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Pharmacologic intervention for atherosclerosis, the 
major cause of heart disease and stroke, has thus 
far been directed primarily at systemic factors, 
particularly blood lipoproteins and hypertension. 
Lipid lowering agents have targeted intestinal 
lipid absorption, hepatic lipid metabolism, and 
lipoprotein-enzyme interactions. Blood pressure 
lowering agents have targeted ion transport and 
hormonal pathways. With the increased under- 
standing of the molecular and cellular interactions 
underlying atherosclerosis at the level of the artery 
wall, new potential targets for pharmacologic 
intervention have been revealed (Fig. 1). In 
particular, a large body of evidence now implicates 
iipoprotein oxidation in lesion development. Also, 
many of the cytokines, growth factors, chemotactic 
factors and adhesion molecules likely to be important 
in leukocyte recruitment and smooth muscle cell 
(SMC§) proliferation have been defined. There are 
promising strategies for inhibiting lipoprotein 
oxidation and specifically modifying gene expression 
in the artery wall. Thus, the opportunities for 
new pharmacologic intervention in atherosclerosis, 
bypassing the standard systemic risk factors, are 
promising. We consider here some of the possibilities, 
with a focus on the role of lipoprotein oxidation. 

Molecular and cellular interactions in athero- 
sclerosis. Figure 1 depicts the pathways thought to 
contribute to the development of atherosclerotic 
lesions (reviewed in Refs. 1-4). The artery wall 
consists of a monolayer of endothelial cells (EC) 
that form tight junctions, insulating the blood from 
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the underlying intima and SMC layers. The intima, 
very thin in a normal artery, is separated from the 
layers of smooth muscle by the internal elastic lamina 
(IEL). During atherogenesis it greatly increases in 
thickness as a result of the accumulation of ex- 
cessive plasma-derived lipids (primary cholesterol), 
connective tissue, monocyte/macrophages and SMC. 
Myocardial infarctions appear to occur primarily as 
a result of connective tissue necrosis at the plaque 
base, leading to plaque rupture and thrombosis. 

High levels of plasma low density lipoproteins 
(LDL) or other atherogenic lipoproteins are a 
prerequisite for most forms of atherosclerosis. Such 
lipoproteins enter the artery wall, where they 
accumulate as a result of interactions with collagen 
and other matrix components of the intima. Such 
lipoprotein accumulation triggers the binding of 
monocytes to the endothelial layer, followed by 
recruitment into the artery wall, proliferation, and 
differentiation to macrophages. These macrophages 
subsequently take up large amounts of modified 
lipoproteins to give rise to cholesterol engorged 
"foam cells," that are the hallmark of "fatty 
streaks," the first histologically recognizable stage of 
atherogenesis. Some of the foam cells exit the artery 
wall, but many remain to eventually die and leave 
behind a massive amount of cholesterol. 

The observation that native LDL is not taken up 
sufficiently rapidly by macrophages to generate foam 
cells provided a starting point for studies linking 
lipoprotein accumulation with iipoprotein oxidation 
and monocyte recruitment. Extensive modification 
of the apolipoprotein B (apoB) component of LDL 
by acetylation resulted in a particle rapidly taken up 
by the macrophage "scavenger receptor," which has 
now been isolated and cloned [5]. Subsequently, it 
was shown that extensive oxidation of LDL, a 
biologically relevant modification, by metal ion 
treatment or cellular oxidation, also produced a 
particle capable of producing foam cells. Biochemical 
analyses as well as immunohistochemical studies 
with antibodies specific of oxidized LDL then 
revealed the presence of similarly modified forms of 
LDL in the lesions of animal models and humans. 
In the last few years it has beco[ne clear that oxidized 
LDL exhibits several properties', in addition to rapid 
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Fig. 1. Potential sites for pharmacologic intervention in a proposed model for atherogenesis. 

