by the loss of fatty acids after incubation with 20 ",M of CUS04 (Fig. 28; 

C, E and G). Even though measurement of fatty acids can provide us with information 

on the extent of oxidation of each fatty acid, it is not sensitive enough to detect the small 

amount of lipid peroxidation occurring in LDL incubated with endothelial ceUs (Fig. 28; 

D, F and H). Furthermore, measurement of fatty acids does not provide any information 

on the nature of the oxidation products subsequently formed. 

After hydrogen abstraction, alkyl radicals from polyunsaturated fatty acids can be 

stabilized by additton of molecular oxygen and rearrangement of the double bond (Fig. 

5 on P. 25) to produce conjugated dienes. Therefore, conjugated diene formation can be 

one of the signs ofperoxidation of polyunsaturatedfatty acids. The results obtained from 

measurement of conj ugation dienes, however, are not the same as those obtained by 

measuring hydroperoxy/hydroxy fatty acids by GC-MS as can be seen by comparison of 

Fig. 26 (C and E) CUI P. 89 and Fig. 29 on P. 94. The decreases in the amounts of 

monohydroxy derivatives of linoleic and arachidonic acids were not associated with 

corresponding decreases in UV absorbance around 234 nm (conjugated dienes). The 

reason for this is that sorne subsequently formed oxidized products of 

hydroperoxy/hydroxy fatty acids, both low and high molecular weight, still bear the 

conjugated diene chromophore (Fig. Il on P. 38). This problem can be solved by 

separation of the conjugated diene products by HPLC as used by sorne investigators 

[264,271]. However, the GC-MS analysis has advantages over HPLC methods since it 

is much more sensitive and selective and it enables us to quantify monohydroxy 
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derivatives of oleic acid, which otherwise could not be detected. 

Another commonly-used method to study lipid peroxidation of LDL is the 

thiobarbituric acid assay. which theoretically measures malondialdehyde (MDA), an end 

product formed during the degradation of hydroperoxides with at least three double bonds 

(Fig. 10). However, this assay also gives rise to positive results due to interference from 

some other non-MDA products. The re fore , the rcsults can only be interpretcd as 

"thiobarbituric acid-reactive substances" (TBARS). Our rcslIlts show that TBARS 

continuously increase, as expected. when LDL is incubatcd wlth both copper and 

endothelial cells (Fig. 30 on P. 95). 

Compared to other methods for measllring lipid pcroxidation, the GC-MS mcthod 

is much more selective. It is this high selectivity that provides with a new tool to study 

the mechanism of oxidative modification of LOL. Howevcr, whcn intcrpreting of the 

results, it is important to keep in mind that monohydroperoxy/monohydroxy dcrivativcs 

are rapidly decomposed in the presence of transition metal ions. Furthermore, the 

different distribution of monohydroxy derivatives of fatty acids and TBARS JO LOL and 

medium (Table 3) reminds us that the results depend on th.;! source of the sample. 

Dynamic measurement of monohydroxy fatty acids in LDL combined with other mcthods 

selective for different stages of lipid peroxidation is important to obtain mcaningful 

information [1921, 

4.3. LlPID PEROXIDATION IN ATHEROSCLEROTIC RABBITS 

Our studies indicated that LDL and aortae from hypercholcsterolemic rabbits 

contain increased amounts of esterified hydroxylated denvativcs of 18:2 and 20:4 

compared to controls. Although we hav~ prcviously measurcd cstcrificd Il h-20:4, 12h-

20:4, and 15h-20:4 in aortic lipids from normal rabblts [304), this would appcar to be 

the first report of the occurrence of these substances in lIpids from LDL and aortae of 

cholesterol-fed rabbits containing atherosclerotic lesions. 
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4.3.7. Increased Formation of Monohydroxy Fatty Acids in LDL from 

Atherosclerotic Rabbits 

Increased levels of TBARS in plasma have been observed in rabbits fed a 

cholesterol diet [331,332] as weil as in hyperlipidemic palients [333]. Oxidation of LDL 

may be especially important in the development of atherosclerosis, since it results in the 

recognition and uptake of LDL by the macrophage scavenger receptor, and could thus 

promote the conversion of macrophages to foam cells [45]. Moreover, oxidized LDL has 

been reported to exhibit chemotactic activity for human monocytes and to inhibit the 

chemotactic response of rnouse resident macrophages [44,251]. It could therefore be 

capable of attracting monocytes to the site of the Iesion, and, once they have becn 

transformed into macrophages, preventing them from leaving it [334]. 

Our results on the oxidation of human LDL indicate that Iinoleic and arachidonic 

acids in LDL are oxidized to monohydroperoxy derivatives upon incubation with copper 

ions or endothelial cells in vitro. Our results with rabbits show that linoleic acid in LDL 

is also oxidized to lts 9- and 13-hydroperoxy derivatives in vivo, with the amounts of 

these products increasing after feeding rabbits with a cholesterol-enriched diet (Fig. 31 

on P. 1(0). We also found that LDL from hypercholesterolemic rabbits contains 

derivatives of 20:4 oxygenated in the Il, 12, and 15 positions. Unlike monohydroxy 

derivatives of polyunsaturated fatty acids, monohydroxy derivatives of oleic acid were 

not increased in LDL from cholesterol-fcd rabbits (Fig. 31). This, combined with the 

formation of these products in LDL incubated with endothdial cells (Fig. 26B; P. 89), 

further supports the beneficial role of oleic acid in preventing atherosclerosis because of 

its resistance to lipid peroxidation both in vivo and in vitro. 

4.3.2. Increased Formation of Monohydroxy Fatty Acids in Aortae of 

Atherosclerotic Rabbits 

4.3.2. ,. Increased formation of monohydroxy fatty acids as the lesults of 

hypelcholesterolemia 

The formation of monohydroxy fatty acids in aortae of hyperlipidemic rabbits is 

rather complex. Il depends not only on the type of fatty acid oxidized but also on the 
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length of the treatment. The amounts of monohydroxy products derived from CI8 fatty 

acids change differently with the length of dietary supplementation with cholesterol than 

those derived from C20 fatty acids (i. e., arachidonic acid). Aortae of rabbits after 8 and 

15 weeks on a cholesterol/pean ut oil-supplemented diet contained about twice as much 

esterified monohydroxy C I8 fatty acids oxygenated in position~ 8, 9 and 10 compared to 

controls (Fig. 34; Band C; see P. 106). The amount of 13-hydroxy-18:2 was increascd 

to a similar extent after 8 weeks, but fell after 15 weeks of this diet. The ll-hydroxy 

derivative of oleic acid, was not affected by the cholesterol diet. Somewhat un..::xpcctedly, 

after 2 weeks, the amounts of monohydroxy derivatives of CIl! fatty acids werc lower in 

aortae t'rom hyperlipidemic rabbits compared to controls (Fig. 34A). This decrease could 

possibly be the result of increased aortic superoxide dismutase and glutathione pcroxidase 

activities in aortae of rabbits on cholesterol diet [335]. The amounts of rnonohydroxy 

derivatives of arachidonic acid in aorta, in contrast to those derived from CIlI fattyaclds, 

were not increased before 15 weeks on a cholesterol diet (Fig. 34C). 

Hydroxylated polyunsaturated fatty acids have also been detccted in aortae from 

Watanabe heritable hyperlipidemic (WHHL) rabbits. Products with UV absorbance 

indicative of conjugated dienes were detccted by HPLC after hydrolysis of the lipids in 

lipid droplets from aortae of WHHL rabbits. One of these products had a retention time 

identical to that of 13h-18:2 [322]. Slices of aortae from WHHL rabblts were also found 

to convert both exogenous [282,336] and endogenous [336] 20:4 to monohydroxy 

derivatives. In this case, however, the amounts of immunoreactive 15h-20:4 reJeased into 

the medium by aortae from 12 month old rabbits (exhibiting fatty streaks and raised 

lesions) were lower than those released by aortae from 1 month old rabbits [336]. On the 

other hand, increased amounts of immunoreactive 12h-20:4 were released by aortae from 

12 month old WHHL rabbits [336]. 

