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BIOCHEMICAL CHANGES IN
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List of abbreviations

AA: Arachidonic acid

ADM: Adrenomedullin

ADMA: Asymmetric dimethylarginine
ADP: Adenosine diphosphate

AMPK: Adenosine monophosphate-activated protein kinase
Apo: Apolipoprotein

ATG6: Autophagy protein 6

Becl: Beclin

CETP: Cholesteryl ester transfer protein
CRP: C-reactive protein

CVD: Cardiovascular diseases

COX-1: Cyclooxygenase-1

DAG: Diacylglycerol

DHA: Docosahexaenoic acid

DM: Diabetes mellitus

DNA: Deoxyribonucleic acid

ECM: Extracellular matrix

eNOS: Endothelial nitric oxide synthase
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EPA: Eicosapentaenoic acid

GDF15: Growth/differentiation factor 15

GPVI: Glycoprotein VI

GPx: Glutathione peroxidase

HDL: High-density lipoproteins

HDL-c: High-density lipoproteins cholesterol
HMG-CoA: 3-Hydroxy-3-methyl-glutaryl-coenzyme A
hs-CRP: High sensitivity assays to quantify the low C-reactive protein
IBD: Inflammatory bowel disease

ICAM-1: Intercellular adhesion molecule 1

Ig: Immunoglobulin

IL: Interleukin

IP3: 1,4,5-Trisphosphate

LDL: Low-density lipoproteins

LDL-c: Low-density lipoproteins cholesterol

LDL-r: Low-density lipoproteins receptors

LFA-1: Lymphocyte function-associated antigen 1
LOX-1: Lectin-like oxidized low-density lipoprotein receptor 1
Lp(a): Lipoprotein(a)

Lp-PLA2: Lipoprotein-associated phospholipase A2
MCP-1: Monocyte chemoattractant protein 1

miRNA or miR: Micro ribonucleic acid

MMP-9: Matrix metalloproteinase 9

MPO: Myeloperoxidase

MR-proADM: Midregional pro-adrenomedullin
mTOR: Mechanistic target of rapamycin

NADPH: Nicotinamide adenine dinucleotide phosphate
NOX: Nicotinamide adenine dinucleotide phosphate oxidases
OPN: Osteopontin

OPG: Osteoprotegerin

oxLDL: Oxidized low-density lipoproteins

P2Y: Peptide 2Y

P53: Tumour protein 53

P62: Tumour protein 62

PA: Plasminogen activator

PAI: Plasminogen activator inhibitors

PAPP-A: Pregnancy-associated plasma protein-A
PCSK-9: Proprotein convertase subtilisin/kexin type 9
PDGF: Platelet-derived growth factor

PECAM-1: Platelet endothelial cell adhesion molecule 1
PIGF: Placental growth factor
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PN-1: Protease nexin 1

PPAR-a: Peroxisome proliferator-activated receptor-o.
PTP: Protein tyrosine-phosphatases

RA: Rheumatoid arthritis

RNA: Ribonucleic acid

RNS: Reactive nitrogen species

ROS: Reactive oxygen species

SAA: Serum amyloid-A protein
sCD40L: Soluble CD40 ligand

SLE: Systemic lupus erythematosus
SPLA2: Secretory phospholipase A2
SOD: Superoxide dismutase

TXA2: Thromboxane A2

TG: Triglycerides

TNF-a: Tumour necrosis factor-o

tPA: Tissue plasminogen activator
TRAIL: Tumour necrosis factor-related apoptosis-inducing ligand
uPA: Urokinase plasminogen activator
VCAM-1: Vascular adhesion molecule 1
VLA-4: Very late antigen 4

VSMC: Vascular smooth muscle cells
XO: Xanthine oxidase

Introduction

Cardiovascular diseases (CVD), mainly ischemic heart disease and stroke,
with atherosclerosis as the key underlying factor, are one of the most
common causes of death in both developing and developed countries
worldwide, with an ever-increasing prevalence. Total CVD cases nearly
doubled from 271 million in 1990 to 523 million in 2019, and the number
of CVD deaths increased from 12.1 million in 1990 to 18.6 million in 2019.
Nevertheless, CVD mortality rates have continued to decline worldwide. In
the last three decades, more than half of the reduction in CVD mortality has
been attributed to changes in risk factor levels in the population, primarily
the reduction in cholesterol and blood pressure levels and smoking. Other
risk factors, as unhealthy diet, physical inactivity, harmful use of alcohol,
obesity and type 2 diabetes mellitus (DM), together with non-modifiable
factors, as sex and age, partly offset this favourable trend.

Atherosclerosis results from low-grade chronic inflammation that arises
from an interaction between immunological mechanisms and metabolic
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abnormalities within the vessel wall. In addition to inflammation, risk
factors for this condition include high cholesterol and low-density
lipoproteins (LDL), low level of high-density lipoproteins (HDL) in the
blood, hypertension, tobacco smoke, diabetes mellitus, obesity, inactive
lifestyle, unhealthy diet, body mass index, waist circumference, older age,
family history of early earth disease, high blood levels of triglycerides (TG),
inflammation, sleep apnoea, stress, alcohol consumption.

This chapter concentrates on the pathogenesis and biochemical changes of
atherosclerosis, that is the major cause of CVD, and it is driven by oxidative
stress and enhanced inflammation in the artery wall.

2.1. Pathogenesis of atherosclerosis

Blood vessel thickening due to the formation of plaques in the
subendothelial intimal space is the main feature of atherosclerosis.
Cholesterol, TG and lipoproteins are directly related to the pathogenesis of
this disease. Atherosclerosis begins with the accumulation of LDL, which
are sequestered in the subendothelial space by adhesion to extracellular
matrix proteins rich in proteoglycans. This vessel thickening is more
frequent in coronary artery, carotid artery, abdominal aorta, descending
aorta, and iliac artery.

When LDL reaches the sub-intimate space, it can be aggregated and/or
oxidized, becoming strong chemo attractants. The aggregation of LDL gives
rise to complexes, which can undergo pinocytosis or phagocytosis by
macrophages, that become foam cells. Macrophages are originated from
circulating monocytes, that adhere to the endothelial cells that express
adhesion molecules, such as vascular adhesion molecule 1 (VCAM-1),
monocyte chemoattractant protein 1 (MCP-1) and P and E-selectins and
migrate via diapedesis in the subendothelial space. Monocytes differentiate
into macrophages and engulf oxidized LDL, becoming foam cells and
contributing to plaque/atheroma development by secreting multiple
mediators of the inflammatory process.

