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ABSTRACT

Lipid peroxidation has been implicated in the development of atherosclerosis. It is
responsible for modification of low density lipoprotein (LDL), injury to endothelial cells
and has been rcported to alter prostacyclin synthesis. We therefore investigated 1ipid
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 CuSO, and endothelial cells. Gas chromatographic-mass
spectrometric analysis of monohydroxy fatty acids revealed a similar mechanism of
peroxidation of LDL lipids by endothelial cells as that by CuSQ,, i.e., autooxidation of
LDL lipids.

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, were 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 linoleic acids,
were positively correlated with the severity of the atherosclerotic lesions.

Prostacyclin production by aortae was slightly increased after cholesterol-
supplemented diets despite evidence for 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 PGI,
synthesis, there was a dramatic increase in the synthesis of thromboxane B, by aortae
from hypercholesterolemic rabbits, suggesting a role for thromboxane A, in

atherogenesis.




ABREGE

La peroxidation des lipides a été impliquée dans le développement de
1’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 "altération
de la synthese des prostacyclines. Pour ces raisons nous avons étudié la peroxydation des
lipides au niveau des LDL chez 'humain et des LDL ct de 'aorte chez le lapin nourris
avec une diete riche en cholestérol. Nous avons aussi ¢tudié la corrélation entre la
peroxydation des lipides et ia production des prostanoides in vivo et in virro.

Les acides gras insaturés des LDL de I’humain sont oxydés lors de I’incubation avec
les cellules endothéliales ou avec du CuSO,, générant des dérivés monohydroxylés.
L’analyse des acides gras monohydroxylés par chromatographic gazcuse ct spectrométrie
de masse nous demontre que les mécanismes de la peroxydation des LDL lipidique par
les cellules endothéliales ou le CuSQ, est simlaire, i.e., une autooxydation des hipides
des LDL.

Chez les lapins nourris avec une dite riche en cholestérol, on remarque au niveau
des LDL et de l’aorte, une augmentation des acides gras monohydroxylés.
L’augmentation des dérivés monohydroxylés de 1'acide oléique ct linol¢ique, mais non
celle de ’acide arachidonique, est initialement causée par ’augmentation des précurseurs
de ces acides gras. Au niveau de l'aorte, la sévérité des Iéstons produttes par
’athérosclérose est directement associée a ’augmentation des dérivés monohydroxylés
de 1’acide arachdonique mais ne ’est pas avec celles des acides oléique et finoléique.

La production de prostacyclines par I'aorte rdy légerement augmentée suite a la ditte
riche en cholestérol, et cela malgré I’augmentation évidente de la peroxydation des hpides
dans ce tissu. Ce phénomene peut-étre causé par Dincfficacité des acdes gras
hydroperoxydés estérifiés a inhiber la synthese des prostaglandines. Par opposition aux
changements modérés de la synthese des PGI, aortique, nous avons observé une tres forte
augmentation de la synthese de thromboxane B, par Paorte chez le lapin

hypercholestérolémique, suggérant un rdle de la thromboxane A, dans I’athérogénise.
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INTROLUCTION

1.7. DEVELOPMENT OF ATHEROSCLEROSIS

Atherosclerosis is a common form of arteriosclerosis 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 atherosclerosis remain the major cause of death in the developed countries. For
example, atherosclerosis accounts for a cumulative coronary incidence of about 50% and
for 25-30% of death for population in North America [1]. The death rate due to
atherosclerosis 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 atherosclerosis will help us to understand the

pathogenesis of this disease.

1.1.1. Lesions of Atherosclerosis

The morphological appearance of atherosclerotic aorta depends on the stage of this
disease. The first visible sign to the naked eye is the formation of fatty streaks in the
intima followed by fibrciis 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 muscie cells, monocyte-derived macrophages, increased amounts
of elastin and collagen fibres, and other cellular components. Both smooth muscle cells
and macrophages are capable of accumulating lipids and are transforming into foam cells
which are characteristics of atherosclerotic lesions. Other characteristics of atherosclerotic
lesions include diffused intimal 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




L

to penetrate through the gap between endothelial cells into the intima. Lipid accumulation
can be seen in endothelial cells, intimal smooth muscle cells and monocyte-derived
macrophages in this stage. Cell proliferation may also be an early event in atherogenic
process. In addition, there are increased amounts of elastic fibres, collagen, amorphous
material and small vesicular structures present in the intimal space of the aorta. Longer
periods of cholesterol-feeding (ca. 2-6 months) result in the formation of fibrous plaques
in atherosclerotic lesions characterized by multiple layers of mixed populations of large
foam cells and smooth muscle cells together with plasma insudates and connective tissuc
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 lesions,
smooth muscle cells in rabbit aortic lesions do not account for as large a percentage of

the cell volume of the early and mature ratty streak as do macrophages.

1.1.2. Pathogenesis of Atherosclerosis

The exact cause of atherosclerosis is still unclear even though several hypotheses
have been postulated to explain the morphological changes observed in atherosclerotic
lesions. The widely accepted ones are that atherosclerosis is initiated cither (a) in
response to vascular injury or (b) in response to changes in lipid metabolism. Although
these two hypotheses emphasize different aspects of atherogenesis, they have some
common features, including endothelial injury or dysfunction, monocyte/macrophage

participation and modification of lipid metabolism.

1.1.2.1. 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 arteries to
atherosclerosis. This hypothesis has been supported by several lines of evidence:

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




similar to those occurring in humans [2]. Over a period of nearly 80 years, cholesterol
feeding has been 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 several countries where low-fat, high-
carbohydrate diets are consumed, coronary heart disease rates are relatively low,
appearing to be related to the low serum total cholesterol levels {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 proportional to the degree of lowering [5-8], probably due to an acceleration in
the regression of atherosclerotic plaques [9]. Lovastatin, a competitive inhibitor of 3-
hydroxy-3-methyl-glutaryl CoA reductase (HMG CoA reductase) decreases the extent of
intimal 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 [11,12].

(b) Biosynthesis and metabolism of plasma lipoproteins

Cholesteryl esters are the major lipid components of both atherosclerotic lesions and
plasma low density lipoprotein [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 specific apolipoprotein composition (see Table 1). For example, LDL
contains only apolipoprotein B-100 (apo B-100) whereas VLDL contains apo E and apo
C besides apo B-100.




Dietary triglycerides and cholesterol absorbed from the intestine are incorporated mnto
chylomicrons and then transported through the intestine lymphatic system and general
circulation to the capillanies (Fig. 1A). There, free fatty acids and monoglycerides are
released from chylomicrons by lipoprotein lipase and then taken up by tissues for energy
generation or storage. The resulting chylomicron remnants travel to the hiver where they
are taken up via remnant receptors (apolipoprotein B/LE receptors). This 1s referred as the
exogenous fat-transport pathway [14]. The endogenous pathway starts with the synthesis
and release of VLDL from the hiver. VLDL undergoes a passage similar to chylomicrons
in the circulation, tut i» this case, the VLDL remnants are taken up by esther remnant
receptors or by LDL receptors (apolipoprotein B receptors). VLDL remnants are also
converted to cholesterol-enriched LDL in the circulation due to the extensive removal of
triglycerides and apolipoproteins other than apo B-100 from the VLDL particles L.DL
serve as the major carrier of cholcsteryl csters to extrahepatic tissucs.