Exogenous free radioactively labelled 20:4 was shown to be converted to 15h-20:4 

by aortae from New Zealand white rabbits which had becn fed a diet supplemcnted with 

cholesterol, but little or none was formed by normal aorta [281,282]. Howevcr, we have 

shown that unesterified 15h-20:4 is synthesized from endogenous substrate and released 

by aortic slices from both normal and, to a greater extent, cholesterol-fed rabbits (Figs. 
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33C and 34C). The discrepancy betwcen these results could possibly be explained by the 

fact that we have rncasured mass rather than radioactivity, and our results would not be 

affccted by changes in the specifie activity of the radioactive substrate due to the release 

of endogenous 20:4. 

Even though hypercholesterolemia has been shown to be responsible for the 

incrr.ased formation of monohydroxy derivatives of arachidonic acid in the aorta, one 

questIon still remaills. It may be possible that the increased amounts of monohydroxy 

fatty acids observed in aorta and LDL are the result of increased intake of these 

metabolites of fatty acids due to the peanut oil which accompanied the cholesterol in the 

diet (Table 6A; sec P. 98). In a subsequent study in collaboration with Dr. Wen-gui Yu, 

rabbits were dlvided into 3 groups which were fed diet consisted of (1) rabbit chow, (2) 

rabbit chow supplemented with 1 % cholesterol and (3) rabbit chow supplemented with 

1 % cholesterol, 10% peanut oil, 1 % BHA and 1 % ethanol. Similar increases of 

rnonohydroxy fatty acids derived from linoleic and arachidonic acids were demonstrated 

in aortae from rabbits with either of the two cholesterol-supplemented diets. Thus, 

hypercholesterolemia aJone can be responsible for the increased lipid peroxidation in 

LDL and aorta observed in our study. Cholesterol could inhibit GSH-Px activity by an 

yet as unknown mechanism [337] and therefore result in incre . .ased lipid peroxidation. 

Further evidence that cholesterol results in illcreased lipid peroxidation in vivo is also 

available from ot~er studies [338,339]. 

4.3.2.2. Selective peroxidation of arachidonic acid in aortae of cholesterol-fed 

rabbits 

Another possibility is that the increase in the formation of monohydroxy fattyacids 

in aortae of hypercholesterolenllc rabblts is due to the increase in their fatty acid 

precursors In the aortae. Peanut oil supplemclltation provided more dietary fattyacids for 

the cholesterol-fed rabbits compared to controls (Table 6A). Cholesterol feeding also 

resulted In an incrcase in the amounts of linoleic acid in aorta (Figs. 36A and 38A). 

However, adequate levels of the factors for lipid peroxidation, which inc1ude the 

availability of oxygen. transition metal ions and enzyme activities, are required to convert 
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the increased amounts of 18:2 to monohydroxy products. Our rcsults suggcstcd that thcse 

factors could be the limiting factors l!l aortae from cholesterol-fcd rabbits. espccially 

after 8 and 15 weeks on the dlet, whcn the pcrcentage of CI~ fatty acids present as thcir 

monohydroxy derivatives was lower than that in controls (Fig. 36; Gand H), cvcn 

though the absolute amounts of monohydroxy denvatives were hlgher (Fig. 36; D and 

E). 

In contrast to the IIlcrease ln aortlc 18:2 in hypcrllpldemlc rabblts, thcre was a 

reduction in the amount of aortic 20:4 (Fig. 36F). Conscquently. the pcrccntagc of 20:4 

which had been converted to monohydroxy deTlvativcs was higher III aork1e from rabblts 

fed cholesterol-supplementcd diets. The 1055 of arachidol1lc aCld, espcclally in polar liplds 

(Fig. 38A), could be the result of II1crea~ed phospholJpa~c A2 actlvlty due to IIlcreased 

lipid peroxidatlOn, and the subsequent rcacylation by lJnolclc and olclc aClds as suggested 

by van Kuijk el. al. (340). This becolllcs more fcaslblc when the dlclary suppl Y of thesc 

fatty acid 1S high due to addition of pcanut 011 to the dlCt. 

The hypothesis thal 20:4 IS selectlvely oXldized in aortae from hypcrcholesterolemic 

rabbits is further supported by the high degree of positIve correlation belwccn 

monohydroxy derivatives of tlllS fatty acids and the total cholesterol content observed in 

this tissue (Fig. 38F). Monohydroxy derivativcs of oleic aCld were negatJvcly corrclated 

to, whereas monohydroxy derivatives of Imolclc aCld were not correlatcd to, the total 

cholesterol in the lesions. 

Our results suggest that III hypercholesterolernic rabbltS, there may be speci fic 

changes resulting in increased oxygenation of 20:4. ThIs could be due to changes either 

in the distribution of 20:4 in aortlc lipids or to 1!1crcases ln Its oxygenation by speclfic 

processes. In aortae from control rabbits, the perccntage of estenfied 18:2 pre~ent as 

monohydroxy C18 fatty acids IS 5-10 tlmes higher th an the percentage of 20:4 pre~cnt as 

monohydroxy C20 fatty acids (comparing Fig. 3611 and Fig. 361). In contra~t, 111 aortae 

from rabbits fcd a cholesterol/pean ut OII-supplerncnted diet for IS wceks, the pcrccntages 

of 18:2 and 20:4 which were present as monohydroxy denvatlves were nearly equal to 

one another. The differences in the proportions of 18:2 and 20:4 which are oxidlzed 

could possibly be explained by differenccs in the distribution of these fatty acids in 
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different lipid classes. In aortae of control rabbits, both 20:4 and its monohydroxy 

derivatives are present almost exclusively in polar Iipids whereas 18:2 is predominantly 

in neutrallipids; monohydroxy derivatives of 18:2 are evenly distributed between neutral 

and polar lipids. After 13 weeks on cholesterol diets, however, the percentage of 20:4 

oxidized in the polar lipid fraction is much lower than the percentage oxidized in the 

neutral lipld fraction (Table 10). ThIS may be due to the combined effects of different 

free-radical defence systems to which polar membrane lipids would be exposed. Lipid 

peroxidatlon in the neutral-lipid fraction (presumably in intracellular or extracellular Iipid 

droplets) may be higher because of maccessibility to the free radical defence system. In 

lipid droplets, the defence against peroxidation might rely entirely on lipid-soluble chain­

brcaking antioxidants such as vitamin E. 

4.3.2.3. Mechanisms for the increased formation of monohydroxy fatty acids 

in aorta of hypertipidemic rabbits 

It is possible that the monohydroxy derivatives of fatty acids esterified to aortic 

lipids could have originated via the oxidation of esterified 18:2 and 20:4 by the action 

of lipoxygenases. Il has becn demonstrated that aorta contains 12-1ipoxygenase [341] and 

15-lipoxygenase [342] activltles. Macrophages, which contain 5, 12, and 15-

lipoxygenases [343], could also contnbute to .. he Iipoxygenase-catalyzed oxidation of 

polyunsaturated fatty acids in atherosc1erotic lesions. Lipoxygenase activities in 

macrophages were shown to be increased after treatment wlth acetyl-LDL to promote 

cholesterol uptake [344,345]. Recently, 15-hpoxygenase mRNA has been shown to be 

present m aorta of WHHL rabblts and co-Iocalized with proteins which interact with an 

antibody to MDA-modlfied LDL (MAL-2) [272]. Although lipoxygenases normally 

catalyze the oxygenation of free polyunsaturated fatty aClds, hpoxygenases from severa! 

sources have been shown to directly oxidize polyunsaturated fatty acids in 

phosphatidylcholine to give esterified hydroperoxy metabolites [205,206,346]. This raises 

the possibility that lipoxygenases could dlrectly catalyze the oxidation of arachidonic acid 

in phospholipid to monohydroperoxy metabolites. Another possibility is that, as discussed 

in Section 4.2.1. on P. 135, free polyunsaturated fatty acids are first oxidized by 
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lipoxygenases, followed by the incorporation into IIpids [347-351]. Howcver, our 

laboratory demonstrated thal 13h-18:2 was very poor\y lIlcorporatcd \Ilta both ncutral and 

polar lipids from vascular endothclial and smoolh muscle cells comparcd to 18:2 [304]. 

