Pathogenesis of Atherosclerotic Lesions

Cellular Characteristics
of Atherosclerotic Lesions

Atherosclerosis actively remodels the luminal aspect of
arterial tissue. The disease leads to progressive arterial
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occlusion and sets the stage for acute formation of a
thrombus that causes overt clinical manifestations of this
disease. Defining the cellular characteristics of atheroscle-
rotic lesions has been difficult using traditional histologi-
cal techniques because of the gross distortion of morpho-
logical markers that occurs with progression of the
disease. This problem has now been overcome with the
development of cell-specific antibodies that can be used in
immunocytochemical studies. However, the evolution of
cellular change in atherosclerosis has not been fully de-
fined in human subjects. A large multicenter trial, the
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Pathobiological Determinants of Atherosclerosis in Youth
(PDAY), is analyzing aortas and right coronary arteries
from males aged 15-34 yr who have died from trauma or
violence (1). Completion of PDAY should clarify the se-
quential cellular changes that characterize the evolution of
human atherosclerotic lesions. In the absence of such large
trials, determination of the characteristics of evolving ath-
erosclerotic lesions is compromised by several factors,
including complexity of the changes, slow course of de-
velopment of the disease, and shortcomings of currently
available imaging modalities that do not permit sequential
characterization of lesions in an individual. Thus, human
atherosclerotic tissue can only be characterized at a single
stage that is generally late in the disease process. Conse-
quently, much information of the cellular evolution of
atherosclerotic lesions has been derived from animal ex-
periments where tissue can be obtained at selected stages
throughout the disease process (2, 3).

Although the cellular characteristics of atherosclerotic
lesions are complex and therefore difficult to classify,
three major categories of lesions are commonly considered
and are represented in Fig. 1. These categories are 1) faity
streaks, 2) fibrolipid lesions, and 3) complicated lesions.

Lesions can be placed generally into these three broad
categories. However, their complexity is such that there
can be no absolute differentiation between classes. In ad-
dition, not all lesions within a category are in the same
stage of development in an individual, and all three cate-
gories of atherosclerotic lesions may coexist in the same
artery. As an example of the marked heterogeneity that can
exist within a single vascular bed, Davies (4) determined
the cellular and biochemical features of eight separate
atherosclerotic lesions present in one right coronary artery
from a single subject. The data from this study demon-
strated that lesions containing virtually no lipid exist in the
same area as lesions that are over 50% lipid. This heter-
ogeneity emphasizes the role of local mediators of the
disease, in addition to generalized factors that may need to
be present in the plasma.

Fatty Streaks—Initiator Lesion of Atherosclerosis?

There have been dramatic changes in hypotheses of how
atherosclerosis lesions initiate and then mature. The initial
response-to-injury theory (5) proposed that many factors
including mechanical injury, viral damage, hypercholes-
terolemia, or homocysteinemia caused overt damage to the
endothelium leading to frank denudation. Denudation
would expose the extracellular matrix, thereby providing a
thrombogenic substrate for platelet adhesion. Increased
adhesion of large numbers of platelets would then lead to
the local release of platelet-derived growth factor (PDGF)
that would stimulate smooth muscle proliferation. This
theory, however, was based on pathology data derived
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FIGURE 1. Diagram of postulated progression of cellular
components in atherosclerotic lesions. Top, these early ath-
erosclerotic lesions are characterized by an intact endothe-
lium that commonly has a distorted morphology with the
presence of many adherent leukocytes. Within the suben-
dothelial space there are abundant monocyte-derived mac-
rophages that are in progressive states of cholesterol ester
engorgement. Middle, classically defined atherosclerotic le-
sion. Endothelium is still intact, although may be markedly
thinned. Leukocytes are adherent to the luminal aspect of
the lesion, but they tend to be focally accumulated at the
shoulder region at the site where the diseased tissue is ad-
jacent to the morphologically normal tissue. Beneath the
endothelium is a fibrous layer containing disaggregated
smooth muscle cells that are embedded in a regions highly
enriched in extracellular matrix components. Smooth mus-
cle cells arise by migration from the media through the
fenestrated internal elastic lamina. Fibrous cap covers a
necrotic area containing cellular debris and extracellular
lipid. Bottom, atherosclerotic lesions progress to many ad-
vanced stages that exhibit complications such as calcifica-
tion, ulceration, and thrombosis. Thrombotic events repre-
sent the major acute life-threatening effect in the
progression of atherosclerotic lesions. From Daugherty and
Jack (54) with permission.