uptake by macrophages, that are likely to contribute 
to atherogenesis (reviewed in Ref. 6). In particular, 
LDL that is only minimally oxidized, referred to 
here as minimally modified LDI, (MM-LDL), is 
capable of inducing a number of inflammatory genes 
likely to contribute to monocyte recruitment and 
differentiation. These include adhesion molecules 
for monocyte binding to the endothelium, monocyte 
chemotactic protein 1 (MCP-1) and macrophage 
colony stimulating factor (M-CSF). A pharmacologic 
target of particular interest is the adhesion molecule 
(or molecules) responsible for the endothelial binding 
of monocytes in atherosclerosis. Certain evidence 
has implicated VCAM-1, a member of the 
immunoglobulin gene superfamily [7]. Definitive 
answers should come from gene targeting studies of 
adhesion molecules in mice, now underway in several 
laboratories. 

With time, some, but clearly not all, fatty streaks 
develop into fibrous plaques characterized by a 
"fibrous cap" overlying the lipid rich core. The 
formation of this cap appears to involve: (1) a 
phenotypic modulation of medial SMC from a 
contractile to a proliferative state; (2) migration of 
SMC across the internal elastic lamina into 
the intima; and (3) proliferation in the intima 
accompanied by deposition of collagen, proteo- 
glycans, and elastin. The link between fatty 
streaks and fibrous lesions is poorly understood. 
Undoubtedly of importance are changes in the 
endothelium. Under normal conditions, EC produce 
eicosanoids rather than growth factors, resulting in 
the maintenance of SMC quiescence. Under 
conditions of activation or injury, however, eico- 
sanoid production is reduced and growth factor 
production is stimulated [4]. It is likely that foam 
cells also produce growth factors and cytokines, such 

as platelet-derived growth factor (PDGF) and 
interleukin-1 (IL-1) that may participate in triggering 
SMC migration and proliferation [8, 9]. 

Several growth factors and circulating vasoactive 
peptides have been implicated in vessel wall growth. 
Both in vitro studies and balloon catheter studies, 
in which the vessel wall of experimental animals is 
injured, indicate that PDGF, transforming growth 
factor fl (TGF-fl) and basic fibroblast growth factor 
(bFGF) are likely to be involved. For example, 
antibodies to either bFGF and PDGF dramatically 
inhibited SMC proliferation following angioplasty 
[10]. The vasoconstrictive hormone angiotensin I1 
(AII) also promotes SMC proliferation in vitro and 
the angiotensin converting enzyme (ACE) inhibitor 
captopril apears to prevent SMC growth to a greater 
extent than can be explained by its effect on blood 
pressure [11]. Recent epidemiologic studies suggest 
that genetic variations of the ACE gene contribute 
to susceptibility to atherosclerosis by mechanisms 
independent of blood pressure [12]. In contrast to 
AII,  the vasorelaxant atrial natriuretic peptide 
(ANP) inhibits vascular hypertrophy [13]. 

It is likely that the expression of eicosanoids and 
nitric oxide (EC-derived relaxing factor) by vascular 
cells contributes importantly to the expression of 
growth factors, cytokines and adhesion molecules 
(reviewed in Ref. 4). Certain eicosanoids, such as 
PGI 2 and PGE2, appear to maintain the endothelium 
in a quiescent state, characterized by a nonadhesive, 
nonthrombotic surface. They also appear to 
participate in maintaining SMC in a contractile state 
and to influence cholesterol metabolism in both 
macrophages and SMC. On the other hand, 
leukotrienes, such as LTB 4 and LTC4, appear 
to have proatherogenic effects. The influx of 
macrophages, which express glucocorticoid-regu- 
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lated prostaglandin synthase and a nitric oxide 
synthase, is likely to alter homeostatic processes 
mediated by eicosanoids and nitric oxide. Injection 
of oxidized LDL into hamsters resulted in enhanced 
binding of leukocytes to arteriole endothelium, and 
this could be blocked by the leukotriene biosynthesis 
inhibitor MK-886 [14]. Studies with an inhibitor of 
thromboxane A2 (TXA2) synthesis, resulting in a 
shift in metabolism from TXA2 to PGE2, suppressed 
lesion development in hypercholesterolemic rabbits 
[15]. Endothelium-dependent relaxation, mediated 
by nitric oxide, is impaired in atherosclerotic arteries, 
and nitric oxide has an antiproliferative effect on 
SMC in culture. Strong evidence for the importance 
of nitric oxide in atherogenesis was provided recently 
by a study showing that dietary supplementation of 
L-arginine, the substrate for synthesis of nitric oxide, 
reduced both the size and thickness of aortic 
lesions in cholesterol-fed rabbits [16]. Advanced 
glycosylation end-products, associated with diabetes, 
block the cytostatic effect of nitric oxide on SMC, 
providing a possible link between diabetes and heart 
disease [17]. 

