ASBMB

JOURNAL OF LIPID RESEARCH

I

Molecular and cellular mechanisms of the thrombotic
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Abstract Clinicians have traditionally regarded the compli-
cations of atherosclerosis as a consequence of progressive
arterial stenosis leading to critical narrowings that impede
blood flow. Our contemporary understanding of the throm-
botic complications of atherosclerosis has undergone a
transformation based on a body of observations by patholo-
gists and clinicians. In the late 1980s, clinicians had to con-
front the counterintuitive notion that plaques that cause
acute myocardial infarction often do not produce high-
grade stenoses (Smith, S. C., Jr. 1996. Risk-reduction ther-
apy: the challenge to change. Circulation. 93: 2205-2211.).
Observations from serial angiographic studies and on cul-
prit lesions of acute myocardial infarction postthrombolysis
highlighted this apparent paradox. These contrarian clinical
findings prompted cardiologists to consider more carefully
the findings of generations of pathologists that plaques that
cause fatal coronary thrombi often result from a physical
disruption of the atheromatous plaque that may not indeed
cause critical arterial narrowing.filffi This convergence of clin-
ical and pathological observations highlighted the impor-
tance of understanding the mechanisms of disruption of
plaques that can precipitate thromboses.—Libby, P. Molecu-
lar and cellular mechanisms of the thrombotic complica-
tions of atherosclerosis. J. Lipid Res. 2009. 50: S352-S357.

Supplementary key words plaque rupture e atheroma e acute coro-
nary syndromes

PLAQUE DISRUPTION: A FREQUENT CAUSE OF
THROMBOSIS COMPLICATING ATHEROMA

Autopsy studies have indicated that a fracture of the
plaque’s fibrous cap precipitates most fatal acute myocar-
dial infarctions. Superficial erosion of the intima accounts
for a substantial minority of such thrombi (Fig. 1). Other
mechanisms of plaque disruption, including intraplaque
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hemorrhage and erosion of calcified nodules, account
for a small proportion of fatal coronary thrombi (1).

These various observations clearly identified the capital
importance of understanding the molecular and cellular
mechanisms of plaque disruption to master the biology
of the thrombotic complications of atherosclerosis. Quan-
titative morphometric studies by pathologists highlighted
features of plaques that had caused fatal thrombi, often re-
ferred to in clinical shorthand as “vulnerable” plaques.
The characteristics of plaques that caused fatal coronary
thrombi include a thin fibrous cap, a large lipid pool,
many inflammatory cells, and, curiously, a paucity of vas-
cular smooth muscle cells (2). These morphological char-
acteristics prompted our group to investigate the biological
determinants of these characteristics of plaques that caused
fatal thrombi (3).

DISORDERED COLLAGEN METABOLISM
PREDISPOSES TO PLAQUE DISRUPTION

We first focused on the metabolism of interstitial collagen
that lends strength to the plaque’s fibrous cap and protects
it from rupture and, hence, thrombosis. Previous studies
established the arterial smooth muscle cell as the source
of much of the extracellular matrix of the atheroma. We
hypothesized that molecular mediators associated with
atherogenesis could alter collagen metabolism in ways that
could thin or weaken the plaque’s fibrous cap (Fig. 2). Stud-
ies of human vascular smooth muscle cells in culture
showed that the inflammatory mediator interferon-y
(IFN-y) strikingly inhibited the ability of the smooth mus-
cle cell to express the genes encoding procollagens (4).
Ample evidence existed that IFN-y operated in human
atherosclerotic plaques. These data indicated an important
mechanistic link between inflammation and impaired
synthesis of collagen in atheromata.

Abbreviations: CRP, C-reactive protein; IFN-y, inflammatory me-
diator interferon-y; MMP, matrix metalloproteinase.
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Rupture of Fibrous Cap Superficial Erosion

Fig. 1. Fibrous cap rupture and superficial erosion. Rupture of the
fibrous cap (A) triggers two-thirds to three-quarters of all fatal cor-
onary thromboses. Superficial erosion (B) occurs in one-fifth to one-
quarter of fatal coronary thromboses. Certain populations, such as
diabetics and women, seem to have superficial erosion more often
as a mechanism of plaque disruption and thrombosis (42).

