
Introduction

One hundred and fifty years have elapsed since Vogel identified cholesterol
as a component of the atherosclerotic plaque (Vogel, 1847). Over 80 years
have passed since Anitschkow (1913) demonstrated the atherogenic
potential of dietary cholesterol. The presence of cholesterol and its oxidized
derivatives in arterial deposits was demonstrated early this century. The
nature of the initiating event(s) is part of the more recent history of this
disease.

The work pioneered by Gofman and his colleagues (1950) demonstrated
that cholesterol and other lipids were transported in the blood as a lipid–
protein continuum which could be separated into classes of lipoproteins
based on their hydrated densities. The class of lipoproteins identified as LDL
(low-density lipoproteins) was shown to be the major transporter of
cholesterol and was also shown to be most closely correlated with risk of
cardiovascular disease. The lipoprotein story is continuing as can be seen
from the discoveries of the extra-atherogenic nature of lipoprotein(a) (Lp(a))
(Berg, 1963) and the finding of a spectrum of LDL aggregates of different
sizes and atherogenic potential (Krauss, 1991).

Twenty years ago Davignon (1978) presented a unified picture of the
process of atherosclerosis. He showed the participation of environmental
influences (diet and smoking, among others), humoral influences (circulating
lipoproteins, hormones, etc.) and arterial metabolic effects, all of which
combined to form the atherosclerotic plaque. The environmental and
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humoral areas have been worked over pretty thoroughly, although new
observations continue to amend the picture. The mode of cholesterol
accumulation in the arterial wall is complex and is only now beginning to be
understood. 

Currently it is believed that blood monocytes adhere to the endothelial
lining, migrate through endothelial junctions and differentiate to become
macrophages (Ross, 1986). The macrophages take up lipoproteins and
become cholesteryl ester-rich foam cells which make up the fatty streak
found beneath an unbroken layer of endothelial cells. Foam cells may also
arise from smooth muscle cells that migrate into the subendothelial space.
The fatty streak proliferates to form complex lesions and fibrous plaques by
mechanisms, as yet undelineated, which involve an array of growth factors
(Pomerantz et al., 1995). 

Oxidized Lipid and Atherosclerosis

The macrophages and foam cells can continue to take up LDL. One might
expect that incubation of these moieties (monocytes, macrophages, smooth
muscle cells) with concentrated sources of cholesterol (LDL) would
convert them to foam cells but this is not the case. However, another form
of LDL, oxidized LDL, has been identified in vivo and has been shown to
be taken up when incubated with the various cell types found in
atherosclerotic lesions (Henriksen et al., 1981). Oxidatively modified LDL
is also taken up by the scavenger receptor. This observation is the basis of
the oxidized-LDL hypothesis used to explain the early steps in the athero-
sclerotic process.

The possible involvement of oxidized lipid in the atherosclerotic
process was considered long before the experiments cited above. About 50
years ago Dam and his colleagues (Jessen et al., 1951; Glavind et al., 1952)
reported on the isolation of peroxidized lipid from atherosclerotic arteries.
Altschul (1946) suggested that heated (i.e. oxidized) cholesterol might be
more atherogenic for rabbits than pure cholesterol. Analysis of athero-
sclerotic arteries carried out in 1943 revealed the presence of cholesta-3,5-
diene-7-one, cholesta-4,6-diene-3-one, and 3b, cholestane 3b, 5a, 6b-triol
(Hardegger et al., 1943). 

Imai et al. (1976) fed rabbits recrystallized cholesterol or impure
cholesterol (USP-cholesterol that had been in their laboratory for some years
and had become yellowed and rancid). The aortas were examined by
electron microscopy 24 h later. The old cholesterol led to 73% more
degenerated cells than the recrystallized material. The major autooxidation
products were cholesta-3,5-diene-7-one, 25-hydroxycholesterol, 7-keto-
cholesterol, 7a and 7b-hydroxycholesterol and cholestane-3b, 5a, 6b-triol
(Peng et al., 1978). The oxidation products, especially 25-hydroxycholesterol
and the triol, are toxic to cultured rabbit arterial smooth muscle cells (Peng
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et al., 1978, 1979) and cause arterial injury to rabbits (Cook and MacDougal,
1968). Cholesterol oxidation products are transported in rabbit lipoproteins
(Peng et al., 1987). 