It is also possible that increased lipoxygenase-catalyzcd oxidatlon of frce polyunsaturated 

fatty acids could result in the formation of rcactive mtermcdlalcs which could propagate 

the oxidation of esterified polyunsaturatcd fatty acids. Incrcascd amounts of 15-hydroxy 

derivatives of arachidomc acid were rclcascd 11110 the lI1cllballOll medIUm by aortae from 

rabbits after 8 and 15 weeks on a cholesterol "sllpplcmcntcd dlct, suggcsting lhal 

15-lipoxygenase activity may be incrcascd in athcrosc\crotic aorta (Fig. 33~ Band C; P. 

104). Arachidonic acid has been reported to be convertcd predommantly to ils 15-

hydroxy metabolite by aorta from WHHL [282,336] and cholesterol-fcd rabbits 

[281,282]. The formation of this substance can be reversed by lipoxygenasc mhlbitors 

(NDGA or ETY A) [282,336] but not by prostaglandm cndoperoxldc syntha~c mhlbitors 

(aspirin) [282]. 

A more likely explanation for the IIlcreascd amounts of c~lenficd monohydroxy fatty 

acids in aorta from atherosclcrotic rabbits IS that they are formcd by mcrcased 

nonenzymatlc oxidation of fatty acids. ThIS IS supportcd by several lines of eVldcnce. 

First]y, even though lipoxygenases can oXldlze polyunsaturatcd fatty aClds estcnficd to 

phospholipid, there is little eVldence that they can oxidize these fany acids whcn they are 

esterified to cholesterol. Secondly, the fact that the changes III the monohydroxy 

derivatives of linoleic acid are paralleled by sllmlar changes III the amounts of 

monohydroxy compounds derived from olclC acid in atherosc1crotlc aorta, suggcsting that 

both ofthese fatty acids are oXldized by the same mechani~m. Even though hpoxygenascs 

catalyze the oXldation of polyunsaturated fatty aClds, they do not catalyze the oxidation 

of fatty aClds with only one double bond. Thlrdly, cortisone acctate slgmficantly 

suppressed atherosc1erotic plaque formation in both WHHL and cholestcrol-fed 

WHHL/NZW heterozygous rabbits [352]. However, this suppressIon was not assocmted 

with decreased 15-lipoxygenase activity. Instead, the suppressIon of lesion development 

can be achieved by antioxidants such as probucol for WHHL rabblts [283,3531 and BHT 

for cholesterol-fed rabbits [285]. Finally, 9- and 13-hydroperoxy dcnvatives of 



- 148 -

cholcstcryl linoleate were identificd in post-mortem samples of atherosclerotic plaques 

from human aorta. Gas chromatographie analysis of the methyl ester of 13-hydroxy 

derivatives of linoleate isolated from arterial cholesteryl esters revealed al: 1 ratio of the 

13(S)- and 13(R)-derivatives, suggesting that they had been formed by autoxidation of 

cholcsteryl linoleate in atherosclerotic aorta [280]. The incrcased lipid peroxidation in 

atherosclerotlc aorta could therefore be initiated by the action of superoxide generated 

by actlvated macrophages in the lesions [343]. 

4.3.2.4. An unanswered question 

ft has been demonstrated that lipid peroxidation has detrimental effects on 

atherogenesis. The relation of sorne risk factors, such as hypercholesterolemia 

[332,333,339] and smoking, to atherosclerosis have been shown to incrC?"c lipid 

peroxldation in vivo. However, is lipid peroxidation the only answer? The answer is 

"No". 

Even though hypercholesterolemia results in both increased lipid peroxidation and 

formation of atherosclerotic lesions in rabbits, a clear cause-effeet relationship between 

lipid peroxldation and atherogenesis has only been shown in WHHL rabbits, a special 

model for atherosc1erosis. Oxidatively modified LDL and other proteins were observed 

in aorta of WHHL rabbit exhibiting atherosclerotic lesions [288-290]. LDL extraeted 

from aortie lesions of WHHL rabbits great]y resembled LDL that had been oxidatively 

modified in vitro [291]. However, none of the above evidence has been observed in 

cholesterol-fed rabbits. Probucol inhibited the deve]opment of atherosclerosis in WHHL 

rabbits by inhibiting Iipid peroxidation rather than by lowering plasma cholesterol levels 

[283,353]. //1 vitro experimcnts showed that probucol inhibits oxidative modification of 

LDL and ItS subsequent uptake and degradation by macrophages [284]. On the other 

hand, the beneficial em!Cts of antioxidants in preventing atherogenesis in cholesterol-fed 

rabbits are still controversial. Two reports showed that antioxidants suppress lesion 

development [285,354], whereas another report showed that probucol failed to prevent 

the lesion formation [355], in cholesterol-fed rabbits even though it lowered the level of 

TBARS in plasma in the carly phase of the treatment [355]. 
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The above discrepancy might be due to the differcnt mcchanisms of athcrogcnesis 

ln these two rabbit models. WHHL rabbits rescmble homozygous familial 

hypercholesterolemic human characterized by nmsmg or nonfunctional LOL reccptors. 

Lack of LDL receptors results in the diminished removal of LOL from the circulation 

and conscquently increased plasma cholesterol lcvels. However, WHHL rabbits clear 

chylomicron remnants normally [356] and rapidly clear an appreciable fraction of VLDL 

particles from the circulation [357], achieved by a newly-dlscovered reccptor eallcd low 

density lipoprotein receptor-related protein [358,359]. Thercfore, in WHHL rabbits, LOL 

(or more specifically, modified LOL) is the only lipoprotein responsible for the 

development of atherosclerotic lesions. Probucol, being hydrophobIe, is transported in 

LDL partic1es and therefore protects LOL from free-radlcal attaek and serves fiS an anti­

atherosclerotic agent. 

Unlike WHHL rabbits, cholesterol-fed rabbits have increased dletary cholestcrol 

intake and the consequently their LOL receptors are down-reglllated. The 

hyperlipidaemia in cholesterol-fed rabblts IS characterized by elcvatcd Icvcls of 11-VLDL. 

Unlike normal rabbits, B-VLOL from cholesterol-fcd rabbits IS cnnchcd 1I1 cholesterol 

rather th an triglycerides. This cholesterol-enriched VLDL can be taken up by 

macrophages via B-VLDL receptor. Like scavenger receptor, 6-VLDL reccptors are not 

down-regulated by the excessive amounts of cholesterol accumulated withm the 

macrophages. Even though 6-VLOL oxidatively modified by copper Ions 11I vllm was 

reported to be taken up by macrophages al a greater rate than that of natIve 6-VLOL 

[360,361], little is known about the lipid peroxldation of Il-VLDL and the contnbutlOn 

of modified B-VLDL (and/or modified LOL) to atherogencsls in cholestcrol-fcd rabbits 

compared to native B-VLOL. FlIrthermore, besldes bemg accumulated wlthin 

macrophages, hpids are also accumulated wlthin artenal smooth muscle cells, formmg 

smooth muscle cell-derived foam cells. Unlike macrophages, arterial smooth muscle cclls 

do not accumulate oxidatively modified LOL [3621. Therefore, modification of LOL may 

not be responsible for the formatIOn of smooth muscle ccll-dcrivcd foam cells in 

atherosclerotic lesions. 

