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Abstract: Cardiovascular disease still represents the main cause of mortality worldwide. Despite
huge improvements, atherosclerosis persists as the principal pathological condition, both in stable
and acute presentation. Specifically, acute coronary syndromes have received substantial research and
clinical attention in recent years, contributing to improve overall patients’ outcome. The identification
of different evolution patterns of the atherosclerotic plaque and coronary artery disease has suggested
the potential need of different treatment approaches, according to the mechanisms and molecular
elements involved. In addition to traditional risk factors, the finer portrayal of other metabolic and
lipid-related mediators has led to higher and deep knowledge of atherosclerosis, providing potential
new targets for clinical management of the patients. Finally, the impressive advances in genetics and
non-coding RNAs have opened a wide field of research both on pathophysiology and the therapeutic
side that are extensively under investigation.
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1. Introduction

A number of substantial improvements has been achieved in the diagnosis and treat-
ment of acute coronary syndrome (ACS) in the last decades, especially in terms of an-
tithrombotic therapies [1,2] and percutaneous intervention [3–6]. However, cardiovascular
diseases persist as the leading cause of mortality worldwide, with ischemic heart disease
accounting for the majority of cardiovascular deaths [7,8].

Angiographically identifiable atherosclerotic lesions are considered the key elements
in the determinism of coronary artery disease (CAD): historically, clinically significant
(flow-limiting) coronary stenoses were the primary lesions for chronic coronary syndrome
(CCS), with their future progression causing acute cardiac events, including unstable
angina, myocardial infarction (MI) and cardiac death.

Although the revascularization of severe coronary artery stenoses certainly reduces
symptoms and ameliorates quality of life, several reports have found no substantial prog-
nostic improvements [9,10] of interventional approaches, while optimal medical therapy
has demonstrated a reduction in cardiac death and MI [9,11]. Despite guideline-based
treatment, a proportion of patients with CCS progress to acute event with detrimental
consequences in overall patient outcome.

Thus, research efforts have shifted to the identification of features and characteristics
of atherosclerotic plaques, aiming to better patient risk stratification [12–15]. Alongside
that, advances in understanding pathogenic pathways and genetic role have provided new
insights into the atherothrombotic process.
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2. Definition and Clinical Presentation of Acute Coronary Syndrome

The clinical spectrum of ACS includes unstable angina, non-ST-segment elevation
myocardial infarction (NSTEMI) and ST-segment elevation myocardial infarction (STEMI).
These three clinical entities are graduated according to the severity and rapidity of the
required action for their treatment. At the bottom of severity is placed unstable angina,
in which the referred symptoms suggest an acute myocardial injury, but the biochemical
evidence is lacking. NSTEMI and STEMI are grouped in the nosological condition of type
1 MI, according to the Fourth Universal Definition of Myocardial Infarction, requiring
appreciable troponin level changes that both rise or fall together with clinical evidence of
ischemia [16].

Even if the proportion of STEMI among ACS is decreasing in Western countries,
thanks to improvements in contrasting well-established risk factors, the rates of in-hospital
mortality and morbidity remain high [17]. Moreover, the previous paradigm of coronary
atherosclerotic plaque rupture as the singular cause of STEMI or NSTEMI, recently re-
named non-ST-segment elevation acute coronary syndrome (NSTE-ACS), has fallen in
the last decade [18]. The availability of intravascular ultrasonography (IVUS) and optical
coherence tomography (OCT) has allowed for the study of the in vivo characteristics and
morphology of plaques and their composition [19–23]. The majority of ACS has been
caused by the rupture of an atherosclerotic plaque with thrombus formation. Studies
among patients referred for an ACS have documented the rupture of lipid-rich plaque in
two thirds of cases [24]. However, a non-negligible proportion of patients experience ACS
due to plaque erosion, calcific nodules, coronary spasm, and spontaneous coronary artery
dissection (Figure 1).
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Figure 1. Histomorphological Characteristics of plaque erosion, plaque rupture, and a stable plaque.
The top three photos report the cross-sectional area of a culprit lesion displaying a plaque erosion in a
patient with acute coronary syndrome (A), a culprit lesion displaying a plaque disruption in a patient
with acute coronary syndrome (B), and a stable unrelated plaque from a non-culprit site in another
patient dying from sudden cardiac death (C). The boxed areas in the top panels are magnified in the
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bottom panels for better histological characterization. (A) The eroded plaque shows subcritical
stenosis, an unremarkable necrotic core, and overlying thrombus on an intact fibrous cap. The cap is
rich in smooth muscle cells and proteoglycans, and there is minimal inflammation at the base of the
thrombus. The plaque does not show any positive remodeling. (B) Conversely, a positively remodeled,
critically occlusive atherosclerotic plaque with a cholesterol crystal-rich large necrotic core (NC)
covered by a very thin and inflamed fibrous cap, which is disrupted (area between the arrowheads).
Smooth muscle cells are visible in the medial layer and thin fibrous cap and are minimally present at
the base of the neointima. A large thrombogenic necrotic core is in communication with the vessel
lumen with an occlusive thrombus. (C) A stable plaque shows smooth muscle and collagen-rich
histology. The hemorrhagic necrotic core in the middle that separates the collagen of two separate
ages represents a healed rupture site. The lesion is critically narrowed but does not show any positive
remodeling or overlying thrombus. Reprinted from [25], with permission from Elsevier.

3. Physiopathology of Acute Coronary Syndrome
3.1. Plaque Disruption

The principal and more frequent event that leads to an acute presentation of coronary
atherosclerosis is constituted by the luminal rupture of a “vulnerable” plaque [25]. Its
features include a large lipid core mixed with foam cells, macrophages. That atheroma is
covered by a thin fibrotic cap including extracellular matrix components. The acute rupture
of the protective cap releases prothrombotic substances and material from the plaque,
activating the coagulative cascade, thrombus formation with consequent ischemia [26].
For decades, research has focused their efforts on understanding the pathophysiology of
the rupture of atheroma’s thin cap. Several inflammatory mediators, including interferon-
γ and interleukin (IL)-1, block the production of extracellular matrix elements [27] and
stimulate macrophages and other cells to release proteases that degrade extracellular
molecules [28]. The same triggers that deteriorate the atheroma’s thin cap stimulate
the production of prothrombotic elements, fibrin and plasminogen activator inhibitor-1,
enhancing clot formation [29]. The exposed core elements, including von Willebrand factor,
collagen and tissue factor, activate the circulating platelets, which in turn potentiate the
coagulative process, resulting in a rapid thrombus formation and acute onset of heart
ischemia [30,31].

3.2. Plaque Erosion

A relatively new concept is represented by the superficial erosion of atherosclerotic
plaque as the cause of ACS. Historical data suggest a prevalence of 20% of ACS patients
characterized by plaque erosion in the culprit lesions, while more recent reports indicate
about 40% of ACS patients displaying plaque erosion [32–34]. Improvements in techno-
logical instruments, particularly the OCT, have helped to identify this condition in vivo.
In general, patients with plaque erosion are younger than subjects admitted for ACS due
to plaque rupture. Data from a large OCT systematic study showed 53.8 vs. 65.1 years,
respectively, for patients with plaque erosion compared to those with plaque rupture [35].
The distribution of traditional cardiovascular risk factors is unbalanced between these two
conditions. Patients with plaque erosion usually display lower prevalence of diabetes mel-
litus and hypertension, lower levels of low-density lipoprotein cholesterol and C-reactive
protein, and a higher concentration of hemoglobin [36,37]. In addition, the complexity and
severity of CAD are lower in patients with plaque erosion than among those with plaque
rupture [38].

Considering the substantial differences observed from the clinical side, it is essential
to understand the molecular mechanisms to tailor patient management and to explore new
potential targets of treatment.

The first crucial issue is represented by the local shear stress corresponding to the
plaque. Human studies have shown that a thrombus occurs in the zones of high endothelial
shear stress [39]. The fluid dynamic impact leads to the degradation of the basement mem-
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brane, endothelial cell desquamation and death [40]. A contribution by innate immunity
has been suggested [41]. Inflammation and minimally oxidized low-density lipoprotein
(LDL) promote the expression of matrix metalloproteinase (MMP)-14 and MMP-2, which
degrade type IV collagen, the main component of the basement membrane [42,43]. Fur-
thermore, the enhanced activation of toll-like receptor (TLR)-2 has been found to maintain
the underlying inflammation [44] and to favor the recruitment of granulocytes through
the increased expression of leukocyte adhesion molecules [45]. The recruited granulocytes,
mostly neutrophils, are prone to form neutrophil extracellular traps (NETs) that have
been linked to the pathophysiology of plaque erosion and thrombus formation. NETs
are constituted by cytokines and tissue factors, and they can entrap circulating platelets,
thus promoting atherosclerosis [46]. Finally, impaired endothelium homeostasis has been
implied in endothelial to mesenchymal transition, which contributes to plaque erosion and
loss of integrity, together with overexpression of MMP-2, transforming growth factor-β
(TGF-β), and vascular growth factor (VEGF) [47,48].

3.3. Calcified Nodules

Among less common causes of ACS, there are calcified nodules. Their frequencies
range from 4% to 7% as the cause of ACS [49]. These heavily calcified lesions have
been found to be more frequent among the elderly [50] and in those with chronic kidney
disease [51,52]. From a pathological point of view, they are defined by the presence of
a fracture in the calcified sheet mixed with fibrin and a disrupted fibrous cap with an
overlying thrombus [53]; a histology study has shown that the break in the calcium sheet
into the lumen might be the trigger. Negative remodeling has been observed in calcified
nodule lesions more frequently than in lesions with ruptures of erosion [24].

3.4. Spontaneous Coronary Artery Dissection

Spontaneous coronary artery dissection (SCAD) is a condition characterized by an
intimal tear leading to the creation of a false lumen in the coronary wall in absence of
clear or known mechanical causes, including traumatic events or wire manipulation. The
subsequent compression of the vessel lumen leads to ischemia in the post-dissection
myocardial area [18]. Epidemiological data show an overall low prevalence of this condition,
less than 5%, even if a higher incidence has been displayed in specific subgroup of patients,
including pregnant or postpartum women [54]. The optimal treatment of SCAD has still not
been determined. Routine percutaneous coronary intervention performance is associated
with a particularly elevated rate of technical failure, due to wiring the false lumen or
extension of the dissection [55].

