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Changing paradigms in atherothrombosis: inflammation
and neovascularization in plaque progression, rupture and

regresson

Valentin Fuster,* Roberto Corti,* Pedro R Moreno*

Summary

Coronary atherothrombosis remains the most fre-
quent cause of ischemic heart disease. Plagque
rupture/erosion with superimposed thrombosis is
the main cause of acute coronary syndromes and
sudden cardiac death. New findings have recently
introduced exciting concepts that could have
major impact on the treatment of the disease. We
will discuss the mechanisms that lead to the de-
velopment of atherothrombosis and those re-
sponsible for the acute coronary syndromes. In
particular we will give some insight in the role of
arterial remodeling as well as the involvement of
the media/adventitia, vasa vasorum and tissue
factor in atherothrombosis. Finally, we discuss the
current mechanisms involved in the process of
plague regression.

Resumen

PARADIGMAS CAMBIANTES EN LA ATEROTROMBOSIS.
INFLAMACION Y NEOVASCULARIZACION EN LA
PROGRESION, RUPTURA Y REGRESION DE LA PLACA

La aterotrombosis coronaria sigue siendo la cau-
sa mas frecuente de enfermedad isquémica. La
ruptura/erosion de la placa con trombosis super-
puesta es la causa principal de los sindromes
coronarios agudos y de la muerte subita cardiaca.
Los nuevos hallazgos han introducido conceptos
gue podrian impactar de manera muy importante
el tratamiento de esta patologia. Discutiremos los
mecanismos que desencadenan en el desarrollo
de la aterotrombosis y en aquellos responsables
del sindrome coronario agudo. En particular, se
revisara la participacion de la remodelacién arterial
asi como el papel de la media/adventicia y de los
tejidos en la aterotrombosis. Finalmente, se discu-
ten los mecanismos actuales participantes en la
regresion de la placa.

Key words: Atherothrombosis. Inflammation. Neovascularization.
Palabras clave: Aterotrombosis. Inflamacioén. Neovascularizacion.

Introduction

therothrombosis is a systemic disease

of the vessel wall that is characterized

by the tendency to accumulate lipids,
inflammatory cells, smooth muscle cells (SMC)
and extracellular matrix within the subendothe-
lial space and the media, and to progressin an
unpredictable way to different stages. The mo-
lecular and biological mechanismsinvolved in

the initiation and progression of atherosclero-
tic disease have been extensively studied during
the past decades leading to the introduction of
new concepts that form the basis for research
effortsin the field of vascular biology.1* Some
of these new concepts derived from in vivo ob-
servations using new imaging technologies,
such as high-resolution magnetic resonance
(MR), which has emerged as aleading imaging
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Changing paradigms in atherothrombosis

Fig. 1. Human atherosclerotic plague showing extensive rupture of the
internal elastic lamina (arrows) with expansion of the atherosclerotic process
form the tunica intima to the tunica media (Elastic Trichrome Stain).
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Fig. 2. Histologic examples of plaque neovascularization and inflammation
identified by light microscopy in double immunostained sections using CD-
34 antibodies link to a blue chromogen (neovessels), and CD68/CD3 linked
to a red chromogen (macrophages and T cells).

modality for atherosclerotic plaque characteri-
zation.*

Initiation of atherosclerotic lesions

Theinitiation of atherosclerotic plague has been
correlated with the presence of a number of car-
diovascular risk factors (such as hyperlipidemia,
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diabetes mellitus, hypertension, aging and others)
leading to endothelial dysfunction. Dysfunctio-
nal endothelium shows increased permeability,
reduced synthesis and release of nitric oxide, and
over-expression of adhesion molecules (such as
intracellular adhesion molecule-1, vascular cell
adhesion molecule-1, and selectins) and chemoa-
ttractants (such as monocyte chemoattractant pro-
tein-1, macrophage colony stimulating factor, IL-
1/-6, and INF-a/-y). These processesfacilitate the
recruitment and internalization of circulating
monocytes and low density lipoprotein.®® Theli-
pid material accumulated within the sub-endo-
thelial space becomes oxidized and triggers an
inflammatory response that induces the release
of different chemotactic and proliferative growth
factors. In responseto these factors, smooth mus-
cle cells and macrophages will activate, migrate
and proliferate resulting in the thickening of the
arterial wall.