from poorly preserved tissue sections that resulted in ar-
tifactual changes, such as endothelial denudation. The re-
finement of preservation techniques and the completion of
several longitudinal animal studies has shown that in areas
overlying the developing atherosclerotic lesions there is
generally no frank endothelial denudation until the later
stages of lesion development (6).

Although endothelium may not be overtly damaged in
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areas of atherosclerotic lesion formation, there may be
functional changes in specific regions of the arterial wall.
The earliest functional change in the evolution of athero-
sclerotic lesions is thought to be enhanced leakiness of the
endothelium in lesion-prone areas. Increased permeability

The earliest functional

change...may be enhanced
\, leakiness of endothelium in

lesion-prone areas.

in lesion-prone areas has been shown dramatically in an-
imal studies after the injection of Evans blue dye (7).
Evans blue dye binds to albumin and is cleared slowly
from the plasma compartment. Dye accumulates in lesion-
prone sites but does not penetrate into most areas of the
arterial lumen. This increased permeability in selected re-
gions presumably leads to an accumulation of cholesterol
in the subendothelial space. There is also increased accu-
mulation of albumin, fibrinogen, and low density lipopro-
teins (LDL) at these sites (8, 9). This increased accumu-
lation appears to be caused by an augmentation in
pinocytotic vesicles that act as transporters of macromol-
ecules across the continuous endothelial monolayer. In
addition to functional changes, the appearance of the endo-
thelial cells at atherosclerosis-prone sites is altered. In
areas resistant to atherosclerosis lesions, endothelial cells
are elongated in the direction of flow, whereas in the
disease-prone areas, cells are large, cuboidal, and not ori-
ented in the direction of blood flow.

After these early changes in increased endothelial per-
meability is a clustering of monocytes at specific arterial
locations. The mechanism for this clustering of monocytes
on the endothelial surface is unknown, but may be initiated
by the expression of a chemotactic factor. In addition to
this chemotactic factor, there must be a mechanism caus-
ing monocytes to adhere to the endothelium. The attach-
ment of leukocytes to endothelium is presumed to be due
to the presence of adhesion proteins, such as vascular cell
adhesion molecule-1 (10). After attachment to the endo-
thelial surface, monocytes extend tentacle-like structures
termed lamellipods to probe the surface for junctional
areas. Monocytes then undergo diapedesis through the in-
tact endothelial monolayer and enter the subendothelial
space.

Macrophages may be recruited to the subendothelial
space to remove excessive deposits of lipoprotein-derived
cholesterol. Macrophages metabolize a range of lipopro-
teins but, most significantly, can metabolize certain mod-
ified lipoproteins in an unregulated manner. Unabated me-
tabolism of modified lipoproteins by macrophages leads to
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excessive deposition of cholesterol esters until the cells are
so engorged that they have a “foamy” appearance. The
accumulation of “macrophage-foam cells” results in the
appearance of a fatty streak. Fatty streaks are characterized
by a thickening of the intimal region of the artery mainly
composed of monocyte-derived macrophages that contain
increased stores of intracellular cholesterol in regions cov-
ered by an intact endothelial monolayer.