At this time it is too early to say that increased hpid peroxidation is the main factor 
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re~pon\lble for the formation of atherosc1erotic lesion in cholesterol-fed rabbits. We can 

only conclude that Ityperlipidaemia cau~es atherosclerosis which is associated with 

Illcrea~cd Itpid pcroxidation. 

4.4. PROSTANOID PRODUCTION IN ATHEROSCLEROTIC RABBITS 

4.4.1. Prostacyc/in Production in Atherosc/erotic Rabbits 

The major Illctabolite of arachidonic acid released by both sltces and the luminal 

surl~ICC of rabbit aorta was prostacycJin, whlch \Vas mcasllred as ih stable degradation 

prodllct, 6-oxoPG FI,,' The sYllthesis of 6-oxoPGF 1" by sltces of aorta from 

hypercholc\terolcl11lc rabbits, particlllarly after 8 and 15 weeks on the cholesterol­

supplemcnted diet, was higher than that from the control rabbits when both time and dlet 

were consideree! to be IIH.lependent variables (Fig. 41A). On the other hand, 6-oxoPGFla 

synthcsis by the aortie lumen was lInaffected by the diet (Fig. 418). Wh en the synthesis 

of 6-oxoPGF I " by diffcrcllt ~ections of the aorta \Vas compared at a single time point (15 

week'i) wlth the die! as the only dcpendent variable, choiesterol-treatment did not have 

~lgl11lÏcant clreet (Fig. 42; A and B) In spite of the fact that the upper section (SI) was 

al most complctcly covercd wlth leslons (Table 7). The poor correlation between POI2 

synthcsis and atheroscJerosis in cholesterol-fed rabbits is further illustrated by Fig. 43. 

Our reslilts are not in accord with a nllmber of reports in the hterature on vasclllar 

pro::,tacycll11 synthcsis in hypercholesterolemic rabbits. The synthesis of POI2 by slices 

of aorta, 1l1ca'iuree! ming a bioassay, was reported to be reduced by about 80% in rabbits 

l'cd a die! ::,upplcl11entcd with cholesterol for 4 weeks [143]. POI2 synthesis remained at 

this Icvel for up to 13 weeks, but subsequently increased, so tllat it was only about 35% 

lo\ver than controls after 22 weeks on the diet [143]. Similar results were recently 

reportcd by another group, who used radioimmunoassay to measure 6-oxoPGF1a 

production by aortic sltces From rabbits fed a cholesterol-supplemented diet for 9 weeks, 

folloWl:d by a normal dlct for an ae!ditional 5 weeks [332]. In a slightly different model, 

dld-IlH.luCl:d hyperl'hole~tcrolemla was shown to prevent the recovel)' of POI2 synthesis 

by rabblt aorta alkr rcmoval of the cndotheli1l1l1 with a balloon catheter [138]. Hllman 

athcrosclerotlc artcries wcre found to synthesize less PGI2 than similar control arteries 
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[145]. Smooth muscle cells from cholestcrol-fed rabbits [147] or even smooth muscle 

cells enriched with cholesterol [141] were reported to produce less PGI2 from exogenous 

arachidonic acid. 

However, decreased PGI2 synthesis by blood vessels from cholesterol-fed rabbits 

has not been observed in all studies. Production of PGI2 by atherosclerotic aorta, ranging 

from the arch to the abdominal aorta was increascd on the basis of a bioassay of PGI2 

using rat platelets [122]. Homogenates of atherosclerotic aortae of rabbits fcd a 1 % 

cholesterol-supplemented diet for 32 wecks produced more 6-oxoPGFln compared to 

control homogenates [149]. 6-0xoPGF 1", synthesis was moderately correlated to total 

aortic cholesterol content (r = 0.643). In another model in which rabbits werc fed a 

cholesterol-supplemented diet for 2 weeks followcd by dccndothelialization and a 

continuous cholesterol-supp1emented diet for 3 months thcreaftcr, aortic 6-oxoPGFln was 

higher than in rabbits which underwent deendothelialization but had normal dicts [148]. 

The reason for the discrepancy between our results and sorne of those described in 

the literature is not clear, but the experimental protoeol we uscd was somewhat dlffcrent 

from those used in the above studies. In our study, we attemptcd to minimize 

autoinactivation of prostaglandin endoperoxide synthase caused by manipulation of the 

aorta prior to incubation by pretreatment with Ibuprofen and EOT A. Thus our results 

should more accurately refleet the ability of the aor13 to synthcsize prostacyclin in vivo. 

There are subs13ntial differences between the amounts of PGI2 produceU by normal, 

unmanipulated blood vessels and the large amounts released by isolated or perfused 

vessels [86,87]. The marked inerease in PGI2 production in the latter cascs appears to be 

a response to in jury or mechanical stimulation. It is now known that in jury and 

mechanical manipulation, along with other factors, stImulate the rel case of arachidonic 

acid from membrane phospholipid, providing substrate for prostaglandm endoperoxide 

synthase and other enzymes involving in prostanoid synthesis. Prostaglandin 

endoperoxide synthase [86,257,363,364], pros13cyclin synthase [260] and thromboxane 

synthase [365,366] have aIl be shown to be inactivated during catalysis probably via 

hydroperoxide-related mechanism [260,364,367,368]. The sclf-inactivation of 

prostaglandin endoperoxide synthase in the presence of substrate can be prevented by 
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reversible prostaglandin endoperoxide synthase inhibitors such as ibuprofen [89,369]. 

After being stabilized by inhibitors during tissue preparation, prostaglandin endoperoxide 

synthase can be activated on demand as saon as the inhibitors are removed. By doing so, 

we preserve both prostaglandin endoperoxide synthase and prostacylin synthase activities 

in blood vessels. Even though the use of reversible prostaglandin endoperoxide synthase 

inhibitors in preparing blood vessels is unique to our study, the use of reversible 

inhibitors in preparing sensitive sampI es for subsequent studies has also been used by 

others. For exampIe, preparation of human platelets from whole blood in the presence 

of prostacyclin, which prevents platelet activation by increasing cAMP level, results in 

stable platelet suspensions which respond to agonists and inhibitors readily and remain 

morphologically normal and physiologically active for long periods [370,371]. 

The absence of a reduction in prostacyclin synthesis in hypercholesterolemic rabbits 

was contirmed by measurement of its urinary metabolite, 2,3-dinor-6-oxoPGF1R (Fig. 

46A; P. 128). To our knowledge, this is the tirst report on the urinary levels of this 

substance in hypercholesterolemic r.abbits. ln vivo production of PGI2 has becn reported 

to be higher in atherosclerotic humans than in hea1thy control subjects, on the basis of 

measurement of urinary 2,3-dinor-6-oxoPGFla [150,372]. 