The increased inflammation triggers the migration of vascular smooth
muscle cells (VSMC) from the tunica media into the subendothelial space
where they abnormally proliferate and secrete extracellular matrix (ECM)
proteins, contributing to atheroma growth. VSMC present in the intimal
layer form a fibrous cap that contains the plaque. The atheroma plaque is
mainly composed of a mixture of macrophages, lymphocytes, VSMC,
cholesterol, necrotic debris, and foam cells. In the advanced stages, there is
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intra-plaque neovascularization and haemorrhages. Platelet aggregation and
clotting activation have a role in the development of thrombotic
complications by adhering to the exposed sub endothelium at the site of
plaque rupture and erosion. The rupture of the fibrous cap leads to thrombus
formation causing blockage of the blood flow, or embolism in areas of the
vascular bed far from the atherosclerotic area.

Thus, according to Bergheanu et al. (2017), the vascular modifications
observable in atherosclerosis are progressively:

1- Intimal thickening, with deposition of VSMC and ECM proteins;

2- Fatty streak, where macrophage foam cells develop, mixed with
VSMC;

3- Pathologic intimal thickening: VSMC and ECM proteins aggregate
near the lumen, over an acellular area rich in hyaluronan and
proteoglycans with lipid infiltrates;

4- Fibroatheromas, with an acellular necrotic core covered by a thick
fibrous cap of VSMC in proteoglycan-collagen matrix;

5- Vulnerable plaque, with a thin type I collagen fibrous cap;

6- Ruptured plaque: the rupture of the fibrous cap leads to the presence
of luminal thrombus and the increased macrophage infiltration.

The initial phase of atherosclerosis, which can last decades, is asymptomatic,
as the plaque forms in the vessel wall of multiple arterial beds in proximity
to bifurcations. The progressive narrowing of the arterial lumen is initially
counterbalanced by vasodilation of arteries and collateral vascularization.
The reduction of blood flow caused by a stenosis, which overcomes the
reserve dilation capacities of the arteries, leads to the clinical features of
atherosclerosis, which are angina pectoris, intermittent claudication or a
transient ischemic attack. If an acute thrombotic obstruction, triggered by
plaque disruption or, more frequently erosion, took place, an acute coronary
syndrome or a stroke can occur.

2.2. Oxidative stress in cardiovascular diseases

The heart needs adequate oxygen supply to maintain its contractile function.
At the cellular level, oxygen undergoes a reduction to superoxide anion (Oy)
through the action of different types of oxidases (e.g., uncoupled endothelial
nitric oxide synthase (eNOS), mitochondria and xanthine oxidase (XO),
NADPH oxidases (NOX)). Reactive oxygen species (ROS) are subcellular
messengers in signal transduction pathways with beneficial and harmful
functions. Under physiological conditions, ROS, as reactive nitrogen
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species (RNS), play important roles in different signalling pathways,
through the oxidation of specific targets. However, after increasing the
activation of ROS/RNS-producing enzymes and/or in the face of a
deficiency in endogenous antioxidant capacity, oxidative stress may occur.
This can lead to reversible changes that can transiently alter the activity of
the protein involved in the physiological adaptations, or irreversible
oxidations, which originate pathophysiological processes. ROS are by-
products of mitochondrial respiration or metabolism, being produced by
specific enzymes, such as superoxide dismutase (SOD), glutathione peroxidase
(GPx), catalase, peroxiredoxins and myeloperoxidase. In the heart and
skeletal muscle, ROS are essentially originated by NOX, eNOS and XO,
producing superoxide anion and/or hydrogen peroxide (H>O,). O, reacts
with nitric oxide (NO) and forms peroxynitrite (ONOQ"), that is a very RNS.
H,0; and Oy are the predominant redox signalling agents originated under
the control of growth factors and cytokines by more than 40 enzymes,
prominently including NOX and the mitochondrial electron transport chain.
However, several other reactive species are involved in redox signalling,
such as nitric oxide, hydrogen sulphide and oxidized lipids. ROS/RNS, that
are produced in cardiomyocytes in response to specific stimuli (acute,
transient or sustained), originate lipid peroxidation, interact with DNA
repair enzymes and transcription factors or cause DNA damage, lead to the
oxidation/nitration of key proteins involved in contractility, calcium
manipulation, metabolism, antioxidant defence mechanisms, among others.
ROS/RNS also stimulate the inflammatory process, signs of stress inducing
cardiac hypertrophy, fibrosis or cell death via apoptosis/necrosis and
deregulate autophagy. ROS involved in signalling cardiac redox may have
several origins, but NADPH oxidases, as dedicated sources of signalling of
reactive oxygen species, seem to be of great importance. In fact, NADPH
oxidases are a family of enzymes whose primary function is to produce
ROS, mediating adaptive and maladaptive changes in the heart. The activity
of NADPH oxidases is increased in the diabetic heart, characterized by an
increase in oxidative stress.

There are 7 different isoforms of NOX (NOX1-NOXS5 and DUOXI1 and 2),
being NOX1, 2, 4 and 5 identified and characterized in the cardiovascular
system. Since cardiomyocytes contain a high concentration of mitochondria,
which provide the main source of endogenous ROS, these organelles suffer
oxidative damage, which often leads to the death of apoptotic cells and
initiates cardiac pathology.

NOX4 has its highest levels of expression in proximal tubular cells of the
kidneys, but is also expressed in other types of cells, including cardiomyocytes.
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In the cardiovascular system, an increase in NOX4 expression can be
triggered by various situations, such as pressure overload, hypoxia, and
inflammation, which significantly affects cell function. This isoform
essentially produces H,O,. Although NOX4 may play a protective role in
cases of cardiac hypertrophy, fibrosis, contractile function, harmful effects
are observed on the overloaded heart due to increased ROS production and
consequent mitochondrial damage.

2.3. Haemostatic process activation

The haemostatic process can be divided in three steps: primary haemostasis,
in which an interaction between platelets and the damaged endothelium
occurs; secondary haemostasis, in which the activation of the clotting
system happens, consists of activation of the protease cascade resulting in
the production of fibrin clots; and the last step is fibrinolysis, a
counterbalance system that degrades fibrin and dissolves the clot.

Primary haemostasis involves the adhesion, activation, and recruitment of
platelets. The activated platelets release proinflammatory and pro aggregating
factors from their granules, as adenosine diphosphate (ADP) and
thromboxane A2 (TXA2), inducing the production of secondary
messengers, such as diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3) which, in turn, lead to an increased concentration of cytosolic calcium.
Studies showed that ROS are able to mimic the roles of ADP and IP3 by
influencing primary haemostasis through platelet activation. Platelets could
be a target of ROS but also a source of free radicals. Indeed, an imbalance
between ROS production and the antioxidant system dysregulates and
amplifies platelet activation due to isoprostane formation, the modulation of
platelet receptors, and the oxidation of LDLs. Platelet activation, in turn,
leads to further ROS production through NOX activation, triggering
mitochondrial dysfunction (Fig. 2-1).