Once 1t has entered the cells via receptors, absorptive endocytosis or pinocytosts,
LDL is transported through the cytoplasm inside endocytosis vesicles which fuse with
primary lysosomes. LDL 15 digested into apohipoprotcin particles and cholesteryl esters,
which are then hydrolysed to free cholesterol and free fatty acids by acid cholesteryl ester
hydrolase (ACEH). Free cholesterol may serve as a regulator for intracellular cholesterol
homeostasis. Increased cholesterol levels (1) suppress the production of lipoprotemn
receptors, preventing further uptake of plasma lipoproteins; (2) inhibit hydroxymethyl-
glutaryl-CoA (HMG-CoA) reductase, therefore reducing the synthesis of endogenous
cholesterol; (3) stimulate acyl CoA:cholesterol acyltransferase (ACAT) which catalyses
cholesterol esterification (Fig. 2). These effects all contnbute to reduce intracellular
cholesterol levels. If the demand for cholesterol 1s increased, cholesteryl esters will be
hydrolysed to cholesterol and fatty acids by neutral cholestery! ester hydrolase (NCEH).

Plasma lipoprotein levels are maintained by the balance of therr production and
catabolism. The liver is the major site for lipoprotein production and their metabolism
via lipoprotein receptors [14]. While chylomicron remnants are taken up by rcmnant

receptors (apolipoprotein E receptors) and low density lipoprotein (I.DL.) by [.DL
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Table 1

Characteristics of Major Plasma Lipoproteins

S
CHYLOMICRONS VLDL LDL HDL

DENSITY < 1.006 < 1.006 1.019 - 1.063 1.063 - 1.210

APOLIPOPROTEIN (% of total apolipoproteins)

A-1 7 67
A-2 4 22
B-48 23

B-~100 37 100

c~-1 15 3 2
c-2 15 7 2
c-3 36 40 5

LIPID (% of total lipids)

Cholesterol 1.5 4 9 11
Cholesteryl esters 3.5 11 43 25
Triglycerides 91 70 9 4
Phopholipids 4 15 29 60

L~ ]
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receptors (apolipoprotein B receptors), VLDL and their remnants are taken up by both
the remnant and LDL receptors. In physiological conditions, the LDL receptor pathway
is the predominant mechanism for clearing circulating cholesteryl esters. This pathway
is regulated by the availability of cholesterol and cholestery! esters. When cells such as
liver and adrenal cells grow, the demand for cholesterol increases, leading to increased
production LDL receptors. On the other hand, when the need is low, excess cholesterol
accumulates within the cells, which then make fewer LDL receptors and take up LDL
at a reduced rate, protecting them from excessive cholesterol. However, this local
protection results in decreased removal of LDL (and therefore cholesterol) from the
circulation via the high-affinity LDL receptor pathway and consequently accclerates the
development of atherosclerosis.

The importance of LDL receptors in atherogenesis is highlighted in a genctic discase
called familial hypercholesterolemia (FH). Patients or rabbits (Watanabe heritable
hyperlipidemic rabbits, WHHL rabbits) with this disease lack or have defective LDL
receptors and have profound hypercholesterolemia (Fig. 1B) [14-17]. Heterozygous FH
patients have twice the level of LDL as normal subjects and begin to have heart attacks
at the age of 35; homozygous FH patients have circulating LDL levels more than six
times higher than normal and inevitably have heart attacks by the age of 20.

Down-regulation of hepatic LLDL receptors also results from increased dietary
cholesterol. Unphysiologically high levels of cholesterol lead to increases of both
chylomicrons and VLDL, coupled with a reduction in the production of LDL receptors.
The combination of VL.DL overproduction and retarded receptor-mediated catabolism of
VLDL remnants results in cholesterol levels far above the normal level (Fig. 1C).

Hypercholesterolemia results in increased transport of cholesterol-rich blood
components across the endothelium into the intima and subintimal spaces of the blood
vessel wall, a necessary event for subsequent cholesterol deposition in this tissue.
Interaction of LDL with its endothelial cell receptors do not enhance transendothelial
transport of LDL across normal endothelium [18,19). Therefore LDL must be
transported across the endothelium by a low-affinity uptake process [20] or via a passive

process which is the result of increased endothelial permeability [21,22].




1.1.2.2. Response to endothelial injury

Endothelial cells play a central role in the physiologic 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 atherosclerosis was observed in animals from which the endothelium
was removed from the aorta by a balloon catheter [23]. This manipulation resulted in an
intimal lesion characterized by smooth muscle cell proliferation, connective tissue
formation and lipid deposition. Later, it was discovered that the smooth muscle cell
proliferation 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
lipid deposition was the result of an increased entry of plasma components into the
intima-media following endothelial denudation [25]. However, recent evidence indicates
that endothelial denudation is extremely rare in both animal models of atherosclerosis
[26,27] as well as in human [28]. Only in advanced atherosclerstic plaques have regions
of vessel wall lacking intact endothelium been identified morphologically [29]. Moreover,
platelet aggregation does not increase under conditions where endothelial cell death is
drastically increased since the repair mechanisms for maintenance of endothelial
continuity 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 cells will result in increased
permeability of the endothelium, allowing increased entry of cholesterol-rich 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 1.5.6.4 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 specific 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 cells {42], which is due to the release
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 atherosclerosis
are initiated as a response to some 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, lipoproteins
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 early stages of atherosclerosis.

7.7.2.3. Role of monocytes/macrophages

One of the early cellular responses in hypercholesterolemia is the attachment of
clusters of leukocytes, principally monocytes, throughout the arterial tree. The potential
importance of phagocytic cells in atherosclerosis was originally suggested 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 appear 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 hypercholesterolemia. Hypercholesterolemic
monocytes are more adhesive [50], more responsive to chemotactic stimuli, aid 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 {S1].

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 8-VLDL, is often elevated in animals with a high cholesterol

diet, whereas modified LDL 1is 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 B-VLDL receptor which takes up B-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 cells. After taking
up excessive cholesterol, macrophages become macrophage-derived foam cells. Macrophages also
damage cells by generating free radicals, activate platelets by releasing TXA,, 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 accumulated
in the interstitial spaces. Unlike LDL receptors, neither scavenger receptors nor VLDL
receptors are regulated by intracellular cholesterol levels. In other words, macrophages
will take up the above "unusual” lipoproteins in an unregulated 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 diffcrent species and in
various situations. Scavenger receptors were discovered in the 1970's when rescarchers
tried to learn why incubation of macrophages with high concentrations of LDL did not
result in foam cell formation in vitro and how cholesterol from LDL accumulates in
macrophages in atherosclerotic plaques of patients with familial hypercholesterolemia
[52]. They found that monocytes/macrophages took up large amount of LDL., which had
been modified chemically by acetylated reagents, via a specific receptor. This is the
scavenger receptor. Besides taking up acetylated LDL, scavenger receptors also recognize
LDL modified by transition metal ions and various type of cells including endothehal
cells [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
apolipoproiein B-100 by LDL lipid peroxidation products (also sce Section 1.3.6.4).
Oxidative or maleylated bovine serum albumin, polyvinyl sulphate and polyinosine also
bind to these receptors [16,61].