Those who reported decreased PGI2 production in atherosclerosis postulated that this 

was due to the inhibition of prostaglandin endoperoxide synthase and prostacyclin 

synthase by lipid hydroperoxides which were increased 10 this disease 

[262,331,332,373,374]. Fatty acid hydroperoxides inhibit both prostaglandin 

endoperoxide synthase [261,320] and prostacyclin synthase [258,261] in vitro. Oxidized 

LDL was also reported to inhibit PGI2 synthesis by endothelial cells [375]. However, our 

results do not support this hypothesis. Cholesterol-supplementation resulted in increased 

Iipid peroxidation, measured as monohydroxy derivatives of the fatty acids, but did not 

decrease PGI2 production in aorta. The lack of an inhibitory effeet of increased lipid 

peroxidation on prostacyclin synthesis could be due to differences in the cellular or 

subcellular localization of the lipid peroxides and the enzymes required for PGI2 

synthesis. Moreover, our data indicated that fatty acids esterified to lipids are the primary 

site of Iipid peroxidation and that hydroperoxy derivatives of these esterified lipids are 
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not nearly as effective as the corresponding unesteritïcd hydroperoxy fatty acids in 

inhibiting either prostaglandin endoperoxide synthasc or prostacyclin synthase (I~ig. 47; 

p, 130), 

The slight incrcase in 6-oxoPGF\u from hyperllpidemic aorta might be du\..' to thL' 

lI1crease of frcc hydroxy fatty acids in the aortic tissue, Low COIh.'L'lltratiolls of lipld 

hydroperoxides stimulate whcreas high concentrations illhiblt prostaglandill cndoperoxide 

synthase in VÎfro. Frce hydroperoxy/hydroxy fatty acids \\'Cre only slrghtly higher in 

aortae From cholesterol-fcd rabbits compared to contr01 rabblts in thls eXpL'I'lI11Cllt. The 

increase in free hydropcroxy fatty aCld tormatlOl1 within aorta may be ~tllmllatory rather 

than illhibitory to prostaglandin production. ft has been reported t!lat the amoullts of 

hydrogen peroxidc relca~ed by activated ncutrophlls ~tll1111latc PU1 2 production by 

endothelial cells [376,377]. If this is thc ca'lC for Illélcrophagl!s in alhcrO'ic\crolic lcSIOll'i, 

PGI2 productIon wOllld be expected to increa~e. 

In contrast to the report rnentioned ab ove in which oxidmxl LDL was round 10 

inhibit PGI2 synthesis by cndothelial cells [375]. othcrs have rl'portet! the opposite resulh 

for both endothclléll cells [378,379] and by maerophagc) [.'\801. Uptakc 01 

malondraldehyck-modlfied LDL via the s~avenger rcccptor of mOllocyte~ and 

l11acrophage~ promotes the release of arachidolllC aCld frol11 thl:<,1.! œlls [3811. 

13-Hydroxy-18:2, and possibly other hydroxy fattl' acids, cOllld incrcase 6-oxoPGF'I< 

production by endothelial cells by enhancll1g arachldonic acid rdca~e l'rom phospholipld 

[382]. Il is also possible that increased lipid peroxidation could rCl)ult ln elevated 

phospholipase A2 activity [340] and thereforc provide more arachldolllc acid for 

prostaglandin synthesis. 

PGI2 synthesis may also be increased 111 atherosc1erotic ti~l)lIe by a ll1eChLlni\tn not 

related to hydropcroxldes. The synthetic phenotype of arterial smooth muscle cclls, which 

is present only in athcrosclerotic lesions, synthesized more PGI2 dl' /IOVO than dld the 

contractile phenotype of these ceUs [383]. Increa\ed PGI2 productIon by modlllatcd 

s11100th muscle cells l11ight be the result of incrcascd amollnts of growth factors in 

atherosclcrotic tissues due to the accumulation of Illacrophage~. Growlh racturs ~tlllllliate 

the synthesis of enzymes required for prostagland1l1 ~ynthesl~ [132-135). Therefore, evcn 
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though prostaglandin endoperoxide synthase could be covalently inhibited by lipid 

peroxidation products, the inactivated enzymes would be readily replaced by newly 

synthesized prostaglandin endoperoxide synthase. 

The discrepancies in the literatures concerning PGI2 synthesis by atherosclerotic 

aorta could also be due to the type of lesions studied. When compared to unaffected areas 

in human aorta, both PGI2 (measured by bioassay on rabbit platelets) and ils stable 

degradation products 6-oxoPGFla (measured by RIA) in the same human subjects were 

slightly increased in fatty streaks but dramatically decreased in advanced plaques [146]. 

4.4.2. Thromboxane Production in Atherosclerotic Rabbits 

The most dramatic change in prostanoid synthesis observed in our study was in 

TXB2 formation, which was about 10 times higher in slices from the aortic arch (S.) of 

hypercholesterolemic rabbits compared to controls after 15 weeks (Fig. 41C; P. 120). 

There was also a large increase in the release of TXB2 by slices from the lower part of 

the thoracic aorta (S2), but the difference was less than with the aortic arch (Fig. 42C). 

In contrast to aortic slices, the differences between TXB2 formation by the luminal 

surface of aortae from control and hypercholesterolemic rabbits were quite modest for 

aortic arch, whereas no difference was observed for the lower part of the aorta (Figs. 

41D and 42D). 

Modest increases (ca. 30 to 200% above control values) in the production of TX~ 

by whole aorta [179] or aortic slices [332] from hypercholesterolemic rabbits have 

recentty been reported in the titerature. Production of TXB2 from exogenous arachidonic 

acid by sliccs of deendothelialized aortae from hypercholesterolemic rabbits was also 

recentty reported to be about 70% higher after 30 min than in controls [148]. However, 

production of TXB2 by different !egions of the aorta or by the luminal surface was not 

reported in the above studies. 

The source of TXB2 in atherosclerotic aorta is of interest. Only very small amounts 

of this product were synthesized by normal aorta. Platelets produces substantial amounts 

of TXBz. Even though platelets can be seen in atherosclerotic lesions [384,385], they are 

mostly located ncar the aortic lumen if platelets were the source of the increased TXBz 
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production by atherosclerotic aorta, the aortic lumen might be expccted to produce more 

of this substance than aortic slices. However, our data indicates that TXB] synthcsis is 

increased much more with aortic slices than with the lumen. The amounts of TXB] 

released from slices of aorta were positively correlated to the total cholesterol content in 

atherosc1erotic lesions (Fig. 44; see P. 125). This correlation became weaker whcn the 

lesion area was used to evaluated the sevcrity of atherosclcrosis (Fig. 441\). The 

correlations were even weaker when the lumlnal TXB2 was plotted against the scverity 

of atherosclerosis (Fig. 44; C and D). The discrepancy in the resuÏls bctween aorlic 

sUces and the aortic lumen would suggest that the major site of increascd TXIl;. synthesis 

in aorta from hypercholesterolemic rabbits is not the endothclium, but ratller the 

underlying cells. Two types of cells within athcrosclerotic lcsions which could be 

responsible for producing TXB2 would be monocyte/macrophages and modlfied sl1100th 

muscle cells. It has not been shown that secretory smooth muscle cells producc IIlcrcased 

amount of TXB2• On the other hand, TXB2 IS the major prostaglandin endopcroxide 

synthase product of arachidolllc acid metabolism III monocytes/macrophages 

[71,386,387]. It is therefore likely that monocytes/macrophages arc the source of TXB2 

in atherosclerotic lesions. 

The large increase in TXB2 synthcsis by the aortic arch that wc obscrvcd raises the 

possibility that aortlc TXA2 could be involvcd in the developmcnt of atherosclerosis, duc 

to its potent effects on platelets. An mhibitor of thromboxane synthase has bccn shown 

to reduce the area of ~orta covered by atherosclerotic lesions in cholestcrol-fed rabbits 

[191]. However, it must be kept in mind that TXA2 production by blood vessc1s. even 

in atherosclerosis, would be much less than by platelets, the major site of its production. 

