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Many lines of evidence suggest that LDL, the major carrier of blood cholesterol, becomes atherogenic as a result of
oxidation (reviewed in refs. 1–3). One of the most persuasive observations is that structurally unrelated lipid-soluble
antioxidants inhibit atherogenesis in animal models of hypercholesterolemia. For example, probucol, butylated
hydroxytoluene, and N,N′-diphenyl-phenylenediamine all inhibit LDL oxidation in vitro, and retard the progression of
atherosclerosis in hypercholesterolemic rabbits, mice, and quail. Moreover, probucol exerts a significant effect on thoracic
atherosclerosis in primates with diet-induced hypercholesterolemia. These observations may be relevant to human
disease, because a recent clinical trial of vitamin E suggests that antioxidant therapy inhibits the clinical sequelae of
atherosclerosis (4). Early in vitro experiments revealed that endothelial cells, smooth muscle cells, monocytes, and
macrophages — the major cellular components of atherosclerotic lesions — all render LDL atherogenic (5–7). LDL
modification required iron or copper in the medium, generated dicarbonyl compounds that could react with thiobarbituric
acid, and was inhibited by lipid-soluble antioxidants. This led to the hypothesis that lipid peroxidation plays a key role in
rendering LDL atherogenic. This proposal was supported by chemical studies of oxidized LDL (8) and by the
immunohistochemical detection of protein-bound adducts of malondialdehyde and other end-stage lipid oxidation products
in atherosclerotic lesions (9, 10). The next key observation was the demonstration that probucol, a lipid-soluble […]
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Many lines of evidence suggest that
LDL, the major carrier of blood choles-
terol, becomes atherogenic as a result
of oxidation (reviewed in refs. 1–3).
One of the most persuasive observa-
tions is that structurally unrelated
lipid-soluble antioxidants inhibit
atherogenesis in animal models of
hypercholesterolemia. For example,
probucol, butylated hydroxytoluene,
and N,N′-diphenyl-phenylenediamine
all inhibit LDL oxidation in vitro, and
retard the progression of atherosclero-
sis in hypercholesterolemic rabbits,
mice, and quail. Moreover, probucol
exerts a significant effect on thoracic
atherosclerosis in primates with diet-
induced hypercholesterolemia. These
observations may be relevant to human
disease, because a recent clinical trial of
vitamin E suggests that antioxidant
therapy inhibits the clinical sequelae of
atherosclerosis (4).

Early in vitro experiments revealed
that endothelial cells, smooth muscle
cells, monocytes, and macrophages —
the major cellular components of
atherosclerotic lesions — all render
LDL atherogenic (5–7). LDL modifica-
tion required iron or copper in the
medium, generated dicarbonyl com-
pounds that could react with thiobar-
bituric acid, and was inhibited by lipid-
soluble antioxidants. This led to the
hypothesis that lipid peroxidation
plays a key role in rendering LDL
atherogenic. This proposal was sup-
ported by chemical studies of oxidized
LDL (8) and by the immunohisto-
chemical detection of protein-bound
adducts of malondialdehyde and other
end-stage lipid oxidation products in
atherosclerotic lesions (9, 10).

The next key observation was the
demonstration that probucol, a lipid-
soluble compound carried in LDL, dra-
matically reduced atherosclerosis in
most hypercholesterolemic animals
(11–13). Also, LDL isolated from ani-
mals and humans treated with probu-
col exhibited marked resistance to LDL
oxidation ex vivo (14). Similar findings
were reported for other lipid-soluble

antioxidants (reviewed in refs. 3, 15).
This has led to an explosion of interest
in measuring the resistance of lipopro-
teins isolated from animals and
humans subjected to various therapeu-
tic interventions. The underlying
assumption is that LDL’s capacity to
resist lipid peroxidation ex vivo corre-
lates with the effectiveness of antioxi-
dant intervention and the inhibition of
vascular disease.

This appealing hypothesis is attract-
ing skepticism because of recent exper-
imental results. A probucol analogue,
b is (3 ,5 -di - t e r t -buty l -4 -hydroxy-
phenylether)propane, failed to prevent
atherosclerosis in rabbits, even though
it strongly inhibited LDL oxidation in
vitro (16). Because the LDL from the
analogue-treated animals was less easi-
ly oxidized than that from untreated
animals, it was suggested that LDL
must reach a threshold of resistance to
oxidation before atherogenesis is inter-
rupted. However, several other studies
have shown that LDL’s resistance to
oxidation ex vivo fails to predict the
ability of antioxidant therapy to inhib-
it atherosclerosis, suggesting that this
measure of antioxidant activity is of
limited biological relevance (3, 15).