Scavenger receptors were first partially purified from murine tumours obtained by
injecting the murine macrophage cell line P388D1 into DBA/2 mice [62]). Purification
of a triton-solubilized 250 kDa protein from rat liver that bound both malondialdehyde-
modified LDL and maleic anhydride-modified bovine scrum albumin on ligand blots was
also reported [63]. In 1988, two groups reported considerable progress in the isolation
and partial characterization of the scavenger receptors for acetyl LDL. [64,65]. One group
purified a 260 Kda protein to homogeneity using rabbit carrageenin-induced granulomas
as an abundant source of macrophage receptor protein. This protein consisted of subunits
between 60 and 70 Kda [64]. Another group obtained 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 above 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 I and type II,
appear to be trimmers, consisting of highly glycosylated monomers of 453 amino acids
(type I receptor) [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 lipid peroxidation products was not studied in these experiments. Therefore
it is unclear if these two receptors account for all of the lipoprotein-scavenger activity
of macrophages. Cross-competition experiments suggested macrophages expressed several
scavenger receptors, at least one (probably some) 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 A, (TXA,) [71] and releasing growth factors
[72,73]). Oxygen free radicals such as superoxide, hydrogen peroxide, hydroxyi 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
biologically active lipid derivatives such as TXA, and platelet-activating factors (PAF)
can promote platelet activation on the surface of atherosclerotic lesions. Growth factors
are responsible for the proliferation of intimal 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 derived from twenty-carbon polyunsaturated
fatty acids, 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 effects,
which are principally mediated via the adenylate cyclase and phosphoinositide pathways.

Prostacyclin (PGI,) and TXA, are two of the most important compounds in the prostanoid

family in terms of atherogenesis.

1.2.1. Biosynthesis of Prostanoids

Upon stimulation. arachidonic acid is released from membrane-bound phospholipids
by the action of phospholipase A, on phosphatidylcholine [74,75] or phospholipase 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 (PGG,) (Fig. 4). The peroxidase activity of the same enzyme reduces PGG,
to its 15-hydroxy analogue (PGH,) [78]. PGH, has different fates in different tissues
depending on the presence of various PGH,-metabolizing enzymes. In large blood
vessels, PGH, is metabolized to PGI, by prostacyclin synthase, whereas in platelets, it
is metabolized to TXA, by thromboxane synthase. Both PGI, and TXA, are unstable and
readily hydrolysed to 6-0xoPGF,, and TXB,, respectively. 6-oxoPGF,, and TXB, 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,, [79] and 2,3-dinor-TXB, [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 107 to 10* 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 arachidonic acid metabolism via the prostaglandin endoperoxide
symithase pathway in platelets and blood vessels. Catalysed by phospholipase A, (PLA,) or by
phospholipase C and diacylglyceride lipase (not shown), arachidonic acid (AA) is released from
membrane phospholipids (PL) and then oxidized to prostaglandin endoperoxide (PGH,) by
prostaglandin endoperoxide synthase (PES). PGH, is metabolized to thromboxane A, (TXA,) in
platelets or 1o prostacyclin (PGL,) in vascular endothelial cells. Alternatively, PGH, is also
metabolized to prostaglandin E, (PGE,) by prostaglandin E, synthase (E,S). When adhering to
blood vessels, platelet PGH, is also transferred to blood vessels for PGI, formation. TXA, and
PGI, e quickly catabolized nonenzymatically to TXB, and 6-0xoPGF,,, respectively, which are
further metabolized to their dinor derivatives and eventually excreted into the urine, Other

abbreviations are: TXS: thromboxane A, synthase; PGIS: prostacyclin synthase.
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endoperoxide synthase-catalysed oxygen consumption declines to zero before complete
consumption of the fatty acid substrate, and a second burst of oxygen consumption occurs
upon addition of fresh enzyme [81]. Such self-inactivation of prostaglandin endoperoxide
syn.hase appears to occur in intact cells as well 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
covalent binding of decomposition products of prostaglandin endoperoxides to the enzyme
[90].

Besides being inhibited by its oxidation products, prostaglandin endoperoxide
synthase can also be inhibited by nonsteroidal anti-inflammatory agents [91] and certan
acetylenic fatty acids such as 5,8,11,14-eicosatetraynoic acid (ETYA). Prostanoid
biosynthesis is also modulated by dietary fatty acids. Linoleic acid (18:2) inhibits
arachidonic acid uptake by cells and therefore its oxidation to prostanoids [92].
Eicosapentaenoic acid (20:5) [93] and docosahexacnoic 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 PGI, in 1977’s, its relation to atherosclerosis has been
postulated. PGI, is a potent vasodilator and a systemic vasodepressor. It inhibits platelet
aggregation, decreases membrane permeability, inhibits release of growth factors from
a variety of cells and accumulation of lipids in smooth muscle cells from blood vessels.
On the other hand, PGI, production in blood vessels is modulated by factors related to

atherogenesis such as increased hemodynamic stress, endothelial injury, growth factors

and hypercholesterolemia.

1.2.2.1. Role of prostacyclin related to atherogenesis

(a) Regulation of cholesterol metabolism in blood vessel cells

PGI, regulates cholesterol metabolism in blood vessel cells by various mechanisms.
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It modulates the number of LDL 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
(ACAT) activity. The overall effect is therefore to enhance the efflux of cholesterol from
cells [96) and decrease the intracellular levels of free cholesterol and cholesteryl esters.
The increased hydrolysis of cholesteryl esters results 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 cells along a cholesterol gradient
providing that the plasma components for accepting and metabolizing cholesterol, such
as high density lipoprotein (HDL) and lecithin:cholesterol acyltransferase (LCAT), are
in adequate supply [98]). The role of HDL in reducing intracellular cholesterol
accumulation is augmented by its effect on stimulating PGI, production [99,100],
mobilizing cellular arachidonic acid [101] and PGI, stabilization [102]. In addition to its
effect on cholesterol, PGI, may also affect triglyceride metabolism since a stable
analogue of PGI,, carbocyclin, was found to decrease the triglyceride content of smooth
muscle cells from fatty streaks of human aorta [103].

(b) Inhibition of platelet aggregation

PGl, is a potent endogenous inhibitor of platelet aggregation [104,105]. Intravenous
infusion or local application of PGI, inhibits intravascular glatelet 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 PGI, is due to activation of the adenylate cyclase
system, leading to a substantial increase in platelet intracellular cAMP levels [108,109]
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, PGI, inhibits platelet aggregation (platelet-platelet interaction) at
much lower concentrations than those needed to inhibit adhesion (platelet-collagen
interaction) [111]. Direct contact between platelets and blood vessels provides a path for

translocation of platelet PGH, to blood vessels for PGI, synthesis (see Section 1.2.3.2.
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for more detail) which in turn limits thrombus formation and release of platelet granular
contents, including platelet-derived growth factor (PDGF).

{c) Inhibition of growth factor release

PGI, has been reported to inhibit the release of growth factors from platelets
[112,113], endothelial cells [112] and macrophages [112]. The effect is long-lasting
despite of the short half-life of PGI,. In addition, PGI, directly inhibits smooth muscle
cell proliferation [114-117], probably by inhibiting DNA synthesis [118,119]. This in
turn may be a direct nuclear event due to the location of PGI, synthase in the nuclear
membrane [101]. By inhibiting smooth muscle cell proliferation and accumulation of
lipids in these cells, PGI, 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 PGI, on smooth muscle cell proiiferation in both static and
superfusion cell cultures [112].

Because of its effects on endothelial cells, platelet activation, ipid metabolism and
smooth muscle cell proliferation, sustained PGI, production by the vascular endothelium,

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 responsible for
atherogenesis

(a) Shear stress and prostacyclin production

Atherosclerotic plaques have a tendency to occur in areas where shear 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 abdominal 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, PGI, synthesis, measured by its inhibitory activity on
aggregated platelets, was higher in both of the above regions than in the rest of the aorta

[122]. In vitro, 6-0x0PGF,, 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 releascs inositol triphosphate, by high shear stress {51]. Phosphoinositides
have been found to stimulate PGI, release from cultured endothelial cells [124]. Increased
shear stress also increases the number of LDL receptors on endothelial cells and enhances
receptor-mediated LDL endocytosis [51], which in turn delivers more arachidonic acid
for prostaglandin synthesis [125].