Thrombosis is likely to be important in the 
development of complex lesions, and myocardial 
infarctions usually result from the formation of large 
thrombi following plaque rupture [18]. Advanced 
plaques frequently contain areas of surface erosion 
to which platelets bind. Moreover, immuno- 
histochemical studies have revealed platelet antigen 
and fibrin deposits within, as well as on top of, 
fibromuscular caps. This has led to the concept that 
medium sized and microscopic thrombi may 
contribute to episodic lesion growth. The data linking 
lipoprotein(a) (Lp(a)) levels, atherogenesis, and 
thrombosis provide support for this possibility. 

Advanced lesions can be grouped into four 
types: (1) concentric plaques (covering the entire 
circumference of the artery) that are primarily 
fibrous, (2) concentric plaques that are lipid rich, 
(3) eccentric plaques (in which only part of the wall 
is involved) that are primarily fibrous, and (4) 
eccentric plaques that are lipid rich. Although 
eccentric, lipid-rich plaques account for only a small 
fraction of the total, they are the major cause of 
myocardial infarctions. The edges of such plaques, 
where the fibrous cap joins the normal intima, 
frequently contain foam cells. Perhaps as a result of 
lysis of collagen by macrophage-derived proteases, 
such sites are particularly prone to rupture. These 
edges are also likely to be involved in plaque growth. 
Thus, the macrophage appears to play a significant 
role in all stages of atherosclerosis. These findings 
also suggest that while inhibition of SMC proliferation 
is likely to be beneficial in angioplasty, it may 
actually destabilize other types of plaques. This 
illustrates the complexity of pharmacologic inter- 
vention in atherosclerosis. 

Advanced plaques frequently exhibit a number of 
changes involving all three layers of the artery wall 
(intima, media, and adventitia). These include 
thinning of the media, fibrosis, neovascularization 
and lymphocytosis of the adventitia, and calcium 
deposition around the lipid core and fibrous cap of 
the intima. The significance of these changes for 
plaque development and stability is unclear. 

Pharmacologic intervention in lipoprotein 
oxidation. Several lines of evidence indicate that 
oxidized lipoproteins play a critical role in 
atherosclerosis: (1) LDL isolated from human and 
animal lesions exhibits many of the immunological, 
physicochemical and biological properties of LDL 
oxidized in vitro; (2) immunohistochemical studies 
with antibodies specific for oxidized LDL have 
revealed the presence of such epitopes in athero- 
sclerotic lesions and their colocalization with apoB, 
the major protein of LDL; (3) autoantibodies to 
oxidized LDL occur commonly in human and animal 
sera; (4) prolonged incubation of LDL with vascular 
cells in culture can yield both minimaly modified 
LDL and highly oxidized LDL with properties 
similar to those produced by transition metal ion 
treatment or enzymatic oxidation; (5) epidemiologic 
studies [19] have suggested that the incidence of 
myocardial infarction is inversely correlated with the 
levels of certain naturally occurring antioxidants 
(vitamin E, vitamin A) and directly correlated with 
the levels of the prooxidant iron; and (6) most 
convincingly, lipophilic antioxidants have been 
shown to reduce lesion development in animal 
models [6, 20, 21]. 

