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MECHANISMS OF DISEASE

Inflammation, Atherosclerosis,
and Coronary Artery Disease

Géran K. Hansson, M.D., Ph.D.

ECENT RESEARCH HAS SHOWN THAT INFLAMMATION PLAYS A KEY ROLE

in coronary artery disease (CAD) and other manifestations of atherosclerosis.

Immune cells dominate early atherosclerotic lesions, their effector molecules
accelerate progression of the lesions, and activation of inflammation can elicit acute
coronary syndromes. This review highlights the role of inflammation in the pathogen-
esis of atherosclerotic CAD. It will recount the evidence that atherosclerosis, the main
cause of CAD, is an inflammatory disease in which immune mechanisms interact with
metabolic risk factors to initiate, propagate, and activate lesions in the arterial tree.

A decade ago, the treatment of hypercholesterolemia and hypertension was expect-
ed to eliminate CAD by the end of the 20th century. Lately, however, that optimistic pre-
diction has needed revision. Cardiovascular diseases are expected to be the main cause
of death globally within the next 15 years owing to a rapidly increasing prevalence in
developing countries and eastern Europe and the rising incidence of obesity and diabetes
in the Western world.* Cardiovascular diseases cause 38 percent of all deaths in North
America and are the most common cause of death in European men under 65 years
of age and the second most common cause in women. These facts force us to revisit
cardiovascular disease and consider new strategies for prediction, prevention, and
treatment.

MAIN FEATURES OF ATHEROSCLEROTIC LESIONS

Atherosclerotic lesions (atheromata) are asymmetric focal thickenings of the innermost
layer of the artery, the intima (Fig. 1). They consist of cells, connective-tissue elements,
lipids, and debris.? Blood-borne inflammatory and immune cells constitute an impor-
tant part of an atheroma, the remainder being vascular endothelial and smooth-muscle
cells. The atheroma is preceded by a fatty streak, an accumulation of lipid-laden cells
beneath the endothelium.? Most of these cells in the fatty streak are macrophages, to-
gether with some T cells. Fatty streaks are prevalent in young people, never cause symp-
toms, and may progress to atheromata or eventually disappear.

In the center of an atheroma, foam cells and extracellular lipid droplets form a core
region, which is surrounded by a cap of smooth-muscle cells and a collagen-rich matrix.
T cells, macrophages, and mast cells infiltrate the lesion and are particularly abundant
in the shoulder region where the atheroma grows.>*> Many of the immune cells exhibit
signs of activation and produce inflammatory cytokines.>™®

Myocardial infarction occurs when the atheromatous process prevents blood flow
through the coronary artery. It was previously thought that progressive luminal nar-
rowing from continued growth of smooth-muscle cells in the plaque was the main
cause of infarction. Angiographic studies have, however, identified culprit lesions that
do not cause marked stenosis,® and it is now evident that the activation of plaque rather
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Figure 1. Atherosclerotic Lesion in a Human Artery.

Panel A shows a cross-sectioned coronary artery from a patient who died of a massive myocardial infarction. It contains an occlusive throm-
bus superimposed on a lipid-rich atherosclerotic plaque. The fibrous cap covering the lipid-rich core has ruptured (area between the arrows),
exposing the thrombogenic core to the blood. Trichrome stain was used, rendering luminal thrombus and intraplaque hemorrhage red and
collagen blue. Panel B is a high-power micrograph of the area in Panel A indicated by the asterisk and shows that the contents of the athero-
matous plaque have seeped through the gap in the cap into the lumen, suggesting that plaque rupture preceded thrombosis (the asterisk in-
dicates cholesterol crystals). (Panels A and B courtesy of Dr. Erling Falk, University of Aarhus, Aarhus, Denmark.) Panel C illustrates the con-
sequences of the activation of immune cells in a coronary plaque. Microbes, autoantigens, and various inflammatory molecules can activate
T cells, macrophages, and mast cells, leading to the secretion of inflammatory cytokines (e.g., interferon-y and tumor necrosis factor) that re-
duce the stability of plaque. The activation of macrophages and mast cells also causes the release of metalloproteinases and cysteine proteas-
es, which directly attack collagen and other components of the tissue matrix. These cells may also produce prothrombotic and procoagulant
factors that directly precipitate the formation of thrombus at the site of plaque rupture.