(b) Endothelial injury and prostacyclin production

According to the original response-to-injury model, injury of the vascular
endothelium resulted in platelet adhesion, aggregation, and release of platelet-derived
growth factor. This injury and the subsequent biological changes were responsible for the
initiation of atherosclerosis. It has been demonstrated, at least in vitro, that damage to
the endothelium by radiation [126,127] and antibodies to endothelial cells [128] is
accompanied by a transient increase in PGI, synthesis. This may explain the elevated
release of PGI, observed during vascular manipulation, cannulation and exposure to
hypotonic solutions. It would appear that mild and continuous damage to vascular
endothelium leads to increased release of PGI,, 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 derived growth factor (PDGF), and transforming growth factors
also stimulate PGI, synthesis [129-134]. In subjects receiving aspirin treatment, growth
factors accelerate the recovery of PGI, 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 PGI, synthesis. It has been reported to prevent the recovery of PGI, production
after deendothelialization of rabbit aorta [138]. Sera from hypercholesterolemic human
subjects [139] or rabbits [140] inhibit PGI, production by endothelial cells in vitro in a
dose- and time-dependent manner [140]. The reduced PGI, production by blood vessels

could be due to (1) direct inhibition of phospholipase A, by cholesterol; (2) competitive
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inhibition by linoleic acid of prostaglandin endoperoxide synthase; and (3) reduced

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

proteins.

1.2.2.3. Prostacyclin production in atherosclerosis

There is considerable controversy in the literature about the production of PG, by
atherosclerotic blood vessels with several reports indicating considerably diminished
production and others reporting unchanged or even enhanced production. The conclusions
were based on studies of either cells from atherosclerotic lesions, or blood vessels
isolated from atherosclerotic patients or animals, or urinary metabolites of prostacyclin,

In an experiment by Gryglewski and coworkers [143], rabbits were fed with 1 g of
cholesterol and 3 g of olive oil daily for 1, 3 and 5 months. PGI, synthesis by slices of
aorta from endogenous substrate, measured by bioassay of incubates on a strip of bovine
coronary artery or platelet-rich plasma, were strongly suppressed after 1 and 3 months
of the cholesterol diet. There was a tendency for PGI, synthesis to recover after S
months, On the other hand, Beetens er al found that PGI, released (mecasured as 6-
oxoPGF,, by radioimmunoassay) from the luminal surface of aorta from cholesterol-fed
rabbits was higher after 2 weeks on a cholesterol diet and the sanie as controls after 4
weeks. PGI, production subsequently declined continuously up to 10 weeks [144]. Unlike
the luminal surface of aorta, these authors found no difference between atherosclerotic
and control rabbits in PGI, release from slices of aorta [144].

Studies of different morphological types of human atherosclerotic lesions ranging
from fatty streak to fibrous plaque demonstrated significantly decreased PGI, formation
by all types of lesions [145,146]. The inhibition of PGI, synthesis in atherosclerosis is
further supported by the finding that smooth muscle cells from atherosclerotic rabbit
aorta produces less PGI, than healthy smooth muscle cells [147].

In contrast to the above studies, there are also a number of reports suggesting that
PG, synthesis is higher, rather than lower, in atherosclerosis. In a rabbit model which
the aortic endothelium had been stripped by balloon catheter followed by 3 months on

a cholesterol diet, both endogeiious and arachidonate-induced PGI, 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, PGI, synthesis, measured by its antiaggregatory effect on platelets, was
significantly higher 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 of rabbits [149]. Increased prostacyclin production in atherosclerosis
in humans was supported by the increased excretion of its major urinary metabolite, 2,3-

dinor-6-0xoPGF,,,, by atherosclerotic patients [150].

1.2.3. Thromboxanes and Atherosclerosis

TXA,, another member of the prostanoid family, has actions which oppose those of
PGIL, on many system including platelets and vasculature. These effects are
physiologically useful in stopping acute haemorrhage. Pathologically, however, TXA, is

regarded as a proatherosclerotic compound.

1.2.3.1. Physiological effects of thromboxane A,

TXA, and its pro-aggregatory effect on platelets were first reported by
researchers in Karolinska Institute in mid 1970’s [151,152] when they tried to
identify a compound which had a stronger but shorter contractile activity on the rabbit
aorta than the prostaglandin endoperoxides released from aggregated platelets or guinea-
pig lungs by arachidonic acid [153]. Subsequent studies showed that TXA, 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 cell
proliferation [155-157] as discussed above (Section 1.1.2.2. on P. 9). However, the role
of platelet-generated TXA, in initiating atherosclerosis 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 TXA, is an important factor responsible for the onset of
complications of atherosclerosis [158,159] rather than atherogenesis.

TXA, constricts various blood vessels including aorta, and coronary and mesenteric
arteries 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 release nf TXA, into coronary sinus observed

in patients with recent episodes of angina [164].

1.2.3.2. Balance of Prostacyclin/Thromboxane A,

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 PGH, from platelets to blood vessels [165-168]. However,
translocation in the opposite direction was not observed [167]. The translocation of PGH,
from platelets to endothelial cells is accentuated by thromboxane synthase inhibitors [87].
This unidirectional translocation is particularly important in the case of endothelial
damage to the arteries which promotes adherence of platelets to the damaged surface.
PGH, 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 TXA, synthesis by platelets can be achieved by inhibiting prostaglandin
endoperoxide synthase by non-steroidal anti-inflammatory agents. However, this could
also inhibit the production of PGI, by blood vessels. Use of thromboxane synthase
inhibitors can overcome this problem due to aspirin by redirecting PGH, from platelets
to endothelial cells of the blood vessel where it is converted to PGI, [170]. The balance
of PGI,/TXA, can also be shifted to favour PGI, synthesis by irreversible inhibitors of
prostaglandin endoperoxide synthase. Platelets do not have nuclei and therefore can not
synthesize new prostaglandin endoperoxide synthase once it has been irreversibly
inhibited. On the other iiand, 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 PGI, and TXA, is also 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]. TXA, from w-3 polyunsaturated fatty acids appears to
have little pro-aggregatory activity [173-175] whereas PGI, maintain antiaggregatory
effect as PGI, [173-175]). Thus the balance is shifted in favour of antiaggregatory
prostacyclin [175,176]. As a result of fish oil consumption, endogenous production of
PGI,; (measured as urinary a'’-2,3-dinor-6-oxoPGF,,) is higher in Greenland Eskimos
than in age matched Danish controls [176]. Surprisingly, PGI, production (measured as
urinary 2,3-dinor-6-oxoPGF,,) is also higher, whereas TXA, is lower, in Eskimos.

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

1.2.3.3. Thromboxane production in atherosclerosis

Unlike PGI,, TXA, production was uniformly found to be higher in aorta of
atherosclerotic rabbits [143,148,178-180]. It secems that the increase is associated with
hypercholesterolemia in atherosclerosis [181]. In virro, ‘cholesterol-enriched’ platelets
released more labelled arachidonic acid and more TXB, than control platelets [182].
Atherosclerosis and its risk factors, such as smoking [183], diabetes [184-186], and
hyperlipoproteinemia [187-189], are all associated with decreased platelet sensitivity to
antiaggregatory prostaglandins. Furthermore, inhibitors of TXA, synthesis were found

to suppress atherosclerotic 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 caused by the
attack of any species (X) that has sufficient reactivity to abstract a hydrogen atom from
a bis-allylic methylene group to form a alkyl radical (L-, Fig. §, stcp [1]). The presence
of a double bond in the fatty acid weakens 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 molecular rearrangement to produce a conjugated 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 fatty acid (Fig. 5, step [3]), leading to propagation of
the lipid peroxidation process.

