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Abstract A crucial and causative role in the pathogenesis of atherosclerosis is believed to be
the oxidative modification of low density lipoprotein (LDL). The oxidation of LDL involves
released free radical driven lipid peroxidation. Several lines of evidence support the role of
oxidized LDL in atherogenesis. Epidemiologic studies have demonstrated an association be-
tween an increased intake of dietary antioxidant vitamins, such as vitamin E and vitamin C
and reduced morbidity and mortality from coronary artery diseases. It is thus hypothesized
that dietary antioxidants may help prevent the development and progression of atheroscle-
rosis. The oxidation of LDL has been shown to be reduced by antioxidants, and, in animal
models, improved antioxidants may offer possibilities for the prevention of atherosclerosis.
The results of several on going long randomized intervention trials will provide valuahle in-
formation on the efficacy and safety of improved antioxidants in the prevention of athero-
sclerosis. This review a evaluates current literature involving antioxidants and vascular dis-
ease, with a particular focus on the potential mechanisms.
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INTRODUCTION

An increased concentration of plasma low density
lipoprotein (LDL) cholesterol constitutes a major risk
factor for atherosclerosis. Epidemiological, clinical, and
genetic studies convincingly demonstrate that LDL
promotes atherosclerosis [1,2]. However, the precise
mechanism(s) by which LDL promotes the develop-
ment of the early fatty-streak lesion still remains to be
elucidated. Several lines of evidence support the role of
oxidatively modified LDL in atherosclerosis and its in
vivo existance. The mechanisms for LDL oxidation have
been previously explored as a result, explored the doz-
ens of products of this oxidation have been partially
identified, along with the description of numerous ef-
fects of oxidized LDL on cultured cells [3,4]. Among the
latter are a number of cell-altering phenomena that ap-
pear to be atherogenic in nature and do not appear du-
plicable by exposing cells to native LDL. Therefore, even
based on in vitro studies alone, it can be speculated that
LDL oxidation may well play a causal role in athero-
genesis and even in later lesion development [3-5].

Epidemiologic studies have demonstrated an associa-
tion between an increased intake of antioxidant vita-
mins, such as vitamin E and C, and reduced morbidity
and mortality from coronary artery disease [6). This
association has been explained on the basis of the “oxi-
dative-modification hypothesis” of atherosclerosis,
which proposes that atherogenesis is initiated by the
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oxidation of the lipids in low-density lipoprotein (LDL),
also termed lipid peroxidation. As a corollary to this
hypothesis, the antioxidants that inhibit lipid peroxida-
tion in LDL should also limit atherosclerosis and its
clinical manifestations, such as myocardial infarction
and strokes [7]. Recent studies demonstrating the con-
gruence of the actions of oxidized LDL cells with the
known features of atherosclerotic lesions plus the evi-
dence that LDL in lesions is oxidized strongly suggest
that antioxidant administration retards the progression
of atherosclerosis [8]. Although many antioxidants are
known to have other actions that could explain their
antiatherosclerotic activities, decreased atherosclerosis
has been observed with a wide variety of antioxidants
[9,10]. Nevertheless, the available data on antioxidants
remains unconvincing and whether oxidized LDL is the
real perpetrator of atherosclerosis stil needs to be con-
firmed. To date, researchers have established that oxi-
dized lipoproteins reside in atherosclerotic lesions and
that antioxidant data in vivo and culture cell function
data indirectly support the hypothesis that oxidized
LDL is a mediator of the disease [8,9].

The focus of previous literature on oxidized lipopro-
teins has centered on LDL because it serves as the prin-
cipal carrier of cholesterol in normal human plasma and
because of the strong correlations between elevated
plasma LDL or cholesterol levels and increased athero-
sclerosis risk.