Secondary haemostasis can also be impaired by ROS, especially those
generated by NOX, promoting clotting activation, as they are able to
upregulate the tissue factor, causing prothrombotic effects within blood
vessels. ROS overproduction provokes the reaction of NO with Oy,
generating ONOO", which, in turn, leads to serine-protease and fibrinogen
nitration resulting in a pro-coagulant environment. Besides the increase and
dysregulation of coagulation cascade factors, thrombosis occurs following
a decrease in anticoagulant factors, such as protein S. Fibrinolysis consists
of plasminogen activator (PA) stimulation to produce plasmin, which is able
to promote the lysis of fibrin, accelerating clotting degradation. However, a
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relative increase in the plasmin concentration is avoided through the actions
of plasminogen activator inhibitors (PAI-1 and PAI-2). ROS are able to
upregulate PAI-1, which is also implicated in the development of the
atherothrombotic process. There is experimental evidence showing that
PAI-1 expression is strongly increased during the inflammatory process and
during atherothrombogenesis, and studies have shown that the oxidation of
LDL, with consequent formation of oxLDL, induces the overproduction and
release of PAI-1.

(Lumen vascular)

(Endothelial cells)

Fig. 2-1. Platelet activation after exposure to collagen and the production of free
radicals.

Protein tyrosine-phosphatases (PTP) are the primary targets of ROS which, in turn, determine
the upregulation of glycoprotein VI (GPVI) signalling. This event causes the overstimulation
of platelets, inducing cytosolic calcium ions mobilization and the release of pro aggregating
factors from granules, as ADP and TXA2. Overdue to endothelial dysfunction, eNOS and
NOX stimulation lead to the overproduction of ROS and RNS which are able to interact with
platelets through the ADP receptor, triggering the same intracellular signalling pathway.

(Platelet TXA2 production from arachidonic acid (AA) is dependent on COX-1
(cyclooxygenase-1); P2Y is a peptide receptor for ADP)

The role of proteases as thrombin, uPA/tPA (urokinase PA/tissue PA) or
plasmin, in the pathophysiology of atherosclerosis is being put in evidence,
with an unbalanced ratio between proteases and their inhibitors favouring
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the chronic evolution of the plaque. Protease nexin 1 (PN-1), a serpin closed
to plasminogen activator inhibitor type-1 (PAI-1), has emerged as a key
regulator in vascular biology, even though its mechanism of action is
hitherto unknown. Protease Nexin 1 is present in platelets and monocytes
and is released from platelet o-granules during their activation. Its
physiological role in coagulation, fibrinolysis and tissue remodelling and
inflammation can be explained by the inhibition of a broad range of serine
proteases. It displays anti-thrombotic properties via its ability to block
thrombin generation and activity, and anti-fibrinolytic properties thanks to
its ability to block plasmin generation and activity. PN-1 is involved in the
different stages of atherosclerotic plaque progression. In the early stage, PN-
1 may be involved in endothelial dysfunction and may represent a cell
defence reaction against proteases present in the atherosclerotic plaque. In
the advanced plaque, it is able to form covalent complexes with plasmin.
Overexpression of PN-1 by VSMC has been shown to significantly reduce
their adhesion, spreading and migration on vitronectin, an adhesive protein
found in atherosclerotic plaques. At the most complicated stage of
atherosclerosis, rupture of the plaque, platelet PN-1 is assumed to contribute
to thrombus stabilization.

2.4. Endothelial layer disfunction

The arterial endothelial cells present a diversity of homeostatic functions: 1)
the enzymatic remodelling of extracellular matrix components; ii) the
biosynthesis of vasoactive mediators, various growth factors, cytokines and
hormone-like substances; iii) the enzymatic buffering of ROS, iv) the
transport and metabolism of lipoproteins; and v) the synthesis of
prostaglandins. When confronted with certain proinflammatory cytokines
endothelial cells undergo a coordinated program of gene activation, which
alters many of these vital functional properties. Endothelial layer cell
dysfunction results in the earliest detectable changes in the life history of an
atherosclerotic lesion, initially involving the selective recruitment of
circulating monocytes from the blood to become foam cells.

An imbalance between the activity of antioxidant enzymes, such as GPx,
catalase, and SOD, and the pro-oxidant system produces an uncontrolled
increase in oxidative stress, leading to endothelial dysfunction. The
production of oxidized LDL promotes the production of proinflammatory
factors, such as interleukin-1 (IL-1), IL-6, tumour necrosis factor-o. (TNF-
o) and C-reactive protein (CRP) that generate the endothelial
proinflammatory phenotype characterized by an increase in E-selectin,
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VCAM-1 and intercellular adhesion molecule 1 (ICAM-1) expression.

Animal studies have provided compelling evidence demonstrating the roles
of vascular oxidative stress and NO in atherosclerosis. ROS are also
considered crucial mediators of vascular homeostasis and the
atherosclerosis pathogenesis. ROS and RNS overproduction are responsible
for endothelial dysregulation. Endothelial cells as well as fibroblasts and
VSMC express several NOX (1, 2, 4 and 5). In particular, NOX-1 and NOX-
2 are involved in the development of hypertension, inflammation, and
endothelial dysfunction. The production of free radicals induced by the
different isoforms of NOX influences the activity of other enzymes such as
eNOS, producing NO. The endogenous production of NO in endothelial
cells, at nanomolar concentrations, through NOS activation represents a
vasoprotective mechanism of the vascular endothelium, while exaggerated
release of NO as a consequence of a cytokine-inducible NOS activation
leads, as described above, to the rapid reaction of NO with Oy, generating
ONOOr, the main compound responsible for the onset of endothelial
dysfunction and, in the late stages, the development of atherothrombosis.
The subsequent imbalance between vasoconstriction and vasodilatation
increases the endothelial permeability and triggers a local inflammatory
response. All established cardiovascular risk factors such as
hypercholesterolaemia, hypertension, diabetes mellitus, and smoking
enhance ROS generation and decrease endothelial NO production. Key
molecular events in atherogenesis such as oxidative modification of
lipoproteins and phospholipids, endothelial cell activation, and macrophage
infiltration/activation are facilitated by vascular oxidative stress and
inhibited by endothelial NO. Atherosclerosis develops preferentially in
vascular regions with disturbed blood flow (arches, branches, and
bifurcations).