Comparison of atherogenicity of crystalline and amorpous cholesterol
showed the latter to be less cholesterolaemic but more atherogenic. The
broad melting point of amorphous cholesterol suggests the presence of
impurities (Kritchevsky et al., 1969). The angiotoxicity and atherogenicity of
cholesterol oxides has been reviewed by Peng et al. (1991). Hodis et al.
(1991) reported that normal rabbit plasma contains 81 mmol l21 of
cholesterol oxides. After feeding a high cholesterol diet to rabbits for 6
weeks the level of plasma cholesterol oxides rose by a factor of 5, while
total plasma cholesterol rose by a factor of 64. Aortic levels of total
cholesterol oxides rose 150%. Several compounds that had not been present
in arteries of the control group were isolated from arteries of cholesterol-fed
rabbits, namely, cholesterol b-oxide, 7-ketocholesterol and 25-hydroxy-
cholesterol. There have been earlier reports of isolation of 26-hydroxy-
cholesterol (Smith and vanLier, 1970) and polar sterol esters have been
shown to be present in human atherosclerotic plaques (Brooks et al., 1971).
The data suggest that cholesterol oxidation occurs in vivo. 

Probucol [4,4′-(isopropylidenedithio)bis(2,6-di-t-butylphenol)] is one of
a series of potential antioxidants initially synthesized by chemists at the
Ethyl Corporation. It was developed by the Dow Chemical Co. and, under
the code number of DH-581, was found to reduce significantly the severity
of cholesterol-induced atherosclerosis in rabbits (Kritchevsky et al., 1971)
and to lower cholesterol levels in humans (Tedeschi et al., 1980). Its precise
mode of action was unclear (Kritchevsky, 1980) but a role as an antioxidant
was not considered. Since it is transported in the lipoproteins of the serum
it is in the right place to exert its antioxidant properties.

Steinberg and his colleagues (1989) have conducted a series of elegant
studies to demonstrate that LDL oxidation may indeed play a crucial role in
atherogenesis. They showed that probucol, a hypocholesterolaemic agent,
could prevent oxidation of LDL in vitro and in vivo and could prevent
progression of atherosclerosis in the Watanabe heritable hyperlipidaemic
(WHHL) rabbit and that this action was due to its antioxidant properties and
independent of its hypolipidaemic properties (Parthasarathy et al., 1986;
Carew et al., 1987). They have also shown that macrophage foam cells
isolated from atherosclerotic lesions of rabbits degrade modified lipoproteins
and promote oxidation of LDL in vitro (Rosenfeld et al., 1991). The
oxidation hypothesis has been discussed elsewhere in detail (Steinberg et
al., 1989; Esterbauer et al., 1997).

Oxidation of lipoproteins plays a significant role in atherogenesis. That
knowledge offers an opportunity to test effects of antioxidants as inhibitors
of atherogenesis, which can be done in experimental animals. They can also
be studied as inhibitors of lipoprotein oxidation or reducers of risk of
cardiovascular disease.

Prevention of Coronary Heart Disease 153

13 Antioxidants  28/4/99 2:06 PM  Page 153



Antioxidants and Arterial Disease

Vitamin E effects on experimental atherosclerosis have been investigated
since the 1940s. In early studies conducted using the cholesterol-fed rabbit
model, Dam (1994) found that dietary a-tocopherol did not affect
atherosclerosis, and Bruger (1945) and Moses et al. (1952) reported the
intramuscular administration of vitamin E did not inhibit experimentally
induced atherosclerosis. More recently, several authors have found that
vitamin E may inhibit atherosclerosis in rabbits (Brattsand, 1975; Wilson et
al., 1978) and chickens (Smith and Kummerow, 1989). Bocan et al. (1992),
working with rabbits, found antioxidant therapy (vitamins C and E) to alter
progression of diet-induced fatty streaks but to have no effect on
progression as regression of more complicated iliac femoral lesions. Singh
et al. (1995) fed rabbits a high-fat diet for 12 weeks then randomized them
to treatment with fruits, vegetables and mustard oil, vitamins C, E, and 
b-carotene, a high-fat diet or a low-fat diet. After 12 weeks, rabbits in the
first two groups exhibited significantly lower plaque size in the aorta and
coronary arteries than did those fed the unsupplemented diet. Aortic plaque
size was fourfold higher in the fat-fed groups and coronary artery plaque
size was about double that of the fruit- or vitamin-fed groups. Verlangieri
and Bush (1992) studied atherosclerosis progression and regression in the
carotid arteries of monkeys using ultrasound. Addition of a-tocopherol to
the diet inhibited atherogenesis and enhanced regression. Godfried et al.
(1989) reported that very high dietary levels of vitamin E potentiated
atherosclerotic lesions in rabbits. 