OXIDATIVE MODIFICATION OF LDL

Human LDL is defined as the population of lipopro-
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teins that can be isolated by ultracentrifugation within
a density range of 1.019-1.063 kg/L [11]. Each LDL par-
ticle contains approximately 1,600 molecules of choles-
teryl ester and 170 molecules of triglycerides, which
form a central lipophilic core. This core is then sur-
rounded by a monolayer which is consists of about 700
phospholipid molecules, consisting mainly of lecithin
and small amounts of sphingomyelin and lysolecithin
and 600 molecules of free cholesterol. Embedded mate-
rials in the outer layer is a large protein, apolipoprotein
(apo) B-100, consisting of 4,536 amino acid residues.
The total number of fatty acids bound in different
classes of an LDL molecule is approximately 2,700, half
of these being polyunsaturated fatty acids (PUFAs),
mainly linoleic acid. Variations in the PUFAs content
contribute to the difference in the oxidation behavior
between different LDL. The PUFAs in LDL have protec-
tion against free radical damage by several antioxidants,
the predominant one being a-tocopherol.

The oxidation of LDL is a free radical-mediated pro-
cess, resulting in the numerous structural changes, all of
which depend on a common initiating event, the per-
oxidation of the PUFAs in LDL. The oxidation of a LDL,
as shown in Fig. 1, is initiated by reactive oxygen spe-
cies that abstract a hydrogen from a double bond in a
PUFA, which is followed by a molecular rearrangement,
leading to the formation of conjugated double bonds,
referred to as conjugated dienes [12]. During this initia-
tion phase of LDL oxidation, the rate of oxidation is
decreased by the presence of endogenous antioxidants
within the LDL particle, which results in the lag phase
of oxidation. The lag phase is followed by a rapid
propagation phase, which occurs when the antioxidants
are depleted and involves the abstraction of another
protium hydrogen by a PUFA-peroxyl radical (LOO)
from another PUFA, thereby resulting in the formation
of lipid peroxides. A typical time course of copper-
catalyzed LDL oxidation, depicting both lag and propa-
gation phases, and including measures of both lipid and
protein oxidation, is shown in Fig. 2. The cholesterol in
LDL can be oxidized to oxysterols, such as 7-keto-
cholesterol. The propagation phase is followed by the
decomposition of the degradation phase, during which
there is cleavage of the double bonds, resulting in the
formation of aldehydes. The major aldehydes produced
include malondialdehyde (MDA), 4-hydroxyno-nenal
(HNE), and hexanal, which can cross-link with amino
groups on apo B-100 [12]. The oxidation of LDL can be
initiated by a number of different mechanisms. How-
ever, the cell-mediated oxidation of LDL would appear
to be the most relevant to understanding LDL oxidation
in vivo. In a culture, all those cells normally present in
the artery wall, including endothelial cells, smooth
muscle cells, macrophages, and lymphocytes can oxi-
dize LDL [12]. The mechanisms by which cells initiate
the oxidation of LDL are still poorly defined. Since cells
can produce reactive oxygen species and secrete thiols
into a medium they may therefore participate, either
directly or indirectly, in the initiation of LDL oxidation
(13]. Cell-mediated LDL oxidation in vitro in most
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Fig. 2. Determination of oxidation resistance of LDL sam-
ples. To LDL solutions in phosphate buffered saline (0.25 mg
total LDL/mL) in 1 cm quartz cuvettes, CuCl, was added to a
final concentration of 1.67 uM Cu?*. The oxidation was fol-
lowed by recording the 234 nm absorption in intervals of 1
min using an UV-spectrophotometer with automatic cuvette
changing. The oxidation resistance was defined as the length
of the lag-phase, which was determined as the intercept of the
tangent at the first turning point. The curves represent LDL
samples from three different donors(measured in parallel), and
the lag-phases were 43, 69, and 90 min for donor a, b, and ¢
respectively.
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Table 1. Mechanisms through which oxidized LDL may be
atherogenic

1 It has an enhanced uptake by macrophages leading to
cholesteryl ester enrichment and foam cell formation.

2 It is chemotactic for circulating monocytes and
T-lymphocytes.

3 It inhibits the motility of tissue macrophages.

It is cytotoxic.

5 It renders LDL more susceptible to aggregation, which
leads to an enhanced macrophage uptake.

6 It can alter the gene expression of neighboring arterial
cells such as the induction of MCP-1, colony-
stimulating factors, IL-1, and endothelial expression
of adhesion molecules.