The position of oxygen insertion depends on the position of hydrogen-abstraction.
Each 1,4-cis,cis-pentadiene unit will give rise to two hydroperoxy isomers. For example,
two isomers (9- and 13-hydroperoxy derivatives) are formed from linoleic acid (Fig. 6A)
and six isomers (5-, 8-, 9-, 11-, 12- and 15-hydroperoxy derivatives) are gencrated from
arachidonic acid (Fig. 6B). Two isomers of each of the hydroperoxy fatty acids are
formed, one of which has a cis-rrans 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 11-hydroperoxides, will be

formed from oleic acid (Fig. 7).

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

(1) L-+ LOO: LOOL
(2) 2LOO- —— LOOL + 0,
3 2L L-L.

In some 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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dimers 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].

1.3.2. 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.

1.3.2.1. Superoxide, hydioxyl radical and lipid peroxidation

In vivo lipid peroxidation can be initiated by the passage of electrons from substrates
of certain enzymes to a system containing O, and iron (Fig. 8) [194,195]. One of these
enzymes involves the NADPH-cytochrome P-450 reductase system which reduces ADP-
Fe'* to ADP-Fe?* (step [1]); another is xanthine oxidase (step [2]) [196,197). The
resulting electrons are transformed directly to oxygen, reducing it to superoxide, O. (step
[3D) [198]. O: 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 its charged
nature [199]. However O: can be metabolized to hydrogen peroxide H,0, 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 H,0, (Haber-Weiss
reaction; step [5]) [200]. Alternatively, OH- can also be formed by the combination of 0,
and H,0, [201]:

0. + H,0,

OH: + OH™ + 0,
OH: is a very strong oxidant, abstracting hydrogen atoms from membrane lipids to give

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

1.3.2.2. 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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Fig. 9. Scheme showing the role of lipoxygenases (LOX) on lipid peroxidation. After forming
an enzyme-substrate complex, LOX catalyses stercospecific dioxygenation of polyunsaturated fatty
acids (LH) to yield conjugated hydroperoxy metabolites (Steps {1} and {2}]). The enzyme can be
recycled after releasing the final products (Step [3]). Under anaerobic condition, alkyl radical
(L+) is dissociated from the enzyme (Step [4]) and the dioxygenation of this fatty acid radicals
results in a racemic mixture of hydroperoxy fatty acids (Step [5]). The enzyme, in the F¢’' form
rather than the original Fe’* form, then catalyses a reaction called lipohydroperoxidation in which
the initial-formed the hydroperoxy fatty acids are converted to the corresponding alkoxyl radical
(LO-, Step [6]). LO- is then dissociated from the enzyme, which is then free to bind another

polyunsaturated fatty acid molecule (Step {7]).




P,

$5y

. ool

-31 -

conjugated 1-hydroperoxy-2,4-trans,cis-pentadiene  product, The initial step in
lipoxygenase catalysis is the regiospecific and stereospecific removal of a hydrogen atom
from the substrate (step [1]), followed by rearrangement of double bond and the insertion
of molccular oxygen (step [2]). A hydroperoxy fatty acids 1s formed by attracting the
hydrogen 1on released during the initial hydrogen abstraction step (step [3]).

Various lipoxygenases differ in three substantial features: (1) the site of hydrogen
abstraction; (2) the dircction of the double bond shift in the primary .adical leading to
the 1-hydroperoxy-2,4-trans,cis-pentadiene system and (3) the stereospecificity of both
hydrogen abstraction and dioxygen insertion. For example, platelet lipoxygenase abstracts
a pro § (L) hydrogen atom from the C-10 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 (12-HPETE) [202,203]. On the other
hand, both reticulocyte and polymorphonuclear leukocyte lipoxygenase abstract a pro S
(L) hydrogen atom from the C-13 carbon of 20:4 to yieid 15(S)-HPETE or from the
I 1-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 lipoxygenases are not very active in directly oxidizing cellular phospholipids.
However, some lipoxygenases, such as the 15-lipoxygenases from soybean [206], human
polymorphonuclear leukocytes [204] and reticulocytes [205,207,208], catalyse not only
the oxygenation of free polyunsaturated fatty acids but also the oxygenation of fatty acids
esterified to phospholipids. In contrast, no oxygenation of esterified arachidonic acid was
observed with either rat basophilic leukaemia cell S-lipoxygenase or rabbit platelet 12-
lipoxygenase [204].

Lipoxygenases also catalyse another reaction called lipohydroperoxidation under
circumstances where the oxygen supply is limited (Fig. 9). In this case, an alkyl radical
(L-) disassociates from the enzyme and may be oxygenated non-enzymatically to form
LOO- (step [3]). In sharp contrast to LOOH formed by the action of lipoxygenases,
which is stereospecific, the LOO- formed by lipohydroperoxidation is racemic and the
reaction is readily inhibited by antioxidants, such as butylated hydroxytoluene (BHT).

Under the same conditions of low oxygen concentrations, lipoxygenases in the ferrous
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form catalyse the homolytic scission of the O-O bond of LOOH formed in the previous
reaction (step [6]). Either an alkoxyl radical (step [7]) or a keto fatty wcid (step [8]) will
be generated by lipohydroperoxygenation. Alkoxyl radicals will decompose to various

products as discussed in the following section.

1.3.3. Catabolism of Lipid Hydroperoxides
During the propagation of lipid peroxidation, decomposition of lipid hydroperoxides
becomes important. Lipid hydroperoxides are decomposed, especially in the presence of
transition metal ions, to alkoxyl and peroxyl radicals:
LOOH + Mm"*! LOO: + H" + M"
LOOH + M" LO- + OH" + Mo+,

LOO- and LO- then undergo reactions such as intramolecular rearrangement,
intermolecular addition, oxidation-reduction, cyclization, B-scission, erc., to gencrate
varieties of products, including polymers (dimers, trimers and oligomers), hydroxy fatty
acids, epoxy fatty acids, epoxy-hydroxy fatty acids, ketones and aldehydes (Fig. 10).
Some of these metabolites have detnimental eftfects in cellular {unctions (see Section
1.3.5).

Besides being decomposed to products as discussed above, hydroperoxy fatty acids
are also reduced to hydroxy fatty acids by cytosolic peroxidases [209,210], which are

part of the body’s defense system against lipid peroxidation (more in Section 1.4.2.).

1.3.4. Measurement of Lipid Peroxidation in Biological Systems

Peroxidation of fatty acids results in many different products rangmg from high-
molecular weight polymers to volatile products. Detailed analysis of the complete
spectrum of lipid peroxidation products is not feasible. However, combinations of several
methods is useful to study lipid peroxidation in biological systems [211,212] because
different assays measure lipid peroxidation products at different stages of the reaction.
Different assays also have different characteristics and can not be replaced by the others.

The methods most frequently used in studies of lipid peroxidation are discussed below.