Arterial remodeling: revival

of an old concept

The normal vessel wall is an active, integrated
organ composed of endothelial, smooth muscle,
and fibroblast cells coupled to each other ina
complex autocrine-paracrine set of interactions.
The vasculatureis capable of sensing changes
within its milieu, integratingthese signals by in-
tercellular communication, and changing itself
through the local production of mediators that
influence structureand function. Vascular remo-
deling isan active processof structural alteration
that involves changesin at least four cellular pro-
cesses — cell growth, cell death, cell migration,
and production or degradation of extracellular
matrix — andis dependent on a dynamic inte-
raction between locally generated growth factors,
vasoactive substances, and hemodynamic stimu-
1i.5 In diseased vessels, arterial remodeling allo-
wsfor plague growth without significant obstruc-
tion of the arterial lumen.” Atheroscleratic pla-
ques undergoing remodeling are characterized by
large lipid core, less smooth muscle cellsand in-
creased macrophage infiltration.?® As a result,
remodeling is considered a high-risk feature for
plague rupture and thrombosis.

Tronc et al demonstrated that increased activity
of metalloproteinases, by digesting the internal
elastic lamina (IEL), modulates the process of
arterial remodeling.’® More recently our group
introduced the new concept of disruption of the
IEL as atrigger of plaque rupture in advanced
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Fig. 3. Neovessel content (mean + standard deviation) in high-risk plagues compared to ruptured plaques and
regression-type plaques. Neovessel content values are presented in the tunica intima (upper left), tunica media
(upper right), tunica adventitia (lower left) and all 3 areas combined as total count (lower right). Please note that
neovessel content is highest in ruptured plaques and lowest in regression-type plaques (P = 0.0001 for all

comparisons). Adapted from reference # 29.

atherosclerosis.!* A strong association between
the histological evidence of IEL disruption and
plague rupture leading to thrombus formation
was found in 598 human aortic plagues studied
(Fig. 1). Concordantly, Burke et al demonstrated
that marked expansion of the IEL occurred in
plaque hemorrhages with or without rupture,
whereas, in erosions and total occlusions there
was shrinkage of the |[EL .2 Interestingly, the pla-
gue components most strongly associated with
remodeling were macrophageinfiltration, degree
of fibrous calcification, and amount of lipid core,
confirming the concept of instability. The per-
centage of fibrous plaque area was strongly ne-
gatively correlated with remodeling, while cal-
cified lipid core and medial atrophy were less
strongly associated with remodeling.

The role of vasa vasorum

A further intriguing new concept in the pathoge-
nesis of atherothrombosis derives from experi-
mental observations of adventitial inflammation
and increased plague invasion of vasa vasorum.
Neovascularization may haveacrucial roleinthe
pathogenesis of early atherosclerosis.'*?2 The

vasa vasorum surrounds and penetrates the ad-
ventitia and outer media of large vessels inclu-
ding the aorta, coronary, femoral and carotid ar-
teries.Z Vasacan originate from several different
sites. Inthe coronary arteries, vasaoriginatefrom
bifurcation segments of epicardial vessels; inthe
ascending aorta, vasaoriginate from coronary and
brachiocephalic arteries; in the descending tho-
racic aorta, vasaoriginate fromintercostals arte-
ries, and in the abdominal aorta vasa arise from
thelumbar and mesenteric arteries. Therearetwo
anatomically distinct patterns of vasa vasorum;
first order vasa run longitudinally to the lumen
of the host vessel; while second order vasa are
arranged circumferentially around the host ves-
sel.Z Their main function isto nurture the vessel
wall with anumber of vasavasorum that remains
constant throughout life.?* However, in diseased
vessels, vasacan proliferate | eading to extensive
neovascularization involving the tunica media
and the intima of diseased vessels.®

Studies of vasa vasorum in complex atheroscle-
rosis using double immunohistochemistry have
identified increased neovessel content in ruptu-
red plagues from the human aorta, as shown in

www.archcardiolmex.org.mx
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Figure 2.% High-risk features of plaque vulnera-
bility including inflammation, fibrous cap thick-
ness, lipid core area and neovessel content were
studied simultaneously to identify predictors of
plaque rupture. Multiple logistic regression
analysisidentified neovessel content asapower-
ful independent predictor of plague rupture.?”
Furthermore, plaques from patients with diabe-
tes mellitus were characterized by increased
neovessel content, higher inflammation and in-
tra-plague hemorrhage suggesting amicroangio-
pathic processin diabetes atherosclerosis.®

V asavasorum may also beinvolved inthe process
of plagueregression. When compared to lipid-rich
plaques, fibrocalcific lesions with reduced lipid
area -are also known as regression type lesions-
had the lowest microvessel content, asseenin Fi-
gure 3.2 Of clinical relevance, thislatter observa
tion isin agreement with insightful observations
by Corti, et a., using sequential MRI testing in
patients undergoing aggressive lipid lowering the-
rapy for 24 months.* These studies documented
for the first time, in-vivo the morphological pa-
thway for plaque regression. Plaque area was re-
duced from the adventitia before improving lu-
men area. Morerecently, the Reversal trial confir-
med the same inverse Glagovian phenomena for
plaque regression after aggressive lipid lowering
therapy in coronary artery disease.® Therefore,
vasa vasorum may serve as a potential pathway
for reverselipid transport. Ascholesterol exitsthe
plaque, neovascularization may also experience
regression. Thisobservation, previoudy validated
inexperimental animal modelsmay also apply for
human disease.®