7 It can adversely alter coagulation pathways, for
example, by the induction of a tissue factor.

8 It can adversely alter the vasomotor properties of the
coronary arteries.

9 It is immunogenic and can elicit autoantibody
formation and reactive T-cells.

A

cases requires the presence of transition metals to facili-
tate the decomposition of the preformed lipoperoxides
to more reactive peroxy radicals [14]. Accordingly the
removal of transition metals, such as iron or copper, by
the addition of chelators, such as EDTA, will inhibit
LDL oxidation. It has not yet been demonstrated
whether there is normally sufficient unbound copper or
iron in the artery wall to allow oxidation to proceed.
However, in areas of inflammation or injury, when the
tissue pH is lower, the release of iron from various bind-
ing proteins undoubtedly occurs. The mechanisms of
oxidation most relevant to in vivo oxidation are still
unknown and under active investigation.

OXIDIZED LDL AND ATHEROSCLEROSIS

Atherosclerosis is a major cause of morbidity and
mortality in the Western world. According to the oxida-
tive-modification hypothesis, LDL initially accumulates
in the extracellular subendothelial space of arteries and,
through the action of resident vascular cells, is mildly
oxidized to a form known as minimally modified LDL
(Table 1) [3,4]. This minimally modified LDL induces
local vascular cells to produce monocyte chemotactic
protein, granulocyte and macrophage colony-stimula-
ting factors, which stimulate monocyte recruitment
and differentiation to macrophages in the arterial walls
(Fig. 3). The accumulating monocytes and macrophages
then stimulate further peroxidation of LDL [15]. The
products of this reaction make the protein component
of LDL (apolipoprotein B-100) more negatively charged.
By virtue of its increased negative charge, this com-
pletely oxidized LDL is recognized by scavenger recep-
tors on macrophages and internalized to form so-called
foam cells [4]). In contrast to the uptake of native
(unoxidized) LDL by the LDL (apolipoproteins B) recep-

315

reieRse Of Qrowih
€ aineroscierotic iesian 5‘—{ call proweraton )
acive orygen
agherence of
plaietels

Tecunmen of
cokagenass
(, macrophages slasinse
cases

4

proteates

intima

Fatty Streak tssue

macrophages, v

¥
monocyle}
¥

sctivted pxygen'
irohveopper.

oxidatively modified LDL
-apoB bound 4-hydrozynonenat
-falty acid hydroperoxides
-oxidized lipids

e o9
Foam cell{ ¢© @
® g%/

Fig. 3. Free radicals and atherosclerosis. In addition to choles-
terol, LDLs contain proteins and polyunsaturated fatty acids.
The oxidation of these fatty acids and modification of the
apoB protein make LDLs highly susceptible to phagocytosis
by tissue macrophages and monocytes. These phagocytic cells
adhere to the endothelium and then penetrate into subendo-
thelial spaces, perhaps in response to chemotactic factors in-
cluding oxidized LDLs. The presence of large amounts of lipid
within macrophages and monocytes yields foam cells. which
appear to be necessary to generate fatty streaks in the vessel
wall. These fatty streaks recruit additional macrophages that
can damage endothelial cells, releasing additional factors. The
net result of these reactions is the eventual production of an
atherosclerotic lesion [16].

tor on macrophages, the uptake of oxidized LDL by the
scavenger-receptor pathway is not subject to negative-
feedback regulation and thus results in a massive up-
take of cholesterol (from oxidized LDL) by the macro-
phages [3,5]. In addition to promoting the formation of
foam cells, oxidized LDL includes direct chemotactic
activity for monocytes and stimulates the binding of
monocytes to the endothelium. Once monocytes cross
the endothelial layer, they become trapped in the
subendothelial space, partly because oxidized LDL in-
hibits their progress from the arterial wall. Oxidized
LDL is also cytotoxic to vascular cells, thereby promot-
ing the release of lipids and lysosomal enzymes into the
intimal extracellular space and enhancing the progres-
sion of atherosclerotic lesions (Fig. 4) [16].

