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The possibility that oxidative modification of LDL might be a key step in the genesis of the atherosclerotic lesion was
suggested more than 15 years ago, and a great deal of evidence has accumulated to support this hypothesis (1, 2). The
pivotal evidence comes from studies in animal models of atherosclerosis, showing that the administration of appropriate
antioxidants at appropriate levels of intake significantly slows the progression of the disease (summarized in ref. 3). This
protection is associated with a marked decrease in the susceptibility of circulating LDL to oxidation ex vivo and with
decreases in markers of lipid oxidation such as isoprostanes, lipid hydroperoxides, and their breakdown products. Several
different animal models have been studied (LDL receptor—deficient rabbits and mice; cholesterol-fed rabbits, hamsters
and monkeys; apo E—deficient mice), and several different antioxidants have been shown to be effective (probucol; a
metabolite of probucol; butylated hydroxytoluene; diphenylphenylenediamine; and vitamin E). The magnitude of the
effects in these animal models is striking — the rate of progression of lesions has been slowed by 50%—80%.
Consequently, there is intense interest in the question of whether antioxidants will work in the human disease. If they do,
such treatment might be additive to, or possibly even synergistic with, treatment with cholesterol-lowering agents. Despite
an enormous amount of work on the mechanisms of LDL oxidation, [...]
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The possibility that oxidative modifica-
tion of LDL might be a key step in the
genesis of the atherosclerotic lesion was
suggested more than 15 years ago,and a
great deal of evidence has accumulated
to support this hypothesis (1, 2). The
pivotal evidence comes from studies in
animal models of atherosclerosis, show-
ing that the administration of appro-
priate antioxidants at appropriate levels
of intake significantly slows the pro-
gression of the disease (summarized in
ref. 3). This protection is associated with
a marked decrease in the susceptibility
of circulating LDL to oxidation ex vivo
and with decreases in markers of lipid
oxidation such as isoprostanes, lipid
hydroperoxides, and their breakdown
products. Several different animal
models have been studied (LDL recep-
tor-deficient rabbits and mice; choles-
terol-fed rabbits, hamsters and mon-
keys; apo E-deficient mice), and several
different antioxidants have been shown
to be effective (probucol; a metabolite of
probucol; butylated hydroxytoluene;
diphenylphenylenediamine; and vita-
min E). The magnitude of the effects in
these animal models is striking — the
rate of progression of lesions has been
slowed by 50%-80%. Consequently,
there is intense interest in the question
of whether antioxidants will work in the
human disease. If they do, such treat-
ment might be additive to, or possibly
even synergistic with, treatment with
cholesterol-lowering agents.

Despite an enormous amount of work
on the mechanisms of LDL oxidation,
we still do not know which enzyme sys-
tems or which nonenzymatic oxidative
mechanisms are responsible for oxida-
tion of LDL in vivo, nor which radical
species are involved. In principle, any
enzyme system that generates free radi-
cals could contribute to LDL oxidation.
Studies in vitro have identified a long
list of candidates, including NADPH
oxidase, myeloperoxidase, P450, the
mitochondrial electron transport sys-
tem, xanthine oxidase, and lipoxyge-
nase(LO), which was first implicated in

1988 by the demonstration that soy-
bean (LO) could oxidize LDL in vitro to
a form recognized by macrophage scav-
enger receptors (4). However, there is lit-
tle or no evidence on the relative impor-
tance of these candidate systems in vivo.

In this issue of the JCI, Cyrus et al. (5)
report results of a critical transgenic
experiment that strongly supports a
role for 12/15-LO in atherogenesis.
They show that homozygous disrup-
tion of the LO gene diminishes athero-
sclerosis in apo E-deficient mice. At 15
weeks, the aortic lesion area in control
animals (apo E knockouts, but wild-
type with respect to LO) was 15,700
mm?, whereas in the double knockout
mice it was only 198 mm?2 In other
words, in the absence of LO there was
virtually no initiation of lesions during
the first 15 weeks. At the end of 1 year,
however, lesions had progressed in the
LO knockout animals, and the differ-
ence was much less striking (approxi-
mately a 50% decrease in lesion area)
buct still highly significant (P < 0.0001).
These studies provide the first direct
and specific evidence for a role of LO in
atherogenesis. Sendobry et al. (6) have
previously reported an antiatheroscle-
rotic effect of an inhibitor of 15-LO in
cholesterol-fed rabbits. However, it was
not explicitly established to what extent
15-LO activity was in fact inhibited in
vivo, or that the inhibitor drug was free
of other biologic effects.