The oxidation of LDL trapped in the artery wall 
probably initially leads to the formation of a 
minimally modified particle that is a potent inducer 
of monocyte binding to EC, monocyte chemotaxis, 
and monocyte proliferation and differentiation. With 
further oxidation, the LDL loses the above biologic 
activities, but becomes a ligand for macrophage 
receptors capable of generating foam cells, the 
hallmark of fatty streak lesions. Oxidized LDL also 
exhibits a number of other properties that may 
promote atherosclerosis (reviewed in Ref. 6). It is 
chemotactic for monocytes but it inhibits macrophage 
mobility, providing a possible explanation for the 
failure of foam cells to exit the artery wall. Oxidized 
LDL is cytotoxic and thus may contribute to 
EC damage and vascular necrosis. It inhibits 
endothelium-dependent relaxation, mediated by the 
synthesis of nitric oxide. It can promote coagulation 
and induce tissue factor. And finally, oxidized LDL 
is immunogenic, which could contribute to its uptake 
by macrophages and to the recruitment of 
lymphocytes. It is important to realize that "oxidized 
LDL" is not a single entity but a heterogeneous 
group of particles exhibiting varying levels of lipid 
oxidation and protein modification. Some of the 
above properties are attributes of minimally modified 
LDL (e.g. cytokine induction), whereas others are 
attributes of highly modified LDL (e.g. cytotoxicity). 

Several antioxidants with the capacity to bind to 
LDL have been shown to effectively inhibit lesion 
development in experimental animals. The drug 
probucol (Fig. 2) is used clinically to lower plasma 
cholesterol levels, but it is also a hydrophobic 
antioxidant that binds to LDL and inhibits its 
oxidation in vitro as well as ex vivo. A number of 
studies have now shown that probucol significantly 
retards the development of atherosclerotic lesions 
in hypercholesterolemic rabbits and monkeys 
[20, 22]. Probucol also inhibits neointimal thickening 
and macrophage accumulation following balloon 
injury in cholesterol-fed rabbits [23]. It has been 
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Fig. 2. Compounds capable of inhibiting LDL oxidation. 

argued convincingly that the antiatherogenic effects 
of probucol are a result of its antioxidant properties 
rather than its effects on lipoprotein levels, although 
an analogue of probucol, as effective in inhibiting 
LDL oxidation as probucol, was considerably 
less effective in inhibiting the development of 
atherosclerotic lesions [24]. Studies with the 
antioxidant N,N'-diphenyl phenylenediamine 
(DPPD) are consistent with the concept that LDL 
oxidation is important in atherosclerosis [25]. DPPD 
(Fig. 2), a much more potent antioxidant than 
probucoi, prevented LDL oxidation and substantially 
retarded lesion development in hypercholesterolemic 
rabbits, but had little effect on iipoprotein levels. 
Unfortunately, DPPD is a mutagen and not 
of potential therapeutic utility. The antioxidant 
butylated hydroxytoluene (BHT) also retarded lesion 
development in hypercholesterolemic rabbits. 

A multilayer coculture of human aortic EC and 
SMC has proved particularly valuable for the study 
of iipoprotein oxidation [26]. SMCs are grown on a 
polycarbonate filter and allowed to produce a large 
quantity of extracellular matrix. On top of this are 
then seeded ECs, which are allowed to grow to 
confluency. The binding and entry of added blood 
monocytes into the coculture can be stimuated about 
5-fold by the addition of MM-LDL. This is due, at 
least in part, to the induction of MCP-1, since 
monocyte entry can be blocked by antibody specific 
for the protein. Moreover, prolonged incubation 
(48 hr) of native LDL with the coculture, in the 
presence of serum, results in the production of 

bioactive MM-LDL, which can be recovered from 
the medium. It appears that the subendothelial 
microenvironment in these cocultures is 6epleted of 
antioxidants found in serum, thus allowing lipid 
peroxidation resulting from interaction with reactive 
oxygen species (ROS) produced by vascular cells.The 
MM-LDL produced by cocultures is remarkably 
similar to native LDL in its physical properties. 
Recent physical separations have suggested that the 
bioactive component in such MM-LDL is an oxidized 
phospholipid [27]. 