In this issue of the JCI, Witting et al.
raise further provocative questions
regarding the role of lipid peroxidation
in LDL oxidation and atherogenesis.
They demonstrate that the probucol
metabolite bisphenol appears to com-
pletely block lipid peroxidation in the
artery wall of hypercholesterolemic
rabbits, without affecting the extent of
atherosclerosis (17). The degree of lipid
peroxidation in the atherosclerotic tis-
sue also failed to correlate with the
extent of lesion formation. The authors
monitored lipid peroxidation with a
sensitive and specific analytical tech-
nique, using HPLC to quantify the
production of hydroxides and
hydroperoxides of cholesteryl esters
and triglycerides.

Before we overturn the dogma of lipid
peroxidation, it is important to note sev-
eral limitations of the current study.

First, lipid peroxidation was assessed at
a single time point relatively late in the
disease process. Therefore, failure to
detect lipid peroxidation products at
this late stage in probucol- or bisphenol-
treated animals does not exclude the
possibility that such products were pres-
ent and active early in the disease
process. Second, it is possible that levels
of lipid peroxidation products below
those detectable in the HPLC assay pro-
moted atherosclerosis. Third, choles-
terol levels were approximately 30%
higher in animals treated with bisphe-
nol rather than probucol. This elevation
in plasma cholesterol, a known athero-
genic agent, may have masked a small
but significant effect of the bisphenol in
retarding lesion formation. Fourth, it is
always technically difficult to ensure
that lipid peroxidation products in tis-
sues are extracted and detected quanti-
tatively, even though this issue was care-
fully addressed in the study. Finally, it
will be important to extend these find-
ings to other animal models of athero-
sclerosis. One complicating factor in
many explorations of the oxidation
hypothesis is that a given antioxidant
can have varying effects in different ani-
mal models (3, 11–13, 15, 16).

What are the implications of these
results for the LDL oxidation hypothe-
sis? It is important to note that antiox-
idants generally have been fed to ani-
mals in large amounts, typically 1% of
the diet; therefore they reach extremely
high concentrations in plasma and tis-
sue. Moreover, recent studies have
shown that lower levels of dietary
probucol fail to inhibit atherosclerosis
in hypercholesterolemic rabbits despite
significantly reducing LDL oxidation ex
vivo (18). Collectively, these observa-
tions suggest that nonspecific lipid-sol-
uble antioxidants may not be the ideal
therapeutic agents for preventing LDL
oxidation and atherosclerosis.

Another crucial question is the identi-
ty of the oxidation products that pro-
mote atherosclerosis. If peroxidized
fatty acids are not atherogenic, what is?
Other oxidized lipids, including F2-iso-
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prostanes, cholesterol 7-β-hydroperox-
ide, and phospholipids with oxidatively
cleaved side chains, have been detected
in atherosclerotic lesions (19–21). More-
over, vitamin E therapy lowers plasma
and aortic wall levels of F2-isoprostanes
and inhibits atherosclerosis in hyper-
cholesterolemic mice (19), suggesting
that lipid oxidation products may con-
tribute to vascular disease. Thus, the
lipid hydroxides and hydroperoxides
measured by Witting et al. may not be
the relevant oxidation products. It also
is possible that oxidation of proteins,
proteoglycans, or nucleic acids plays a
role in atherosclerosis. Certain protein
oxidation products are present at
markedly higher levels in human ather-
osclerotic lesions than in normal aortic
tissue (reviewed in ref. 22), and the abil-
ity of antioxidants to inhibit protein
oxidation may differ markedly from
their ability to inhibit lipid oxidation.
These findings emphasize the impor-
tance of analytical techniques, such as
HPLC and mass spectrometry, that can
quantify tissue levels of oxidation prod-
ucts. Using quantitative methods to
detect specific molecular markers in
atherosclerotic plaque should enable us
to better assess the ability of antioxi-
dants to block atherosclerosis and oxi-
dation in the artery wall.

Finally, to understand the effects of
antioxidants on atherosclerosis, it will
be important to define the biochemical
pathways that promote oxidative reac-
tions in vivo (22). The most widely stud-
ied mechanism for LDL oxidation in
vitro involves free, redox-active metal
ions (5–7), but recent results have cast
doubt on the physiological relevance of
such reactions (23). Therefore, using in
vitro findings to speculate about the
effectiveness of antioxidants in vivo may
be counterproductive. Findings from
mouse models with targeted inactiva-
tion of specific genes may be a better
guide. This approach has provided com-

pelling evidence that lipoxygenase plays
a role in promoting atherosclerosis in
apo E–deficient mice (24). Identifying
other biologically significant pathways
should permit the rational design of
antioxidant therapies designed to inhib-
it LDL oxidation. Such compounds may
block a wide range of oxidative events in
the artery wall, with important implica-
tions for the prevention of atheroscle-
rotic vascular disease.
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