3.5. Coronary Spasm

A still poorly understood cause of ACS without plaque rupture is represented by
coronary artery spasm. Some hypotheses involve reduced nitric oxide availability due
to endothelial dysfunction, leading to increased smooth muscle cell reactivity [56]. A
proportion of about 25% of patients undergoing coronary angiography has shown coronary
spasm [57]. This should be expected, particularly if coronary angiography provides negli-
gible findings for significant stenosis [58]. The occurrence is higher among older men and
postmenopausal women [57], and racial differences have been detected even if without a
definite explanation, to date [59]. A previous study has inquired about coronary spasms
induced by acetylcholine among patients with stable angina. The authors found a worse
prognosis at 28 months among patients with a high degree of coronary spasm [60]. The
lack of a systematic approach to diagnose coronary spasm hampers the availability of
robust treatment guidelines, even if some authors suggest a routine use of acetylcholine
to unhide coronary spasm in ACS patients with coronary angiography negative for clear
culprit lesions [61].
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4. Recent Known Advances on Immunity
4.1. NETs and NLRP3

Several studies have claimed a central role of neutrophils in CAD progression, includ-
ing the abrupt presentation of an ACS [62]. The activation of NETs above atherosclerotic
plaque together with nucleotide-binding oligomerization domain-like receptor family pyrin
domain containing 3 (NLRP3) are known and accepted as key pathogenetic steps [63].

Neutrophil action in promoting atherosclerosis involves monocyte entry into atheroscle-
rotic lesions and macrophage activation, while the released myeloperoxidase accelerates
LDL oxidation and then foam cell formation [64]. The formation of NET is a relatively
recent element related to neutrophils that worsen atherosclerosis [65]. The network of
extracellular fibers composed by the DNA of neutrophils is activated by numerous stimuli
involving ROS, factor crystallizable and complement receptors, TLR-2 and -4 signaling [66],
with a consequent impact on platelet aggregation and macrophage release of IL-1β [67].

The NLRP3 inflammasome is a key mediator of inflammatory diseases, including
atherosclerosis and other vascular diseases. Recent evidence has suggested that IL-1β-
mediated inflammation drives atherothrombotic events, indicating that NLRP3 inflamma-
some is a major contributor to atherosclerosis.

NLRP3 is known to be activated by a wide range of diverse stimuli, most of which
have not been shown to directly interact with it (Figure 2). Thus, it is theorized that NLRP3
can sense cellular events that are triggered by activating stimuli. Common upstream events
proposed for NLRP3 inflammasome activation include K+ efflux (decrease in intracellular
K+), the generation of ROS derived from mitochondria, and cathepsin release from the
lysosome. Mitochondria-derived ROS production has been demonstrated to be important
for NLRP3 inflammasome activation, with studies suggesting that oxidized mitochondrial
DNA released in response to NLRP3 activators can drive the activation. The role of
NADPH oxidase in NLRP3 inflammasome activation is controversial, although it has been
suggested that NADPH oxidase-4 may play a role in certain conditions. Furthermore, the
release of cathepsin from damaged lysosomes is another cellular event that can trigger
NLRP3 inflammasome activation. This is commonly caused by the presence of particulate
matter such as monosodium urate and cholesterol crystals. These particles are taken up by
macrophages, but their digestion in lysosomes is inadequate, thus leading to lysosomal
damage and the leakage of cathepsins into the cytoplasm and, consequently, to NLRP3
inflammasome activation [68].

Studies have demonstrated that the expression levels of NLRP3 inflammasome com-
ponents are upregulated in atherosclerosis, which are potential links to the severity of
the disease [68]. Furthermore, studies using bone marrow-transplanted mice, lentivirus-
mediated NLRP3 gene silencing or the selective NLRP3 inhibitor MCC950 in apoE−/−

mice have provided direct evidence that the NLRP3 inflammasome contributes to the pro-
gression of atherosclerosis [69]. However, there are conflicting data showing no significant
differences in plaque size or macrophage infiltration between apoE−/− mice and apoE−/−

mice deficient in NLRP3 or caspase-1 [70]. Very recently, Chen et al. reported that a lack of
NLRP3 in bone marrow cells in LDL receptor−/− mice attenuated atherosclerotic lesion
formation in female mice but not in male mice [71]. Further research is needed to explore
the potential role of the NLRP3 inflammasome in the development of atherosclerosis, also
considering sex differences.
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modification; TLR, toll-like receptor; TNFR, tumor-necrosis factor receptor. 

Studies have demonstrated that the expression levels of NLRP3 inflammasome com-
ponents are upregulated in atherosclerosis, which are potential links to the severity of the 
disease [68]. Furthermore, studies using bone marrow-transplanted mice, lentivirus-me-
diated NLRP3 gene silencing or the selective NLRP3 inhibitor MCC950 in apoE−/− mice 
have provided direct evidence that the NLRP3 inflammasome contributes to the progres-
sion of atherosclerosis [69]. However, there are conflicting data showing no significant 
differences in plaque size or macrophage infiltration between apoE−/− mice and apoE−/− 
mice deficient in NLRP3 or caspase-1 [70]. Very recently, Chen et al. reported that a lack 
of NLRP3 in bone marrow cells in LDL receptor−/− mice attenuated atherosclerotic lesion 
formation in female mice but not in male mice [71]. Further research is needed to explore 
the potential role of the NLRP3 inflammasome in the development of atherosclerosis, also 
considering sex differences. 

4.2. Neutrophils’ Healing Potentiality 
Despite this evidence, almost all therapeutic strategies aiming to contrast neutrophils 

have thus far failed to show clinical benefits [72]. Experimental studies have reported that 
long-term depletion of neutrophils in MI models did not improve but rather impaired the 
inflammation process, leading to negative remodeling and reduced cardiac function [73]. 

The emerging role of neutrophils in the reparative process and healing after an injury 
has been reported in the last few years. Neutrophils contribute to the biosynthesis of 
growth factors, including VEGF, and factors favoring the inflammation switch off, such 
as lipoxins, resolvins, and protectins [74,75]. Therefore, general anti-neutrophil ap-
proaches can limit acute post-ischemic tissue injury, but this potential benefit is 

Figure 2. Regulation of NLRP3 inflammasome activation. The main external and intracellular
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low-density lipoprotein; PAMPs, pathogen-associated molecular patterns; PTMs, post-translational
modification; TLR, toll-like receptor; TNFR, tumor-necrosis factor receptor.

4.2. Neutrophils’ Healing Potentiality

Despite this evidence, almost all therapeutic strategies aiming to contrast neutrophils
have thus far failed to show clinical benefits [72]. Experimental studies have reported that
long-term depletion of neutrophils in MI models did not improve but rather impaired the
inflammation process, leading to negative remodeling and reduced cardiac function [73].

The emerging role of neutrophils in the reparative process and healing after an injury
has been reported in the last few years. Neutrophils contribute to the biosynthesis of
growth factors, including VEGF, and factors favoring the inflammation switch off, such as
lipoxins, resolvins, and protectins [74,75]. Therefore, general anti-neutrophil approaches
can limit acute post-ischemic tissue injury, but this potential benefit is counterbalanced
by the blockage of the subsequent healing response. In a murine model, Horckmans
et al found that neutrophil-depleted mice subjected to MI had worsened cardiac function,
increased fibrosis, and progressively developed heart failure, enlightening the crucial role of
neutrophils into macrophage polarization as a healing phenotype [76]. Similarly, long-term
inhibition of the S100 A8/A9 heterodimer has led to the deterioration of cardiac function
over time [77].

The promising results observed in the CANTOS trial [78] and COLCOT trial [79]
should drive future intervention and research in inflammatory regulation among ACS
patients (Table 1). These two large trials inquired about the effect of canakinumab and
colchicine in patients with recent ACS, finding benefits in terms of reductions in major
cardiovascular adverse events, mainly driven by reductions in ischemic events. The
inhibition of the IL-1β pathway has shown positive prognostic impacts after MI, even
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if some contrasting results have been reported by other drugs used to target the same
pathways, such as in the MRC-ILA Heart Study, which failed to demonstrate a benefit
of treatment with anakinra, a IL-1 receptor inhibitor, in NSTEMI patients [80]. Advances
in understanding neutrophil biology imply a tailored approach to target not only the
mechanisms and actors involved, but also the time and duration of the treatment, in order
to act without damage [81].

Table 1. Main clinical study and evidence in humans of the discussed targets.

Target Drug/Approach Study Name and Type Comparator(s) Population Evidence

Lp(a)

Anacetrapib

0859-026 AM3—phase
II RCT

Atorvastatin,
atorvastatin + placebo,

placebo

39 mildly
hypercholesterolemic

patients

Reduction of Lp(a) by
34.1% [82]

REVEAL—phase III
RCT Placebo

30,449 adults who were
receiving intensive

atorvastatin therapy

Lower incidence of major
coronary events vs placebo [83]

Evacetrapib Nicholls et al.—phase II
RCT Placebo

393 mildly
hypercholesterolemic

patients

Reduction of Lp(a) by up to
40% [84]

Apheresis
Leebmann

et al.—observational
study

170 high risk patients
Potential benefit in lower

incidence of cardiovascular
events [85]

Oplisiran OCEAN(a)-DOSE
trial—phase II RCT Placebo 281 patients with established

atherosclerotic
Reduction of Lp(a)

concentration

Vitamin D
pathways Cholecalciferol

Ponda et al.—RCT Placebo 151 vitamin D
deficient adults

No improvement of the lipid
profile [86]

ViDA—RCT Placebo 5110 healthy subjects No difference in major
cardiovascular event rate [87]

VITAL—RCT

Factorial 2 × 2,
omega-3 vs. placebo,

x cholecalciferol
vs. placebo

25,871 healthy subjects No difference in major
cardiovascular event rate [88]

Lp-PLA2 Darapladib SOLID-TIMI 52—RCT Placebo 13,000 subjects with recent
ACS

No differences in major
cardiovascular events [89]

PCSK9 Inclisiran

ORION-1—phase II
RCT Placebo 501 patients at high risk for

cardiovascular disease
Reduction of LDL

cholesterol [90]

ORION-9—phase III
RCT Placebo

482 patients with
heterozygous familial
hypercholesterolemia

Reduction of LDL cholesterol
[91]

ORION-10—phase III
RCT Placebo

1561 patients with
atherosclerotic

cardiovascular disease

Reductions in LDL cholesterol
levels of 50% [92]

ORION-11—phase III
RCT Placebo

1617 patients with
atherosclerotic

cardiovascular disease or
risk equivalent

Reductions in LDL cholesterol
levels of 50% [92]

Il-1β Canakinumab CANTOS—RCT Placebo 10,061 patients with prior MI Reduction of major
cardiovascular events [78]

IL-1 and
inflammasone Colchicine

COLCOT—RCT Placebo 4745 patients with MI
Reduction of first and total

ischemic cardiovascular
event [79]

LoDoCo2—RCT Placebo 5522 patients with CCS Reduction of cardiovascular
event [93]

IL-1 receptor Anakinra MRC-IL1-HEART—
phase II RCT Placebo 182 individuals with early

NSTEMI

No difference in major
cardiovascular event rate;
warning for harms at long

follow-up [80]

ACS, acute coronary syndrome; CCS, chronic coronary syndrome; IL, interleukin; LDL, low-density lipoprotein;
Lp(a), lipoprotein(a); Lp-PLA2, lipoprotein associated-phospholipase A2; MI, myocardial infarction; NSTEMI,
non-ST segment elevation myocardial infarction; PCSK9, proprotein convertase subtilisin–kexin type 9; RCT,
randomized controlled trial.
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4.3. Adaptive Immunity

Alongside the role of innate immunity, T and B lymphocytes operate in an elaborate
web of signaling and subtype differentiation in the atherosclerosis context [94]. The adaptive
immune response is mediated toward lipoprotein components trapped in the artery wall
and toward proteins coming from dysfunctional endothelial cells [95].