In assessing the efficacy of antioxidants vis-à-vis their effects on actual
coronary events, we can examine epidemiological studies (observational or
case–control) or intervention studies. As we will see, the findings are
surprisingly different. Gey et al. (1991) has attempted to correlate mortality
from ischaemic heart disease (IHD) in 16 European populations being
examined in the WHO/MONICA Core Study. In the 12 populations with
similar blood pressure and plasma cholesterol levels (5.69–6.21 mmol l21)
he found no significant correlation between those parameters and IHD
mortality but levels of vitamin E exhibited a strong inverse correlation
(P=0.002). When all 16 populations were evaluated, correlation of IHD
mortality with serum cholesterol levels was associated moderately, but the
correlation with vitamin E levels was much stronger (Gey et al., 1991). The
protective effects of dietary antioxidants were evaluated in a later study with
more subjects and the rating for the individual factors was: vitamin E >
carotene = vitamin C > vitamin A (Gey et al., 1993a). Gey (1995) has
recently reviewed this field in depth.

The effects of vitamin C have also been considered (Frei et al., 1989).
Enstrom et al. (1992) found a strong inverse relationship between vitamin C
intake and cardiovascular mortality. They assessed data from over 11,000
people in the NHANES I and the 10-year follow-up. The NHANES was a
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national study of diet and health conducted in various populations in the
USA. Low plasma levels of vitamin C may increase risk for stroke (Gey et al.,
1993b). Vitamin C also protects human LDL against atherogenic modifica-
tion (Retsky et al., 1993). A diet high in these substances, especially vitamin
C and carotenes, is really a diet high in fruits and vegetables. 

There have been a number of observational studies examining dietary
antioxidant intakes and risk of coronary disease. In an examination of
participants in the LRC-CPPT Study (Lipid Research Clinics Coronary Primary
Prevention Trial) a decreased risk of coronary heart disease was seen in
participants with higher serum carotenoid levels (Morris et al., 1994).
Stampfer et al. (1993), in analysing dietary and health data from 87,245
female nurses, observed a highly significant trend for coronary risk reduction
with increasing vitamin E intake (diet plus supplements). The association was
not significant if the contribution of the supplements was not included. Rimm
et al. (1993) found a similar pattern in 39,910 male health professionals.
Namely, there was a highly significant association between trend towards
reduction of risk and intake of vitamin E from food plus supplements. When
the contributions of either food or supplements alone were analysed neither
provided a significant trend. Knekt et al. (1994) analysed the correlations
between reported antioxidant intake and cardiovascular mortality in 5133
Finnish subjects (2748 men and 2385 women). A significant trend towards
protection by vitamin E was only observed in the female cohort. A study of
dietary antioxidant intake and carotid artery wall thickness in 11,307 subjects
suggested a protective effect for dietary a-tocopherol and vitamin C
(Kritchevsky et al., 1995). A subsequent examination of this population in
which carotid artery plaque was quantitated showed a protective effect of
carotenoids (Kritchevsky et al., 1995). 

In a comparison of 50-year-old men in Sweden and Lithuania,
Kristenson et al. (1997) found the Swedish cohort, who exhibit one-fourth
the heart disease mortality, to be significantly taller, to have lower systolic
blood pressure and to be significantly more active physically. Their plasma
total and LDL-cholesterol levels were significantly higher. Assay of the
plasma concentration of lipid-soluble antioxidants showed the Swedish
subjects to have significantly more b-carotene (by 35%), lycopene (by 88%)
and a-tocopherol (by 84%). Cleary et al. (1997) also found levels of lipophilic
antioxidants not to be depleted in men with severe atherosclerosis.