The induction of monocyte entry into cocultures 
incubated with LDL provides a rapid and sensitive 
assay for factors affecting LDL oxidation. These 
studies have revealed that a wide range of 
antioxidants, including probucol and tocopherol, 
partially or totally block LDL oxidation. Subfractions 
of high density lipoproteins (HDL), including HDL2 
but not HDL3, also effectively blocked monocyte 
entry, suggesting that in oivo HDL may function in 
preventing LDL oxidation as well as reverse 
cholesterol transport. These studies have also 
revealed that a new class of anti-inflammatory 
compounds termed "leumedins" (Fig. 2) may be 
useful in inhibiting lipoprotein modification [28]. In 
the coculture system, they block LDL-induced 
monocyte transmigration almost totally at con- 
centrations of 15-30 luM. Like probucol, leumedins 
bind strongly to LDL, and LDL isolated from 
animals injected with leumedins was remarkably 
resistant to modification. 

It should be noted that antioxidants may also 
inhibit lipoprotein oxidation by preventing the 
release of cellular reactive oxygen species. In the 
coculture system, inhibitors of the cycloxygenase 
pathway (aspirin and indomethacin) and the anti- 
inflammatory agent dexamethasone partially blocked 
LDL modification. Similarly, preincubation of cells 
with leumedin prior to addition of LDL blocked 
monocyte transmigration [28]. It is likely that the 
extensive oxidation of LDL in vivo is due, in part, 
to monocyte/macrophages that have entered the 
artery wall since activated macrophages produce 
relatively large amounts of ROS. The identification of 
cellular or lipoprotein-associated proteins mediating 
lipoprotein oxidation is of considerable interest, 
smce this would make feasible the design and 
screening of potential pharmacologic inhibitors. For 
example, studies have suggested that 15-1ipoxygenase 
may produce lipid peroxides capable of promoting 
LDL oxidation [6]. Also, the enzyme 5-1ipoxygenase 
metabolizes arachidonic acid to various leukocyte 
chemotactic agents. Based on current knowledge of 
the mechanism of 5-1ipoxygenase, several classes of 
inhibitors of the enzyme have been proposed [29]. 

A reduction in the levels of oxidized lipoproteins 
in the intima would also likely be achieved by 
preventing the excessive transport of LDL (and 
other atherogenic lipoproteins) to the intima and by 
reducing the retention of LDL in the intima. 
Since hyperlipidemia stimulates artery wall lipid 
accumulation, it is likely that the flux of LDL into 
the intima is of importance. This can be decreased 
by reducing the levels of blood lipoproteins by 
dietary or hypolipidemic drug treatments. The 
increased permeability of the endothelial barrier to 
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LDL is also a contributing factor. Studies with 
animal models have revealed that regions of the 
normal artery that are likely to develop lesions are 
especialy permeable to dyes. This permeability is 
probably determined in part by hemodynamic forces. 
Also, activated or injured endothelium is more 
permeable than resting endothelium. In heart 
transplant atherosclerosis, autoimmune mediated 
activation of the endothelium is likely to contribute 
to increased endothelial permeability, as well as 
altered eicosanoid, growth factor, and cytokine 
expression. It is possible that the accumulation of 
oxidized lipids could be slowed by anti-inflammatory 
agents that decrease endothelial permeability. 
Animal studies have shown that the retention of 
LDL in the artery wall is greatly increased in 
atherosclerotic lesions as compared with normal 
artery. This may reflect the alteration and increased 
proliferation of connnective tissue in atherosclerosis. 
Recent studies involving injection of labeled 
lipoproteins have revealed that the atherogenic 
Lp(a) particle accumulates to a much greater extent 
than LDL both in normal arteries and atherosclerotic 
lesions of mice, which may explain, in part, its 
atherogenic potential [30]. Also, homocysteine has 
been shown to greatly increase the binding of Lp(a) 
to fibrin, providing a possible explanation for 
the finding that moderate elevations in blood 
homocysteine predispose to premature athero- 
sclerosis [31]. Whether similar specific interactions 
occur between LDL and collagen or other matrix 
components is unknown. 