Plaque rupture and thrombosis

A magjor finding of the last two decades was the
recognition that plague composition, rather than
severity of stenosis, may determine the risk of
thrombotic complications associated with ACS.
Itisnow well established that plague rupture and
superimposed thrombusformation play akey role
inthe pathogenesisof ACS.* Ambroseet a* and
Little et al* first demonstrated that in approxi-
mately half the cases of myocardial infarction
the lesions leading to occlusion were less than
50% stenotic. Other groups have shown similar
results and today it is accepted that in approxi-
mately 70% of cases the clot responsible for an
acute coronary event occurs in a plaque that is
less than 50% stenotic.

Inflammation has been clearly associated with
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all steps of the development of atherosclerotic
plagues, beginning with plaque initiation and
ending in plague rupture leading to thrombus
formation. Consequently, the definition of pla-
que vulnerability isbound to morphological cha-
racteristics such asalarge lipid content covered
by athin fibrous cap and high content of inflam-
matory cells. Activated inflammatory cells pro-
duce proteolytic enzymes able to digest the ex-
tracellular matrix and further weaken the fibrous
cap. After rupture, the highly thrombogenic pla-
gue content is exposed to circulating blood, trig-
gering thrombus formation. Changes in the geo-
metry of adisrupted plague, aswell as organiza-
tion of the mural thrombus by connective tissue,
can lead to rapid plaque progression resulting in
more occlusive and fibrotic lesions.

Thrombosis on non-disrupted
plaques

Inonethird of ACS, particularly in acute sudden
coronary death, no plague rupture but just a su-
perficial erosion of afibrotic plaqueis responsi-
ble for the thrombotic event.*® Thrombosis due
to endothelial erosion ismore commonly seenin
women at a younger age and in men with some
pro-thrombotic risk factors (smoking, diabetes,
hypercholesterolemia). Thus, thrombus forma-
tion in these cases where plaque rupture is ab-
sent may depend on a hyperthrombogenic state
triggered by systemic factors. Indeed, systemic
factors, including elevated LDL, cigarette smo-
king, hyperglycemia, hemostasis, and others are
associated with increased blood thrombogenici-
ty. Diabetes mellitus, for instance is associated
with platelet hyperaggregability, increased PAI-
1, fibrinogen and von Willebrand’ s Factor, and
decreased antithrombin 111 activity.*® Improve-
ment of glycemic control is associated with a
reduction in blood thrombogenicity.*” Significant
evidence exists to link hyperlipidemia with a
hypercoagulable and prothrombotic state, and
this association has been substantiated by nor-
malization of this hypercoagul ability with treat-
ment of the hypercholesterolemic state.*®

Role of tissue factor in thrombosis

Recently, cardiovascular risk factors have been
associated with increased blood tissue factor (TF)
activity in humans.® Our group showed that the
thrombogenicity of disrupted atherosclerotic pla-
ques is modulated by their TF content, and fur-
thermore, specific inhibition of the TF pathway
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significantly reducestheir thrombogenicity.* Ro-
que et al showed that inhibition of TF reduces
thrombus formation and intimal hyperplasiaafter
porcine coronary angioplasty.* Upon disruption,
the atheromatous gruel, abundant in macropha-
gesand TF, isthe most thrombogenic component
of an atherosclerotic plague.” TF, the most potent
trigger of the coagulation cascade, forms a high
affinity complex with coagulation factors, trigge-
ring both the intrinsic and extrinsic blood coagu-
lation cascade.”® Activation of the clotting casca-
de by TF results in the generation of thrombin,
platel et activation and fibrin deposition.

The importance of TF in thrombosis has been
significantly enhanced by the recent description
of ablood-borne pool of TF that may play acri-
tical rolein the propagation of thrombosis.* Rau-
ch et al reported that polymorphonuclear leuko-
cytesmight beinvolved in the transport of circu-
lating TF to platelets by a CD15-dependent me-
chanism.”® Higher plasma levels of TF antigen
have been reported in ACS patients compared to
patients with stable angina or those without co-
ronary artery disease.®® Furthermore, circulating
TF-positive microparticles with procoagulant
activity have been described in patients with
ACS.# Because of the key position of TF as an
initiator of the extrinsic coagul ation pathway lea-
ding to clot formation after injury, specific inhi-
bitors of the TF pathway have been recently pro-
posed as having theoretical advantages over the-
rapies that target more “downstream” compo-
nents of coagulation cascade.*®