In the early stages of atherosclerosis, the recruitment of CD4+ T cells with a regulatory
phenotype (Treg) rather than an effector phenotype (Teff) is predominant [96]. In an animal
model of hypercholesterolemia, a rise in Treg in atherosclerotic plaque has been observed
with a concomitant lower number of Teff [97]; moreover, a depletion of CD4+ T cells may
accelerate atherosclerosis in mice [98], promoting the concept of an initial atheroprotective
role played by CD4+ T cells. However, the determinants of the switch of T lymphocytes
from a protective role to atherogenic action are not completely defined. A combination of
increased inflammatory cytokines, recruitment chemokines, reduced coinhibitory molecules
and anti-inflammatory mediators may be responsible for the variation in the T cell subset
proportions in the atherosclerosis milieu [99]. CD4+ T cell subpopulations can differentially
impact atherosclerosis progression and ACS events [100]. Recent evidence has suggested T
cell plasticity in addition to their heterogeneity. A specific CD4+ T cell subtype can acquire
the transcriptomic and phenotypic properties of another subtype [96,101]. A persistent
atherogenic condition can influence Treg by modulating the forkhead box P3 (FoxP3) gene,
essential for anti-atherogenic actions. Treg might progressively loose the FoxP3 expression
in favor of an effector and pro-atherothrombotic phenotype [102].

The role of B lymphocytes is less well characterized, but their contribution in atheroscle-
rosis has been depicted [103]. A primary protective role has been hypothesized, even if
the recent definition of B1 and B2 subtypes has provided controversies regarding their
role. In particular, the B1 subtype was confirmed to be anti-atherogenic by producing
immunoglobulin M antibodies to recognize apoptotic cells and to oxidize LDL [104]. The
contribution of B2 lymphocytes still needs more clarification. Their antibody production
is mainly derived from germinative centers, and has displayed the capacity to promote
atherosclerosis [105]. B2 cells-derived immunoglobulin G antibodies with pathogenic role
have been described as recognizing heat shock proteins 60 and 65, released from a damaged
endothelium and enhancing inflammation [95].

Increased attention is warranted regarding perivascular adipose tissue (PVAT) as an
active paracrine modulator of inflammation and adaptive immunity. A number of differ-
ent lymphocyte subtypes have been found in the adipose tissue located on the external
surface of arteries, including the coronaries [106,107]. The interplay between PVAT and
atherosclerosis is mediated by adiponectin, adipokines and other cytokines [108]. Initially,
PVAT exerts a protective action against endothelial dysfunction and conditions promoting
atherosclerosis by the production of vasoactive immunoregulatory substances [109]. Im-
paired PVAT homeostasis, such as in obesity or systemic inflammation, leads to the loss of
brown adipocyte components, with consequent atherosclerotic plaque progression [110]:
the following infiltration of immune cells, including CD4+ T cells with effector polarization
aggravates lesion severity and the stability of plaque [111,112].

5. Metabolic and Lipid-Related Actors in the Atherothrombosis Process
5.1. Adenosine Pathways

The first evidence of adenosine involvement in the cardiovascular system was reported
by Berne [113], who described its contribution in coronary vasodilation. Alongside the
electrophysiological properties in the diagnosis and treatment of wide QRS tachycardia and
supraventricular tachycardia, adenosine has been found to be involved in several pathways
related to coronary blood flow and atherothrombotic processes. Effects of adenosine are
mediated by four different G protein-coupled receptors, but the major cardiovascular role
is played by the A2a type, which is widely expressed in smooth muscle and the endothelial
cells of vessels. The protective role in atherosclerosis is constituted by the inhibition of the
pro-inflammatory cytokine response [114], together with the stimulation of endothelial cell
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proliferation during angiogenesis [115]. The promotion of collateral circulation is crucial
against ischemia-induced damage. Hypoxia has been reported to increase A2a receptor
levels [116]. Upregulation of the A2a receptor counterbalances the inflammatory response
mediated by NF-kB and hypoxia-induced factor (HIF)-1α pathways [117].

Another key role of adenosine and the A2a receptor is the regulation of platelet
aggregation. In an animal model, mice knockout for the A2a receptor displayed higher
platelet aggregation: the effect is mediated by an increase in platelet intracellular cAMP
concentration with a consequent reduction in internal calcium mobilization [118]. The
magnitude of adenosine impact on platelet aggregation is not negligible: for example,
the direct P2Y12 antagonist ticagrelor inhibits equilibrate nucleoside transport 1, with a
consequent increase in plasmatic adenosine levels [119]; moreover, genetic polymorphism
of the A2a receptor has shown significantly different platelet reactivities among patients
on ticagrelor [120]. Similarly, the procedural use of adenosine during the assessment of
FFR deserves careful attention in relation to dosage of intracoronary adenosine [121] and
genetic variants that may affect the final results [122].

5.2. Lp(a)

Lp(a), an apolipoprotein B (apoB)-containing lipoprotein similar to LDL, is bound to
apolipoprotein(a) (apo(a)) on its surface. Apo(a) is a protein encoded by the lipoprotein(a)
gene and possesses significant homology with plasminogen [123]. Lp(a) has various
physiological and pathological roles, including modulation of coagulation, immune cell
interaction, and proliferation of vascular smooth muscle and adhesion molecules. It is also a
major carrier of oxidized phospholipids in human plasma, which can have pro-atherogenic
and pro-inflammatory effects [123].

In terms of disease, Lp(a) contributes to the formation and progression of atheroscle-
rotic plaques, potentiates thrombus formation to cause MI or ischemic stroke, and promotes
inflammation and calcification [124].

The population distribution of circulating Lp(a) concentration is positively skewed,
strongly supporting a relationship between raised Lp(a) and the risk of CAD and acute
events [125]. Mendelian randomization studies indicate a causal relationship between the
lifelong elevation of Lp(a) and MI, with the doubling of Lp(a) plasma levels resulting in a
22% increased risk of MI [126].

The cholesteryl ester transfer protein (CETP) inhibitors anacetrapib and evacetrapib
reduced Lp(a) by 34 % and 40%, respectively, in two different phase II trials [82,84]. These
drugs did not demonstrate an overall benefit for CVD risk reduction but, importantly,
were evaluated in trials that did not enroll patients on the basis of elevated Lp(a). Even
when a large study, the REVEAL trial, found a lower incidence of major coronary events in
patients treated with anacetrapib than with the use of placebo [83], the overall benefits and
cost–benefit ratio hampered to proceed for the introduction in daily practice [127].

Lipoprotein apheresis offers an effective means of lowering apoB-containing lipopro-
teins, including LDL and Lp(a). It can reduce both Lp(a) and LDL-C from baseline by about
70% even if the reduction in Lp(a) is inconstant and time-sensitive [85].

5.3. Vitamin D and Calcium Homeostasis

Vitamin D is a lipophilic vitamin primarily involved in the homeostasis of calcium,
phosphorus and bone tissue, but it also has a wide range of systemic hormonal effects and
organ targets, including the cardiovascular system [128]. Cholecalciferol is the compound
named vitamin D3, and it is synthesized in the skin upon ultraviolet waves or is derived
from food as ergocalciferol. It undergoes first modification in liver cells, receiving a hydroxyl
group on C25 and becoming 25(OH) vitamin D; the active form requires further hydroxylation
on C1, occurring mainly in the kidneys and other extrarenal sites, with the formation of
1,25(OH)2 vitamin D, named calcitriol [129]. The vitamin D receptor binds vitamin D in the
form of 1,25(OH)2 and is expressed widely in the cardiovascular system [130], promoting the
signaling cascade and its effects. The cardiovascular protective role of vitamin D has been
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shown in several studies, which have all elucidated that vitamin D counteracts inflammation
and oxidative stress and is a cornerstone of atherosclerosis [131–133].

Moreover, among ACS patients, calcitriol deficiency was found in about 9% of patients,
even among those with normal 25(OH) vitamin D. A significant inverse relationship of
calcitriol with inflammatory and metabolic biomarkers has been reported, suggesting a
potential accurate role of calcitriol to predict cardiovascular risk [134]. Another interesting
finding is the inverse relationship between vitamin D level and pro-atherogenic lipid profile
and the burden of lesion calcification in patients admitted for STEMI [135].

This evidence is in line with and supports the concept of the bone–vascular
axis [136–138]. Prior studies have found that the increase in bone resorption occurring
in elderly and post-menopausal women leads to calcium mobilization and subsequent
abnormal deposition in vessels walls [139]. Several mediators including fibroblast growth
factor, osteopontin, osteoprotegerin, and matrix proteins have shown a connection between
bone homeostasis and vascular calcification [140]. Subsequent modification in vessel com-
ponents affects smooth muscle cells. When they are exposed to extracellular vesicles from
bone with impaired instead of normal metabolism, vascular smooth muscle cells might
undergo osteogenic transition with consequent vessel calcification [141]. This so-called cal-
cification paradox was also found in settings different from primary bone affection, such as
osteoporosis. In chronic kidney disease, osteogenic transition has been observed [139,142],
claiming a role in increased serum phosphorus levels or decreased hydroxylation of 25(OH)
vitamin D. Whether calcium deposition in coronary vessels should be considered a risk
factor or protective for acute events is still under discussion [143]. These crucial advances
in preclinical studies deserve a transition in the clinical setting.