Another potential pharmacologic target is the 
metabolism of highly oxidized lipoproteins by intimal 
macrophages. The precise mechanisms leading to 
rapid lipoprotein uptake are not yet certain, but 
substantial evidence suggests the involvement of the 
scavenger receptor, which recognizes the highly 
modified forms of LDL. A recent study suggests 
that SMC can also express the receptor, providing 
an additional link between oxidized lipoproteins and 
SMC alterations [32]. The scavenger receptor is 
modulated by interferon y (derived from T 
lymphocytes), and treatment of macrophages with 
interferon ), prevents foam cell formation in vitro 
[33]. The mobilization of cholesterol following 
macrophage uptake could potentially be altered by 
modulation of the activities of acid- and neutral- 
cholesterol hydrolases, resulting in reduced depo- 
sition of cholesterol esters. 

The inhibition of lipoprotein oxidation in the 
artery wall is one of the most attractive strategies 
for pharmacologic intervention in atherosclerosis. 
Lipoprotein oxidation does not occur to a detectable 
extent in normal artery and, thus, inhibition of LDL 
oxidation is unlikely to have deleterious side-effects. 
There is also a large body of information relevant 
to the properties of agents that inhibit LDL 
oxidation. Moreover, studies with some antioxidants 
are consistent with the concept that inhibition of 
lipoprotein oxidation will retard the development of 
early atherosclerotic lesions. Inhibition of lipoprotein 
oxidation may also have beneficial effects on 
advanced atherosclerotic lesions since foam cells 
appear to contribute to lesion growth and instability. 
It seems likely that antioxidants more potent than 
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probucol, exhibiting desirable characteristics with 
respect to absorption, nontoxicity, metabolism, and 
localization (including within the LDL particle), will 
be identified in the near future. The coculture system 
described above may provide a sensitive, semi- 
physiologic initial screen for such agents. Maximal 
inhibition of the accumulation of oxidized LDL in 
the artery wall would probably best be achieved 
using a combination of pharmacologic agents, 
such as a hypolipidemic agent (reducing LDL 
accumulation in the artery) plus an antioxidant. 

Pharmacologic intervention in gene expression. The 
biologically active molecules mediating inflammatory 
gene activation by MM-LDL appear to be oxidized 
phospholipids [27], although their identity is 
unknown. The activity in copper oxidized LDL 
responsible for the induction of macrophage 
interleukin-lfl appears to be due, in part, to 
the linoleate oxidation products 9- and 13- 
hydroxyoctadecadienoic acid (9-HODE and 13- 
HODE) [34]. Some studies suggest that oxidized 
lipids are general mediators of inflammation, not 
restricted to the artery wall. For example, injection 
of MM-LDL into mice induced inflammatory genes 
in a variety of tissues, including liver, and hepatic 
lipid accumulation in response to hyperlipidemia 
resulted in the activation of the same set of genes 
as MM-LDL injection [35]. Oxidized LDL is known 
to induce a large number of inflammatory genes 
(Table 1), and the list is surely far from 
complete. Several are "immediate early genes" whose 
transcription is rapidly activated, even in the presence 
of inhibitors of protein synthesis. The activation of 
at least some of the genes appears to be determined, 
in part, by the transcription factor NF-xB. C/s- 
elements for NF-rB are present in a number of the 
genes (SAA, MCP-1/JE, tissue factor, M-CSF), and 
NF-xB is activated by MM-LDL in tissue culture 
and by hepatic lipid accumulation in vivo [35]. NF- 
rB is normally present as an inactive trimer in the 
cytoplasm and is activated by an intracellular 
signalling pathway that involves reactive oxygen 
species. This results in the dissociation of an 
inhibitory subunit and the transport of the active 
dimer into the nucleus. Thus, protein synthesis is 
not required for transcriptional activation. Strong 
evidence for the role of NF-xB in lipid peroxide 
mediated gene induction has been obtained from 
genetic studies showing a correspondence between 
NF-xB induction and inflammatory gene activation 
in reponse to hyperlipidemia among inbred strains 
of mice [35]. Consistent with this conclusion is the 
observation that MM-LDL results in cellular 
oxidative stress as judged by the induction of heine 
oxygenase and glutathione transferase (Table 1). 
The signalling pathways by which the various forms 
of oxidized LDL modulate gene expression are not 
as yet well understood. Many of the genes induced 
by MM-LDL are also activated by bacterial 
lipopolysaccharide (LPS) and tumor necrosis factor 
(TNF), suggesting the possibility of common 
signalling pathways. There are,however, some clear 
differences in gene induction; for example, whereas 
LPS induces EC to express adhesion molecules 
for both neutrophils and monocytes, MM-LDL 
specifically induces monocyte adhesion [36]. 
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Table 1. Genes induced by oxidized LDL 