These new knockout results also pro-
vide important general support for the
validity of the oxidative modification
hypothesis and its relevance in mouse
models. Four studies have now shown
that antioxidants slow the development
of lesions in the mouse: one using
diphenylphenylenediamine in the apoE
knockout model (7), one using a syn-
thetic analogue of probucol in LDL-R
knockout mice (8), one using vitamin E
in the apo E knockout model (9), and
one using a metabolite of probucol in
apo E, LDL-R double-knockout animals
(10). Considering these results together
with those of Cyrus et al., it can now be
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safely concluded that oxidation of LDL
is a significant factor in murine models
of atherosclerosis, as it is in other ani-
mal models, and that the worsening of
atherosclerosis observed in probucol-
treated mice (11) probably reflects some
other biologic property of probucol
peculiar to the mouse, rather than a
basic difference in pathogenesis.

In the studies by Cyrus et al., it should
be noted that the apo E-deficient mice
that were heterozygous with regard to
LO did not show any amelioration of
atherosclerosis. Interestingly, while the
peritoneal macrophages from the mice
homozygous for the LO knockout gen-
erated almost no LO enzymatic prod-
ucts from arachidonic acid, the
macrophages from heterozygotes oxi-
dized arachidonic acid almost as well as
did wild-type macrophages. The impli-
cation is that the level of LO activity had
to be reduced by more than 50% before
one could observe either a decrease in
LO-mediated arachidonate oxidation or
any effect on the progress of atheroscle-
rosis. Of course, we cannot be sure that
the reduction in rate of generation of
oxidized products is 50%. There could be
compensatory changes in the function-
ing of the normal LO allele to enhance
its expression, or there could be rate-lim-
iting factors that determine the actual
rate of product formation. Putting these
possibilities aside for the moment, how-
ever, these new findings may be relevant
to an apparent anomaly observed some
years ago with respect to the role of LO
in oxidation of LDL by cells in culture.
Parthasarathy et al. (12) showed that an
analogue of arachidonic acid (ETY)
inhibited LO and reduced the rate of
LDL oxidation by cultured endothelial
cells. However, very high concentrations
were needed, and later studies by Spar-
row and Olszewski (13) showed that the
concentrations used would have been
sufficient to inhibit LO by 90% or more.
It is possible that the levels of LO in
some cells do not become rate limiting
for oxidation of LDL until those levels
are reduced by more than 50%. This is
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not the case in cells that don’t express
LO and therefore start with very low
rates of LDL oxidation. For example, it
has been shown that expressing LO in
fibroblasts increases their ability to oxi-
dize LDL in the medium (14, 15), possi-
bly by transferring lipid hydroperoxides
generated in the cell membrane to the
LDL in the medium.

It should not necessarily be conclud-
ed that the deletion of LO in Cyrus’
knockout mice decreased lesion pro-
gression just by sparing LDL from oxi-
dation (5). This enzyme generates a
number of biologically potent products
that can modulate redox-sensitive sig-
naling pathways (16). Thus, additional
mechanisms may participate. However,
Cyrus et al. also report that the titers of
autoantibodies against oxidized LDL
and against malondialdehyde-LDL
were significantly lower in the homozy-
gous LO knockout animals. While indi-
rect, these findings help support the
interpretation that the rate of oxidation
of LDL in vivo was indeed reduced, par-
ticularly since the plasma LDL concen-
trations were not different.

Still to be explained are the apparent-
ly conflicting results of Shen et al. (17),
who found that selective overexpression
of LO in monocyte/macrophages actu-
ally reduced lesion area by almost 50%
in cholesterol-fed rabbits. Their failure
to see an increase in the severity of
lesions might be explicable on the basis
discussed above — namely, that even
though there is an increased expression
of enzyme protein, there may not be a
corresponding increase in the actual
rate of generation of LO products. Also,
the overexpression in this case was lim-
ited to macrophages, and their role in

the generation of oxidized LDL in vivo
may not be dominant. Neither of these
explanations is particularly attractive;
and in any case, there remains the prob-
lem of explaining why the animals actu-
ally showed reduced lesion develop-
ment. Kuhn and Chan (16) have
speculated that LO may exert protective
effects relating to the expression of
redox sensitive genes and/or that the
effects of LO at different stages of lesion
development may differ considerably.

In summary, the results of Cyrus
et al., taken together with the previous
work indicating the involvement of LO
in oxidation of LDL, would appear to
move it from the candidate list to the
“real” list. The quite remarkable inhibi-
tion of early lesion formation suggests
that LO is a major player in atherogene-
sis. On the other hand, the lesions do
progress in the LO-deficient animals, so
additional factors are undoubtedly
involved. Would the addition of antioxi-
dants to the diet of these LO knockout
animals further inhibit lesion progres-
sion? If so, it would imply that alterna-
tive systems for LDL oxidation are
involved. It should be noted that the
cholesterol levels in the animals studied
were over 500 mg/dL. Would the protec-
tive effect of knocking out LO be even
more dramatic in animals with more
modest elevations of blood cholesterol?
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