Clinical trials have explored the cardiovascular effects of vitamin D supplementation,
reporting contrasting results. Administration of cholecalciferol compared to placebo in
patients with hypovitaminosis D has shown no changes in various cholesterol and lipopro-
teins levels [86]. Moreover, two large trials, ViDA [87] and VITAL [88], enrolled 5110 and
25,871 patients, respectively, to assess the effect of the supplementation of cholecalciferol
in healthy adults. No benefit was found in terms of the reduction of major cardiovascular
adverse events, including cardiovascular death, over a follow-up period of 3.3 and 5.3 years.
Meta-analyses of randomized trials in CAD patients have confirmed these inconclusive
results, portraying the need for further investigation [88].

5.4. Lipoprotein-Associated Phospholipase A2

The term phospholipase A2 (PLA2) refers to a superfamily of phospholipase enzymes
that hydrolyze the ester bond at the sn-2 position of phospholipids. After hydrolyzation,
PLA2 releases free fatty acids. A proportion of them includes arachidonic acid and oleic
acid, crucial compounds for energy production and inflammation signaling pathways [144].

The PLA2 superfamily comprises 16 groups identified according to the differences in
the chronology of their discovery [145]. Group VII includes lipoprotein-associated PLA2
(Lp-PLA2). It is secreted by macrophages, monocytes, mast cells and T-lymphocytes, and it
circulates in the blood in the form of a complex with LDL and high-density lipoprotein [146].
Lp-PLA2 was originally called platelet-activating factor acetyl-hydrolase, because of its
hydrolytic action on platelet-activating factor [147].

These effects produce an acceleration of atherosclerosis and plaque development, includ-
ing the formation of a necrotic core. Increased levels of Lp-PLA2 are found in thin-cap.

Several studies have reported that high plasma Lp-PLA2 levels are independently
associated with an increased risk of CAD and stroke [148–150]. Moreover, in a murine
model, the downregulation of the group VII of PLA2 genes improves inflammation and
reduces the burden of atherosclerosis [151], suggesting Lp-PLA2 as a potential target
for therapeutics. However, despite the pro-atherogenic effect and prediction of adverse
events, the inhibition of Lp-PLA2 with darapladib, the most advanced and most widely
studied Lp-PLA2 inhibitor, has failed to provide substantial benefits in patients with stable
CAD [152] and admitted for an ACS [89]. In particular, in the SOLID-TIMI 52 trial, more
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than 13,000 subjects were randomized to receive either once-daily darapladib or placebo
within 30 days of hospitalization for an ACS. With a median follow-up of 2.5 years, the
primary endpoint, major coronary events, occurred in 16.3% of patients in the darapladib
group and in 15.6% in the placebo group (HR = 1.00, 95% CI: 0.91–1.09, p = 0.93) [89].

Some explanations have been proposed to understand the discrepancy between pre-
clinical evidence and the lack of clinical benefits. Patients enrolled in the darapladib clinical
trials displayed higher percentages of statin therapy, which may reduce the Lp-PLA2 level
and limit the magnitude of further Lp-PLA2 reduction through specific inhibitors. Concerns
from other authors have involved the absence of stratification of patients according to
residual inflammation after an acute event that leads to hospitalization, suggesting the need
for a more accurate selection of patients potentially benefiting Lp-PLA2 inhibition [153].
Therefore, Lp-PLA2 may be considered as a reliable biomarker of cardiovascular risk, rather
than a causal element of atherosclerosis [154].

6. Genetics: The Different RNAs in ACS
6.1. MicroRNA

MicroRNAs (miRNAs) play an essential role in cardiovascular biology, with dysregu-
lation linked to various pathologies [155]. Several miRNAs have been found to be altered
in cardiovascular diseases [156], and cardiac-specific miRNAs have been reported to con-
tribute to the development of CAD, with evidence of differences in miRNA expression
between CCS and ACS [157] (Table 2).

Table 2. Main non-coding RNAs and cardiovascular conditions related to acute coronary syndrome.

Pathological Condition microRNAs Action/Regulation

Ischemia reperfusion injury
miR-146a Regulation of IRAK1 and TRAF6 expression in the myocardium [158]

increased expression in acute MI patients [159]

miR-17-3p Reduction of PTEN signaling [160]

Atherosclerosis

miR-100 Regulation of mTOR signaling, promoting endothelial autophagy and
reducing NF-kB activation [161]

miR-181b Regulation of TIMP3 [162]

miR-181a and miR-181c increased expression in acute MI patients [163,164]

Myocardial infarction

miR-208b Increase expression in acute MI patients and lower in stable
angina pectoris [165,166]

miR-99a Regulation of mTOR–p70S6K signaling pathway [167]

miR-199a-3p Promotion cardiac regeneration [168]

miR-590-3p Promotion cardiac regeneration [168]

miR-499 Increased expression in acute MI [165,169]

miR-133a Increased expression in acute MI [169]

miR-31 Regulation of troponin, E2F6 and mineral corticoid receptor [170]

Cardiac fibrosis

miR-433 Regulation of ERK-p38 kinase pathway, involved in MAPK8
signaling [171]

miR-378 Regulation of MKK6 [172,173]

miR-21 Regulation ERK-MAPK pathway [174]
Increased expression in ACS [159]
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Table 2. Cont.

Pathological Condition Long non-coding RNAs Action/Regulation

Myocardial infarction

MIRT1 Downregulation NF-kB signaling [175]

UIHTC Regulation of mitochondrial function [176]; protection of myocardial cells
from apoptosis [176]

AZIN2-sv Inhibition PI3K-AKT(PKB) pathway [177]

MEG3 Promotion hypoxia-induced apoptosis [178]

HOTAIR Promotion hypoxia-induced apoptosis [179,180]

KCNQ1OT1 Regulation K channel expression [181]

aHIF Regulation HIF-1α [181]

MHRT Protection against H2O2–induced apoptosis [182]

UCA1 Metabolic regulation and cell proliferation [183]

Pathological Condition Circular RNAs Action/Regulation

Myocardial infarction

Cdr1as (CiRS-7) Regulation of miR-7a pathways
Increase in the infarct size in murine model [184]

CircNfix
(mmu-circ-0001704)

Inhibition of cardiomyocyte proliferation, promotion of cardiac
dysfunction [185]

Circ-Ttc3 Inhibition of ATP depletion and cell death in acute MI, through
miR15b-5p-ARl2 pathways [186]

Ischemia reperfusion injury

MFACR
(mm9-circ-016597)

Downregulation of miR-652-3p, which in turn suppresses MTP18
translation; promotion of mitochondrial fission and apoptosis [187]

ACR (mmu-circ-006636) Suppression autophagy [188]

ACS, acute coronary syndrome; ACR, autophagy-related circular; aHIF, HIF-1α antisense RNA 2; AZIN2-sv,
antizyme inhibitor 2 splice variant; ERK, extracellular signal-regulated kinase; HIF-1α, hypoxia induced factor-
1α; HOTAIR, transcription in trans across 40 kb of the HOXD locus; IRAK1, IL-1 receptor-associated kinase 1;
KCNQ1OT1, KCNQ1 overlapping transcript 1; MAPK, mitogen-activated protein kinase; MEG3, maternally
expressed gene 3; MFACR, mitochondrial fission and apoptosis-related circRNA; MHRT, myosin heavy-chain-
associated RNA transcripts; MI, myocardial infarction; MIRT1, myocardial infarction-associated transcript 1;
MKK6, mitogen-activated protein kinase kinase 6; mTOR, mechanistic target of rapamycin; MTP18, mitochondrial
fission process protein 1; NF-κB, nuclear factor-κB; PI3K, phosphatidylinositol 3-kinase; PKB, protein kinase B;
PTEN, phosphatase and tensin homologue; TIMP, metalloproteinase inhibitor; TRAF6, TNF receptor-associated
factor 6; UCA1, urothelial carcinoma-associated 1; UIHTC, upregulated in hypothermia-treated cardiomyocytes.

From a pathological point of view, miRNAs have been found to be related to alterations
involving several key actors of atherosclerosis. A number of miRNAs, including miR-34a,
miR-217, and miR-146a, have been associated with regulating mechanisms involved in
endothelium senescence [189]. A decrease in sirtulin-1, a gene of longevity, was identified
as a main effect of miRNA interaction [190]. On the other hand, some mrRNAs have shown
the ability to control inflammation and reduce leukocyte infiltration in the vessel wall and
plaques, such as miR-126 [191]. In addition, the homeostasis of smooth muscle has been
found to be influenced by miRNAs. miR-143 and miR-145 may promote the differentiation
of smooth muscle cells and have been found to be reduced in atherosclerotic vessels [192].

A number of cardiac- and muscle-specific miRNAs were proposed as biomarkers of
acute MI in pivotal studies [193,194]. In particular, mir-208b and mir-499 were found to
be significantly effective in predicting MI compared to controls, with an AUC = 0.97 for
mir-499, even if no adjunctive impact to troponin diagnostic accuracy was shown [165].
Subsequent studies have confirmed the role of mir-499 in the prediction of acute MI together
with mir-133a [169], while mir-208b was suggested to be further investigated [195]. In a
study including more than three hundred ACS-suspected patients, cardiac and non-cardiac
miRNAs were assessed. The levels of all miRNAs studied were significantly increased in
106 patients diagnosed with ACS, even among those with first high-sensitive troponin that
resulted in negative or early symptom onset (i.e., less than 3 h). Cardiac miR-1, miR-499 and
non-cardiac miR-21 were found to increase the diagnostic value when added to troponin,
independent from patient comorbidities and cardiovascular risk factors. Moreover, the
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combination of the three miRNAs resulted in a significantly higher AUC than troponin
among ACS patients earlier admitted or referred to hospital [159].

In addition, inflammation-related miRNAs have been inquired for their potential
relationship with ACS, including miR-181c and miR-362 [196]. The levels of these miRNAs
were found to be higher in ACS patients, while other authors reported no increased levels
among stable CAD [197]. However, their expression was not found to be related to troponin
levels, suggesting a role of these inflammatory miRNAs to be more on plaque vulnerability
than on the extent of myocardial injury.