Kushi et al. (1996) followed 34,486 post-menopausal women free of
coronary disease at the initial screen for 7 years. In that period, 242 of the
women (0.70%) died of coronary disease. Intake of vitamin E was associated
inversely with risk of death but intake of vitamins A and C was not.
Riemersma et al. (1991) found plasma concentrations of vitamins C, E and
carotene to be associated inversely with risk of angina. After adjustment for
smoking only the inverse relationship with vitamin E remained. Adipose
tissue levels of b-carotene have been found to be associated with reduced risk
of myocardial infarction (MI) but there was no association with a-tocopherol
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levels (Kardinaal et al., 1993). In a population-based, nested case–control
study Street et al. (1994) found that serum levels of a variety of carotenoids
were inversely associated with risk of MI, especially among smokers.

One of the early clinical trials involving use of vitamin E was carried out
by Gillilan et al. (1977) who found it not to be effective in the treatment of
angina. Two well-publicized trials of the effect of vitamins E or A and 
b-carotene on incidence of lung cancer in smokers have also obtained data
relating to cardiovascular disease. Omenn et al. (1996) found slightly higher
cardiovascular mortality in the group given vitamin A and b-carotene
supplements. The Alpha-Tocopherol, Beta-Carotene Cancer Prevention
Study (ATBC) Group (1994) found 5% fewer coronary deaths in men who
had taken a-tocopherol and 11% more deaths in those who received 
b-carotene supplements. Subjects who received a-tocopherol exhibited a
very slight decrease in incidence of angina pectoris whereas those receiving
b-carotene showed a slight increase. Major coronary events were studied
during the follow-up period (median 5.3 years). The totals of non-fatal MI
and fatal coronary events in the four groups were: a-tocopherol, 94; 
b-carotene, 113; a-tocopherol and b-carotene, 123; and placebo, 94. The
ratio of fatal events to total events was: a-tocopherol, 57.4%; b-carotene,
65.5%; a-tocopherol plus b-carotene, 54.5%; and placebo, 41.5% (Rapola et
al., 1996, 1997). Hennekens et al. (1996) carried out a randomized, double-
blind, placebo-controlled trial of b-carotene in 22,071 male physicians aged
40–84 years. After 12 years they found no difference in the rate of
cardiovascular events. 

Hodis et al. (1995) have demonstrated a reduction in angiographically
measured coronary artery disease progression in men given 100 IU or more
of vitamin E daily. No benefit was found for supplementary vitamin C. Singh
et al. (1996) found that a combination of vitamins A, C and E, and 
b-carotene administered within a few hours after acute MI and continued
for 28 days led to significantly fewer cardiac events. Incidence of angina
pectoris was significantly lower in the group receiving antioxidants. Cardiac
deaths plus non-fatal infarction numbered 13 (20% of subjects) in the
patients given antioxidants and 19 (30.6% of subjects) in the control group
(P < 0.05). 

The Cambridge Heart Antioxidant Study (CHAOS) carried out a double-
blind, placebo-controlled study in 2002 patients with proven coronary
atherosclerosis (Stephens et al., 1996). The test group of 1035 subjects was
given a-tocopherol (400 or 800 IU per day) and 967 controls were given a
placebo. After 510 days, non-fatal MI numbered 14 in the a-tocopherol
group and 41 in the placebo group. MI fatalities were higher in the test
group (18 vs. 13) as were total cardiovascular deaths (27 vs. 23). Deaths
from all causes were 38% higher in the a-tocopherol group (36 vs. 26). The
difference in fatal MI was due, in part, to an excess of early deaths and the
authors suggest that a-tocopherol had not yet had time to exert its effects.
The treatment had no effect on serum cholesterol.
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Greenberg et al. (1996) studied mortality associated with low plasma
levels of b-carotene and the effect of oral supplementation (50 mg day21).
There were a total of 1720 subjects (1188 men and 532 women). The
treatment was carried out for a median period of 4.3 years and the median
follow-up was 8.2 years. Subjects whose plasma levels of b-carotene were
in the highest quartile at the beginning of the study had the lowest risk of
death from all causes compared with those in the lowest quartile. Ingestion
of the b-carotene supplement did not reduce all-cause or cardiovascular
mortality. Total deaths were 5% higher in the supplemented group (146 vs.
139); cardiovascular deaths were 15% higher in this group (68 vs. 59) and
cancer deaths were 14% lower (38 vs. 44).

