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Abstract
Acute coronary syndromes are caused by plaque rupture and thrombus formation. Inflammation and oxidative stress play a pivotal role in atherosclerosis
progression and plaque instability. Recruited inflammatory cells produce several cytokines, chemokines and adhesion molecules stimulating the biosynthesis
of further pro-inflammatory factors. Mediators of inflammation are able to trigger several pathophysiological processes involved in plaque vulnerability
such as neoangiogenesis, MMPs activity, extracellular matrix degradation, ROS production, lipid peroxidation and others. Several studies investigated
the role of markers of inflammation and oxidative stress in the pathophysiology of plaque formation and progression, basis of clinical epiphenomena.
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Cardiovascular diseases currently represent the first cause of death in
industrialized countries with ischemic heart disease corresponding to the
zenith of the phenomenon being responsible either for acute cardiovascular
events or chronic heart failure (HF) as evolution of acute coronary
syndromes. Acute myocardial infarction (AMI) with ST elevation (STEMI)
is due to coronary obstruction or occlusion by means of atherosclerotic
plaque fissuring and/or rupture. Inflammation and oxidative stress
play undeniably a pivotal role in the pathogenesis and progression of
atherosclerosis, inducing plaque instability and the subsequent thrombus
formation [1-3]. Previous studies have already underlined the ubiquitary
presence of platelets, erythrocytes, fibrin and inflammatory cells within
the thrombus corroborating, therefore, the crucial role of the inflammatory
cascade activation. Thrombi are morphologically classified in: 1) platelets-rich
thrombi, with low content of erythrocytes, 2) mixed thrombi, with platelets
and erythrocytes, 3) erythrocytes-rich thrombi, with low content of platelets,
usually present in smokers with elevated blood levels of oxidative stress
markers such as myeloperoxidase and oxidized low-density lipoproteins(oxLDL) [4-6]. Thrombus composition depends on many factors, such as
ischemic time, inflammatory and oxidative state. Furthermore, thrombus
composition is strictly related to the period of time between plaque rupture
and thrombus progression. Given these premises they are also classified as:
1) fresh thrombi (< 1 day) composed by fibrin layers, platelets, erythrocytes,
granulocytes, 2) lytic thrombi (1-5 days) with colliquative necrosis areas and
karyorrhexis 3) organized thrombi (>5 days) with smooth muscular cells,
connective tissue deposition and growing capillaries [7]. Many studies rely
on coronary thrombi composition, focusing on platelets, fibrin and tissue
factor role, since this latter has already demonstrated its ability to sustain
and promote thrombus formation [8-11]. Accordingly starting from a core
which is made of observations, concepts and tools, appears evident that
thrombi derive from plaque rupture and/or erosion and are characterized
by a dynamic evolution. When the fibrin cap is broken, collagen and tissue
factor are exposed to blood flow, inducing platelets activation, conversion of
fibrinogen into fibrin and, consequently, thrombus formation [12-15]. During
the early stages, platelets aggregate into the lipidic core causing thrombus
shape modification and, thus, its protrusion in the vessel lumen. While
sometimes a spontaneous lysis follows this early phase, in other cases the
evolution of this process move forward with intramural thrombus formation.
Several studies have demonstrated that, sometimes, non-culprit lesion may
progress toward rupture with consequent possible coronary thrombosis even
in absence of clinical symptoms and myocardial damage [16]. Nevertheless,
platelets aggregation, regardless of its pathophysiological process, once
activated leads to a progressive partial or complete vessel occlusion.
Moreover, in this stage, the intermittent antegrade blood flow may facilitate
micro-embolization to the distal vessels with consequent increased resistance
in distal circulation that might end up in the “no reflow” phenomenon [17].