There is considerable debate over whether fatty streaks
are the precursors of more complex atherosclerotic lesions.
Fatty streaks are common in humans and occupy between
30 and 50% of the total intimal area of the aorta in most
young adults. There are two key arguments against fatty
streaks being precursors of complex atherosclerotic le-
sions. First, fatty streaks are present throughout the entire
human aorta, yet only the abdominal aorta is prone to
complex atherosclerotic lesions. Second, fatty streaks are
ubiquitous in all races, whereas complex atherosclerotic
lesions are widespread only in individuals living in indus-
trialized Western societies. Of course, fatty streaks may be
the precursor to complex lesions, but not all fatty streaks
may develop into these lesions. However, there are no
distinguishing characteristics between fatty streaks that
mature into fibrolipid lesions vs those that stay in this
immature form of an atherosclerotic lesion.

- There are no known clinical manifestations of fatty le-
sions, and they are not readily detectable by currently
available, noninvasive methods in humans. If fatty streaks

Fatty lesions are not readily
detectable by noninvasive

\./ methods and have no known
clinical manifestations.

are the precursors of advanced lesions, they may have
profound importance as potential targets for pharmaco-
logic interventions, since they are more likely to regress
rapidly compared with advanced lesions.

Fibrolipid Lesions

The next step in the evolution of the atherosclerotic
lesion is the fibrolipid, or raised, lesion. The lesions have
a grossly whitish appearance and may protrude into the
lumen of the artery. Fibrolipid lesions are distinguished by
two morphological components; one being a fibrous cap of
smooth muscle cells and abundant extracellular matrix and
the other a lipid-rich core region consisting of cellular
debris.

Progression of atherosclerotic lesions to fibrolipid le-
sions is associated with increased extracellular lipid. Ex-
tracellular lipid accumulation may be caused by the direct
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deposit of lipoproteins trapped by interaction with col-
lagen and proteoglycans. Alternatively, extracellular lipid
deposition may arise from the death of foam cells. Small
(11) has proposed that, within fibrolipid lesions, there is a
stratified and sequential distribution of lipid deposits. The
initial deposits of intracellular cholesterol ester droplets
are present in macrophages just below the endothelium.
Deeper into the lesion, there are metabolically inert forms
of extracellular cholesterol associated with the phospho-
lipids of cell membranes. The most mature form of cho-
lesterol is present in a crystalline structure at the base of
the lesion.

In addition to alterations in the intima, changes have
also been observed in the media and adventitia of the areas
overlying fibrolipid lesions. Thinning of the media is com-
mon and may be caused by atrophy from decreased nutri-
ent delivery. Under normal circumstances, the nutritional
requirements of the inner third of the media are derived
from the lumen; in the event of intimal thickening, the
increased diffusion barrier could compromise the media
and result in thinning.

Complicated Atherosclerotic Lesions

The fibrolipid lesion may progress to form a compli-
cated lesion. Complicated lesions are characterized by di-
verse events including necrosis, calcification, and mural
thrombosis. The mechanisms causing necrosis and calci-
fication are unknown but are probably not present in le-
sions that are likely to cause acute ischemic events. Thus,
although highly necrotic and calcified lesions may com-
promise the luminal dimensions of an artery, they are
probably metabolically inactive and may be quite stable.
The ability of atherosclerotic lesions to serve as substrates
for thrombosis is responsible for the acute manifestations
of the disease.

Mediators of Cellular Changes in
Atherosclerotic Lesions

There have been many hypothesized mediators of the
cellular changes that occur during evolution of atheroscle-
rotic lesions. Until recently, lipoproteins have been con-
sidered the prime mediators of atherogenesis, although
there is a growing awareness of the inflammatory compo-
nents of the disease. This section will discuss evidence for
each of these components and the possible interactions. A
summary of the potential mediators of atherogenesis is
shown in Fig. 2.