We further investigated the hypothesis that collagen ca-
tabolism controlled by inflammation could also influence
remodeling of the extracellular matrix in atherosclerosis.
Indeed, human atherosclerotic plaques contain intersti-
tial collagenases of the matrix metalloproteinase (MMP)
family. Early studies showed overexpression of MMP-1 by
plaque macrophages in smooth muscle cells themselves
(5-7). Follow-on studies identified MMP-13 in plaques
and provided evidence for collagenolysis in situ in human
atherosclerotic plaques (8). Surprisingly, plaques also
overexpressed a form of interstitial collagenase (MMP-8)

previously associated with neutrophils, leukocytes not abun-
dant in undisrupted atheromata (9). These in vitro studies
and observations on human and experimental atheroscle-
rotic plaques strongly supported a link between inflamma-
tion and impaired ability of smooth muscle cells to repair
and maintain the plaque’s fibrous cap due to decreased
collagen synthesis. Pro-inflammatory cytokines augment
production of all three of these interstitial collagenases
(MMPs 1, 13, and 8) by vascular wall cells and monocyte/
macrophages (5, 10, 11). Thus, inflammation directs a
dual defect in collagen metabolism: decreased synthesis
and increased breakdown. These findings furnish a molec-
ular explanation for the thinning of the fibrous cap asso-
ciated with disrupted plaques.

Subsequent studies in genetically altered mice buttress
this mechanism. Observations on compound mutant
mice susceptible to atherosclerosis due to inactivation of
apolipoprotein E (Apo /") also bearing a “knock-in” of
a collagenase-resistant form of procollagen supported this
notion. Atherosclerotic plaques in these collagenase-
resistant mice accumulated more collagen than those
with wild-type collagen (12). Mature mice do not express
an ortholog of MMP-1 but do express MMP-13. Compound
mutant animals deficient in both apolipoprotein E and
MMP-13 also showed accumulation of collagen compared
with MMP-13 wild-type counterparts (13). MMP-14, a
membrane-associated MMP, also appears to contribute
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Fig. 2. Inflammation regulates metabolism of fibrillar collagen, which may induce atherosclerotic plaque
disruption. The T-lymphocyte releases proinflammatory cytokines, including IFN-y (lower left), that prevent
smooth muscle cells from generating the new collagen needed to lay down the collagenous matrix of the
plaque’s fibrous cap, which protects the plaque from rupture. The T-cell-derived cytokine CD40L stimulates
mononuclear phagocytes (center) to elaborate interstitial collagenases, such as MMP-1, MMP-8, and MMP-13,
which catalyze the initial proteolytic cleavage of the intact collagen fibril. The cleaved collagen can then ex-
perience additional degradation by gelatinases such as MMP-9. In this way, inflammation can threaten the
stability of atherosclerotic plaques; increase their propensity to rupture; and, as a result, cause thromboses that
trigger most acute coronary syndromes. TGF@, transforming growth factor 3 (43).
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to collagenolysis in experimental atherosclerosis (14).
MMP-14 may act to process the zymogen form of MMP-
13 to the active enzyme. Molecular imaging studies have
shown overexpression of MMP activity in regions of athero-
sclerotic plaques in mice (15). These convergent lines of
evidence all suggest that inflammation tightly regulates the
steady-state level of interstitial collagen in the plaque. When
inflammation prevails, these mechanisms can render a
plaque more likely to rupture and hence cause thrombosis.