We did not observe any significant differenccs in the excretlon of the urinary TXA2 

metabolite, 2,3-dinor-TXB2, between control and cholcsterol-fed rabblts, suggcsting that 

in this model there are nC' large alterations in TXA~ production by platelcts in vivo. This 

is in contrast to human studies in which the in vivo production of TXA l was shown to 

be considerably elevated in atherosc1erotic patients [177]. 

The high degree of correlatIOn betwecn TXB2 and monohydroxy derivatives of 

arachidonic acid in aorta (r = 0.926) raises a very interesting question: whcre are 
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incrcascd monohydroxy derivativcs of arachidonic acid produced? The correlation 

between TXB2 and monohydroxy derivatives of arachidonic acid (Fig. 45) is similar 

to the correlation between aortic cholesterol and TXB2 (r = 0.865; Fig. 44) and 

betwcen aortic cholesterol and monohydroxy derivatives of arachidonic acid (1 = 

0.857; Fig. 37F). Does this suggest that the increase in both TXBz and h-20.4 are 

due to the same cell type, po~sibly macrophage-derived foam cells, in atheroscIclOtic 

lesions? If this is the case, it may suggest that membrane phospholipid of 

macrophages are the source of substrate for TXB2 synthesis, whereas neutral lipids 

in Iipid droplcts within or around macrophages or macrophage-derived foam cells 

are the source of monohydroxy derivatives of fatty acids. 

4.4.3. Prostaglandin E2 Production by Aortae tram Atherosc/erotic Rabbits 

PGEz was uscd as a parameter to determine whether aOl tic prostacycIin 

synthase was selectively inhibited in cholesterol-fed rabbits. Inhibition of 

prostaglandin endoperoxide synthase wou Id lead to a decrease in the synthesis of 

both 6-oxoPGF)n and PGEz' whereas inhibition of prostacycIin synthase aI0~!-' would 

result in a decrease in 6-oxoPGF)rt' but an increase in PGEz due to the redirection 

of PGH! ta the enzymatic or nonenzymatic synthesis of PGE2 Feeding cholesterol 

did not result in inhibition of PGIz synthesis by aorta (Fig. 41; A and B) and had 

liUle effect on PG El synthesis by slices (Fig. 41 E) or by IUlllina 1 surface (Fig. 41 F) 

Even though only small amounts of PGEz are synthesized from endogenolls 

substrate, the proportion was much larger when exogenous arachidonic acid was 

lIsed as a substrate. In incubations with slices of aorta, where pmstanoids are 

produced from endogenous substrate, the amount of 6-oxoPGF)rt is 20-50 times 

higher than that of PGE2 (Fig. 41A vs. Fig. 41E). On the other hand, for incubations 

lItilizing the template, where prostanoids are produced from exogenous subshate, 

the amollllt of 6-oxoPGF)<r is only 3-4 times higher than that of PGEz (Fig. 4tB V.\ 

Fig. 41F). The relatively higher level of PGEz production from exogenous substrate, 

which has also been reported by others [861, may suggest that the capacity of 

prostacyclin synthase is smaller than that of prostaglandin endoperoxide synthase in 

ce Ils of the aortic lumen. PG.H 2 or PGGz may accumulate under these conditions, 
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and be converted to PGEz. Moreover, the concrntration of hydropel'oxidc élnd nther 

reactive intermediates generated by prostaglandin ('ndopcroxidc synthasl' in tlll' 

presence of an excess of arachidonic aCld may result in the selective in,1(:ti\,atlOn of 

PGI2 synthase, which is somewhat more sensitive to hydlOpclOxidl's Ihan 

prostaglandin endoperoxide synthase. An altcmative explanation l'oult! hl' tlll' 

different catabolism of PGHz in incubation with sliccs of aOl ta and :n incubatIon 

using template. Vascular endothelial cells have high lcvels of both Plostaglandin 

endoperoxide synthase and PGlz synthase whelcas the \cvcls of prostal'yclin synlha~l' 

are higher than that of prostaglandin endopcroxidc synthasc ill vai-.cu\;IJ i-.l1looth 

muscle cells [388]. In incubations with s\ires of aOl ta, PO 11 2 plodu<:ed hy t hl' 

endothelial cells can be used by PGI~ synthase in both endothclial cclls and i-.lllOoth 

muscle cells. One the other hand, in incubations llsing the tcmplatc, l'Ci 11 2 plOduccd 

by endothelial cells can only he used by PGI! syntha!'lc III cndothclial l'cl"- i\ 

combination of excessive production of PGH 2 ftom exogcnous alachidonic a l'Ill and 

Iimited catabolism of PGH! by PG12 synthase could thell lesult in thl' rcdill'ctiol1 ni 

PGH2 to PGE~ by PGE! synthase or by nonenzymatic Îsomel \zaliol1. 

4.5. EFFECTS OF LlPID HYDROPEROXIDES ON PROSTANOID PRODUCTION 

IN VITRO 

Hydroxy derivatives of fatty acids in aorta, both fJom control and t'holc~tl'IOI-led 

rabbits, are predominantly esterified to lipids. Free monohydloxy 18:2. '\(.'rO\lnt~ I<:~" 

than 10% of the total monohydroxy 18:2. Although rlce l11ollohydlOXy 20:-' ;IIl' 

approximately equal to their esterified counterpal t~ in rontlo\ i ahbit am ta, the 

increased amounts of monohydroxy 20:4 in aortae from cholcstcrol-fcd 1 abhit~ al l' 

primarily in esterified lipids. Unesterified hydroperoxy polyul1<;atllJatcd fatty "cid ... 

have been found to inhihit both prostaglandin endoçcroxide synthasc and pn 1, 

synthase [256,258-261]. It was therefore of interest to Illvcstigatc the cffcrt~ of 

esterified hydroperoxy polyunsaturated fatty acids on plŒtaglandlll endopcloxidc 

synthase and PGI2 synthase. 

Esterified hydroperoxides are much less potent than thcir free acid countcrpal t~ 

in inhibiting both prostaglandin endoperoxide synthase and prostacyc\in synthasc flom 
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partlCulate fractions of bovine aorta (Fig. 47). Among the three hydroperoxy lipids 

InVè~tlgaled, hydropcroxy denvative of I-palmitoyl-2-linoleoyl-phosphatidyleholine 

Inhlblted pro~tag.landll1 enclopcroxide ~yntha~e in a do~e-depcndent manner whcreas 

hydroperoxy dcnvativc~ 01 chole~teryl IInolcate and tnhnolcll1 clid ilOt. This may be 

beCdL1~e hydroperoxy denvatl\'e~ of pho~phullpids are more acces~ible to prostaglandin 

endoperoxl(je ~ynlha~e than the hyoropelOxy derivatlves of neutral hrlos. The differenees 

III tlle lI1hlbitory eltect~ of hydroperoxy fatty aClos and hyoropcroxy IIpids could also be 

due 10 the 11l~OlllbIllty of hydroperoxy lipids 111 aqueolls ~olution in splte of the faet that 

wc u~ed detergent in our ~tlldies. Two of the commonly-used methods to solubilize lipids 

ln aq1leolJ'i ~uJlltlon are the utili7ation of detergents and lIposomes. However, there arc 

dr~1\\ back." to thc~c approachc"i 111 studie~ reJated to thc elTect of hpld hydroperoxide on 

cn/yme activi ty, Even though n01110niC dctergenh have becn widel y uscd for soJubilizl11g 

IIll'mhrane ... and lIPI(h, they may moolfy the enzyme structure and ~ubseqllently thcir 

.tetl \'11 y. Onc ot the c\d1l1ples IS the 111hl bltory effects on prostaglandll1 endoperoxlde 

..,ynlha~e (Fig. "'X on P. U 1). Consequently, a concentratiOn of 0.02 % Tnton X-l 00 was 

u,>ct! III our C\pcrIl11cnt. Evcn though TrIton X-lOO has bcen ~ho\\ n to generatc 

hydropcro\ldl?~ \\ hlch are a~ hi~hly reactl\'e as hydrogen peroxlde [389], there IS no 

l'\'ldl?llCC ~hO\\'lllg that It Illtcrfcre~ our expenment. Flrstly, tlm cletergent has no cffeet 

011 pro\tdCyL'llll ,,)'ntha..,c (Fig. "'8) e\'L'n though the l'PI' 

(Fi~. 47) Sl'Ltllllllv, \\ hl'Il dI211011111, a ~tructllrall . ~ . 