Lipoprotein Mediated Events

Elevated plasma concentrations of LDL cholesterol
have long been associated with increased incidence and
severity of atherosclerotic lesions. However, the discovery
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FIGURE 2. Representation of a working hypothesis for bio-
chemical and cellular events in development of atheroscle-
rotic lesions. Entry of LDL into specific regions of arterial
tissue is facilitated by transcytosis through endothelial cells.
Residence time of LDL in the subendothelial space is pro-
tracted because of trapping by extracellular elements such
as proteoglycans. Increased residence time increases poten-
tial for modification by oxidation (OxLDL). Medest oxida-
tion leads to increased monocyte adhesion to endothelium,
and the release of cytokines such as MCP-1 and M-CSF-1.
After adhesion to endothelial surface, monocytes pass into
the subendothelial space and are differentiated into mac-
rophages. Macrophages become progressively engorged
with cholesterol esters derived from modified lipoproteins
that have been highly oxidized. Release of cytokines such as
PDGF from macrophages may participate in migration of
smooth muscle cells from the media and their proliferation
within the intima. Continued accumulation of cholesterol
esters by macrophages leads to formation of foam cells.
SMC, smooth muscle cells. From Daugherty and Jack (54)
with permission.

of LDL receptors by Goldstein and Brown (12) created a
paradox, since they described the tightly controlled hemo-
static mechanism that negates the cellular cholesterol ester
loading that is characteristic of atherosclerotic lesions. To
explain this paradoxical cholesterol ester loading, it was
proposed that native LDL was damaged to a form that was
recognized by macrophages. Goldstein et al. (13) per-
formed a series of chemical modifications of apolipopro-
tein B, the only protein component of LDL. Acetylation of
the lysine residues of LDL inhibited interaction with the
LDL receptor but markedly increased the interaction with
macrophages. Binding and internalization of acetylated
LDL by macrophages was mediated by specific receptors
that were termed scavenger receptors. Although it was
realized that acetylation of LDL was unlikely in vivo, it
was hypothesized that similar mechanisms may mediate
foam cell formation. Fogelman et al. (14) subsequently
demonstrated modification of LDL using malondialdehyde
(MDA), a physiologically available substrate released dur-
ing platelet activation. Thus, the modification of LDL in
vivo would lead to decreased LDL uptake by LDL recep-
tors in the liver and increased uptake by macrophages.
Interest in oxidative modifications of LDL that result in
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scavenger receptor recognition has stemmed largely from
the studies conducted by Steinberg and colleagues (15).
The initial observation that focused attention on oxidation
was that incubation of LDL with cultured endothelial cells
led to avid metabolism when this LDL was subsequently
incubated with cultured macrophages (15). In addition to
endothelial cells, many cell types have now been found to
modify LDL by oxidation including smooth muscle cells
(16) and macrophages (17). Thus, all the major cell types
present in atherosclerotic lesions modify LDL in vitro.
Lipoproteins can also be modified in analogous manner by
incubation with transition metal ions such as copper and
iron. The relevance of transition ion-mediated oxidation to
a pathophysiology is uncertain since free metal ions are
undetectable under normal conditions. Indeed, copper and
iron metal ions bind with very high affinity to ceruloplas-
min and transferrin, respectively, as well as albumin,
which is the most abundant protein in plasma.

LDL incubated with either cells or transition metal ions
undergoes oxidation causing multiple changes to both the
lipid and protein moieties. These changes include 1) per-
oxidation of lipid, 2) cleavage of apo-B, 3) derivatization
of lysine residues of apo-B by fatty acids, 4) relative lipid
composition changes, and 5) increased lysophospholipid
content.

Although there are numerous descriptions of the chem-
ical and biological changes that oxidation imparts on li-
poproteins, the challenge has been to determine whether
these have any relevant mechanisms in vivo. The presence
of oxidized lipoproteins in vivo has been detected by two
methods that are either extraction of lipoproteins or im-
munocytochemistry. Daugherty et al. (18) extracted LDL-
like particles from atherosclerotic aortas of Watanabe her-
itable hyperlipidemic (WHHL) rabbits, an animal model
for LDL receptor deficiency. The isolated LDL particles
were modestly oxidized as determined by the nonspecific
assay for thiobarbituric acid reacting substances and had
changes in chemical composition, phospholipid composi-
tion, and apolipoprotein B fragmentation that were con-
sistent with oxidative modification. These data were con-
firmed by Palinski et al. (19), who also demonstrated the
presence of specific oxidized lipid species, namely MDA
and 4-hydroxynonenal on the apolipoprotein B of the ex-
tracted LDL. Haberland et al. (20) generated a monoclonal
antibody that recognized the MDA-lysine adduct that is
formed during oxidation. This antibody recognized re-
gions of atherosclerotic lesions from WHHL rabbits that
also contained substantial amounts of apolipoprotein B.
Other antibodies have subsequently been generated that
recognize MDA-lysine, hydroxynonenal-lysine, and
epitopes specific to oxidized LDL and have all demon-
strated reactivity with epitopes in atherosclerotic lesions
from WHHL rabbits (21, 22).