DEATH OF SMOOTH MUSCLE CELLS MAY
FAVOR PLAQUE DISRUPTION

Among other characteristics of plaques that caused fatal
thrombosis, morphometric histopathologic studies identi-
fied relative paucity of smooth muscle cells (16). In 1995,
we hypothesized that death of smooth muscle cells related
to inflammation might provide a mechanism for the rela-
tive lack of smooth muscle cells in regions of plaques that
had failed mechanically, ruptured, and provoked thrombo-
sis (3). In particular, because smooth muscle cells produce
most of the interstitial collagen in blood vessels, we reasoned
that scarcity of smooth muscle cells might constitute one
factor contributing to decreased collagen and thinning
of the plaque’s fibrous cap. We and others found evidence
for programmed cell death of smooth muscle cells in
atherosclerotic plaques (17). Our initial work reported co-
localization of apoptotic cells in atheromata with caspase-1,
the prototype of the family of proteinases that characterize
apoptosis (18). Caspase-1 links to inflammation as it pro-
cesses pro-interleukin-1-8 and pro-interleukin-18 to their ac-
tive, pro-inflammatory forms.

Subsequent work showed that exposure of human smooth
muscle cells to mixtures of pro-inflammatory cytokines sen-
sitized them to apoptosis (19). We also implicated fas-fas
ligand signaling in programmed cell death within athero-
mata (20). These various observations tightened the link
between inflammation and cell death in atheromata, a po-
tential contributor to collagen lack and plaque fragility. In
addition to smooth muscle cells, plaque macrophages die
by apoptosis, as we hypothesized in 1992 (21). Apoptotic
bodies elaborated by dying macrophages can contain the
potent procoagulant tissue factor (22). Embolization of tis-
sue factors when plaques disrupt or undergo percutaneous
intervention may precipitate distal thrombosis of smaller
coronary vessels leading to “no-reflow” (23).

INFLAMMATION REGULATES THE
THROMBOGENICITY OF PLAQUES

Indeed, tissue factor expression by plaque macrophages
appears primordial in triggering thrombosis that compli-
cates plaque disruption. Although expression of tissue fac-
tor by a subset of plaque macrophages was well established,
the stimulus to tissue factor expression in these phagocytes
remained uncertain (24, 25). The soluble cytokines associ-
ated with atherosclerotic plaques, including interleukin-1
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and tumor necrosis factor isoforms, poorly stimulate tis-
sue factor gene expression by human macrophages.
CD40-ligand (CD154), a cell-surface-associated inflamma-
tory cytokine, readily elicits tissue factor production by hu-
man monocyte/macrophages (10). Thus, inflammation
controls not just the propensity of plaques to rupture by
altering collagen levels by the mechanisms described
above, but also can heighten the thrombogenicity of the
plaque’s interior, favoring thrombus formation when a
plaque fractures.

SUPERFICIAL EROSION AND
CORONARY THROMBOSIS

Fracture of the plaque’s fibrous cap accounts for some
two-thirds to three-quarters of fatal acute myocardial in-
farctions. Around a quarter or a fifth of these events result
not from a frank fracture of the plaque’s fibrous cap but
from a superficial erosion of the intima. Superficial erosion
appears particularly important in individuals with dyslip-
idemia and in women (1). Understanding of the molecular
pathogenesis of superficial erosion has lagged that of
plaque rupture. Apoptosis and desquamation of luminal
endothelial cells exposing platelets and coagulation factors
to the basement membrane provide one possible mecha-
nism for superficial erosion complicated by thrombosis. In
this regard, production of hypochlorous acid by myeloper-
oxidase, an enzyme localized in plaques and associated with
acute myocardial infarction, can kill endothelial cells (26).
Hypochlorous acid also appears to induce agonal tissue
factor production by endothelial cells. Endothelial cells
activated by inflammatory mediators also produce enzymes
capable of degrading extracellular matrix, including MMPs.
Overproduction of active forms of the matrix-degrading
enzymes could sever the tethers between endothelial cells
and the subjacent basement membrane, facilitating their
sloughing and consequent local thrombosis (11). In these
manners, inflammation may promote superficial erosion
and rupture of the plaque’s fibrous cap.