2.5. Role of perivascular adipose tissue

The perivascular adipose tissue surrounds almost all the vessels with the
exception of cerebral arteries, and is composed of brown or white
adipocytes, or a mixture of both types, and of a stromal vascular fraction
with fibroblasts, endothelial cells and immune cells. The perivascular
adipose tissue has also been described as having a role in the
pathophysiology of CVD, namely for modulating the vascular tone, since it
presents an anticontractile function, in response to several agonists such as
phenylephrine, serotonin, angiotensin II, and TXA2. In the presence of
cardiovascular risk factors, such as obesity, atherosclerosis, diabetes,
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hypertension and chronic alcohol consumption, oxidative stress emerges,
predisposing to the vascular damage and affecting the anticontractile
function of the perivascular adipose tissue. ROS are formed in the adipose
tissue by different mechanisms.

In obesity, the perivascular adipose tissue inflammation and oxidative stress
is caused by NOX activation, eNOS uncoupling, reduced expression of
antioxidant molecules, mitochondria-derived ROS and proinflammatory
cytokines. In aging and chronic alcohol consumption, ROS generation by
NOX is a common feature. In response to a proatherogenic lipid profile,
increased adiponectin and eNOS-derived NO is characteristic.

2.6. Autophagy

Apoptosis and autophagy are two forms of programmed cell death
associated with the development of CVD. Autophagy is an intracellular
catabolic mechanism for the degradation of dysfunctional proteins and
organelles, essential for the maintenance of cellular homeostasis, and
associated with increased longevity and health. While autophagy is
characterized by the early degradation of organelles, with preservation of
the cytoskeleton until the last stage, apoptosis involves the early degradation
of the cytoskeleton, with preservation of the organelles until the final stage.

At the cardiovascular level, autophagy is a fundamental process for
homeostasis in most cells of cardiovascular origin and for the function of
the heart and vessels. Apoptosis and autophagy interact through the Beclin
complex pathways (Bcll-Bcl2/Bel-xL), mTOR (mechanistic target of
rapamycin), TRAIL (tumour necrosis factor-related apoptosis-inducing
ligand), TNF-a, endoplasmic reticulum stress and p53 pathways of the
nucleus. It is essential to promote cardiac and vascular health during aging,
and there are some therapeutic approaches, such as pharmaceutical compounds
involving mTOR inhibitor and AMPK activator to regulate apoptosis and
autophagy, genetic interventions and caloric restriction, which show
cardioprotective activity. Normal levels of autophagy can protect cells,
however defective or excessive autophagic activity appears to contribute to
cardiovascular disorders, such as heart failure or atherosclerosis.

As autophagy decreases with age, it triggers harmful cellular processes that
lead to stiffening and functional decline of the arterial system. It is known
that the autophagic process becomes dysfunctional as atherosclerosis
progresses, even though there are, in the atherosclerotic plaque, factors that
stimulate the autophagy, such as ROS. Autophagy can occur in the main
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cell types of atherosclerotic plaques, that are macrophages, vascular smooth
muscle cells and endothelial cells, promoting these cells survival.

Oxidized lipids, present in atherosclerotic plaques, can stimulate autophagy
in macrophages. Autophagy in vascular smooth muscle cells can be initiated
by atherosclerosis-related stimuli such as oxLDL, 7-ketocholesterol, TNF-
o, and platelet-derived growth factor (PDGF). On the other hand, autophagy
caused by factors such as osteopontin (OPN), angiotensin II and nicotine
can accelerate the death of VSMC, further enhancing atherosclerotic
lesions. In endothelial cells autophagic process can be stimulated by
oxLDL, advanced glycation end products and saturated fatty acids. At the
level of atherosclerosis, miRNA-30-mediated translational control of ATG6
regulates endothelial cell autophagy initiated by oxLDL.

However, defective autophagy can provide an accumulation of damaged
proteins and organelles, such as mitochondria, resulting in increased
oxidative stress and apoptosis, but accelerates stress-induced premature
senescence and atherogenesis in VSMC, and in endothelial cells promotes
apoptosis and also senescence. The reason for these differences is still
unclear, but it may be related to increased levels of the linker molecule p62
in atherosclerotic plaques, or it may depend on the cell's origin and/or its
proliferative capacity.

2.7. Inflammatory factors

Atherosclerosis results from low-grade chronic inflammation, related to
unhealthy lifestyles, and also to the interaction between the immunological
system and metabolic abnormalities. In a similar manner, chronic
inflammatory diseases confer a significantly increase in the risk of
accelerated atherosclerosis leading to enlarged morbidity and mortality and
reduced life expectancy compared to the general population. In fact, there
are common molecular pathways shared by atherosclerosis and
inflammatory diseases. This is the case with inflammatory bowel disease,
psoriasis and psoriatic arthritis, chronic obstructive pulmonary disease,
rheumatoid arthritis, between others.

Patients with inflammatory bowel disease (IBD) have a higher risk of
endothelial dysfunction and, consequently, of subclinical atherosclerosis
than healthy controls, but the cause of the increased cardiovascular risk is
not fully known. Structural changes in the arterial vessel wall occur because
of long-term exposure to inflammation or cardiovascular risk factors. The
pulse wave velocity levels were higher, while flow-mediated dilatation
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levels were significantly decreased, in patients with Crohn's disease or
ulcerative colitis relatively to healthy persons.

Psoriasis is associated with an increased risk of multiple comorbidities,
including CVD at younger ages, unidentifiable by traditional risk factors.
Insulin resistance appears to play a major role in the development of
atherosclerosis in these cases. Patients with psoriasis show abnormalities in
the innate and adaptive immune system that lead to high serum levels of
proinflammatory cytokines, capable of increasing cell-mediated immunity,
promoting the migration of inflammatory cells through the vascular
endothelium, resulting in endothelial dysfunction and, consequently, in the
formation of plaques. It seems that chronic systemic inflammation,
characteristic of psoriasis and psoriatic arthritis, leads to insulin resistance,
that originates endothelial dysfunction and atherosclerosis.

Chronic obstructive pulmonary disease is associated with subclinical
atherosclerosis. Patients with chronic obstructive pulmonary disease seem
to have a more pronounced atherosclerotic process, which is evidenced by
elevated intima-media thickness, increased prevalence of carotid plaques,
enlarged pulse wave velocity and reduced flow-mediated dilation. In
addition, this pathology has been associated with increased levels of
vascular biomarkers, regardless of physiological confounding factors,
smoking or other cardiovascular risk factors. Thus, chronic obstructive
pulmonary disease appears to be an independent risk factor for CVD.

Atherosclerosis, as an inflammatory process, shares mediators and
activation mechanisms with rheumatoid arthritis (RA). For example, the
mechanism of atherosclerotic plaque rupture has similarities with
rheumatoid synovitis and destruction of joint structures. RA is associated
with an increased risk of morbidity and mortality, mainly due to augmented
atherosclerotic disease. RA patients evidence a higher intima-media
thickness and an increased prevalence of carotid plaques.