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Another important aspect of this pathological process is undoubtedly related to
the fibrin network formation. Fibrin, in fact, can accumulate over the plaque,
trap a large number of erythrocytes, as well as stabilize the thrombus, giving
rise to the formation of a red thrombus. The erythrocytes-rich thrombus in
this final stage can propagate both proximally and distally further worsening
coronary circulation. In this phase, another important actor is the tissue
factor (TF), released by macrophages and smooth muscular cells and highly
expressed in the advanced atherosclerotic lesions. Plaque rupture, in fact,
determines the exposure of TF to blood flow triggering the activation of the
coagulation pathways as well as the formation of platelet and fibrin-rich thrombi
[18,19]. These findings, thus, suggest that an increased concentration of TF
in the plaque is responsible for fibrin-rich high-burden thrombus formation
and that monocytes activation is able to increase the platelet thrombogenic
potential, leading to acute coronary syndrome [20-22]. Tissue factor is a
powerful trigger of the coagulation cascade and it is usually localized in the
extracellular space between the adventitial cells of the vessel providing a
continuous hemostatic barrier able to induce the coagulation once the vessel
wall integrity is interrupted. Moreover, TF after its interaction with factor
VII, activates factor X leading to the generation of thrombin. Tissue factor
is considered an important regulator of blood coagulation, hemostasis and
thrombosis [23,24], and, binding PARs, it is able to modulate inflammation
signals. Its presence is well demonstrated in thrombi isolated from patients
with STEMI, and several studies already underlined that monocytes and
granulocytes are an important source of circulating TF. This protein is
potentially active inside the atherosclerotic plaque, partially determining the
thrombogenic potential of the plaque [25,26]. Leucocytes can transfer TF
to platelets by CD15 receptor, resulting in the formation of pro-coagulant
aggregates with high content of leucocyte-derived TF. Besides, it is known
that also platelets can further express an active form of this molecule [27].
From these considerations appears evident that inflammation plays a key role
in the development of acute coronary syndromes. Systemic levels of acutephase proteins, especially C reactive protein, correlate in a proportional way
with the number of ruptured or eroded plaques evaluated by intravascular
ultrasonography (IVUS) as well as inversely correlate with the thickness of the
fibrous cap of culprit lesion. Some studies underlined an increased haematic
level of C reactive protein in cases of sudden death for AMI, regardless
the morphology of the culprit lesions. Furthermore, systemic levels of
myeloperoxidase, a protein contained in azurophilic granules and released after
neutrophil activation, can predict the outcome of patients with acute coronary
syndrome and are considered a marker of plaque vulnerability [28-30].
It is not clear if different levels of myeloperoxidase are related
to several
presentations of plaque morphology; however, some
studies showed, by means of in vivo optical coherence tomography
(OCT), that systemic levels of myeloperoxidase in patients with acute
coronary syndrome reflect the presence of plaque erosion/rupture.
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Likewise high levels of co-stimulatory molecule CD80 are expressed in vulnerable
human carotid plaques compared to stable plaques and for this reason CD80
specific radiotracer has been proposed as tool to identify vulnerable plaque [31].
Soluble CD40 ligand (CD40L) is an important pro-inflammation factor
likewise involved in thrombus formation. Its expression is increased in the
fresh thrombus and it participates to the thrombus formation during early
phases of AMI. CD40L is expressed on platelet surface after their stimulation
and is cleaved in a time interval of minutes to hours, generating the soluble
factor (sCD40). Despite the soluble factor can be also secreted by activated
lymphocytes, it is showed that more than 95% of circulating factor is plateletsderived [32,33]. The relation between sCD40L levels and HBTF (high burden
thrombus formation) risk in patients with AMI is still not clearly understood;
the most accepted hypothesis is that circulating levels of sCD40, considered
as a platelet aggregation index, are related to angiographic features of HBTF
in patients with STEMI. Additionally, high levels of sCD40L in patients with
HBTF are associated with an increased white blood cell count [34,35] such
as polimorphonuclear cells and activated platelets, in thrombi removed by
patients with AMI. Last, sCD40L concentration is increased during acute
phase of myocardial infarction. Plaque composition is also influenced by other
factors, such as oxLDL. The association between oxLDL and atherosclerosis
progression is a consolidated evidence. OxLDL induce expression of adhesion
molecules on endothelial cells, leading to the recruitment of monocytes in the
vessel wall intima and are phagocytized by macrophages through scavenger
receptors with accumulation in macrophages and formation of foam cells.