DOES LIPID LOWERING MODIFY ASPECTS OF
PLAQUE BIOLOGY RELATED TO THROMBOSIS

The studies described above provided a mechanistic basis
for understanding plaque disruption and thrombosis. Could
these features of plaques associated with thrombotic com-
plications ameliorate with risk factor reduction? In par-
ticular, clinical data indicate that lipid-lowering therapies,
particularly the statins, can prevent myocardial infarction,
and in appropriately powered studies show prolongation
of life in broad categories of individuals with or without es-
tablished atherosclerotic disease. We know from numerous
angiographic trials that reduction in the degree of stenosis
of fixed lesions, while statistically significant, appears far
smaller in magnitude than the reductions in risk of cardio-
vascular events. We thus hypothesized that lipid lowering
might mitigate inflammation within plaques and alter fea-
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tures of plaques associated with thrombotic complications
in humans.

We initially undertook to test this hypothesis in rabbits
with experimental atherosclerosis, some continuing an ath-
erogenic diet and others with restricted cholesterol and
saturated fat in the diet. These studies showed a striking
decrease in accumulation of inflammatory cells, markers
of inflammatory activation, such as vascular cell adhesion
molecule-1 expression, reactive oxygen species produc-
tion, oxidized LDL accumulation, and, importantly, in levels
of interstitial collagenase and other matrix metalloprotein-
ases (27-29). Quantitative histomorphometric studies docu-
mented an increase in fibrillar collagen levels reciprocal
with collagenase reductions. Hand in hand with the re-
duced inflammation and reinforcement of the plaque’s
fibrous skeleton, tissue factor expression in the intima de-
clined as did levels of CD40 and CD40-ligand, putative trig-
gers of tissue factor gene expression (30). Thus, lipid
lowering produces coordinated changes in plaque biology
reflected by reduced inflammation and oxidative stress as
well as reinforcement of the plaque’s collagenous extra-
cellular matrix.

These initial rabbit studies used extreme dietary manip-
ulation to modify plasma lipid levels. We therefore under-
took follow-on experiments in rabbits with genetically
induced dyslipidemia treated with statins rather than die-
tary manipulation. In Watanabe rabbits, statin treatment
lowered LDL cholesterol levels far less than in the diet-
induced atherosclerosis in our initial series of rabbit experi-
ments. Nonetheless, statin treatment produced changes in
plaque biology highly congruent with the effects of lipid
lowering by diet, substantiating the view that statins can
lower inflammation and reinforce the fibrillar collagen
network in atheromata (31, 32). These studies provided a
basis for understanding the reduction in thrombotic events,
both coronary and cerebrovascular, produced by lipid-
lowering therapy, particular the statin family of drugs.

The clinical extension of the concept that lipid lowering
and statins can reduce inflammation emerged from work
that used the biomarker C-reactive protein (CRP) as a gauge
of inflammatory status. In seminal studies, Dr. Paul Ridker
documented decreases in CRP measured with a high-
sensitivity assay in patients enrolled in the Cholesterol and
Recurrent Events study (33). Subsequent studies performed
throughout the world confirmed these initial observations
and indicated that statins as a class reduced inflammation.
These consistent observations left unanswered the question
of whether the anti-inflammatory effect produced by statins
derived from LDL lowering or whether the statins might
decrease inflammation independent of effects on choles-
terol. Numerous in vitro studies indicated that statins had
“pleiotropic” effects due to interference with prenylation
of small G proteins involved in intracellular signaling or
by induction of Kruppel-like factor-2, a transcription factor
that can regulate several genes that may protect against
atherosclerosis and thrombosis (34—38).

Further analyses of large-scale clinical trials provided in-
sight in this regard. Dr. Ridker collaborated with the lead-
ers of a large clinical trial known as TIMI-22/PROVE-IT.