Investigators have also shown in vitro that oxidized
LDL is toxic to a variety of cell types [17,18]. Several
soluble polar sterols formed during oxidation have been
implicated in this cytotoxicity [18]. As macrophages
and other artery wall cells oxidize LDL and in turn in-
ternalize or are exposed to these toxic oxidation prod-
ucts they may also induce their own death [19]. These
dying macrophages may then release toxic products
that can damage and perhaps contribute to the disrup-
tion of the artery wall structure and rupture of the
overlying intact endothelium. Damage to the endothe-
lium can also have several direct atherogenic and
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Fig. 4. Some roles of oxidized LDL in atherogenesis [15]. (A)
The conversion of blood manocytes into macrophages in-
volves the effect of Ox-LDL on the production and secretion
of endothelial cell derived factors. MCP-1, monocyte chemoat-
tractant protein 1; CSE colony stimulating factor, EDRE en-
dothelium derived relaxation factor, TE, tissue factor; (B) Ox-
LDL-mediated macrophage cholesterol accumulation and
foam cell formation. Macrophages release interleukins (IL),
apolipoprotein E (apoE) and proteases; (C) The formation of
atheroma involves smooth muscle cell proliferation and the
secretion of growth factors (GF) and cytokines.

thrombogenic effects [20]. LDL extracted from human
atherosclerotic lesions, yet not plasma-derived LDL,
resembles intermediated low density lipoprotein that
has been oxidatively modified in vitro.

Thus, the oxidative modification of LDL would ap-
pear to have an important role in foam-cell formation
and atherogenesis. This link between the oxidation of
LDL and atherogenesis provides a convenient and sim-
ple rationale for the beneficial effect of antioxidants on
the incidence of coronary artery disease. A number of
clinical and animal studies have also explored this link
between LDL oxidation and atherogenesis.

ATHEROSCLEROSIS AND DIETARY
ANTIOXIDANTS

There is a wealth of epidemiologic data linking the
dietary and supplemental intake of antioxidant vita-
mins with a reduction in the clinical manifestations of
atherosclerosis. Initially, these data were limited to de-
scriptive studies in European and North American
populations [23]. However, subsequent case-control
studies have indicated that patients with angina pecto-
ris have lower plasma concentrations of vitamin E, and
also reduced concentrations of vitamin C in the leuko-
cytes are predictive of angiographically evident coro-
nary artery disease (CAD) [21]. Although these reports
would seem to provide evidence for a contributory role
of lipid and lipoprotein oxidation in atherogenesis, fur-
ther studies are still required to confirm this relation-
ship. Epidemiologic studies do however suggest a rela-
tionship between CAD and dietary intake and/or serum
levels of natural antioxidants such as vitamin C, vita-
min E, and B-carotene. This was noted in a cross sec-
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Table 2. Sources of dietary antioxidants

Antioxidant Sources
Vitamin E Vegetable oils, nuts, whole grains
(tocopherols (germ), other seeds, sweetpotatoes,
tocotfienols), butter, liver, egg yolk and some
fruits/vegetables
Carotenes Orange fruits and vegetables, spinach,
(>600 compounds) broceoli, green beans, peas and

peppers

Fresh fruits, cruciferous vegetables,

Ascorbic acid
potaoes and other vegetables

Colored fruit and vegetable skins,
apples, citrus, onions, potatoes, other
root and tuber skins and tea

Flavonoids
(>3000 compounds)

Soybean oil, meats, sardines, mack-
erel, muts, wheat germ, beans, garlic,
spinach and other vegetables

Ubiquinone-10
(ubiquinol/ubiquinone)

Grains, meat, fish, some wild
waterfowl, some garlic (content
varies geographically)

Selenium

tional study of heart disease risk factors among Euro-
pean countries with diverse rates of coronary heart dis-
eases.