than stenosis precipitates ischemia and infarction bosis: plaque rupture and endothelial erosion.
(Fig. 1). Coronary spasm may be involved to some Plaque rupture, which is detectable in 60 to 70 per-
extent, but most cases of infarction are due to the centofcases, is dangerous because it exposes pro-
formation of an occluding thrombus on the sur- thrombotic material from the core of the plaque —
face of the plaque.® phospholipids, tissue factor, and platelet-adhesive

There are two major causes of coronary throm- matrix molecules — to the blood (Fig. 1). Ruptures
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preferentially occur where the fibrous cap is thin and
partly destroyed. At these sites, activated immune
cells are abundant.” They produce numerous in-
flammatory molecules and proteolytic enzymes that
can weaken the cap and activate cells in the core,
transforming the stable plaque into a vulnerable,
unstable structure that can rupture, induce a throm-
bus, and elicit an acute coronary syndrome (Fig. 1).
To understand how this can happen, we need to
identify the key steps leading from a normal artery
wall to a rupture-prone atherosclerotic plaque.
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of the gene for apolipoprotein E (apoE-knockout
mice) leads to severe hypercholesterolemia and
spontaneous atherosclerosis. Atherosclerosis also
develops in mice lacking low-density lipoprotein
(LDL) receptors, especially when the mice are fed a
fatty diet. One can use these knockout mice to study
the relationship between hypercholesterolemia and
atherosclerosis and to assess the effects of other
genes and gene products on these conditions. By
mating these mice with knockout mice lacking im-
munoregulatory genes, it is possible to clarify the
role of immunologic and inflammatory mecha-
nisms in atherosclerosis. Obviously, the findings in
such models must be corroborated, as much as pos-
sible, by studies of human cells and tissues. Our cur-
rent understanding of atherosclerosis therefore
rests on a combination of research in animals and
cell cultures, analysis of human lesions, clinical in-
vestigations of patients with acute coronary syn-
dromes, and epidemiologic studies of CAD.

LIPOPROTEIN RETENTION AND ACTIVATION
OF IMMUNE CELLS

Role of Endothelial Activation, Adhesion Molecules,
and Chemokines

Studies in animals and humans have shown that
hypercholesterolemia causes focal activation of en-
dothelium in large and medium-sized arteries. The
infiltration and retention of LDL in the arterial inti-
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Figure 2. Activating Effect of LDL Infiltration on Inflammation in the Artery.
In patients with hypercholesterolemia, excess LDL infiltrates the artery and is
retained in the intima, particularly at sites of hemodynamic strain. Oxidative
and enzymatic modifications lead to the release of inflammatory lipids that
induce endothelial cells to express leukocyte adhesion molecules. The modi-
fied LDL particles are taken up by scavenger receptors of macrophages, which
evolve into foam cells.

ma initiate an inflammatory response in the artery
wall'>14 (Fig. 2). Modification of LDL, through ox-
idation or enzymatic attack in the intima, leads to
the release of phospholipids that can activate endo-
thelial cells,* preferentially at sites of hemodynam-
ic strain.® Patterns of hemodynamic flow typical for
atherosclerosis-prone segments (low average shear
but high oscillatory shear stress) cause increased
expression of adhesion molecules and inflamma-
tory genes by endothelial cells.*® Therefore, hemo-
dynamic strain and the accumulation of lipids may
initiate an inflammatory process in the artery.

The platelet is the first blood cell to arrive at the
scene of endothelial activation. Its glycoproteins
Ib and IIb/IIIa engage surface molecules on the en-
dothelial cell, which may contribute to endothelial
activation. Inhibition of platelet adhesion reduces
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