Gene (cell type) Properties and functions of protein 

Monocyte adhesion molecules 
(endothelial cells) 

M-CSF (endothelial cells, fibroblasts) 

MCP-1/JE (endothelial cells, monocytes, 
fibroblasts, smooth muscle cells) 

KC/gro (endothelial cells, fibroblasts) 
IL-lfl (macrophages) 

Serum amyloid A (SAA) family 
(hepatocytes, macrophages) 

Glutathione transferase (multiple) 

Granulocyte-macrophage CSF and 
granulocyte CSF (endothelial cells) 

Tissue factor (monocytes, smooth 
muscle cells) 

Heme oxygenase 

The identity of the molecules responsible for monocyte binding 
in response to oxidized LDL is unknown. 

A growth and differentiation factor for monocytes, expressed at 
high levels in atherosclerotic lesions. 

MCP-1 and its mouse homologue, JE, are encoded by early 
response genes and are monocyte chemoattractants. MCP- 
1/JE are expressed at high levels in atherosclerotic lesions. 

A primary response gene of unknown function. 
A cytokine that plays a role in the induction of many 

inflammatory responses. 
A family of acute phase reactant proteins that bind to HDL. 

An enzyme involved in the removal of lipid peroxide by the 
glutathione pathway. 

Growth and differentiation factors for granulocyte and 
macrophage progenitor cells. 

A membrane protein primarily responsible for the initiation of 
the coagulation cascade. 

The rate-limiting enzyme in the degradation of heme, a potent 
prooxidant. 

Of the genes known to be induced by oxidized 
lipids (Table 1), IL-lfl is clearly an attractive target 
for pharmacologic intervention, since it activates 
endothelium and promotes SMC proliferation. 
Inhibition of expression of monocyte adhesion 
molecules and MCP-1 would also likely inhibit lesion 
development, since monocytes are likely to contribute 
to the proinflammatory state. As mentioned above, 
however, the identity of the relevant adhesion 
molecules remains to be determined. The effect of 
inhibition of M-CSF on atherosclerosis is uncertain. 
One could also consider inhibiting proteins involved 
in the signalling pathways mediating inflammatory 
gene induction. For example, inhibition of tran- 
scription factor NF-rB expression would likely block 
the activation of several of the genes known to be 
induced by oxidized forms of LDL. 