Moreover, OxLDL stimulate migration and proliferation of vascular smooth
muscle cells, increasing the production of reactive oxygen species (ROS),
which in turn promote atherosclerosis with magnification of the inflammatory
process [36]. Avogaro et al. [37] identified a negatively charge fraction
of oxLDL, partially responsible for ROS formation, while Mello et al. [38]
defined the class of minimally oxidized LDL [LDL(-)] by analyzing their
electrical mobility. LDLs are increased in patients with diabetes mellitus,
hypercholesterolemia, coronary artery disease, and play a central role
both in the activation of inflammatory responses as well as in promoting
atherosclerosis. Lipid accumulation is associated with endothelial dysfunction,
monocyte infiltration and with inflammatory cells migration. These processes,
in synergy with the activation of vascular smooth muscle cells and the
increased production of extracellular matrix, lead to vessel wall thickening
and asymmetric lumen narrowing bringing to remarkable alterations on the
structure of intima, media and adventitia. Early atherosclerotic lesions are
composed of lipidic excess, cholesterol, extracellular matrix components
(expecially collagen type I and III), elastine, and proteoglycans. The early
lesions usually induce vessel wall thickening without stenosis, whereas
in the later stages atherosclerosis leads to asymmetric narrowing due
to momentous remodeling of the vessel wall related to the proteolytic
degradation of extracellular matrix [39-42]. Leucocytes, activated
macrophages, and inflammatory processes are all involved in the progression
of early lesions and plaque vulnerability. The recruitment of leucocytes and
inflammatory cells is facilitated by endothelial dysfunction, phlogosis and
increased expression of adhesion molecules. Recruited inflammatory cells
and vessel cells produce several cytokines, chemokines and adhesion
molecules stimulating the biosynthesis of other pro-inflammatory factors
and both innate and adaptive immunity are involved in this process [43].
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Interleukin-8 (IL-8) contributes to the recruitment of white cell subtypes and
to the amplification of the inflammatory response through the stimulation of
interferon-γ (IFN-γ) synthesis [44,45]. Monocytes and macrophages represent
the principal cellular population in atherosclerosis, even if T cells, B cells,
dendritic cells and neutrophils are also present in atherosclerotic lesions [46].
Neutrophil activity in unstable lesions has already been demonstrated
and it is particularly observed in the rupture sites of atherosclerotic
plaques [47]. Neutrophils accomplish many functions, including
endocytosis of cellular debris and secretion of proteolytic enzymes like
elastase, myeloperoxidase and neutral endopeptidase. These enzymes
contribute to plaque vulnerability by extracellular matrix degradation
and inflammatory response modulation. Other factors are undoubtedly
involved in the complex mechanism of atherosclerosis and its evolution.
The production of pro- and anti-inflammatory cytokines and the modulation
of specific immunologic mechanisms contribute to the progressions of
the disease [48-50]. Several pro-inflammatory mediators, including
INF-γ and tumor necrosis factor-α (TNF-α), stimulate cellular response
in the atheroma and vessel wall [51-52]. It is demonstrated that blood
of patients with vulnerable carotid plaques has increased levels of TNF-α
and IL-8 in comparison with patients with stable plaques. Furthermore,
several studies have already shown a strong relation between IL-8
blood levels and macrophage accumulation in vulnerable plaques. The
extracellular matrix degradation, partially caused by metalloproteinases
activation and the inflammatory response represent the main promoters of
plaque progression to plaque rupture [53-56]. Smooth muscle cells are
anchored on a basement membrane susceptible to metalloproteinases
activity that, through enzymatic degradation of the basement membrane,
induces the proliferation of the vascular smooth muscle cells (VEMCs).
These processes can be defined as an adaptive response to inflammatory
activation that, in this case, ends up as a maladaptive evolution. Extracellular
matrix is composed by proteoglycans, collagen and elastin. Proteoglycans
are involved in important biological functions such as permeability regulation,
interaction with other components of extracellular matrix (especially
collagen type I and III), as well as preservation of vessel elasticity and
stability. Large part of these components is synthesized by VSMCs, which
are essential in maintaining the integrity and homeostasis of vessel wall.
Enzymatic proteolysis of extracellular matrix is a pivotal pathophysiological
process in tissue repair, chronic inflammatory response and atherosclerosis.