,e lS more ~cmltlve to 13hp-18:2 

'ela d detergent which did Ilot 

111lllbll prmt.!gl-tndlll cndopefOxlde ~ynthasc at a concentration of 0.1 % \vas lIsed, 

h)dropcroxy pho\phatldykholl11c at a concentration of 25 /LM inlllbitcd prostaglandln 

l?l1dUlK'IO\IL1c ~)lltha)c tu a ~1I11llar extcnt 111 the pre~cnce of 0.02% Tflton X-IOO and 

0.05('; digitollin (.f.f~[, and 'l7% lI1hibitlon, respectlvely; sec Fig. 47A and Table Il), 

1'I11'i \uggC\ts that the Illhibltory effect of hydroperoxy phosphatidylcholine on 

prll~tagl,\l1dlll l?ndopert)\ldc ~yntha~c IS not the result of Tnton X-IOO. The result~ in 

Tahll' 11 ahu Il'\ c.tl th,!t hydropefll\.)' group I~ r(,~pOlblble for the ll1hlbltory cfrecl of 

hydlllpl'lO:\y pho~ph,ltl(.lykholJl1e ~lllce pho~phatIdylcholinc itsclf hac! a much smallcr 

l.'tTlxt on prmtaglandin cndoperoxide syntha~e. Even though we usee! detergents to 

facilitate the aCCl?SS of hydrop\!roxy IIpids to the enzymes, we still can nol be sure exactly 
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how the presence of the detergent affects this interaction. Another approach to the 

solublization of lipids in aqueous solutions is to form liposomes. However, sonication, 

even performed in an ice bath for a very short period, resulted in decomposition of lipid 

hydroperoxides. 

Our study on the effccts of hydroperoxy derivatives of fatty acids csteri tied to ltpids 

agrees our experiment on the prostanoid productIOn in aortae from hypcrcholcstcrolcmic 

rabbits. Prostanoid synthesis is not decreased cven though therc IS an increase in the 

amounts of monohydroperoxy derivatlves of fatty aClds esterificd to aortic hpids. The 

increased amounts of monohydroperoxy derivativcs of polyunsaluraled fatty acids. 

however, are primarily locatcd in neutral lipid fractions which consistcd of cholcstcryl 

esters and tnglycendes (Fig. 39 on P. 116). Hydroperoxy fally acids estcntïcd to ncutral 

lipids are much weaker inhlbitors to both prostagland\Il cndoperoxldc ~yntha~e and 

prostacyclin s)'nthasc (Fig. 47). Furthermorc, the cnhanccd producllon of TXA) IS hlghly 

correlated to the increased formation of monohydroxy dcnvatlve~ of 20:4 ln aortlc hp)(h. 

If hydroperoxy denvatlves of 20:4 \Il IIpld~ were potent Illhloltors of prmtaglandlll 

endoperoxidc synthase, TXA 2 would 110t mcrea~e at slich dra~tlC ratc alter the 

cholesterol-su[>plemented dlet. Therefore the mhlbltory cffcch of hpld pcf()X)datlOn 

products on prostaglandm synthcsIs ln atherosclerotlc aorta can not be supported by our 

ex peri ment. 
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SUMMARY AND CONCLUSIONS 

The formation of monohydroxy derivatives of unsaturated fatty acids in human LDL 

and LDL and aorta from hypcrcholcsterolemic rabbits has been studied. The cffects of 

lipid peroxidation on PGI2 synthesis and atherogenesis have been discussed. 

We have developed a rnass spectrometrie procedure to measure the amounts of 

specifie hydroperoxy fatty acids formed by oXldation of the major unsaturated fattyacids, 

such as olelc acid, linoleic acid, and arachldonic acid, JO hurnan LDL. Oxidation of 

human LDL in the presence of a relatlvely strong stimulus (20 jtM CUS04) rcsulted in 

very large increases in the amounts of the major monohydroxy derivatives of linoleic acid 

(9 and 13-hydroxy derivativcs) and aracllldomc aCld (5, 8, 9, Il, 12, and 15-hydroxy 

dcrivatlVcs) 1I1 LOL hpids ln the early ~tages of the reaetion. After 20 hours, the amounts 

of these products dechned due to substrate depletion. Large amounts of monohydroxy 

denvativcs of olcle aCld (8, JO, and Il-hydroxy denvatives) wele also detected after 

incubation fpj 5 or 20 hours. Unlike the monohydroxy derivatives of linoleic and 

araehldonie aClds, the amounts of monohydroxy derivatives of oleic aCld mcreased in a 

tlme-dependcnt manner up 1020 hours. Although TBARS clearly increased under these 

conditlom, the changes were not nearly as dramatic as those obscrved for monohydroxy 

fatty aClds OXldatlOn of LOL 111 the presence of endothelial cells, a much mllder 

stul111lus, rC'iultcd !Il 2.5 to 3-fold incrcases 111 the amounts of monohydroxy derivatives 

of hnolelc and arachidonlc aClds, as weil as TBARS, wlth more modest increases in the 

amounts of hydroxylatcd dcnvatlves of olelc aCld No posltlonal speclficity was observed 

III the oXldatlon of any of thc abovc fatty aClds III the presence of elther stImulus. This 

suggcsts th(\l oXldatlol1 of LDL \11 the pre~encc of cndott1chal celh may be primanly due 

to alltooxldatlon, althollgh a mIe for hpoxygena~e(s) in the imtiatlon of those reaction 

cannot be cxdllded. Our rcslllts abo rcvcal that oXldatlOn of LOL results in the formation 

of a large llumber of Illonohydroxy dcnvativcs of ole!C, linolele, and arachldonic acids. 

The relatIve amounts of products fonned from each of these fatty acids depends on the 

strcngth of the stllnullis as weil as the II1cubation ti me. 

Increascd oxidatlOn of LDL bpids wali also observed in rabbits fed a 
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cholesterol/pean ut oil-supplernented dlet. After 2, 8 or 15 weeks on a cholesterol diet, 

the amounts of monohydroxy derivatlves of linoleic and arachidol11c acids In LDL 

increased by over 2-folds compared to controls. When the increascs were expresscd in 

terms of the amounts of these LDL lipld oXldation products per millilitre of plasma, the 

differences were much greater because of the higher LDL concentrations In plasma from 

hypercholesterolemic rabbits, consistent wlth our observation on the relattve resl~tance 

of oleic acid to oxidation in human LDL in \.'Üro, olcic aCld In rabblt l,DL appcarcd to 

be more resistant to oxidation in VIVO, ~ince there wcre no II1creascs ln the amounts of 

monohydroxy derivatives of thls fatty aCld li1 LDL from cholcsterol-fed rabblts. 