Patients with systemic lupus erythematosus (SLE) generally have increased
levels of total cholesterol, LDL, TG and apolipoprotein B (Apo B), and
decreased levels of HDL, and a prevalence of metabolic syndrome of about
10%, with SLE being associated with endothelial damage and coronary
atherosclerosis.
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2.8. Biochemical markers of atherosclerosis

Biomarker is defined as “a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention”.
Biomarkers are characterized by elevated sensitivity, high repeatability of
results and the possibility of usage in clinical procedures. They have
applications in several areas, such as screening, diagnosis, prognostication,
prediction of recurrences, and monitoring of therapy.

There are presently several clinical biomarkers that are related with
cardiovascular outcomes. These biomarkers comprise: cardiac troponins I
and T, B-type natriuretic peptides, haptoglobin, and D-dimer. Even though
these biomarkers are routinely used in clinical laboratory and have helped
clinicians save lives, they are late-stage biomarkers. The challenge is to find
biomarkers that detect early-stage CVD to considerably reduce morbidity
and mortality associated with cardiovascular effects and improve prognosis.

Recognition of classical biomarkers of atherosclerosis, such as LDL, HDL,
and TG may not be effective in patients with moderate or atypical
cardiovascular risk. For more precise management, non-classical
atherosclerosis biomarkers may be helpful in these patients.

Biomarkers of atherosclerosis are characteristic of its phases. These
comprise biomarkers of i) the inflammatory process, ii) destabilization of
atherosclerotic plaque, iii) shear stress in the vascular endothelium,
iv) blood vessel microcalcification, v)thrombocyte activation and
vi) neurohormonal activation (Table 2-1). In the following divisions, the
roles of validated biomarkers for atherosclerosis are summarized, referring
on the promising candidates, the microRNAs.
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2.8.1. Biomarkers of the inflammatory process
Cathepsins

Cathepsins, enzymes typically concentrated in the lysosomes and
endosomes of macrophages, are proteases that degrade undesirable
endocytosed or intracellular proteins. Emerging research has demonstrated
that cathepsins, specifically cathepsins B and X, cysteine proteases, and
cathepsin D, an aspartic protease, are upregulated in atherosclerotic lesion.
Another study has showed the potential of cathepsins as a diagnostic tool,
having revealed that the circulating levels of cathepsin S, K and L and their
endogenous inhibitor, cystatin C, could be biomarkers in the diagnosis of
some pathologies, such as coronary artery disease, aneurysm, peripheral
arterial disease, and coronary artery calcification. An imbalance in
expression between cathepsins and its inhibitor can trigger the proteolysis
of extracellular matrix in the pathogenesis of CVD. In the development
phase of the disease, inflammatory cytokines, growth factors, oxidative
stress, hypertensive stimuli, among others, regulate the expression and
activities of cathepsins.

Serum amyloid-A protein (SAA)

SAA is an acute phase apolipoprotein that increases the expression of
prothrombotic and proinflammatory molecules. Concentrations of greater
than 10 mg/L were suggestively related with a greater number of new
cerebral lesions detected on diffusion weighted magnetic resonance imaging
during carotid artery stenting and significantly related with progressive
atherosclerosis measured by ultrasound examination. Higher levels can
identify patients with ischemic stroke caused by atherothrombosis versus
cardioembolic stroke.

Intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
protein 1 (VCAM-1)

Increased expression of ICAM-1 and VCAM-1 has been demonstrated in
the first stage of leukocyte penetration into the vascular endothelium in
vessels predisposed to the development of atherosclerosis and within
existing atherosclerotic lesions. VCAM-1 and ICAM-1 are endothelial cell
surface glycoproteins that allow/aid, respectively, endothelial cell-
leukocyte adhesion in inflammation. The receptor for ICAM-1 is LFA-1
(CD11a/CD18, Lymphocyte function-associated antigen 1, alphal. beta2
integrin), which occurs on all types of leukocytes. The receptor for VCAM-
1 is VLA-4 (CD49d/CD29, very late antigen 4, alpha4 betal integrin),
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located on monocytes and lymphocytes. The interaction between ICAM-
1/LFA-1 and VCAM-1/VLA-4 is supported by platelet endothelial cell
adhesion molecule 1 (PECAM-1). This molecule transduces mechanical
signals in endothelial cells and regulates migration of leukocytes under the
vascular endothelium where inflammation occurs.

VCAM-1 levels have been reported to be positively linked with
cardiovascular mortality, the presence of carotid atherosclerotic lesions, and
magnetic resonance markers of plaque instability. There is support for a
predictive function of circulating concentrations of ICAM-1 in initially
healthy people and as a significant correlation was detected with
cardiovascular mortality. ICAM-1 was found elevated in more than 300
patients who undertook carotid endarterectomy contrasted with healthy
controls.

Interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a)

Cytokines are key regulatory  glycoproteins related to
inflammatory/immunological processes which modulate all aspects of
vascular inflammation. IL-6 is one of the most important and most multi-
functional interleukins, mainly produced by monocytes and macrophages.
IL-6 enhances cell adhesion molecule expression and the production of
acute phase reactants such as CRP and TNF-a. Therefore, it is associated
with the development of atherosclerotic plaques. Quantifications of IL-6
may be convenient to reclassify intermediate risk patients into higher risk
categories. According to the Atherosclerotic Cardiovascular Disease risk
score, serum IL-6 > 1 pg/mL in patients with chest pain and intermediate
risk examined for coronary angiography was predictive of major coronary
artery disease. Findings on IL-6 receptors indicate that IL-6 inhibition could
provide an innovative therapeutic approach to coronary heart disease
prevention, but strong clinical trials and genetic testing in large populations
are needed to validate and select new therapeutic targets.

On the other hand, TNF-a is a proinflammatory cytokine implicated in
atherosclerotic progression from the initial phases of intimal thickening to
the subsequent vessel occlusion. TNF-a is an inhibitor of endothelial nitric
oxide synthase, improves the production of reactive oxygen species and
reduces the effect of endothelium-derived hyperpolarizing factor. It is
involved in cell differentiation and proliferation, platelet activation, and
apoptosis. Senior patients who had elevated levels of TNF-a in the blood
more often had clinically diagnosed atherosclerosis. TNF-a is linked with a
larger plaque size and is increased in patients with plaque instability.
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C-reactive protein (CRP)

CRP is a pattern recognition molecule that is elevated in inflammatory
conditions, such as atherosclerosis, being an acute phase biomarker of
inflammation and destabilization of atherosclerotic plaque. It belongs to the
pentraxin family and is produced mainly in hepatocytes because of IL-6
stimulation. Investigations have reliably described that concentration in
blood above 10 mg/L indicates an inflammatory process and higher CRP
levels have a prognostic value for cardiovascular events and mortality.