-33-

'0

y m“\m
(1/ Y) B
. m@:v/\ku
('O

4 ’
SRR Ay L T
o e o =, - ¢
AN 5] [y om/ ‘o
\
o

dimers

[
* 0 8]
S’:"’/‘:\‘/(,‘/«)u (4]
o~ =,
& °
W “on ‘<on
A

| Fon

8]
0
7
¢
‘ont

N

lsy YOI
o

(]

’ &
2 or LV A V=N N
0 0
'IO:’.‘_(’:\P‘/VC\)M 53\(—\/\ -n:s .
ATV VN e ooit
. VN l [11)
oont P T o
o P 00
né M /’\Vc\’" S W+ U e N

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]) or to a peroxyl radical (Step [6]). Both these
radicals can undergo radical combination to form dimers and other polymers (Step [5]). B-
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 B-scission,
resulting in cleavage of a C-C bond adjacent to the alkoxyl group (Step {4]). By comparison,

intramolecular 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 [10]). The latter radical then undergoes hydrolysis to form
malondialdehyde (MDA) [Step 11]. 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 characterized by the abstraction of a hydrogen atom
from unsaturated fatty acids followed by insertion of molecular oxygen. Measurement of
oxygen consumption using an oxygen electrode in the incubation chamber can give us the
rate of oxidation of lipids. This method however lacks specificity and will overestimate
the reaction rate since oxygen uptake can also be the result of oxidation of other
biological substances such as cholesterol and amino acids rather than fatty acids [213].
It can also result from secondary decomposition of lipid hydroperoxides.

(b} Measurement of fatty acids content

Lipid peroxidation leads to extensive conversion of unsaturated fatty acids to their
oxygenated metabolites. Measuring the loss of falty acids during lipid peroxidation can
therefore provide such information as overall reaction rate and the specific fatty acids
involved. Fatty acids with different carben lengths and double bond positions can be
casily separated and quantified using gas chromatography.

(c) Measurement of conjugated dienes

Spectrophotometric detection around 235 nm can be used to measure conjugated
dienes which are formed during lipid peroxidation products. The molecular extinction
coefficient is around 30,500 [214]. This mcthod is widely used to quantify hydroperoxy
as well as hydroxy lipids. However, the maximum absorption of a conjugated diene
(around 235 nm) is in the region in which other components of the reaction mixture also
show high end absorption. Some decomposition products of lipid hydroperoxides also
possess the conjugated diene chromophores and therefore have the same
spectrophotometric properties as lipid hydropcroxides themselves. To avoid these
problems, spectrophotometric detection is usually coupled with chromatography,
especially high performance liquid chromatography (HPLC) to measure specific
compounds.

(d) Measurement of oxygenated products_by gas chromatography-mass
spectrometry (GC-MS) or hquid chromatography-mass spectrometry

(LC-MS)

Even though HPLC coupled to a UV detector provides a veiy useful tool to separate
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and detect oxygenated products, problems may be encounted in biological samples
because of various interfering substances as well as the presence of positional isomers
of the oxygenated metabolites of polyunsaturated fatty acids. Coupling of the HPLC or
GC column 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 of the 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 routine analysis of lipid peroxidation products.

(»' Measurement of malondialdehyde (MDA)

MDA is one of the homolytic cleavage products formed from lipid hydroperoxides
(Fig. 10, step [11]) which can be measured by the thiobarbituric acid (TBA) assay. This
assay 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 A_,, of
530 nm [215]:
HS N 0 OH N o

N o HS

00 4 4

5 XY Y
OH

0 0

The TBA assay has three major disadvantages, however. Firstly, MDA is a very minor
peroxidation product (Fig. 10). Secondly, the TBA assay is rather non-specific, since
many other substances such as carbonyl compounds, sucrose, pyrimidines, amino acids
and peptides also generate chromophores under the assay conditions employed [216-218].
Therefore, the ch. mophores 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 fatty acid in most tissues [222].
(f) 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 well with other methods [31,223).
However, it has several disadvantages. Firstly, measurement at a single wavelength does
not accurately represent all 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 decomposition of lipid
hydroperoxides rather than the initial formation of these products. In normal cclls where

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

underestimated.
(g) Measurement of expired hydrocarbons in the breath

In the presence of transition metal ions, alkoxyl radicals undergo B-scission reactions
to generate both aldehydes and alkyl radicals (Fig. 10). The latter will react with 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 liver function. Thirdly,
measurement of expired hydrocarbons does not give any information about lipid
peroxidation in specific organs. Finally, these hydrocarbons can also be formed by

bacteria in the intestine, which is not relevant to in vive 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 processes. However,
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most of the effects of lipid peroxidation products are detrimental due to their atherogenic
and carcinogenic effects as well as their effects on the development of other diseases.
The underlining mechanism involves the alteration of membrane structure, modification
of proteins and nucleic acids.

The effects of lipid peroxidation products on membrane structure include decreased
membrane fluidity, change of phase properties of membranes, inhibition of cellular
metabolic processes, loss of secretory functions, breakdown of transmembrane ion
gradients and increased membrane permeability [224]. Particularly, peroxidation of
membrane phospholipids increases their hydrophilicity, favouring the aggregation of these
molecules and may result in the formation of phospholipid polymers or lipid peroxide
clusters [193,225]. This may lead to membrane fragmentation and increased membrane
permeability (Fig. 11). Recent evidence showed that membrane fluidity in liposomes was
increased when as little as 3.5% of the phosphatidylcholine contained one HETE chain
[226]. This effect was more pronounced for 1S-HETE than 5-HETE probably because
the hydroxy group of 5-HETE was located closer to the polar surface of the liposome and
therefore disturbed 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 adducts, protein-protein cross-links, protein
scission and amino acid damage [227], resulting 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 microsomal lipids were reported to inhibit calcium sequestration
activity by binding to the microsomal proteins [230]. The same compounds were reported
to modify LDL in such way that it was taken up and degraded by macrophages to a
greater extent (see Section 1.3.6.4 for more detail). Glucose-6-phosphatase, Ca?*-
ATPase and monoamine oxidase are a few of the many enzymes inhibited during lipid
peroxidation due to the modification of proteins [231-234]. Hormone receptors such as
B-adrenergic and acetylcholine receptors are also inactivated during lipid peroxidation
[235,236].
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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-treated
erythrocytes or aging erythrocytes in the circulation [238]. Proteins can also be modified

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

1.3.6. Lipid Peroxidation and Atherosclerosis

Lipid peroxidation products can mediate the formation of atherosclerotic lesion by
(1) injuring endothelial cells 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 arteries; and (5) stmulating smooth

muscle cell proliferation to form smooth muscle cell-derived foam cclls.