Metalloproteinases (MMPs) play therefore a crucial role in these processes
and are classified into 3 categories: 1) Matrix MMPs, already known for their
role in plaque vulnerability and rupture 2) ADAM family of metalloproteinases
3) ADAMTS, metalloproteinases with thrombospondin domain. Approximately
25 types of MMPs have been described, and 14 are located in the vessel
wall. While some of these proteases are secreted by different cells, most
of them are expressed on cell surface. MMP-1 is localized in intraplaque
haemorrage, and is considered as an indicative factor of plaque instability
[57-59]. Some studies have correlated high levels of MMP-2 and MMP-9
with IL-6 and IL-8 in atherosclerotic lesions, while a high concentration
of MMP-9 has been demonstrated in unstable plaque of symptomatic
patients [60,61]. Furthermore, an excess of MMPs has been identified
in the inflammatory infiltrate of atherosclerotic lesions confirming their
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important role in plaque progression [62]. Some studies investigated the
pattern expression of MMPs proving that: a) MMP-7 and MMP-12 are
often localized on the border of lipidic core, b) MMP-1, MMP-2, MMP-9
are mainly localized in the fibrous cap. Furthermore it has been identified a
different expressions of MMPs inhibitors [63]. MMPs are able to promote
cellular migration through extracellular matrix, and, particularly, MMP1 facilitates cellular growth, VSMCs migration playing a key role in tissue
remodeling [64,65]. MMP-7 and MMP-3 are involved in extracellular matrix
degradation whereas MMP-1, MMP-3 and MMP-9 are the mainly expressed
in atherosclerotic vessels. The above mentioned enzymes are all involved
in vessel thickening (synthesis and deposition of extracellular matrix) and
plaque rupture (extracellular matrix degradation). Protease activity, debris
and dead cell clearance and inflammatory infiltrate interplay leading to
plaque destabilization and rupture [66,67]. Several studies have described
that several cells, including macrophages and inflammatory cells, release
MMPs in the plaque, whereas collagen synthesis (which balances and
finely tunes extracellular matrix degradation started by MMPs) is sustained
almost exclusively by VECMs. Furthermore, in high-grade stenosis, it has
been proved a reduction of VECMS, probably related to the involvement
of MMPs, especially MMP-7, in VEMCs apoptosis [68-70]. Consequently
extracellular matrix production decreases while degradation remains constant
or increases during atherosclerosis progression. ADAM family is involved in
many biological functions such as cellular adhesion, migration, activation or
cell surface markers and proteolysis. Twenty-nine ADAM proteases have been
so far described, but their role in atherosclerosis pathogenesis and progression
is still not totally clear. Increased levels of ADAM 8, 9, 12 and 15 have been
found in atherosclerotic carotid arteries, and ADAM 10 and 17 have shown
ability to induce TNF-α secretion [71-73]. ADAMTS family is composed by 19
components, and particularly ADAMTS 1, 2, 3, 4, 5, 8, 9, and 13 are expressed
into the vessel wall. Almost all these enzymes are able to degrade proteglycans
and ADAMTS 2 and 3 are also able to degrade procollagen I, II and III [74],
even if hitherto the role of ADAMTS family in atherosclerosis is not totally
clear. Extracellular matrix degradation caused by MMPs, ADAM and ADAMTS,
undeniably facilitates the release of mediators capable to induce angiogenesis.
Expression of MMP-1, -2, -3, -7, -9, and ADAM-12, -15 in neo-vessels as
well as the high permeability of vessels involved in this process allow the
accumulation of inflammatory cells in the plaque, leading to plaque instability.

Despite neo-vessels are present in almost all atherosclerotic lesions, there
are few evidences of causal relation among atherosclerosis progression,
neovascularization and plaque vulnerability. Despite is still not clear the role of
angiogenic factors in atherosclerosis, molecules such as VEGF and Ang-1 could
be able to influence the plaque stability and could be considered as biomarkers
in patients with high risk of acute cardiovascular events [82]. More than 97%
of neo-vessels identified in the plaque, irrespective of their size, are immature,
without the basement constituted by VSMCs, and therefore highly permeable [83].

Atherosclerotic plaques are usually nourished by a sprouting of small
vessels [75], induced by hypoxic and inflammatory stimuli and therefore
pivotal in the process of plaque progressions and vulnerability [76].

Moreover, oxidative stress, due to unbalanced production of ROS and
antioxidants, has been described as crucial in atherosclerosis induction and
evolution, even if the protective effect of some antioxidant factors, such as
glutathione peroxidase and superoxide dismutase, appears to be less effective
in the process. ROS production, in fact, has shown to be responsible of
a) expression of adhesion molecules, b) activation of MMPs, c) proliferation
of VMSCs, d) lipid peroxidation, e) endothelial dysfunction, and apoptosis.