CRP has been suggested to increase LDL oxidation and to induce a
prothrombotic state through induction of tissue factor expression in human
monocytes. It can activate or inhibit the complement cascade, driving the
inflammation in atherosclerotic lesions. CRP has additionally been
exhibited to reduce the expression and bioactivity of endothelial nitric oxide
synthase with a subsequent effect on vasodilatation. CRP downregulates
angiogenesis stimulated by vascular endothelial growth factor, while it
promotes endothelial apoptosis in a nitrous oxide-dependent approach. CRP
has also been found to synergistically augment angiotensin II-induced
proinflammatory outcomes, involving cellular migration and proliferation
as well as lesion collagen and elastin content. Ultimately, it induces the
release of monocyte chemoattractant protein-1 and endothelin-1
upregulating adhesion molecules and chemoattractant chemokines in
endothelial and vascular smooth muscle cells.

The high sensitivity assays (hs-CRP) quantify the low CRP concentration
which cannot be assessed by the routine biochemistry analysis. A hs-CRP
level of >3 mg/L should be considered as risk factor for perioperative
adverse cardiovascular event in patients with asymptomatic atherosclerosis
or stable ischemic heart disease and levels >10 mg/L have a greater
prognostic value in those undergoing from acute coronary syndrome.

Mpyeloperoxidase (MPO)

MPO is a haemoprotein produced by monocytes and that activates
neutrophils and catalyses the formation of hyperchlorite from chloride and
H,0,. It promotes oxidation of LDL and oxidative modification of Apo A.
MPO and metalloproteases disrupt the collagen layer in an atherosclerotic
plaque, therefore leading to its erosion and rupture. Clinical trials have
found that superior MPO levels are early indicators of coronary artery
disease prior to detection by angiography or high cardiac troponin values.
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Matrix metalloproteinase 9 (MMP-9)

Matrix metalloproteinases are zinc dependent endopeptidases produced by
several cell types. Metalloproteinases are responsible for degradation of
collagen and other extracellular matrix components. Matrix
metalloproteinases, particularly MMP-9, are involved in all stages of
atherosclerosis process. MMP-9 increases the infiltration of monocytes
under the vascular endothelium. In addition, MMP-9 also influences
intraplaque angiogenesis through interaction between integrins and
proteinases. The aneurysm formation during atherosclerosis process is
equally due to the arterial remodelling and increased extracellular matrix
components breakdown by metalloproteinases.

Growth/differentiation factor 15 (GDF15)

GDF15 is produced by macrophages, cardiomyocytes, and endothelial cells
in response to acute inflammatory process. The rise in GDF-15
concentrations is associated, among other conditions, to atherosclerosis,
atrial fibrillation, heart failure, pulmonary embolism, and renal failure.

Lipoprotein(a) (Lp(a))

Lp(a) is a modified LDL lipoprotein by attaching a specific apolipoprotein(a) to
Apo B100. The physiological functions of Lp(a) include proatherosclerotic,
prothrombotic and proinflammatory roles. Lp(a) concentrations are
transiently increased by inflammatory processes and by tissue damage
caused by acute phase proteins, being elevated Lp(a) plasmatic level a
genetically determined, independent, causative risk factor for CVD.

Alike other lipoproteins, Lp(a) is also susceptible to oxidative changes,
leading to extensive formation of oxidized phospholipids, oxysterols,
oxidized lipid-protein adducts in Lp(a) molecules that consolidate the
progression of atherosclerotic lesions and intimal thickening by induction
of M1 macrophages, inflammation, autoimmunity, and apoptosis.

Asymmetric dimethylarginine (ADMA)

ADMA is derived from the methylation of arginine residues within proteins
by the activity of protein arginine N-methyltransferases. Enhanced oxidative
stress upregulates this protein expression and ADMA consequently synthesis.
On the other hand, pro-oxidant and proinflammatory stimuli inhibit
dimethylarginine dimethylaminohydrolase activity, the enzymes responsible
for ADMA degradation in cell culture research.
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ADMA has been of attention to vascular researchers because this biomarker
was demonstrated to be endogenous inhibitors of eNOS via competition
with L-arginine, the requisite eNOS substrate and structural analogue of
ADMA. Clinical data proposes that ADMA plasma concentrations are
related with endothelial function, mainly in patients with coronary
atherosclerosis or atherosclerosis risk factors, whereas this association is
significant but weak in healthy individuals. Additionally, in prospective
studies, plasma ADMA has been independently linked with clinical
outcome and mortality in diabetic subjects and patients with atherosclerosis.

2.8.2. Biomarkers of atherosclerotic plaque destabilization
Circulating soluble CD40 ligand (sCD40L)

sCD40L, largely derived from activated platelets, stimulates an
inflammatory reaction in vascular endothelial cells by the secretion of
cytokines and chemokines. Membrane-bound CD40L and sCD40L types
interact with the CD40 receptor molecule, leading to the release of MMPs
and subsequent destabilization of the atherosclerotic plaque. High plasma
concentrations of sCD40L were demonstrated in patients with myocardial
infarction and unstable ischemic heart disease.

Oxidized low density lipoprotein (oxLDL) and anti oxLDL antibody

oxLDL can trigger the expression of adhesion molecules on the cell surface
and thus promote the activation of endothelial cells. These adhesion
molecules mediate the rolling and adhesion of macrophages, that adhere to
the endothelium and then, in response to chemokines, migrate into the
intima. As the consequence of the leukocyte activation, proinflammatory
cytokines are released, ROS are synthesized, and MMPs are also produced,
contributing to the matrix degradation. OxLDL also induces apoptosis of
smooth muscle cells. Furthermore, oxLDL impairs nitric oxide production
in endothelial cells. This leads to atherosclerotic plaque destabilization and
rupture.

Apart from the scavenger receptors, oxLDL also binds to lectin-like
oxidized low density lipoprotein receptor 1 (LOX-1). Later, the same
receptor was shown on the surface of smooth muscle cells and macrophages.

The oxLDL molecule acts as an antigen leading to the production of anti
oxLDL antibodies. LDL oxidation can affect different parts of its molecule,
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which is the reason why different anti-oxLDL antibodies can be produced.
IgM anti-oxLDL antibodies have been shown to reduce the risk of severe
coronary artery disease. In the case of IgG anti-oxLDL class, this compound
is more complex and needs additional investigation.

Selectins

Selectins are a group of cell-surface glycoproteins involved in the rolling
and anchoring of leukocytes on the vascular wall. For instance, L-selectin
is expressed on all granulocytes and monocytes and on most lymphocytes.
It has been associated to larger plaque size estimated by ultrasound imaging
in patients with carotid atherosclerotic plaques. Also, the important function
of P-selectin in both leukocyte recruitment and atherosclerosis progression
has been confirmed in various animal models and several authors have
confirmed that a deficiency of this adhesion molecule has a protective result
against atherosclerosis and an increase level is associated with progression
of atherosclerosis, coronary artery disease, and atrial fibrillation.