1.3.6.1. Lipid peroxidation and endothelial cell injury

Because of its constant exposure to blood components and prooxidants, the
endothelium is very susceptible to oxidative stress and free radical-mediated reactions.
Free radicals can damage endothelial cells or alter their functions leading to the loss of
selective permeability of the endothelium, and consequently, the increased entry of
cholesterol-rich lipoproteins into the arterial wall. It was found that hnoleic acid-derived
hydroperoxides, but not linoleic acid itself, increased endothelial cell permeability to
albumin [240] and LDL [241) in vitro. This was probably the result of rapid and
irreversible cell injury caused by lipid hydroperoxides or their decomposition products
since they caused a change of the shape of endothelial cells [242], a decrease 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 radicals generated by lipoxygenase and
cyclooxygenase [244], as well as oxidized LDL [245], have also been shown to damage
endothelial cells. Furthermore, injecting linoleic acid-derived hydroperoxides into rabbits
led to damage of aortic endothelial cells as well 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

It has recently been reported tnat oxidized LDL 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 LDL, 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 such as superoxide, hydrogen peroxide and hydroxyl
radical {252,253}, which can propagate lipid 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 PGI, biosynthesis [256] at the level of either prostaglandin endoperoxide
synthase [257], or prostacyclin synthase [258-260], or both [261]. Oxidized LDL is also
reported to inhibit PGI, production [262]. The mechanism of the inhibition could be the
conjugation of lipid peroxidation products to prostaglandin endoperoxide synthase,
resulting in inactivation of this enzyme [90]. Inhibition of PGI, production may result in
increased interaction between platelets and blood vessels, promoting atherosclerotic lesion

formation.
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1.3.6.4. Modification of LDL by lipid peroxidation products

Modified LDL has several physical, chemical and biological differences from native
LDL, including increased electrophoretic mobility [54], increased buoyant density of the
LDL particles [53,54], decreased fatty acid contents [263,264], decreased
cholesterol/protein and phospholipid/protein ratios [54], fragmentation of apo B [265],
increased uptake by macrophages in vitro [45,53] and toxicity to proliferating cells [S4).

The following evidence indicates that modification of LDL is initiated by the

peroxidation of polyunsaturated fatty acids in LDL lipids {45,56,263]:

(1) Incubation of LDL with copper or iron, which can initiate lipid peroxidation,
resulted in its modification [45,55,266,267].

(2) Phospholipase A, plus soybean lipoxygenase [268,269] or lipoxygenase itself
[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 cells and macrophages in vitro [271] and in vivo [272].

(3) Thiobarbituric acid reactive substances (TBARS) and various aldehydcs, which
are known to be formed as a result of lipid peroxidation, are formed during the
modification of LDL [60,273,274]. The rate of uptake of modified LDL by
macrophages is proportional to the amounts of the above products formed during
its modification.

(4) TBARS and aldehydes [60,274-276] as well as hydroxyl radical [265] directly
modify LDL in vitro.

(5) Antioxidants such as butylated hydroxytoluene (BHT) and vitamin E [45] as well
as superoxide dismutase [277] inhibit the modification of LDL by cells and
transition metal ions. Lipoxygenase inhibitors such as nordihydroguaiaretic acid
(NDGA) and eicosatetraynoic acid (ETYA) [268] also have the similar effects.

Peroxidation of LDL lipids results in formation of oxygenated intermediates,

probably unsaturated aldehydes, which react with lysine residues of apolipoprotein B-100
[61,278]. The derivatized lysine residues may be the epitopes recognized by macrophage

scavenger receptors.

- In addition to promoting the formation of foam cells, oxidatively modified LDL may
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be involved in the atherogenic process due to its toxicity to endothelial and smooth
muscle cells. Products released during the oxidative modification of LDL, such as
lysophosphatidylcholine and 4-hydroxynonenal, have chemotactic effects on
monocytes/macrophages, therefore augmenting the recruitment of monocytes into
subendothelial spaces of the arteries and preventing macrophages from leaving the

arieries.

1.3.6.5. Increased lipid peroxidation in atherosclerosis

Even though the link between lipid peroxidation and atherosclerosis has been
suggested for about 40 years [279], convincing evidence did not emerge until the past 20
years. Onc of the carliest picces of evidence was the identification of oxidized derivatives
of cholesteryl linoleate 1n atherosclerotic plaques by GC-MS [280]. These substances
were not observed in non-atherosclerotic human aorta. In vitro, exogenous arachidonic
acid was selectively converted to 15-HETE by homogenates [281] or slices [282] of
aortae from cholesterol-fed [281,282] or WHHL [282] rabbits at a rate higher than the
controls, suggesting 15-lipoxygenase activity was higher in atherosclerotic lesions. Recent
cvidence has shown that aorta of WHHL rabbits had increased levels of mRNA for 15-
lipoxygenase (272]. The role of lipid peroxidation in atherogenesis is further supported
by studies m which probuco! was administrated to Watanabe heritable hyperlipidemic
rabbits [206,283,284]. Probucol appears to prevent the progression of atherosclerosis in
these rabbits by inhibiting the oxidation of L.LDL, rather than by lowering the plasma
cholesterol level.  Another antioxidant, BHT, was also reported to suppress the
development of atherosclerotic lesions in cholesterol-fed rabbits [285].

Besides the existence of lipid peroxidation products in atherosclerotic lesions, in vivo
studies on the oxidative modification of LDL also support a role for lipid peroxidation
in atherogenesis. LDL extracted from atherosclerotic lesions possesses similar properties
to LDL modified in virro [286,287]. Histostaining using a monoclonal antibody to 1-
amino-3-iminopropene, a conjugated imine produced by intramolecular cross-linking of
peptidyl lysines by MDA in a 2:1 molar ratio, indicated the existence of such modified

proteins in aorta of WHHL rabbits [288]. Similar results in WHHL rabbits [289-291] and




humans [291] have been confirmed using immunohistochemical assays or Western blots
of materials from atherosclerotic lesions. Recent evidence indicates that macrophage-
derived foam cells within, or freshly isolated from, rabbit atherosclerotic lesions contain
lipid-protein adducts derived from lipid peroxidation products which were identified using
monoclonal antibodies against MDA or 4-hydroxynonenal conjugated to LDL [292]. This

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

way as in vitro.

1.4. PROTECTION AGAINST LIPID PEROXIDATION

Lipid peroxidation is a chain reaction involving hydrogen abstraction from
polyunsaturated fatty acids by free radicals. In vitro lipid peroxidation can be prevented
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 specific enzymes. Biological systems possess
additional protective mechanisms due to the structure of biological membrane and the
existence of binding proteins which limit the availability 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 biolcgical membrane are organized
in such way that the fatty acid side-chains face the interior and the hydrophillic heads
form the boundary with the aqueous environment. When a fatty acid is oxidized, the fatty
acid side-chain containing hydroperoxy group tends to fold towards the surface of the
bilayer due to its 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.
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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 most
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 LDL
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 of peroxidation during the propagation phase [295]. The prolonged lag-
phase is due to the delayed consumption of a-tocopherol in LDL. 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 LDL {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 (LOOY)
as discussed in Section 1.3.3 on P. 32, Fortunately, semistable LOOH 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 fatty acids with
reduced glutathione to form oxidized glutathione disulphide and hydroxy fatty acids:
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ROOH  ROH.H,0 2 GSH  GSSG

GSH-Px__, N L GSH-Px,, N L GSH-Px,,,

In this way, GSH-Px prevent the formation of 1.O- or LOO- from LOOH and therefore
retard the propagation of lipid peroxidation. Ttus enzyme is specific for its hydrogen
donor, GSH and nonspecific for the hydroperoxides. The lack of substrate specificity
extends the range of substrates from H,0, to a varicty of hydroperoxides derived from
fatty acids, nucleotides, and steroids.

There are at least three types of glutathione peroxidases: sclenum-dependent
glutathione peroxidase, phospholipid hydroperoxide glutathione peroxidase (PH-GSH-Px)
and selenium-independent glutathione peroxidase. The major form of these enzymes 1s
selenium-dependent and is important in endothelial cells. PH-GSH-Px 1s a membrane-
bound enzyme that can reduce phospholipid hydroperoxides as well as other
hydroperoxides in membranes [297,298] (Fig. 13, step [4]). If hydroperoxy fatty acids
are released from membranes by the action of phospholipase A,, or if fatty acids are
oxidized in the cytosol, they can be reduced by the other two forms of GSH-Px (Fig. 13,
step [S1). Therefore, the cooperative effects of these GSH-Px are sufficient to protect
cells against free radical damage.