Some possible approaches for pharmacological 
mediation of cytokine functions have been reviewed 
[37]. In principle, the production of a cytokine could 
be blocked at any stage in its realization-- 
transcription, translation, cellular release, 
processing, or action: (1) Transcriptional down- 
regulation of cytokines could be achieved through 
the use of natural mediators (for example, 
glucocorticoids inhibit the expression of certain 
endothelial adhesion molecules) or the use of 
synthetic molecules. Gene transcription has also 
been blocked through the use of double-stranded 
phosphorothioate oligonucleotides corresponding 
to important c/s-elements (for example, oligo- 
nucleotides containing the NF-rB consensus 
sequence could be considered), although it is 
presently unclear how delivery of such compounds 
would be achieved. Rapid screening of substances 
influencing gene transcription has been achieved 
through the use of cells containing appropriate 
promoter sequences ligated to sensitive reporter 
genes such as luciferase. (2) Cytokine translation 

could be blocked by antisense sequences or 
ribozymes; for example, antisense oligonucleotides 
for IL-1 have been shown to block inflammatory 
responses. Recent studies suggest that phos- 
phorodithioate DNA is likely to have therapeutic 
potential [38]. (3) A number of cytokines are 
exported from cells by a novel secretory pathway 
or require proteolytic processing for activation, 
providing an opportunity to specifically interfere 
with the secretion or activation. (4) The action of 
cytokines could be blocked by antibodies, synthetic 
receptor derivatives or other substances identified 
in screening assays. Some of the difficulties associated 
with the use of antibodies may be circumvented by 
the development of mice reconstituted with a human 
immunoglobulin system. It is noteworthy that 
antibodies have effectively retarded restenosis 
following balloon injury in experimental animals. 
(5) Finally, it may be possible to block the action of 
cytokines by intervention in the signal transduction 
pathways of target cells. 

As techniques for in vioo gene insertion into 
artery wall cells continue to improve, it may be 
possible to express genes that alter the balance of 
cytokine-eicosanoid "cross talk" from an atherogenic 
to an antiatherogenic state. Low efficiency, transient 
gene insertion into artery wall has been achieved, 
and new techniques, such as adenovirus based 
methods, are likely to greatly improve transfection 
efficiencies [39]. Such measures would only be 
temporary, since the expression of the transfected 
DNA would likely not be expressed for more than 
weeks to months. Permanent insertion, requiring 
integration into the genome, would probably best 
be achieved by the use of retrovirai vectors (reviewed 
in Ref. 40). Such retroviral gene insertion may be 
particularly applicable to the prevention of restenosis 
following angioplasty or accelerated athersclerosis 
following heart transplant. It could be performed 
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during the surgery, and such local therapy would be 
advantageous with respect to nonspecific influences 
and other risks. 

Overall, the possibilities for the modulation of 
expression of genes influencing atherosclerosis 
appears promising despite many uncertainties. 
Although the complexity of the interactions in 
atherosclerosis makes it difficult to predict the 
outcome, there are many opportunities to affect the 
homeostatic balance of the artery wall. Most 
likely, multiple pharmacologic interventions utilized 
together will prove most effective. 

Conclusions. Clearly, there are exciting possi- 
bilities for new pharmacologic intervention at the 
level of the artery wall. Several opportunities exist 
for inhibiting lipoprotein oxidation and vascular 
responses to oxidized lipoproteins, and a number of 
potentially useful drug screening strategies have 
been developed. Also, appropriate animal models 
such as the mouse and the rabbit are available for 
drug testing. Given the possibility of species specific 
pharmacologic effects, it seems prudent to study two 
or more animal species before proceeding with 
human trials. A major obstacle to the development 
of drugs acting at the level of the artery wall is likely 
to be human testing. Unlike trials with hypolipidemic 
drugs or hypertensive drugs, in which the effects can 
be quantitated within weeks, the measured endpoint 
in trials of drugs acting at the level of the artery wall 
would be lesion development (by quantitative 
angiography or a related technique) or myocardial 
infarction. This would require large numbers of 
subjects and many years. Although differing in some 
respects from most forms of atherosclerosis, 
transplant atherosclerosis and restenosis following 
angioplasty present particularly attractive oppor- 
tunities for drug intervention and testing. 
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