Increased amounts of the 9-hydroxy, and, to a lcs~cr cxtcnt, the 13-hydroxy 

derivatives of 18:2 were observed 111 aortae from chole~tcrol-fcd rabblt~ at both 8 and 15 

weeks. The amounts of esterified Il, 12, and 15-hydroxy denvatlve ... of 20:4 III aorlac 

from cholesterol-fed rabblts wcre ~1I11I1ar to controls after 2 or 8 wcc~." but about J-fold 

higher after 15 weeks. The grcatcr amount"i of hydroxy dcnvatlve), of (\1\ latty aCHh 111 

the cholesterol-fcd group could be explalllcd by an approxlIllatcly 210 6-fold IIlcrea ... c 111 

CI~ fatty aClds in the aorta. Howcvcr, tlm would not cxpla1l1 thc Illcre.\ ... cd Ievcls of 

hydroxy-20:4 observed aftcr 15 weds, ~1I1CC aortlc 20.4 Icvc\<' were lower In the 

cholesterol-fcd group. The ~c1cctl\cly II1crea~cd oXldal101l of 204 Hl aortae l'rom 

cholesterol-fcd rabblts was further ~lIpportcd by the hlghly pO"'ltJW correlatlOll) betwccn 

monohydroxy denvativcs of tlm fatty awl and thc aortlc total choblcrol alld the arca 

of aorta covercd wlth athcro\clcrotlc k ... lon .... Thc dl"crcp~lIKy bdwcCIl the oXld.tllOll of 

C I8 fatty acids and 20:4 could be duc to dlffcrcncc~ III the dl\tnbutlOll of the\c fatty aCld~ 

in cellular IIpids. Our results sllggc~t that I!1crca\cd pcroxloatlon L f IIP((h, c\pcclally the 

ones contail1\ng 20:4, could be lI1volvcd 111 the dcyclopmcnt of athcro\clcrollc Ie\ion'i 111 

cholesterol··fcd rabblts. 

In contrast to sevcral early n:porb, PGI2 ~ylllhc"'l~ by "lIce ... and lumlnal )urfacc of 

the aorta as well as /Il \'IVO production, wa~ not dccrea ... cd 111 athcfl: r:lcrollC rabblt'l, 

despite the mcreased oXldatlon of fatty aCld~ c\tcnfied to aortlc hp' ~'\. Tlm may he 

because hydroperoxy fatty aCld5 es.tcnticd to aortlc lIplds wa'i b, mhlbitory to the 

enzymes required for PGI2 synthesis. In agreemcnt wlth thl~, wc found that hpid 
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hydroperoxy derivatlves of cholesteryl linoleate, trilinolein and I-palrnitoyl-2-1inoleoyl­

phosphatidy 1choline are Jess potent than 13-hydroperoxy-18:2 in inhibiting both 

prostaglandin endoperoxlde synthase and prostacyclin synthase. For our experiment on 

prostanoid synthesis by rabbit aorta, we developed conditions designed to minimize the 

autoinactivallon of prostaglandm endoperoxide synthase during removal of the tissue. 

Thus, treatment of aortae with medium containing Ibuprofen and EDTA during removal 

and preparation of the tissue re~ulted in an approximately 2-fold increase in 6-oxoPGFI" 

production upon subsequent InCUballon. The preservation of prostaglandin endoperoxide 

synthase dunng tissue preparation may explain in part the discrepancy between our 

results and sorne of the other r~ports ln the literature. 

ln contrast to aortlc 6-oxo-PGFln synthesis, there was a dramatic lü-fold increase 

ln TXB2 relcascd from ~hccs of thoraclc aorta after rabbits were fed a cholesterol/peanut 

OII-supplemcntcd dlct for 15 wccks. Although TXB2 .:;ynthesis by the lurninal surface of 

the aorta was also hlgher than control~, the dlfference was not as dramatic as observed 

in shces of aorta, suggestmg that the primary site of TXB2 synthesis in the aorta is the 

Inner part of the blood ve~scl. Aortlc TXB2 production also has highly positive 

correlations wtth aortlc total cholesterol and the area of aorta covered with atherosc1erotic 

lesions. ft IS possible that aortlc TXA 2 could contribute to the development of 

athero~c1erosls due to ItS potent effects on platelets. 
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CLAIMS TO ORIGINAL RESEARCH 

• A Ge-MS as say with selected ion monitoring has been employcd to quantify 

monohydroxy denvatives of fatty acids ln hurnan LDL as weB as LDL and aorta 

from rabbits. 

• In the presence of high concentrations of coppcr ions, monohydroxy derivatives of 

polyunsaturated fatty aClds in LDL incrcase dramatically 111 the carly phases of the 

incubation but arc converted 10 other products dunng the latc phascs of the r~1ction. 

On the other hand, the rate of OXldation of olcic aCld to ItS 1110nohydroxy dcnvativcs 

and the conversion of the latter to olher producl!l arc much lowcr than tho~c of the 

polyunsaturated fatty aCld!l and thclr monohydroxy product~. IncubatIOn of LDL wlth 

endothelial cells aho rC!lult!l III Incrca!lcd oXldatlO11 of polYlinsaturatcd fatty aClds to 

their monohydroxy derivatl\'c!l. Compamon of dlffcrcnt fatty aCld'i OXldl7Cd to thcir 

monohydroxy denvatives 111 LDL ha!l not bccn prcvlOll~ly studlcd. 

• The amounts of monohydroxy dcnvatlvcs of fatty aCld!l arc clevaled 111 LDL and 

aortae from hypercholc!ltcrolellllc rabbtt~. No prcvloll~ report of sllch a 

comprchenslve study on the pcroxldallon of dlflcrcnt fatty RClds \Il LDt and aortac 

from hypercholc~terolcmlc rabblts ha~ bren publ!!lhcd. 

• Even though incrcasc!l 111 the amollnt!l of monohydroxy C1X fatty aCJ(1<; wcrc ob!lcrvcd 

in aortae from hyperchole!lterolclTIlc rabblts, this appcared to be duc to amollnl~ of 

substrate fattyacids. An II1crcJ!lcd pcrccntage of fatty aCICh hcmg OXldlled to thclr 

monohydroxy denvattvc'l was only ob!lcrvcd wllh arachldolllc and. Only the amounts 

of monohydroxy denvd-tl\'c\ of araChldol1lc aCld wcrc corre1atcd pO~ltlvely to the 

seventy of the athcrosclerotlc le~IOI1S of the hypcrchole~tcrolernlc rahblls. This 

appears the first study demomtratl11g the dircct correlatIOn betwecn lipld peroxidallon 

and the sevcnty of athcrosclerosis. 

• Monohydroxy denvatives of lino\clc and arachidonlc aCld~ wcre tncrca'ied sclcctively 

in the neutral lipids in the aortae from hypcrcholcsterolcmlc rabbits. No <;tudie~ on 

the distribution of lipid pcroxldatlon products 10 dlffercnt bpid fraettons from 

atherosclerotic aorta has been rep()rted. 
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• We found that it is important to prepare aorta samples under conditions in which the 

activities of enzymes for prostaglandin biosynthesis have been preserved by 

preventing enzyme autoinactivatlOn. This approach has not previously been used in 

studies on prostanoid production. 

• Thromboxane production is dramatically higher in aortae from hypercholesterolemic 

rabblts and thls increase was much more pronounced for the slices than the lumenal 

surface of the aorta. 

• There was a very slgmficant dcgree of correlation between the formation of 

monohydroxy derivatives of arachidonic aCld and synthesis of TX~ in aortae from 

hypcrcholesterolemic rabbits. Even though the correlation between TXA2 and 

severity of atherosclcrosis ha~ becn studicd, the correlation between lipid 

peroxidation products and TXA] synthesis in atherosclerosis has not been explored. 

• Even though dinor metabohtes of PGI2 and TXA2 have been studied in the urine 

from other specles, wc arc the first to report the amounts of these products in the 

urine from rabblts. 

• Hydroperoxy fatty aClds estenfied to lipids are not as good inhibitors as free 

hydropcroxy fatty aClds of prostaglandin endoperoxide synthase and prostacyclin 

synthase. 
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