The actions of a-tocopherol and GSH-Px are not just sequential. GSH-Px decrease
the amount of a-tocopherol required to inhibit lipid peroxidation. On the other hand, the
inhibition ¢ microsomal lipid peroxidaticn by PH-GSH-Px requires vitamin E since the
protective effect of PH-GSH-Px is dramatically reduced after a-tocopherol has been
depleted [299]. The actual mechanism 1s still unknown, however.

Superoxide dismutase (SOD), located n the cytosolic fraction of the cell, can
dismute superoxide ( O:) to hydrogen peroxide (H,0,) (Fig. 13, step [6]), which in turn
is reduced to H,0 by GSH-Px or catalase (Fig. 13, steps {7] and {8]). Without the
coupling to GSH-Px or catalase, the dismutation of superoxide to H,0, would be harmful
because the combination of superoxide and H,O, could give rise to the morc recactive
hydroxy radical. GSH-Px and catalase arc complementary in their locations. GSH-Px

(except PH-GSH-Px) is located primarily n the cytosol and mitochondria but not 1n
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Fig. 13. Scheme showing the interactions of components of the free radical defence system.

The abbreviations are as follows: PLOO « : phospholipid peroxy radicals; I-P: lysophospholipids;

LOOH: lipid hydroperoxides; E: a-tocopherol (vitamin E); E-: a-tocopherol radical; C:
ascorbate (vitamin C); C-: ascorbate radical; X : water soluble free radicals; GSH: reduced
glutathione; GSSG: oxidized glutathione, GSH-Px: glutathione peroxidase; PH-GSH-Px:

phospholipid-hydroperoxide glutathione peroxidase; SOD: superoxidedismutase; CAT: catalase.
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peroxisomes [300]. In contrast, catalase is primarily localized in peroxisomes.

Mitochondria and endoplasmic reticulum contain little, if any, catalase act.vity [301].

1.5. STUDIES IN OUR LABORATORY

Previous investigations on the metabolism of polyunsaturated fatty acids in blood
vessels from normal animals 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 aided in the
interpretation of the results obtained from my studies on hyperlipidemic rabbits.

Exogenous arachidonic acid is mainly converted to PGI, along with small amounts
of monohydroxy products by particulate fractions and homogenates of fetal calf aorta
[302]. In comparison, linoleic acid was primarily converted to 9- and 13-hydroxy
metabolites [303]. Preincubation of particulate fractions with indomethacin or
acetylsalicylic acid inhibited the formation of 6-0xoPGF,, and monohydroxy derivatives
of linoleic acids. On the other hand, nordihydroguaiarctic acid had no effect on the
formation of these oxygenation products except at very high concentrations. This
suggested that the formation of monohydroxy derivatives of linoleic acid in this study
was catalzed by prostaglandin endoperoxide synthase cven though linoleic acid was a
much poorer substrate for this enzyme than arachidonic acid. The same study also
showed that substantial amounts of monohydroxy derivatives ¢ linoleic acid were formed
from endogenous substrate during incubation of slices of fetal calf aorta. A method using
GC-MS was then developed to quantify the major oxygenated metabolites of 18:2 and
20:4 formed by blood vessels [304]. In rabbit aorta, the major oxygenated products
derived from endogenous 18:2 were its 9- and 13-hydroxy derivatives. On the other
hand, the amounts of monohydroxy derivatives of 20:4 in aorta were much smaller than
the amount of 6-0xoPGF,_ released from this tissuc. The distribution of these metabolites
were different in cellular lipids. The amounts of monohydroxy derivatives of 18:2 in
esterified lipids were about 8 to 10 folds times greater than the amounts released into the
incubation medium. In comparison, the difference betwecen the amounts of esterified and

free forms of monohydroxy derivatives of 20:4 was not as great as the difference found
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for monohydroxy derivatives of linoleic acid, even though they were found
predominantly in esterified lipids. Interestingly, the percentage of esterified 20:4 in its
monohydroxy form was much less than the percentage of esterified 18:2 which is
oxygenated. This phenomenon was observed in all species of animals studied as well as
at different ages of the same species. It was hypothesized that monohydroxy derivatives
of different fatty acids may be located in different lipid fractions in aorta. Efforts have
been made to investigate the origin of the esterified 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 metabolite. Although 18:2 itself was well
incorporated into both the neutral and polar lipid fractions from endothelial and smooth
muscle cells, very little 13h-18:2 was incorporated into either of these fractions in
endothelial cells, whereas the amount of the latter substance incorporated into polar lipids
in smooth muscle cells was only 11 % of that of 18:2. This suggested that the hydroxy
derivatives of linoleic acid derived from the direct oxygenation of esterified linoleic acid
in the tissues rather than 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 inhibit both prostaglandin endoperoxide synthase
and PGI, synthase in particulate fractions from aorta [261]. Formation of monohydroxy
derivatives of 20:4 was not affected. To investigate this interaction in vivo, oxygenation
products derived from both 18:2 and 20:4 were measured in aorta from rabbits or rats
fed either conurol or selenium-deficient diets in order to deplete the selenium-dependent
form of glutathione peroxidases [305]. This could lead to increased amounts of
hydioperoxy fatty acids in aorta, which in turn could affect PGI, synthesis. Glutathione
peroxidase activity in rat aorta was reduced to 17 % of contro! levels after 4 weeks and

to undetectable levels after 6 weeks. 6-OxoPGF,, production by slices of aorta from rats

lee
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 acid esterified to lipids were higher in aorta from selenium-
deficient rats after 6 weeks, but the differences were statistically significant only in the

case of 9h-19:2. Glutathione peroxidase activity 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 weeks. Consequently,
no significant changes were observed in the amounts of 6-0xoPGF,,, or other metabolites
of 20:4 and 18:2 released into the medium by slices of aorta from control and selenium-
deficient rabbits. Neither were there significant changes in the amounts of esterified

hydroxy products derived from linoleic and arachidonic acids in rabbit aorta.

1.6. BASIS FOR THE CURRENT STUDY

Oxidative modification of LDL appears to be atherogenic, since it leads to the uptake
of modified LDL by macrophages, forming macrophage-derived foam cells. In most
studies, the peroxidation of LDL had been evaluated by measuring TBARS, aldehydes
and conjugated dienes. However, these are not entirely satisfactory procedures because
they give little information concerning the nature of the fatty acids being oxidized.
Therefore, we used GC-MS to measure monohydroxy derivatives, early peroxidation
products, of the LDL fatty acids as an alternative and mucih more specific approach.

The role of lipid peroxidation in atherogenesis has been i, pothesized to be due to
injury of the blood vessels and inhibition of PGI, biosynthesis in this tissue. However,
the specific oxidation of individual fatty acids in LDL and aorta had not yet been
comprehensively studied. Therefore, we studied the formation of monohydroxy
derivatives of oleic, linoleic and arachidonic acids in both LDL and aorta, using
cholesterol-fed rabbits as an experimental model for atherosclerosis. The time course for
the effects of cholesterol-feeding on the formation of these derivatives was also studied.

Following the investigation of the formation monohydroxy fatty acids n
atherosclerotic rabbit aorta, we hypothesized that fatty acids in different lipid fractions
would undergo different degrees of peroxidation during atherogenesis. If the lipid
peroxidation occurred in membranes, the effect would be more detrimental. Therefore,
we decided to study the distribution of monohydroxy fatt