One major question relatesto the source of the cir-
culating pool of TF. Mallat et al linked apoptotic
phenomenato atherothrombosisand to the produc-
tionof TF.*® Morerecently, Hutter et d showed that
apoptosis of plague macrophages co-locaize with
TF expression, suggesting a potential pathogenic
mechanism leading to increased plague thrombo-
genicity.® Apoptotic death of macrophageswithin
lesions|eadsto shedding of membrane microparti-
clescausing exposure of phosphatidylserine onthe
cell surface and conferring a potent procoagulant
activity. The shed particles account for amost all
the TF activity present in plague extract and may
be amajor contributor in initiating the coagulation
cascade following plague disruption.®

Lipid lowering and plaque
regression

With the advent of high-resolution MR imaging
to monitor the effects of lipid lowering by statins

V Fuster y cols.

in asymptomatic hyperchol esterolemic patients,
our group documented a significant decrease in
the plague size in both carotid and aortic lesions
before changeslumen area, which increased only
at 24 months.* The significant reduction in le-
sion size and slight increase in the lumen seems
to be mediated by areduction in lipid content of
the plaques, indicative of structural changes fa-
voring their stabilization.® Prospective angiogra-
phic studies demonstrated that simvastatin abo-
lished progression of stenotic coronary lesions
and, recently, Brown et al confirmed that simvas-
tatin and niacin taken together can stop the pro-
gression of luminal narrowing in patients with
coronary artery disease.®

Recent observations have highlighted the rol e of
high-density lipoproteins (HDL) and reverse cho-
lesterol transport, asthey are responsible for the
removal of free cholesterol from the blood. A
low plasma level of HDL has been associated
with increased cardiovascular risk, but only re-
cently has this been recognized as a major risk
factor requiring adequate treatment. Several ex-
perimental studies have demonstrated the poten-
tial antiatherogenic propertiesof HDL, which is
ableto prevent plague formation and even indu-
ce plague regression.* Spieker et al demonstra-
ted that HDL administration restores normal en-
dothelial function by increasing bioavailability
of nitric oxidein hyperchol esterolemic patients.>
New potent antiatherosclerotic drugs with a no-
vel mechanism of action have been proposed.
Peroxisomal proliferator-activated receptors
(PPAR) are steroid hormone nuclear receptors
that act as ligand-activated transcription factors
controlling the expression of specific target ge-
nesthat inturn regulate avariety of cellular func-
tions. Considering their pivotal rolein atheroge-
nesis, PPAR are considered the nuclear transcrip-
tional regulators of atherothrombosis. Three
subfamilies have been described with different
tissue distribution and effects: PPAR-a, PPAR-6
and PPAR-y. The subfamily member PPAR-y
plays a central role in adipogenesis and lipid
metabolism, and is highly expressed in endothe-
lial cells, SMC, lymphocytes, and macrophages.
The PPAR-y-activators may reduce plagueinfla-
mmeation, inhibit expression of adhesion mole-
cules and cytokines, and reduce production of
MMP. Evidenceindicatesthat PPAR-y-activators
can decrease thrombogenicity by reducing plas-
minogen activator inhibitor-1 (PAI-1) and fibri-
nogen concentrationsto improvefibrinolysis. In

www.archcardiolmex.org.mx
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addition, PPAR-y-activators may reduce produc-
tion of endothelin-1, a potent vasoconstrictor and
important atherogenic stimulus. Crucialy, PPAR-
y-activators may reduce lipid content of plaques
by enhancing reverse cholesterol transport and
by up-regulating the genes responsible for sca-
venger receptor class B type | human homolo-
gue, for adenosine triphosphate-binding casset-
te transporter-1 and for apolipoprotein A1, the-
reby facilitating efflux of free cholesterol from
the plague and its transport to the liver. Using
high-resolution MR, we recently observed pla-
gue regression and features of plaque stabiliza-
tion in the atherosclerotic rabbit model exposed
to anew selective PPAR-y- activator.%®

Conclusion

Multiple evolving concepts have emerged in the
pathophysiology of atherothrombosis. Plaque
neovascul arization is now considered amajor fac-
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tor in progression of the disease and may offer po-
tential avenuesfor stabilization and regression. Cir-
culating tissue factor increases blood thromboge-
nicity through severa pathways including leuco-
cyte-platelet interaction and monocyte apoptosis.
Most importantly, increased blood thrombogenici-
ty can be reduced with proper therapy, setting a
new therapeutic target for patients with traditional

risk factors including diabetes, cigarette smoking
and hypercholesterolemia. Themechanismsof pla-
gue regression are now emerging after several de-
cades of clinical evidence. The use of potent ima-
ging techniques have shown that plagueregression
followsaninverse Glagovian phenomenainwhich
reverselipid transport may be supported by adven-
titial-derived neovascul arization. The use of novel

antiatherosclerotic drugs including statins and pe-
roxisomal proliferator-activated receptors (PPAR)
may be crucial for optimal clinical results in the
chronic trestment of atherothrombosis.
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