The wide and still unexplored field of miRNAs may be hiding some concerns, and
findings must be interpreted with caution. There are several potential biases related to the
type of body fluid used for miRNA extraction, sample preparation, platform for analysis,
RNA purification, and normalization methods, of which all can affect the concentration and
quality of miRNAs [198]. In addition, miRNAs selection that has adopted candidate-driven
approaches might lead to biases regarding the magnitude of the effect estimation [199].
Therefore, it is essential to interpret the findings of miRNA studies with caution, as there is
an absence of standardization when it comes to selecting miRNAs, normalization methods,
and RNA extraction techniques [200].

6.2. Long Non-Coding RNAs

Long non-coding RNAs (lncRNAs) have been shown to play a role in a variety of
cellular functions within both the nucleus and cytoplasm and are important for normal
development as well as in the progression of disease [201]. RNA-seq studies have been
performed to assess lncRNA expression, both in animal models and human tissues [202,203],
in the context of cardiovascular disease [204]. For example, a study using RNA-seq to
investigate the dynamic regulation of lncRNAs in ischemic heart disease in pigs identified
450 lncRNAs that were dysregulated in cardiac tissue after MI [205].

Additionally, two novel, hypoxia-sensitive human endothelial lncRNAs were discov-
ered using RNA-seq and microarray technologies, which upon further functional character-
ization through gain- and loss-of-function approaches, were found to have an important
role in angiogenesis [206]. Furthermore, the potential value of lncRNAs as diagnostic
biomarkers has been explored, and a global transcriptomic analysis of plasma samples from
patients with MI led to the identification of 768 lncRNA transcripts that were dysregulated
compared to control samples [207]. In particular, the mitochondrial lncRNA uc022bqs.1
(LIPCAR) was found to be downregulated immediately after MI but upregulated during
later stages of cardiac damage, suggesting that it could be used to identify patients who are
prone to cardiac remodeling following a MI [207].

In a case-control study, HIF-1α antisense RNA 2 (aHIF), KCNQ1 overlapping tran-
script 1 (KCNQ1OT1), and metastasis-associated lung adenocarcinoma transcript 1 were
significantly increased in circulation in patients with acute MI, with further differences in
circulating levels according to STEMI or NSTEMI presentation [181].

LncRNA myosin heavy-chain-associated RNA transcripts (MHRT) and other less
common lncRNA were proposed as a potential diagnostic tool in the setting of acute
MI [208]. Zhang et al., in their study, found increased levels of MHRT among patients
referred for ACS compared to healthy volunteers. Moreover, they explored in murine MI
models the role of lncRNA MHRT, reporting a protective role against hydrogen-peroxide-
induced myocytes apoptosis [182].

Of interest is another lncRNA named urothelial carcinoma-associated 1 (UCA1). It
was evaluated by Yan and colleagues in a case-control investigation comparing acute MI
patients and healthy control [183]. Their main findings displayed a significant reduction
in plasmatic UCA1 levels in the early phase of MI but a significant increase at day 3 after
MI, irrespective of hypertension or diabetes diagnosis. UCA1 has been found to play a
role in glucose metabolism [209], cell proliferation and inhibition of apoptosis [210], and
most cardiac protective actions derive from their interaction with miR-1. Additive value to
troponin and other myocardial injury biomarkers has been proposed for UCA1 [183].
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6.3. Circular RNAs

Circular RNAs (circRNAs) are a significant class of non-coding RNA molecules that
form a covalently closed loop. Spliceosome machinery is responsible for the production of
circRNAs through the process of precursor mRNA back-splicing [211]. High-throughput
sequencing has identified thousands of circRNAs present in the human body and has demon-
strated that a substantial number of these are expressed in a tissue-specific or disease-specific
manner [212–214]. While the biological functions of the majority of circRNAs are unknown,
certain circRNAs have been reported to serve as miRNA sponges [215,216], to interact with
RNA-binding proteins, to regulate transcription or to translate into proteins [217,218]. Early
research has provided evidence of individual circRNAs playing pivotal regulatory roles in
the cardiovascular system [219,220].

Key mechanisms of impact of circRNAs on MI involve oxidation-stress-induced car-
diomyocyte apoptosis [221,222], with co-participation of miRNAs such as miR-133a [223],
and ischemia-reperfusion-induced damage and cell death. The circRNA MFACR directly pro-
motes mitochondrial fission and ischemia reperfusion apoptosis by interacting with miR-652.

Murine models of MI have been used by Geng et al. to explore the role of circRNA
Cdr1as, also named CiRS-7, in infarcted cardiomyocytes. Their main findings were con-
sistent with an increased expression of Cdr1as and cardiac infarct size and cell apoptosis
promotion. Its effect was counterbalanced by miR-7a expression, which in turn decreased
cell apoptosis and reduced the infarct size [184]. In in vitro models of acute MI, the circRNA
circ-tetratricopeptide repeat domain 3 (circ-Ttc3) was found to be significantly upregulated,
contributing to the reduction of ATP depletion and cell death. Proposed mechanisms
include a potential sponge role of circ-Ttc3 with miR15b-5p, which in turn increases the
expression of ADP ribosylation factor-like GTPase 2 (Arl2) protein, the main effector with
a beneficial role shown by circ-Ttc3 [186]. A protective role against autophagy has been
shown by autophagy-related circular RNA (ACR) [188], while an intriguing role in sup-
porting myocardium healing after MI has been proposed with the co-participation of
VEGF and connective tissue growth factor [224,225], as well as its role in the regulation of
angiogenesis [185].

Despite the promising findings from pre-clinical studies, the still poor understanding
of the biology of circRNA hampers its complete translation into the clinical field, requiring
clarification both in their synthesis and activities [226].

7. Example of Genic Therapy
7.1. Olpasiran

Olpasiran is a siRNA drug administered subcutaneously and targeting the liver via
its N-acetylgalactosamine moiety. Upon entering the hepatocyte, the antisense strand
of olpasiran is loaded into an RNA-induced silencing complex (RISC), which binds to
apolipoprotein(a) RNA messenger (mRNA), leading to its degradation. This allows for
a prolonged effect, as the RISC can target additional mRNAs [227]. Clinical trials have
shown that olpasiran treatment significantly reduces the concentration of Lp(a) in a dose-
dependent manner and is safe, with doses reducing the Lp(a) concentration by more than
95% compared with placebo [228]. The pharmacodynamic effects were maintained when
the drug was administered every 12 weeks. Although there is a causal role for Lp(a)
in atherosclerotic cardiovascular disease [229], large-scale clinical trials are required to
demonstrate a clinical benefit of Lp(a) lowering [230,231]. The relationship between Lp(a)
and the risk of atherosclerotic cardiovascular disease appears to be broadly continuous and
log-linear, making it difficult to identify a clear threshold for patient risk [232].

7.2. Inclisiran

For the treatment of heterozygous familial hypercholesterolemia or CAD requiring ad-
ditional LDL lowering, inclisiran can be used as an adjunct to diet and maximally tolerated
statin therapy [233]. This siRNA inhibitor of proprotein convertase subtilisin/kexin type 9
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synthesis is administered via subcutaneous injection every three months in two doses, then
every six months thereafter.

Results from the ORION-9, -10, and -11 phase III trials, published in 2020, have
demonstrated a placebo-corrected percentage change in LDL from baseline to day 510
of 47.9 percent (95% CI 42.3–53.5) and a time-adjusted reduction of 44.3 percent (95% CI
40.1–48.5) [90–92,234]. As such, this may be a viable alternative for those with allergic
responses to both evolocumab and alirocumab, as well as for those with difficulty using a
pen injector due to arthritis and/or weakness of the hands. However, further clinical trial
data are required in order to assess the potential for cardiovascular risk reduction before a
broader use of inclisiran is suggested.

The ORION-10 and ORION-11 trials showed that inclisiran significantly reduced LDL
levels by approximately 50 percent in patients with cardiovascular disease and at high
risk. The pooled analysis results of these trials indicate that the placebo-corrected change
in LDL with inclisiran at day 510 was −50.7 percent, with few serious adverse events
reported [235].

8. Future Perspectives

The significant advances achieved in recent years have contributed to a finer compre-
hension of atherosclerosis pathophysiology (Figure 3). The paradigm of ruptured culprit
lesions as the only cause of ACS has shifted to a more complex series of mechanisms that
probably deserve different approaches from the interventional and non-interventional
points of view. On the side of pharmacological strategies, the characterization of the neu-
trophils’ role could provide attractive targets of treatment, even if a further definition on
the best way and time to treat is required to preserve their potential healing properties.
Clinical translation of pre-clinical findings in metabolic- and lipid-related factors should
be considered and performed, with adequate identification of the subgroups of patients
that might take advantage from the treatment. Finally the great advances in genetics have
provided a large field of investigation. The amount of data is impressive, but a better
definition is needed to understand the potential benefits of all non-coding RNAs that have
been investigated.
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steps of acute coronary syndrome: pre-clinical atherosclerosis progression, acute event occurrence
and post-event management. In the center column are the principal signaling pathways and under-
lying pathological aspects. In the right column are the key elements and substances mediating the
pathophysiological process. Lp(a), lipoprotein(a); Lp-PLA2, lipoprotein associated-phospholipase A2;
NETosis, neutrophil extracellular traps (NETs) formation; NLRP3, nucleotide-binding oligomerization
domain-like receptor family pyrin domain containing 3.

Author Contributions: Conceptualization, methodology, G.D.L.; writing—original draft preparation,
M.N. and N.L.; writing—review and editing, M.V. and D.C.; supervision, G.D.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study
because this is a review.