The effects of another group of dietary antioxidants, flavonoids, on
coronary mortality or stroke have also been evaluated. In the Netherlands a
group of 552 men was followed between 1970 and 1985. The authors
concluded that habitual flavonoid intake might be protective against stroke
(Keli et al., 1996). In a Finnish study, the total and coronary mortality in men
were both higher in the subjects with lowest flavonoid intake than in those
in the highest intake (Knekt et al., 1996). Relative risk for all-cause mortality
was reduced significantly in both men and women. Relative risk for
coronary mortality was reduced significantly in women and was reduced
from 14.4 to 8.3% in men, but the difference did not reach statistical
significance. In the Male Health Professionals Study, on the other hand, the
investigators found no strong inverse relationship between total flavonoid
intake and coronary disease incidence (Rimm et al., 1996).

Dilemma about Antioxidants

We are left with this dilemma – consumption of a diet containing appreciable
amounts of antioxidants and high plasma levels of antioxidants appeared to
be protective in relation to CHD and yet trials in which selected single
antioxidants are added to the diet provide scant and inconsistent evidence of
a protective effect. Several possible explanations come to mind. First,
consumption of a diet high in vitamins, carotenes, and flavonoids reflects
intake of a wide variety of these substances, some of which may still be
unidentified. It could be that several of these compounds work in concert
whereas single components fed individually are without effect. It is also
possible that other dietary components (trace minerals, for instance) may be
effectors of carotenoid action. Virtually all nutritional studies are based on
replacing one component of the diet with another without considering how
these specific substances may interact with the rest of the diet. As an
example from fibre research, in an atherogenic rabbit diet in which the fibre
is cellulose, casein is more cholesterolaemic and atherogenic than soy
protein; when cellulose is replaced by lucerne the two proteins become
equivalent (Kritchevsky et al., 1977). 
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Could it be that the intervention trials have not been carried out for
sufficiently long periods? Habitual intake of a wide variety of antioxidants
provides a greater source of vitamins or carotenoids over a longer time than
administration of one or two compounds for a relatively short time to
subjects who have already compromised their level of risk by inappropriate
behaviour, e.g. smoking.

Lifestyle may be one of the determinants of the picture presented to the
investigators. Heart disease and cancer are generally described as lifestyle
disease but the research approach focuses on only one aspect of lifestyle.
Slattery et al. (1995) examined dietary antioxidants and plasma lipids in
participants in the Coronary Artery Risk Development in Young Adults
(CARDIA) study and found that higher intake of dietary antioxidants is
associated with other lifestyle factors such as physical activity and non-
smoking. In Britain, plasma concentrations of antioxidants are related to
social class, being higher in the better educated and more affluent (Gregory
et al., 1990). If protective levels of antioxidants such as carotenoids,
tocopherols, and others are part of a life-long behavioural pattern, we
cannot expect too much if we influence one aspect of risk by dietary
supplements without addressing other behaviours.

Most studies have been carried out in men. Knekt et al. (1996) found
flavonoid intake to be significantly associated with reduced coronary risk in
women. The risk was lowered non-significantly in men. It is well established
that pre-menopausal women are relatively protected against coronary
disease and that the protection may be due to circulating oestrogens which
affect positively the LDL/HDL (high-density lipoprotein) cholesterol ratio.
The protection is lost in post-menopausal women. Could antioxidant
protection by oestrogen be another factor in lowering risk in young women?
Shwaery et al. (1997) have reported that 17b-oestradiol protects LDL against
copper-mediated oxidation in vitro. In another context, we showed many
years ago that oestradiol inhibited ascorbic acid-catalysed oxidation of
methyl linoleate (Kritchevsky and Tepper, 1964). White et al. (1997) have
summarized results from other studies in which oestrogens influenced rates
of LDL oxidation. 

Accumulating data lend validity to the hypothesis involving oxidized
LDL as a major factor in atherogenesis and protection being offered by
antioxidant vitamins. Questions relating to in vivo initiation of LDL
oxidation remain to be answered (Halliwell, 1995) and randomized trials
with antioxidant vitamins are needed (Hennekens et al., 1995).
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