While the presence of oxidized lipoproteins in athero-
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sclerotic tissue is important to provide an associative link
to the production of atherosclerosis, it does not establish a
causal link to the atherogenic process. To determine the
pivotal role of oxidation in the development of atheroscle-
rotic lesions, several studies have been completed in
WHHL rabbits administered probucol chronically. Probu-
col is a modestly effective hypocholesterolemic drug that
is a potent antioxidant, structurally related to butylated
hydroxytoluene. Administration of probucol to young
WHHL rabbits reduces the severity of atherosclerotic le-
sions (23) by a mechanism independent of the hypocho-
lesterolemic effect (24). The drug also reduces the extent
of lipid deposition when administered to mature WHHL
rabbits with established atherosclerotic lesions (25). Thus,
it appears that oxidation of LDL is fundamental both to the
initiation and progression of atherosclerotic lesions.
Despite the immense potential importance, the precise
mechanisms responsible for lipoprotein modification have
not been defined. Parthasarathy et al. (26) have proposed
that 15-lipoxygenase generates oxygen radicals that mod-
ify LDL, largely based on studies with pharmacological
inhibition of the enzyme. However, the validity of this
assumption has been challenged by Sparrow and Ol-
szewski (27) who contend that the beneficial effects of
15-lipoxygenase inhibitors are due to ancillary effects of
the drugs rather than specific inhibition of the enzyme.

Immunological Components
of Atherosclerotic Lesions

Although there has been intense focus on the role of
lipoproteins in the development of atherosclerotic lesions,
there is now considerable interest in viewing the disease as
a chronic inflammatory process. The prominence of mac-
rophages within atherosclerotic lesions indicates a nonspe-
cific inflammatory response. Recently, T lymphocytes
have been demonstrated at all stages of progression in fatty
streaks, fibrous lesions, and complicated lesions (28). The
shoulder region (ie, area of the lesion that is adjacent to the
normal vasculature) is particularly rich in both monocyte-
derived macrophages and T lymphocytes. T lymphocytes
are also present in high amounts, relative to macrophages,
in the fibrous cap that overlies the mature lesion but are
relatively scarce in the lipid core region (29).

The dominant subtype of lymphocyte in complicated
lesions of the carotid arteries are CD4-positive. CD4-pos-
itive lymphocytes are the inducers of antibody production
and regulate cell-mediated immune responses. CD8-posi-
tive lymphocytes are the predominant subtype in early
lesions such as fatty streak and intimal thickening. It has
been suggested that CD8-positive cells may be involved in
the initiation of lesion formation, with an increased ap-
pearance of CD4-positive cells as the disease progresses
(29).
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Involvement of Cytokines in Development of
Atherosclerosis

Cytokines appear to be important mediators of the in-
flammatory process in atherosclerotic tissue. Cytokines
are multifunctional secretory proteins and glycoproteins

Cytokines may be important
mediators of the inflammatory
process in atherosclerotic
tissue.

that act pleiotropically in that they have multiple effects on
growth and differentiation of various cell types. Cytokines
include interleukins, cytotoxic factors, interferons, colony-
stimulating factors, growth factors, and intercrines.