Informed Consent Statement: Patient consent was waived because this is a review.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Verdoia, M.; Schaffer, A.; Barbieri, L.; Cassetti, E.; Piccolo, R.; Galasso, G.; Marino, P.; Sinigaglia, F.; De Luca, G. Benefits from

New ADP Antagonists as Compared with Clopidogrel in Patients with Stable Angina or Acute Coronary Syndrome Undergoing
Invasive Management: A Meta-Analysis of Randomized Trials. J. Cardiovasc. Pharmacol. 2014, 63, 339–350. [CrossRef]

2. De Luca, G.; Suryapranata, H.; Stone, G.W.; Antoniucci, D.; Tcheng, J.E.; Neumann, F.-J.; Bonizzoni, E.; Topol, E.J.; Chiariello, M.
Relationship between Patient’s Risk Profile and Benefits in Mortality from Adjunctive Abciximab to Mechanical Revascularization
for ST-Segment Elevation Myocardial Infarction: A Meta-Regression Analysis of Randomized Trials. J. Am. Coll. Cardiol. 2006, 47,
685–686. [CrossRef]

3. Secco, G.G.; Ghione, M.; Mattesini, A.; Dall’Ara, G.; Ghilencea, L.; Kilickesmez, K.; De Luca, G.; Fattori, R.; Parisi, R.; Marino, P.N.;
et al. Very High-Pressure Dilatation for Undilatable Coronary Lesions: Indications and Results with a New Dedicated Balloon.
EuroIntervention 2016, 12, 359–365. [CrossRef] [PubMed]

4. De Luca, G.; Smits, P.; Hofma, S.H.; Di Lorenzo, E.; Vlachojannis, G.J.; Van’t Hof, A.W.J.; van Boven, A.J.; Kedhi, E.; Stone, G.W.;
Suryapranata, H.; et al. Everolimus Eluting Stent vs First Generation Drug-Eluting Stent in Primary Angioplasty: A Pooled
Patient-Level Meta-Analysis of Randomized Trials. Int. J. Cardiol. 2017, 244, 121–127. [CrossRef] [PubMed]

5. De Luca, G.; Navarese, E.P.; Suryapranata, H. A Meta-Analytic Overview of Thrombectomy during Primary Angioplasty.
Int. J. Cardiol. 2013, 166, 606–612. [CrossRef]

6. De Luca, G.; Schaffer, A.; Wirianta, J.; Suryapranata, H. Comprehensive Meta-Analysis of Radial vs Femoral Approach in Primary
Angioplasty for STEMI. Int. J. Cardiol. 2013, 168, 2070–2081. [CrossRef]

7. GBD 2019 Diseases and Injuries Collaborators Global Burden of 369 Diseases and Injuries in 204 Countries and Territories,
1990–2019: A Systematic Analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204–1222. [CrossRef]

8. GBD 2017 Causes of Death Collaborators Global, Regional, and National Age-Sex-Specific Mortality for 282 Causes of Death in
195 Countries and Territories, 1980–2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392,
1736–1788. [CrossRef]

9. Maron, D.J.; Hochman, J.S.; Reynolds, H.R.; Bangalore, S.; O’Brien, S.M.; Boden, W.E.; Chaitman, B.R.; Senior, R.; López-Sendón, J.;
Alexander, K.P.; et al. Initial Invasive or Conservative Strategy for Stable Coronary Disease. N. Engl. J. Med. 2020, 382, 1395–1407.
[CrossRef]

10. Boden, W.E.; O’Rourke, R.A.; Teo, K.K.; Hartigan, P.M.; Maron, D.J.; Kostuk, W.J.; Knudtson, M.; Dada, M.; Casperson, P.; Harris,
C.L.; et al. Optimal Medical Therapy with or without PCI for Stable Coronary Disease. N. Engl. J. Med. 2007, 356, 1503–1516.
[CrossRef]

11. Bangalore, S.; Maron, D.J.; Stone, G.W.; Hochman, J.S. Routine Revascularization Versus Initial Medical Therapy for Stable
Ischemic Heart Disease: A Systematic Review and Meta-Analysis of Randomized Trials. Circulation 2020, 142, 841–857. [CrossRef]
[PubMed]

12. De Luca, G.; Verdoia, M.; Cassetti, E.; Schaffer, A.; Cavallino, C.; Bolzani, V.; Marino, P. Novara Atherosclerosis Study Group
(NAS) High Fibrinogen Level Is an Independent Predictor of Presence and Extent of Coronary Artery Disease among Italian
Population. J. Thromb. Thrombolysis 2011, 31, 458–463. [CrossRef] [PubMed]

13. De Luca, G.; Santagostino, M.; Secco, G.G.; Cassetti, E.; Giuliani, L.; Franchi, E.; Coppo, L.; Iorio, S.; Venegoni, L.; Rondano, E.;
et al. Mean Platelet Volume and the Extent of Coronary Artery Disease: Results from a Large Prospective Study. Atherosclerosis
2009, 206, 292–297. [CrossRef] [PubMed]

https://doi.org/10.1097/FJC.0000000000000052
https://doi.org/10.1016/j.jacc.2005.11.018
https://doi.org/10.4244/EIJY15M06_04
https://www.ncbi.nlm.nih.gov/pubmed/26111405
https://doi.org/10.1016/j.ijcard.2017.06.022
https://www.ncbi.nlm.nih.gov/pubmed/28673736
https://doi.org/10.1016/j.ijcard.2011.11.102
https://doi.org/10.1016/j.ijcard.2013.01.161
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1056/NEJMoa1915922
https://doi.org/10.1056/NEJMoa070829
https://doi.org/10.1161/CIRCULATIONAHA.120.048194
https://www.ncbi.nlm.nih.gov/pubmed/32794407
https://doi.org/10.1007/s11239-010-0531-z
https://www.ncbi.nlm.nih.gov/pubmed/21080031
https://doi.org/10.1016/j.atherosclerosis.2009.02.008
https://www.ncbi.nlm.nih.gov/pubmed/19426979


J. Clin. Med. 2023, 12, 2883 17 of 26

14. Schaffer, A.; Verdoia, M.; Cassetti, E.; Marino, P.; Suryapranata, H.; De Luca, G.; Novara Atherosclerosis Study Group (NAS).
Relationship between Homocysteine and Coronary Artery Disease. Results from a Large Prospective Cohort Study. Thromb. Res.
2014, 134, 288–293. [CrossRef]

15. Barbato, E.; Piscione, F.; Bartunek, J.; Galasso, G.; Cirillo, P.; De Luca, G.; Iaccarino, G.; De Bruyne, B.; Chiariello, M.; Wijns, W.
Role of Beta2 Adrenergic Receptors in Human Atherosclerotic Coronary Arteries. Circulation 2005, 111, 288–294. [CrossRef]
[PubMed]

16. Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Chaitman, B.R.; Bax, J.J.; Morrow, D.A.; White, H.D. ESC Scientific Document Group Fourth
Universal Definition of Myocardial Infarction (2018). Eur. Heart J. 2019, 40, 237–269. [CrossRef] [PubMed]

17. Omer, M.A.; Tyler, J.M.; Henry, T.D.; Garberich, R.; Sharkey, S.W.; Schmidt, C.W.; Henry, J.T.; Eckman, P.; Megaly, M.;
Brilakis, E.S.; et al. Clinical Characteristics and Outcomes of STEMI Patients with Cardiogenic Shock and Cardiac Arrest.
JACC Cardiovasc. Interv. 2020, 13, 1211–1219. [CrossRef]

18. Collet, J.-P.; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; Dendale, P.; Dorobantu, M.; Edvardsen, T.; Folliguet,
T.; et al. 2020 ESC Guidelines for the Management of Acute Coronary Syndromes in Patients Presenting without Persistent
ST-Segment Elevation. Eur. Heart J. 2021, 42, 1289–1367. [CrossRef]

19. Shmilovich, H.; Cheng, V.Y.; Tamarappoo, B.K.; Dey, D.; Nakazato, R.; Gransar, H.; Thomson, L.E.J.; Hayes, S.W.; Friedman, J.D.;
Germano, G.; et al. Vulnerable Plaque Features on Coronary CT Angiography as Markers of Inducible Regional Myocardial
Hypoperfusion from Severe Coronary Artery Stenoses. Atherosclerosis 2011, 219, 588–595. [CrossRef]

20. Vancraeynest, D.; Pasquet, A.; Roelants, V.; Gerber, B.L.; Vanoverschelde, J.-L.J. Imaging the Vulnerable Plaque. J. Am. Coll. Cardiol.
2011, 57, 1961–1979. [CrossRef]

21. Goldstein, J.A.; Maini, B.; Dixon, S.R.; Brilakis, E.S.; Grines, C.L.; Rizik, D.G.; Powers, E.R.; Steinberg, D.H.; Shunk, K.A.; Weisz,
G.; et al. Detection of Lipid-Core Plaques by Intracoronary near-Infrared Spectroscopy Identifies High Risk of Periprocedural
Myocardial Infarction. Circ. Cardiovasc. Interv. 2011, 4, 429–437. [CrossRef] [PubMed]

22. Fabris, E.; Berta, B.; Roleder, T.; Hermanides, R.S.; IJsselmuiden, A.J.J.; Kauer, F.; Alfonso, F.; von Birgelen, C.; Escaned, J.; Camaro,
C.; et al. Thin-Cap Fibroatheroma Rather Than Any Lipid Plaques Increases the Risk of Cardiovascular Events in Diabetic Patients:
Insights from the COMBINE OCT-FFR Trial. Circ. Cardiovasc. Interv. 2022, 15, e011728. [CrossRef] [PubMed]

23. Kedhi, E.; Berta, B.; Roleder, T.; Hermanides, R.S.; Fabris, E.; IJsselmuiden, A.J.J.; Kauer, F.; Alfonso, F.; von Birgelen, C.; Escaned, J.;
et al. Thin-Cap Fibroatheroma Predicts Clinical Events in Diabetic Patients with Normal Fractional Flow Reserve: The COMBINE
OCT-FFR Trial. Eur. Heart J. 2021, 42, 4671–4679. [CrossRef] [PubMed]

24. Higuma, T.; Soeda, T.; Abe, N.; Yamada, M.; Yokoyama, H.; Shibutani, S.; Vergallo, R.; Minami, Y.; Ong, D.S.; Lee, H.; et al. A
Combined Optical Coherence Tomography and Intravascular Ultrasound Study on Plaque Rupture, Plaque Erosion, and Calcified
Nodule in Patients With ST-Segment Elevation Myocardial Infarction: Incidence, Morphologic Characteristics, and Outcomes
After Perc. JACC Cardiovasc. Interv. 2015, 8, 1166–1176. [CrossRef] [PubMed]

25. Prati, F.; Uemura, S.; Souteyrand, G.; Virmani, R.; Motreff, P.; Di Vito, L.; Biondi-Zoccai, G.; Halperin, J.; Fuster, V.; Ozaki, Y.; et al.
OCT-Based Diagnosis and Management of STEMI Associated with Intact Fibrous Cap. JACC Cardiovasc. Imaging 2013, 6, 283–287.
[CrossRef]

26. Bentzon, J.F.; Otsuka, F.; Virmani, R.; Falk, E. Mechanisms of Plaque Formation and Rupture. Circ. Res. 2014, 114, 1852–1866.
[CrossRef]

27. Libby, P. Mechanisms of Acute Coronary Syndromes and Their Implications for Therapy. N. Engl. J. Med. 2013, 368, 2004–2013.
[CrossRef]

28. Mach, F.; Schönbeck, U.; Bonnefoy, J.Y.; Pober, J.S.; Libby, P. Activation of Monocyte/Macrophage Functions Related to Acute
Atheroma Complication by Ligation of CD40: Induction of Collagenase, Stromelysin, and Tissue Factor. Circulation 1997, 96,
396–399. [CrossRef]

29. Libby, P.; Theroux, P. Pathophysiology of Coronary Artery Disease. Circulation 2005, 111, 3481–3488. [CrossRef]
30. Badimon, L.; Badimon, J.J.; Turitto, V.T.; Fuster, V. Role of von Willebrand Factor in Mediating Platelet-Vessel Wall Interaction at

Low Shear Rate; the Importance of Perfusion Conditions. Blood 1989, 73, 961–967. [CrossRef]
31. Stefanini, L.; Bergmeier, W. Negative Regulators of Platelet Activation and Adhesion. J. Thromb. Haemost. 2018, 16, 220–230.