MicroRNAs (miRNAs or miRs)

MicroRNAs are short, non-coding segments of RNA containing 18-26
nucleotides that function to silence mRNAs and thus prevent the translation
of messenger RNAs (mRNAs) to proteins. They relocate from one cell to
another in a process of intercellular communication to silence specific
mRNAs in the target cell. miRNAs distribute in the body in membrane-
derived vesicles, such as micro vesicles, exosomes, and apoptotic bodies, as
well as bound to RNA-binding proteins, or by HDL cholesterol. The
function of miRNAs has been recently proposed as next generation
biomarkers due to their integral role in mediating cellular and molecular
roles. miRNAs are involved in the pathogenesis of many diseases. Selected
miRNAs implicated in the development of the atherosclerotic
formation/rupture are shown in the Table 2-2.
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Table 2-2. miRNAs involved in atherosclerotic process - most important examples.

miRNAs Function
Plaque inflammation
miRNA-126 Inhibition of VCAM-1

miRNA-155, -222, -424, -
503, -9, -17, -20a, -106a

Regulation of monocyte differentiation into
macrophages within the plaque

miRNA-147, -155, and -
342-5p

Stimulation of plaque macrophages in M1
phenotype; Up-regulation of TNF-a and IL-6
cytokines

miRNA-125a, -146a, -33,
and -155

Inhibition of lipid agglomeration

miRNA-15a, -16 s

Modulation of macrophage apoptosis

miRNA-21, miRNA-34a

Synthesis of MMP-9; VSMC proliferation

miRNA-210

Linked to intraplaque angiogenesis and, possibly,
to the formation of unstable plaques; regulates
endothelial apoptosis

miRNA-146a Formation of the T helper type-1 mononuclear
phenotype

miRNA-29 Inhibition of elastin expression

miRNA-221/222 Stimulation of cell proliferation or apoptosis

miRNA-365 Stimulation of endothelial cells apoptosis

miRNA-100, -127, -145, -
133a, -133b

High-level expression in symptomatic carotid
plaque

Endothelial shear stress

miRNA-143 and 145

Development of VSMC transfer into the
atheroprotective contractile phenotype

miRNA-126-5p

Limitation of endothelial cell proliferation at sites
of low endothelial shear stress

miRNA-92a

Related with low endothelial shear stress,
expansion of inflammation

Microcalcification

miRNA-29a and miRNA-
29b

Suppression of the disintegrin and
metalloproteinase expression.

miR-125b

Differentiation of VSMC into an osteoblast-like
phenotype
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The most important advantage of employing miRNAs as biomarkers is the
opportunity for assessment of selected miRNAs by using the standard
technology for the detection and/or comparison of RNA concentrations (the
quantitative reverse transcriptase-polymerase chain reaction method), with
great sensitivity and specificity. However, prospective large-scale human
studies are required to authenticate the real potential of circulating miRNAs
and changes in miRNA expression; hence, circulating miRNAs can serve as
independent biomarkers of atherosclerotic diseases, and, moreover, whether
other more readily accessible body fluids, such as urine or saliva, may be
suitable for diagnosis.

Placental growth factor (PIGF)

PIGF is a growth factor that belongs to the family of endothelial growth
factor. It plays an important role in the pathogenesis of atherosclerosis by
stimulating angiogenesis and increasing the migration of monocytes and
macrophages into the vascular endothelium, which subsequently produces
inflammatory and vascular mediators, resulting in an increased risk of
plaque rupture. It has been shown that overweight children and with the
metabolic syndrome have higher PIGF levels in the blood compared to
healthy children. In addition, a positive correlation was found between PIGF
and troponin plasmatic concentrations.

Pregnancy-associated plasma protein-A (PAPP-A)

PAPP-A, a metalloproteinase produced by the placenta, can enhance local
insulin-like growth factor (IGF) bioavailability through proteolytic cleavage
of three IGF binding proteins events. This enzyme exerts a proatherogenic
effect by altering a variety of pathological processes implicated in
atherosclerosis, including lipid accumulation, vascular inflammation,
endothelial dysfunction, vascular smooth muscle cell proliferation and
migration, plaque stability, and thrombus formation. In patients with
coronary atherosclerosis disease, increased PAPP-A levels are significantly
associated with a higher risk of CVDs.

MPO, MMP-9 and CRP

Biomarkers of atherosclerotic plaque destabilization similarly include
MPO, MMP-9 and CRP described above.
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2.8.3. Biomarkers of shear stress in the vascular endothelium

A variety of miRNAs are included as shear stress biomarkers. For instance,
and as showed in Table 3.2, microRNA-143 and microRNA-145 switch the
phenotype of VSMC to contractile ones. microRNA-126-5p restricts the
proliferation of vascular endothelial cells, while microRNA-92a improves
the development of inflammatory processes in the vascular wall.

2.8.4. Biomarkers of blood vessel microcalcification
microRNAs

Vascular calcification is a prominent aspect of atherosclerosis, and some
miRNAs are involved. microRNA-29a and microRNA-29b inhibited
calcification of VSMC by suppressing the expression of a disintegrin and
metalloproteinase with thrombospondin motifs 7. Moreover, miR-125b
downregulation can promote calcification of vascular smooth muscle cells
by targeting Ets1, a transcription factor protein. Furthermore, VSMC trans-
differentiation into osteoblast-like cells can be promoted by the inhibition
of endogenous miR-125b with the osteoblast transcription factor SP7, as its
target, which can regulate osteoblast differentiation.

Osteopontin (OPN) and osteoprotegerin (OPG)

A growing number of stimulatory and inhibitory molecules imply that
vascular calcification is an actively controlled process. Among these
molecules OPN, an acidic phosphoprotein, and OPG, a member of the TNF-
o receptor super family, have been proved to inhibit mineral deposition as
well as osteoclast genesis and they are constitutively expressed by an
extensive range of cell types in the vasculature

These bone-matrix proteins, which attenuate vascular microcalcification,
are biomarkers of atherosclerotic plaque composition and CVD prognosis.
Data derived from clinical investigations support the notion that increased
serum levels of this markers are positively associated with acute
cardiovascular events, coronary disease severity and poor long-term
cardiovascular results. Circulating OPN-OPG amounts were higher in
patients bearing carotid stenosis with unstable atherosclerotic and in
symptomatic versus asymptomatic patients, who presented superior
calcification.
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2.8.5. Biomarkers of thrombocyte activation

Lipoprotein-associated phospholipase A2 (Lp-PLA2) and secretory
phospholipase A2 (sPLA2)