Numerous naturally occurring compounds found in
foods possess antioxidant properties that may influence
the development of atherogenesis (Table 2). Several de-
scriptive studies have indicated that the consumption
of fruit and vegetables, which are excellent sources of
several antioxidants, is associated with reduced cardio-
vascular disease [22]. Furthermore, in a randomized trial,
the consumption of a low fat diet enriched with fruit
and vegetables compared to a standard low fat diet was
associated with an apparent 40% reduction in cardiac
events and 45% less mortality in 406 men with myo-
cardial infarction [23]. These findings underscore the
notion that fruit and vegetables contain many other
compounds, in addition to common antioxidant vita-
mins, that can inhibit the development of atherosclerosis.

These results have been confirmed in recent prospec-
tive cohort studies. In the Nurses’ Health Study [24]
and Health Professionals’ Follow-up Study [25], there
was a 35 to 40 percent reduction in the incidence of
major coronary events (nonfatal myocardial infarction
and death from cardiac causes) among the subjects in
the highest quontile of vitamin E intake over a four-to-
eight-year follow-up period, when compared with those
in the lowest quontile. The benefit was greatest in
those subjects taking 100 to 250 IU of supplemental
vitamin E per day, with little further benefit at higher
doses. There was no relation between the vitamin C
intake and major coronary events in either study, yet in
another study, those subjects whose vitamin E intake
exceeded 50 mg per day had a lower rate of death from
all cardiovascular diseases [26].

The results of recent randomized trials to investigate



Biotechnol. Bioprocess Eng. 2000, Vol. 5, No. 5

317

cholesterol-lowering

effect on LDL structure

unknown actions(?)

ant toxidant]

supression of [L-1

scerection from maggophage
T

lipoprotein
incorporetion

/

inhibition of
| 1poprotein oxidation

inhibition of oxygeen radical
release from vascular cells

promocion of reverse
cholesterol transfer

cellular membrane

incorporation

prevention of
cellular injury induced

Fig. 5. Antioxidant and atherosclerosis.

whether there is a cause and effect relation between
antioxidant intake and a reduction in coronary artery
disease have been mixed. In the o-Tocopherol, B-
Carotene, and Cancer Prevention Study, Finnish smok-
ers were treated with beta carotene, a-tocopherol (vi-
tamin E), both, or neither daily for five to eight years.
There was no benefit with respect to coronary artery
disease for either compound {29], however, the dose of
a-tocopherol (50 mg per day) was below the protective
range suggested by both the Nurses” Health Study and
the Health Professionals’ Follow-up Study {24,25]. There
was no reduction in deaths from cardiovascular causes
among physicians receiving supplemental p-carotene
over a 12-year period in the Physicians’ Health Study
(26]. In contrast, in the Cambridge Heart Antioxidant
Study, in which 2,002 patients with angiographically
evident coronary artery disease were treated with o-
tocopherol (400 to 800 IU per day) or a placebo, there
was a /7 percent reduction in nonfatal myocardial in-
farction in the group receiving o-tocopherol during a
median follow-up period of 510 days [27].

In summary, descriptive, case-control, and prospec-
tive cohort studies have all found inverse associations
between the frequency of coronary artery disease and
the dietary intake of antioxidant vitamins. Randomized
therapeutic trials have thus far shown no benefit with
B-carotene and possible benefit with vitamin E.

ATHEROSCLEROSIS AND ANTIOXIDANTS

With the increasing evidence that lipoprotein oxida-
tion is fundamental to the development of atherosclero-

sis, there is a need to understand the factors which in-
fluence the susceptibility of LDL to oxidation.

Extrinsic factors refer primarily to cellular prooxidant
activity, plasma and extracellular fluid pro-oxidants
(trace metals), and antioxidants (e.g., ascorbate, biliru-
bin, urate, HDL), as well as a variety of other factors
which may increase the residence time of LDL in the
intima. The inherent susceptibility of LDL particles to
oxidation also undoubtedly plays an important role in
its overall rate of oxidation. Similarly/Equally, the anti-
oxidant content of the LDL particle itself must also play
an important role in protecting it from oxidation. There
are a number of antioxidant compounds, both natural
and synthetic, that have been demonstrated in vitro to
inhibit LDL oxidation [8,28].