[CrossRef] [PubMed]
32. Kwon, J.E.; Lee, W.S.; Mintz, G.S.; Hong, Y.J.; Lee, S.Y.; Kim, K.S.; Hahn, J.-Y.; Kumar, K.S.; Won, H.; Hyeon, S.H.; et al.

Multimodality Intravascular Imaging Assessment of Plaque Erosion versus Plaque Rupture in Patients with Acute Coronary
Syndrome. Korean Circ. J. 2016, 46, 499–506. [CrossRef] [PubMed]

33. Arbustini, E.; Dal Bello, B.; Morbini, P.; Burke, A.P.; Bocciarelli, M.; Specchia, G.; Virmani, R. Plaque Erosion Is a Major Substrate
for Coronary Thrombosis in Acute Myocardial Infarction. Heart 1999, 82, 269–272. [CrossRef] [PubMed]

34. Sato, Y.; Hatakeyama, K.; Yamashita, A.; Marutsuka, K.; Sumiyoshi, A.; Asada, Y. Proportion of Fibrin and Platelets Differs in
Thrombi on Ruptured and Eroded Coronary Atherosclerotic Plaques in Humans. Heart 2005, 91, 526–530. [CrossRef]

35. Jia, H.; Abtahian, F.; Aguirre, A.D.; Lee, S.; Chia, S.; Lowe, H.; Kato, K.; Yonetsu, T.; Vergallo, R.; Hu, S.; et al. In Vivo Diagnosis of
Plaque Erosion and Calcified Nodule in Patients with Acute Coronary Syndrome by Intravascular Optical Coherence Tomography.
J. Am. Coll. Cardiol. 2013, 62, 1748–1758. [CrossRef]

https://doi.org/10.1016/j.thromres.2014.05.025
https://doi.org/10.1161/01.CIR.0000153270.25541.72
https://www.ncbi.nlm.nih.gov/pubmed/15642763
https://doi.org/10.1093/eurheartj/ehy462
https://www.ncbi.nlm.nih.gov/pubmed/30165617
https://doi.org/10.1016/j.jcin.2020.04.004
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1016/j.atherosclerosis.2011.07.128
https://doi.org/10.1016/j.jacc.2011.02.018
https://doi.org/10.1161/CIRCINTERVENTIONS.111.963264
https://www.ncbi.nlm.nih.gov/pubmed/21972399
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011728
https://www.ncbi.nlm.nih.gov/pubmed/35485232
https://doi.org/10.1093/eurheartj/ehab433
https://www.ncbi.nlm.nih.gov/pubmed/34345911
https://doi.org/10.1016/j.jcin.2015.02.026
https://www.ncbi.nlm.nih.gov/pubmed/26117464
https://doi.org/10.1016/j.jcmg.2012.12.007
https://doi.org/10.1161/CIRCRESAHA.114.302721
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1161/01.CIR.96.2.396
https://doi.org/10.1161/CIRCULATIONAHA.105.537878
https://doi.org/10.1182/blood.V73.4.961.961
https://doi.org/10.1111/jth.13910
https://www.ncbi.nlm.nih.gov/pubmed/29193689
https://doi.org/10.4070/kcj.2016.46.4.499
https://www.ncbi.nlm.nih.gov/pubmed/27482258
https://doi.org/10.1136/hrt.82.3.269
https://www.ncbi.nlm.nih.gov/pubmed/10455073
https://doi.org/10.1136/hrt.2004.034058
https://doi.org/10.1016/j.jacc.2013.05.071


J. Clin. Med. 2023, 12, 2883 18 of 26

36. Yamamoto, E.; Yonetsu, T.; Kakuta, T.; Soeda, T.; Saito, Y.; Yan, B.P.; Kurihara, O.; Takano, M.; Niccoli, G.; Higuma, T.; et al.
Clinical and Laboratory Predictors for Plaque Erosion in Patients With Acute Coronary Syndromes. J. Am. Heart Assoc. 2019, 8,
e012322. [CrossRef]

37. Niccoli, G.; Montone, R.A.; Cataneo, L.; Cosentino, N.; Gramegna, M.; Refaat, H.; Porto, I.; Burzotta, F.; Trani, C.; Leone, A.M.;
et al. Morphological-Biohumoral Correlations in Acute Coronary Syndromes: Pathogenetic Implications. Int. J. Cardiol. 2014, 171,
463–466. [CrossRef]

38. Kim, H.O.; Kim, C.-J.; Kurihara, O.; Thondapu, V.; Russo, M.; Yamamoto, E.; Sugiyama, T.; Fracassi, F.; Lee, H.; Yonetsu, T.; et al.
Angiographic Features of Patients with Coronary Plaque Erosion. Int. J. Cardiol. 2019, 288, 12–16. [CrossRef]

39. Yamamoto, E.; Thondapu, V.; Poon, E.; Sugiyama, T.; Fracassi, F.; Dijkstra, J.; Lee, H.; Ooi, A.; Barlis, P.; Jang, I.-K. Endothelial
Shear Stress and Plaque Erosion: A Computational Fluid Dynamics and Optical Coherence Tomography Study. JACC Cardiovasc.
Imaging 2019, 12, 374–375. [CrossRef]

40. Vergallo, R.; Papafaklis, M.I.; Yonetsu, T.; Bourantas, C.V.; Andreou, I.; Wang, Z.; Fujimoto, J.G.; McNulty, I.; Lee, H.; Biasucci,
L.M.; et al. Endothelial Shear Stress and Coronary Plaque Characteristics in Humans: Combined Frequency-Domain Optical
Coherence Tomography and Computational Fluid Dynamics Study. Circ. Cardiovasc. Imaging 2014, 7, 905–911. [CrossRef]

41. Fahed, A.C.; Jang, I.-K. Plaque Erosion and Acute Coronary Syndromes: Phenotype, Molecular Characteristics and Future
Directions. Nat. Rev. Cardiol. 2021, 18, 724–734. [CrossRef] [PubMed]

42. Libby, P.; Pasterkamp, G.; Crea, F.; Jang, I.-K. Reassessing the Mechanisms of Acute Coronary Syndromes. Circ. Res. 2019, 124,
150–160. [CrossRef] [PubMed]

43. Rajavashisth, T.B.; Liao, J.K.; Galis, Z.S.; Tripathi, S.; Laufs, U.; Tripathi, J.; Chai, N.N.; Xu, X.P.; Jovinge, S.; Shah, P.K.; et al.
Inflammatory Cytokines and Oxidized Low Density Lipoproteins Increase Endothelial Cell Expression of Membrane Type
1-Matrix Metalloproteinase. J. Biol. Chem. 1999, 274, 11924–11929. [CrossRef] [PubMed]

44. Franck, G.; Mawson, T.; Sausen, G.; Salinas, M.; Masson, G.S.; Cole, A.; Beltrami-Moreira, M.; Chatzizisis, Y.; Quillard, T.;
Tesmenitsky, Y.; et al. Flow Perturbation Mediates Neutrophil Recruitment and Potentiates Endothelial Injury via TLR2 in Mice:
Implications for Superficial Erosion. Circ. Res. 2017, 121, 31–42. [CrossRef] [PubMed]

45. Quillard, T.; Araújo, H.A.; Franck, G.; Shvartz, E.; Sukhova, G.; Libby, P. TLR2 and Neutrophils Potentiate Endothelial Stress,
Apoptosis and Detachment: Implications for Superficial Erosion. Eur. Heart J. 2015, 36, 1394–1404. [CrossRef] [PubMed]

46. Folco, E.J.; Mawson, T.L.; Vromman, A.; Bernardes-Souza, B.; Franck, G.; Persson, O.; Nakamura, M.; Newton, G.; Luscinskas, F.W.;
Libby, P. Neutrophil Extracellular Traps Induce Endothelial Cell Activation and Tissue Factor Production Through Interleukin-1α
and Cathepsin G. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 1901–1912. [CrossRef]

47. Cooley, B.C.; Nevado, J.; Mellad, J.; Yang, D.; St Hilaire, C.; Negro, A.; Fang, F.; Chen, G.; San, H.; Walts, A.D.; et al. TGF-β
Signaling Mediates Endothelial-to-Mesenchymal Transition (EndMT) during Vein Graft Remodeling. Sci. Transl. Med. 2014, 6,
227ra34. [CrossRef]

48. Evrard, S.M.; Lecce, L.; Michelis, K.C.; Nomura-Kitabayashi, A.; Pandey, G.; Purushothaman, K.-R.; D’Escamard, V.; Li, J.R.;
Hadri, L.; Fujitani, K.; et al. Endothelial to Mesenchymal Transition Is Common in Atherosclerotic Lesions and Is Associated with
Plaque Instability. Nat. Commun. 2016, 7, 11853. [CrossRef]

49. Virmani, R.; Kolodgie, F.D.; Burke, A.P.; Farb, A.; Schwartz, S.M. Lessons from Sudden Coronary Death: A Comprehensive
Morphological Classification Scheme for Atherosclerotic Lesions. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1262–1275. [CrossRef]

50. Xu, Y.; Mintz, G.S.; Tam, A.; McPherson, J.A.; Iñiguez, A.; Fajadet, J.; Fahy, M.; Weisz, G.; De Bruyne, B.; Serruys, P.W.; et al.
Prevalence, Distribution, Predictors, and Outcomes of Patients with Calcified Nodules in Native Coronary Arteries: A 3-Vessel
Intravascular Ultrasound Analysis from Providing Regional Observations to Study Predictors of Events in the Coronary Tree
(PROSPE. Circulation 2012, 126, 537–545. [CrossRef]