This study randomized survivors of acute coronary syn-
dromes to high-intensity or standard statin treatment and
followed them for several years for recurrent events. A pre-
specified analysis of this study tracked recurrent events in
participants categorized by achieving above or below me-
dian LDL levels or above or below median CRP levels
30 days after enrollment, a time chosen to permit equili-
bration of the participants’ on-study drug and waning of
the acute phase response due to the coronary syndrome
(39). In this study, as in several others, the individual drop
in CRP correlated poorly with the individual drop in LDL.
Individuals with above median LDL and above median
CRP after 30 days suffered the most recurrent events.
Those who achieved below median LDL and below me-
dian CRP had the best outcome in this analysis. The pro-
vocative and intriguing observation was that those who
achieved either variable above median but below median
for the other had recurrent events at an intermediate and
similar rate. This pattern of partitioning of recurrent events
depending on achieved LDL or CRP also occurred in a post
hoc analysis of an independent study of acute coronary
syndrome patients treated with a different statin. These re-
sults indicated strongly that clinical benefits of statins re-
sult from a combination of LDL reduction and lowering
of CRP that appears independent of LDL reduction. In a
similar analysis of a primary prevention study (AFCAPS/
TexCAPS), the administration of a statin drug showed
clear benefit in individuals with below median LDL during
the trial (40). Those who had below median LDL and be-
low median CRP showed no benefit with statin treatment.
In the provocative part of this analysis, those with below
median LDL but above median CRP benefited from statin
treatment as much as the two above median LDL groups.

These observations spawned the hypothesis that individ-
uals with inflammation indicated by slight elevations in CRP
but with “average” LDL levels might benefit from statin
therapy. The JUPITER trial tested this conjecture. JUPITER
enrolled individuals without known cardiovascular disease
with LDL levels below 131 mg/dl, thus fulfilling no criteria
for statin treatment according to current guidelines. For
enrollment in JUPITER, individuals needed to have a
CRP >2 mg/l. The enrolled population had a median
LDL level of 108 mg/dl and a CRP of 4.3 mg/1. This study
enrolled >17, 000 individuals, including almost 40% women
and 25% underrepresented minorities (blacks and His-
panics). On recommendation of the independent data
safety monitoring committee, the study terminated some
2 years prematurely because of overwhelming benefit. Tar-
geting of statin treatment based on inflammatory status
produced a >40% decline in the primary endpoint of car-
diovascular events, reduced myocardial infarction and
stroke by some 47%), and reduced overall mortality by a sta-
tistically significant 20% (41). The design of JUPITER did
not address the mechanism of benefit of the statin therapy.
LDL lowering to 55 mg/dl, the median level achieved, lower
than in previous large statin trials, doubtless contributed to
event reduction. Forthcoming analyses of JUPITER report-
ing the relationship of LDL and CRP levels in trial to event
reduction may provide insight into the possible contribution
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of reduction of inflammation to the clinical benefit but can-
not establish a causal relationship in this regard.

CONCLUSIONS

Based on autopsy studies and clinical results, plaque dis-
ruption has come to the fore as a mechanism of fatal cor-
onary thrombosis. We now possess data that shed light on
the molecular and cellular mechanisms that underlie plaque
disruption and thrombosis. Lipid lowering and statins, per-
haps due in part to direct anti-inflammatory effects, likely
improve outcomes by modifying the biology of plaques
that promote disruption and thrombosis. Inflammation pro-
vides a common mechanistic link that transduces numerous
risk factors for events to altered plaque biology. Interven-
tions that have succeeded in reducing thrombotic complica-
tions of atherosclerosis also seem to reduce inflammation,
certainly in the case of statins. Inflammatory biomarkers
appear to play a role in predicting risk in individuals
who may not have traditional risk factors for cardiovascular
events. A combination of the tried-and-true traditional risk
factors, such as LDL, low HDL, triglycerides, blood pres-
sure, age, and sex, together with inflammatory biomarkers
may provide us an opportunity for sharpening our risk pre-
diction and successfully targeting therapy to prevent events
going forward. The emergence of novel imaging modal-
ities that can gauge inflammation may provide a tool for
the translation of pathophysiologic hypotheses to humans.
Methods that permit the imaging of inflammation should
speed the development of novel therapies by aiding dose
selection and providing early signals of biological effect, al-
lowing prioritization of approaches to be tested in large
endpoint trials. Understanding the pathophysiology of
plaque disruption, the thrombotic complications of ath-
erosclerosis, and the role inflammation biology plays in
these processes should continue to provide advances in ba-
sic clinical science of atherosclerosis in years to come Ji§

The author thanks long-term colleagues and collaborators,
including Drs. Masanori Aikawa and Paul M. Ridker, for their
insights and contribution to the concepts and experiments de-
scribed in this review.
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