Interrestingly, some of the same lipophilic antioxi-
dants shown to inhibit atherosclerosis progression also
appear to limit vascular regrowth after a balloon injury.
Probucol {29), dibutyl hydroxytoluene (BHT) [30] and
vitamin E [31] have each been shown to significantly
reduce intimal thickening following a balloon injury of
the arteries in cholesterol fed rabbits. Probucol was also
reported to be of benefit after angioplasty in a limited
human study {32]. Vitamins E and C together, yet nei-
ther alone, were able to limit luminal narrowing in por-
cine coronary arteries after a balloon injury, independ-
ent of any inhibition of intimal thickening [33]. In addi-
tion, desferal, a chelator of iron, has been shown to in-
hibit stenosis in a vascular injury model and to inhibit
smooth muscle cell proliferation in vitro [34]. Ebselen
[35], sylimarine [36] and sylibin [37], a compound that
reduces lipid hydroperoxides, has been reported to limit
restenosis after angioplasty in a small group of humans.
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Plus lipophilic substances such as vitamin E and probu-
col would be expected to require a significant time to
reach elevated antioxidant levels in tissue. Different
approaches have been taken to examine the effects of
antioxidants on atherosclerosis in humans. Among
multi-national populations, the indices of cardiovascu-
lar mortality and ritamin consumption revealed a sig-
nificant correlation between reduced cardiovascular
disease and vitamin E consumption that was independ-
ent of other risk factors. The correlation apperared
stronger than that with reduced plasma cholesterol. In
the majority of studies linking antioxidants with de-
creased atherosclerosis in animals, an atherogenic diet
and antioxidant therapy were introduced simultane-
ously or at a very early age. Such studies focus on the
initiating events in atherogenesis, as such, the decrease
in LDL oxidation by antioxidants could explain the re-
duction in the early formation of foam cells and plaque
(Fig. 4).

Antioxidants may limit the clinical expression of
coromary artery disease by causing the regression of
and slowing the progression of coronary atherosclero-
tic lesions. Studies in humans and animals indicate that
supplementation with lipid-scluble antioxidants in-
creases the resistance of LDL to oxidation in in vivo as-
says. However, a precise cause-and-effect relation be-
tween the resistance of LDL to oxidation and the po-
tential benefits of antioxidant therapy with respect to
either atherosclerosis or its clinical expression has yet to
be established.

CONCLUSION

It has become increasingly evident that oxidation of
LDL is a key step in atherosclerosis. The observations
rewiewed here strongly indicate that free radical process
lipid peroxidation is involved in the pathogenesis of
atherosclerosis through the formation of oxidized LDL.
Various studies have been performed and analyzed us-
ing diverse criteria for atherosclerosis progression, from
which certain comparisions and generalizations have
been made. The data hawever invites speculation that
lipophilic scavengers of lipid radicals that can associate
with LDL and that interfere with the propagation of
lipid peroxidation in lipoprotein particles appear to re-
tard fatty streak formation.

There are a number of antioxidant compounds, both
natural and synthetic, that have also been demon-
strated in vitro to inhibit LDL oxidation. However,
most supplementation studies, have focused on the
lipid-solubed antioxidant naturally present in LDL

Epidemiological and in vitro evidence of antioxidant
and atherosclerosis protective effects support the hy-
pothesis that natural and synthetic antioxidative com-
pounds benefit health. The inhibition of LDL oxidation
by antioxidants suggests that regular consumption of
foods containing vitamin E or C and moderate con-
sumption of food may protect against atherosclersis.
The data regarding the antiatherosclerosis effects of
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antioxidants is strong enough to warant continued re-
search of a lipoprotein oxidation theory atherosclerosis.
However, caution needs to be applied to avoid embrac-
ing the concept without proof.

In conclusion, these results show that, in vitro, anti-
oxidants increase LDL resistance to oxidation by de-
creasing the consumption of vitamin E and this mecha-
nism could contribute to protective effects against car-
diovascular diseases linked to the high intake of anti-
oxidants.
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