51. Budoff, M.J.; Rader, D.J.; Reilly, M.P.; Mohler, E.R.; Lash, J.; Yang, W.; Rosen, L.; Glenn, M.; Teal, V.; Feldman, H.I.; et al.
Relationship of Estimated GFR and Coronary Artery Calcification in the CRIC (Chronic Renal Insufficiency Cohort) Study.
Am. J. Kidney Dis. 2011, 58, 519–526. [CrossRef]

52. Koukoulaki, M.; Papachristou, E.; Kalogeropoulou, C.; Papathanasiou, M.; Zampakis, P.; Vardoulaki, M.; Alexopoulos, D.;
Goumenos, D.S. Increased Prevalence and Severity of Coronary Artery Calcification in Patients with Chronic Kidney Disease
Stage III and IV. Nephron Extra 2012, 2, 192–204. [CrossRef]

53. Virmani, R.; Burke, A.P.; Farb, A.; Kolodgie, F.D. Pathology of the Vulnerable Plaque. J. Am. Coll. Cardiol. 2006, 47, C13–C18.
[CrossRef]

54. Nishiguchi, T.; Tanaka, A.; Ozaki, Y.; Taruya, A.; Fukuda, S.; Taguchi, H.; Iwaguro, T.; Ueno, S.; Okumoto, Y.; Akasaka,
T. Prevalence of Spontaneous Coronary Artery Dissection in Patients with Acute Coronary Syndrome. Eur. Heart J. Acute
Cardiovasc. Care 2016, 5, 263–270. [CrossRef] [PubMed]

55. Tweet, M.S.; Hayes, S.N.; Pitta, S.R.; Simari, R.D.; Lerman, A.; Lennon, R.J.; Gersh, B.J.; Khambatta, S.; Best, P.J.M.; Rihal, C.S.;
et al. Clinical Features, Management, and Prognosis of Spontaneous Coronary Artery Dissection. Circulation 2012, 126, 579–588.
[CrossRef] [PubMed]

56. Hibino, H.; Kurachi, Y. A New Insight into the Pathogenesis of Coronary Vasospasm. Circ. Res. 2006, 98, 579–581. [CrossRef]
[PubMed]

57. Hung, M.-J.; Hu, P.; Hung, M.-Y. Coronary Artery Spasm: Review and Update. Int. J. Med. Sci. 2014, 11, 1161–1171. [CrossRef]

https://doi.org/10.1161/JAHA.119.012322
https://doi.org/10.1016/j.ijcard.2013.12.238
https://doi.org/10.1016/j.ijcard.2019.03.039
https://doi.org/10.1016/j.jcmg.2018.07.024
https://doi.org/10.1161/CIRCIMAGING.114.001932
https://doi.org/10.1038/s41569-021-00542-3
https://www.ncbi.nlm.nih.gov/pubmed/33953381
https://doi.org/10.1161/CIRCRESAHA.118.311098
https://www.ncbi.nlm.nih.gov/pubmed/30605419
https://doi.org/10.1074/jbc.274.17.11924
https://www.ncbi.nlm.nih.gov/pubmed/10207013
https://doi.org/10.1161/CIRCRESAHA.117.310694
https://www.ncbi.nlm.nih.gov/pubmed/28428204
https://doi.org/10.1093/eurheartj/ehv044
https://www.ncbi.nlm.nih.gov/pubmed/25755115
https://doi.org/10.1161/ATVBAHA.118.311150
https://doi.org/10.1126/scitranslmed.3006927
https://doi.org/10.1038/ncomms11853
https://doi.org/10.1161/01.ATV.20.5.1262
https://doi.org/10.1161/CIRCULATIONAHA.111.055004
https://doi.org/10.1053/j.ajkd.2011.04.024
https://doi.org/10.1159/000339786
https://doi.org/10.1016/j.jacc.2005.10.065
https://doi.org/10.1177/2048872613504310
https://www.ncbi.nlm.nih.gov/pubmed/24585938
https://doi.org/10.1161/CIRCULATIONAHA.112.105718
https://www.ncbi.nlm.nih.gov/pubmed/22800851
https://doi.org/10.1161/01.RES.0000215571.12500.ab
https://www.ncbi.nlm.nih.gov/pubmed/16543506
https://doi.org/10.7150/ijms.9623


J. Clin. Med. 2023, 12, 2883 19 of 26

58. Ong, P.; Athanasiadis, A.; Borgulya, G.; Vokshi, I.; Bastiaenen, R.; Kubik, S.; Hill, S.; Schäufele, T.; Mahrholdt, H.; Kaski, J.C.; et al.
Clinical Usefulness, Angiographic Characteristics, and Safety Evaluation of Intracoronary Acetylcholine Provocation Testing
among 921 Consecutive White Patients with Unobstructed Coronary Arteries. Circulation 2014, 129, 1723–1730. [CrossRef]

59. Beltrame, J.F.; Sasayama, S.; Maseri, A. Racial Heterogeneity in Coronary Artery Vasomotor Reactivity: Differences between
Japanese and Caucasian Patients. J. Am. Coll. Cardiol. 1999, 33, 1442–1452. [CrossRef]

60. Suwaidi, J.A.; Hamasaki, S.; Higano, S.T.; Nishimura, R.A.; Holmes, D.R.; Lerman, A. Long-Term Follow-up of Patients with Mild
Coronary Artery Disease and Endothelial Dysfunction. Circulation 2000, 101, 948–954. [CrossRef]

61. Radico, F.; Cicchitti, V.; Zimarino, M.; De Caterina, R. Angina Pectoris and Myocardial Ischemia in the Absence of Obstructive
Coronary Artery Disease: Practical Considerations for Diagnostic Tests. JACC Cardiovasc. Interv. 2014, 7, 453–463. [CrossRef]
[PubMed]

62. Guasti, L.; Dentali, F.; Castiglioni, L.; Maroni, L.; Marino, F.; Squizzato, A.; Ageno, W.; Gianni, M.; Gaudio, G.; Grandi, A.M.; et al.
Neutrophils and Clinical Outcomes in Patients with Acute Coronary Syndromes and/or Cardiac Revascularisation. A Systematic
Review on More than 34,000 Subjects. Thromb. Haemost. 2011, 106, 591–599. [CrossRef] [PubMed]

63. Hally, K.E.; Parker, O.M.; Brunton-O’Sullivan, M.M.; Harding, S.A.; Larsen, P.D. Linking Neutrophil Extracellular Traps and
Platelet Activation: A Composite Biomarker Score for Predicting Outcomes after Acute Myocardial Infarction. Thromb. Haemost.
2021, 121, 1637–1649. [CrossRef] [PubMed]

64. Delporte, C.; Boudjeltia, K.Z.; Noyon, C.; Furtmüller, P.G.; Nuyens, V.; Slomianny, M.-C.; Madhoun, P.; Desmet, J.-M.; Raynal, P.;
Dufour, D.; et al. Impact of Myeloperoxidase-LDL Interactions on Enzyme Activity and Subsequent Posttranslational Oxidative
Modifications of ApoB-100. J. Lipid Res. 2014, 55, 747–757. [CrossRef]

65. Knight, J.S.; Luo, W.; O’Dell, A.A.; Yalavarthi, S.; Zhao, W.; Subramanian, V.; Guo, C.; Grenn, R.C.; Thompson, P.R.; Eitzman, D.T.;
et al. Peptidylarginine Deiminase Inhibition Reduces Vascular Damage and Modulates Innate Immune Responses in Murine
Models of Atherosclerosis. Circ. Res. 2014, 114, 947–956. [CrossRef]

66. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
Extracellular Traps Kill Bacteria. Science 2004, 303, 1532–1535. [CrossRef]

67. Warnatsch, A.; Ioannou, M.; Wang, Q.; Papayannopoulos, V. Inflammation. Neutrophil Extracellular Traps License Macrophages
for Cytokine Production in Atherosclerosis. Science 2015, 349, 316–320. [CrossRef]

68. Takahashi, M. NLRP3 Inflammasome as a Key Driver of Vascular Disease. Cardiovasc. Res. 2022, 118, 372–385. [CrossRef]
69. Zeng, W.; Wu, D.; Sun, Y.; Suo, Y.; Yu, Q.; Zeng, M.; Gao, Q.; Yu, B.; Jiang, X.; Wang, Y. The Selective NLRP3 Inhibitor MCC950

Hinders Atherosclerosis Development by Attenuating Inflammation and Pyroptosis in Macrophages. Sci. Rep. 2021, 11, 19305.
[CrossRef]

70. Menu, P.; Pellegrin, M.; Aubert, J.-F.; Bouzourene, K.; Tardivel, A.; Mazzolai, L.; Tschopp, J. Atherosclerosis in ApoE-Deficient
Mice Progresses Independently of the NLRP3 Inflammasome. Cell Death Dis. 2011, 2, e137. [CrossRef]

71. Chen, S.; Markman, J.L.; Shimada, K.; Crother, T.R.; Lane, M.; Abolhesn, A.; Shah, P.K.; Arditi, M. Sex-Specific Effects of the Nlrp3
Inflammasome on Atherogenesis in LDL Receptor-Deficient Mice. JACC Basic Transl. Sci. 2020, 5, 582–598. [CrossRef] [PubMed]

72. Vinten-Johansen, J. Involvement of Neutrophils in the Pathogenesis of Lethal Myocardial Reperfusion Injury. Cardiovasc. Res.
2004, 61, 481–497. [CrossRef] [PubMed]

73. Fournier, B.M.; Parkos, C.A. The Role of Neutrophils during Intestinal Inflammation. Mucosal Immunol. 2012, 5, 354–366.
[CrossRef] [PubMed]

74. Sylvia, C.J. The Role of Neutrophil Apoptosis in Influencing Tissue Repair. J. Wound Care 2003, 12, 13–16. [CrossRef]
75. Serhan, C.N.; Chiang, N.; Van Dyke, T.E. Resolving Inflammation: Dual Anti-Inflammatory and pro-Resolution Lipid Mediators.

Nat. Rev. Immunol. 2008, 8, 349–361. [CrossRef]
76. Horckmans, M.; Ring, L.; Duchene, J.; Santovito, D.; Schloss, M.J.; Drechsler, M.; Weber, C.; Soehnlein, O.; Steffens, S. Neutrophils

Orchestrate Post-Myocardial Infarction Healing by Polarizing Macrophages towards a Reparative Phenotype. Eur. Heart J. 2017,
38, 187–197. [CrossRef]
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