Effects of Cytokines on Smooth Muscle Cells

PDGF was implicated in the atherogenic process be-
cause of the original response-to-injury hypothesis in
which platelets were considered initiator cell types (3).
PDGF is also present in endothelial cells and macro-
phages. PDGF acts as a dimer of two chains, termed A and
B. Thus, PDGF can be present as the AA and BB ho-
modimer forms as well as the AB heterodimer. The dis-
tinction of PDGF into the A or B chains is important
because of their diverse biological effects. PDGF AA has
a strong mitogenic effect but is not as potent as either
PDGF AB or BB in promoting migration of smooth mus-
cle cells.

The distribution of PDGF mRNA in human atheroscle-
rotic tissue is nonrandom with both chains predominantly
present in mesenchymal-appearing intimal cells and endo-
thelium (30). mRNA for both A and B chains have been
detected in human atherosclerotic tissue, with the A chain
expressed mostly in smooth muscle cells and the B chain
expressed in macrophages (31). A recent study has deter-
mined the presence of mRNA for the A and B chains of
PDGF in segments of aorta that were excised from normal
and hypercholesterolemic pigtail monkeys. In hypercho-
lesterolemic monkeys, no changes were noted in the
mRNA for the A chain, but there was a marked increase in
expression of B chain (32). By using in situ hybridization,
PDGF B chain was found in mesenchymal-appearing cells
of atherosclerotic lesions, whereas areas that were rich in
foam cells did not elaborate PDGF-B. PDGF-B has also
been detected in lesions using immunocytochemistry in
both human samples obtained at surgery and from hyper-
cholesterolemic monkeys. PDGF-B was present in some
macrophages but not in foam cells. Therefore it would
appear that PDGF-B can be synthesized in macrophages
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that have recently entered the atherosclerotic lesion but
before excessive lipid loading.

The cellular secretion of PDGF may have a major effect
on recruiting smooth muscle cells from the medial region
of arteries into the intima. In addition, PDGF may induce
the proliferation of smooth muscle cells once they have
migrated to the intimal region.

Effect of Cytokines on Monocytes and
Macrophages

Recruitment of monocytes is a prominent feature
throughout the initiation and maturation of atherosclerotic
lesions. It has been proposed that monocyte chemoattrac-
tant protein-1 (MCP-1) may be important in the perpetu-
ation of the recruitment of monocyte-derived macrophages
into evolving atherosclerotic tissues. MCP-1 was origi-
nally detected in activated lymphocytes but is also the
major chemotactic agent secreted from endothelial cells
and smooth muscle cells in vitro. Yla-Herttula et al. (33)
demonstrated the presence of MCP-1 mRNA by in situ
hybridization in atherosclerotic lesions from cholesterol-
fed rabbits but not in the vasculature from control animals.
MCP-1 mRNA was also detected in macrophage-rich re-
gions of human atherosclerotic lesions. Immunocytochem-
ical studies have confirmed the presence of the MCP-1
protein at these sites in atherosclerotic tissue.

Monocyte colony-stimulating factor (M-CSF) enhances
proliferation and differentiation of monocytes and is re-
quired for survival and activation of monocytes and mac-
rophages. mRNA for M-CSF has been localized within
human fatty streaks by in situ hybridization (34). Local-
ization of the protein by immunocytochemistry of both
human and rabbit atherosclerotic lesions showed that M-
CSF is associated with extensive cell-associated staining
of macrophages and smooth muscle cells (35). Although it
is commonly assumed that M-CSF acts predominantly on
macrophages, recently M-CSF receptors have been de-
tected on smooth muscle cells derived from experimental
atherosclerosis (36).

Links between Lipoprotein Metabolism and
Immune System

Activation of the immune response may be related, in
part, to the lipid loading that is characteristic of athero-
sclerotic lesions. Cytokines may be particularly important
as regulators of receptor-mediated lipoprotein metabolism.
Cytokine regulation has been most actively studied for the
scavenger receptor that binds and internalizes oxidatively
modified lipoproteins. Although scavenger receptor activ-
ity is not modulated by cholesterol, its activity may be
up-regulated by substances such as M-CSF (37) and down-
regulated by lymphokines (38), interferon-y (39, 40),
transforming growth factor-B (41), and tumor necrosis
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