Moreover several main cardiovascular risk factors, such as diabetes mellitus,
hypercholesterolemia, smoking habits and hypertension, have shown important
relationship with oxidative stress. NADPH-oxidase is an enzyme responsible
for ROS production and its activity can be induced by infections, hypertension
and hypercholesterolemia. This enzyme is constituted by 2 cytosolic subunits
and 2 transmembrane subunits and its activity is evaluated through the
concentration of hydrogen peroxide and anion superoxide. Nitric Oxide (NO),
produced by endothelial cells, is an important intra- and inter-cellular mediator,
and plays a key role in endothelial function. NO production is induced by
chemical and mechanical stimuli and is able to reduce platelet aggregation
and leucocyte adhesion as well as to induce the relaxation of VMSCs,
leading to anti-aggregation, anti-inflammatory and anti-hypertensive effects.

Sprouting of neo-vessels is induced by mediators such as HIF-1 (hypoxiainducible growth factor), VEGF (vascular endothelial growth factor), FGF (fibroblast
growth factor), PDGF (platelet-derived growth factor), Ang (Angiopoietin), and
Eph (ephrins) [77,78]. Neoangiogenesis is usually activated by VEGF and its
receptors VEGFR-1 and VEGFR-2 [79,80] while recruitment of other endothelial
components, pericytes, and smooth muscle cells is triggered by PDGF action.

Angiopoietin-1 (Ang-1) reduces vascular permeability and supports vessel
stability, and Angiopoietin-2 (Ang-2), antagonist of Ang-1, reduces Ang-1 effects
leading to vessel instability [81]. A reduced production of Ang-1 in comparison with
Ang-2 expression, has been described as typical pattern of advanced lesions.
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Placental growth factor (PIGF), homologous of VEGF, is expressed in
cardiac tissue and plays a crucial role in neo-angiogenesis, regulating
the sprouting of cardiac vessels. PIGF concentration, in fact, increases
after hypoxic and ischemic cardiac stimuli contributing to the adaptive and
maladaptive angiogenesis. The interaction between PIGF, TNF-α, TNFα-converting enzyme (TACE) and Tissue inhibitor of metalloproteinases-3
(TIMP-3) plays a pivotal role in inflammatory process of vascular and
cardiac tissue [84]. TNF-α is a pleiotropic cytokine involved in the relation
between phlogosis and atherosclerosis, and mononuclear cells are its main
source, even if this mediator is synthesized also by B cells, T cell, NK,
endothelial cells, mast cells and nervous tissue. The regulation of TNF-α
production has been related to transcription and translation processes.
TNF-α transcription is induced by Toll-like receptors, T Cell Receptor and
Pattern Recognition Receptors regulated by cell activation and inflammatory
stimuli. A dysregulation of TNF-α production is involved in several pathological
conditions such as cardiovascular diseases, asthma, rheumatoid arthritis,
systemic lupus erythematosus, susceptibility to infections, eczema and multiple
sclerosis. TNF-α is expressed on cell surface and cleaved by TACE (or
ADAM17) with production of the soluble type in the interstitial fluid. Both
cell surface and soluble type are active if assembled into trimeric complex.
Receptors TNFR-1 and TNFR-2 have shown ability to mediate the functions
of TNF-α. TNFR1 is constitutively expressed by immunitary cells and other
cytotypes, TNFR2 is expressed after induction on endothelial and hematopoietic
cell surface. TNFR2 activates signal of Nf-kB and MAPK, stimulating the
expression of pro-inflammatory cytokines, chemokines, adhesion molecules
and other factors implicated in phlogosis. Nf-kB is also involved in antioxidants
expression and anti-/pro-apoptotic factors production, such as caspase 8.
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Finally, several phatophysiological mechanisms are responsible for plaque
vulnerability, including phlogosis, increased extracellular matrix degradation
and neo-vascularization. These processes interplays leading to atherosclerotic
progression, plaque instability and rupture and for this reason atherosclerosis
is considered as a highly heterogeneous, complex and multifaceted
cardiovascular disease. Therefore, all single mentioned factors should be
considered, evaluated and integrated into the development of new diagnostic
and therapeutic strategies.
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