Lp-PLA2 is a proinflammatory protein produced by monocytes,
lymphocytes, and mast cells; 80% is bound to LDL cholesterol, and 20% to
HDL cholesterol. Numerous studies have demonstrated that Lp-PLA2 plays
a causal role in atherosclerosis and inhibiting Lp-PLA2 improves vascular
inflammation and decelerates the progression of atherosclerosis.
Additionally, several meta-analyses and epidemiological studies and have
also reliably proven that increased plasma levels of Lp-PLA2 are associated
with an increased risk of cardiovascular events. SPLA2 is the phospholipase
A2 isozyme and hydrolyses the sn-2 ester bond in glyceroacyl
phospholipids of lipoproteins and cell membranes, producing non-esterified
fatty acids and bioactive lysophospholipids implicated in acute and chronic
inflammatory processes. Expression of sSPLA2 is up-regulated in response
to cytokines such as interferon-y, TNF-o, IL-1B, and oxLDL. The
relationship between SPLA2 concentration and CVD prospect was properly
demonstrated. For example, in coronary artery disease patients, an increase
in circulating sPLA2 levels is a significant risk factor of clinical coronary
events during follow-up.

sCD40L

The biomarkers of thrombocyte activation also include the previously
described sCD40L.

2.8.6. Biomarkers of neurohormonal activation
Copeptin

Copeptin is secreted from the posterior pituitary gland into the circulation
in stoichiometric amounts along with vasopressin. Both neuropeptides are
primarily released in response to hemodynamic or osmotic changes. In
contrast with vasopressin, copeptin exhibits higher plasma and serum
stability, allowing its use in laboratory diagnostics. After release, it remains
stable for several days and copeptin levels increase rapidly in conditions,
such as CVD, stroke, sepsis, and shock. Some researchers have been
demonstrated that the increased concentration of copeptin in blood
positively correlates with the risk of developing coronary heart disease and
the risk of death due to CVD.
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Midregional pro-adrenomedullin (MR-proADM)

MR-proADM is a stable and surrogate measure for mature adrenomedullin
(ADM), and provides useful information, particularly in the short-term.
ADM is a peptide hormone produced by the adrenal medulla, heart, and
vascular endothelial cells that acts as a vasodilator and plays important roles
in the microcirculation and in endothelial dysfunction. ADM has some
cardiovascular actions, including those promoting vasorelaxation,
natriuresis and increasing cardiac output. A potential role of ADM in
calcification processes in the heart and aorta has also been shown in animal
and cell culture studies. Immunoluminometric assays for the measurement
of the MR-proADM precursor fragment in human plasma have been
reported, thus making it a promising biomarker of the risk of developing
coronary heart disease and heart failure. Additionally, MR-proADM may
be a prognostic biomarker after ST-elevation myocardial infarction.

2.9. Treatment of atherosclerosis

Dyslipidaemia, and particularly hypercholesterolaemia, is considered the
main cause of atherosclerosis, with LDL-c, TG, and HDL-c as strong
independent predictors of atherosclerotic disease after the analysis of the
data from the Framingham study. The high level of HDL-c is considered a
protective parameter, while low HDL-c has been shown to be a strong
independent predictor of premature atherosclerosis.

Lp(a) is a specialised form of LDL, consisting of an LDL-like particle and
the specific ApoA. Its elevation in plasma is an additional independent risk
marker and can be related to the pathophysiology of atherosclerotic vascular
disease and aortic stenosis.

The control of dyslipidaemia is the cornerstone of prevention and treatment
of atherosclerosis, and can be achieved by lifestyle modifications,
eventually with the use of specific lipid lowering drugs.

Non-pharmacological measures

Measures such as dietary changes, weight control, stimulation of physical
activity and smoking and alcohol eviction, preferably to be implemented
since infancy, are effective for the prevention and control of dyslipidaemia.
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Pharmacological measures

Medication to adequately control lipoprotein levels needs to be initiated
when the plasma lipid values are altered, after a variable period of lifestyle
modifications and depending on the global cardiovascular risk of the
patient. In secondary prevention, medical therapy is almost invariably
needed in addition to lifestyle optimisation.

Statins (3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase
inhibitors) induce an increased expression of LDL receptors (LDL-r) on the
surface of the hepatocytes, decreasing plasma concentration of LDL and
other Apo B-containing lipoproteins, including TG-rich particles (although
benefits of lowering elevated TG levels are modest for reducing
cardiovascular risk). Statins can also elevate HDL-C levels between 5-10%.

The most used cholesterol absorption inhibitor is ezetimibe. It is usually
used in combination with statins, or in monotherapy when statins are not
tolerated. In monotherapy, ezetimibe can reduce LDL by 15-22% and when
combined with a statin it induced an incremental reduction in LDL levels of
15-20%.

Bile acid sequestrants (cholestyramine, colestipol) can produce a reduction
in LDL of 18-25%, but their use is limited by gastrointestinal adverse effects
and major drug interactions with other frequently prescribed medications.

Proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK-9
inhibitors), evolocumab and alirocumab, two monoclonal antibodies that
inhibit PCSK-9, offer the prospect of achieving even lower LDL levels than
statins in combination with ezetimibe. PCSK-9 stimulates the absorption
and degradation of the receptors for LDL in the hepatocytes. Through
inhibition of PCSK-9, the degradation of LDL-r is prevented, improving the
absorption of LDL particles and lowering LDL plasma concentrations. In
clinical trials, the PCSK-9 therapy lowered LDL by 50% and demonstrated
a significant percentage atheroma volume decrease. The PCSK-9 therapy is
suitable in a wide range of patients provided that they express the LDL
receptor, including those with heterozygous and homozygous familial
hypercholesterolaemia.

Fibrates are agonists of peroxisome proliferator-activated receptor-o
(PPAR-0); they are effective in lowering fasting TG, post-prandial TGs and
TG-rich lipoprotein remnant particles, lowering TG levels up to more than
50%. Fibrates increase HDL-c in a similar proportion with statins, namely
between 5% and 15%.
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n-3 fatty acids (eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA)) can lower TG up to 45%, possibly through interaction with PPAR.

Cholesteryl ester transfer protein (CETP) inhibitors, a new class of
pharmacologically active molecules, seems to be effective in increasing
HDL-c levels, with an effect of > 100% increase in HDL-c and frequently a
reduction of LDL-c levels as well.

Conclusion

Atherosclerosis is a pathologic process by the accumulation of lipids in the
plasma and its deposition on the cell wall triggers a cascade of events
leading to vascular wall thickening, luminal stenosis, calcification, and
thrombosis. This process leads to coronary artery disease and myocardial
infarction, carotid artery stenosis and stroke, abdominal aortic aneurysms,
peripheral vascular disease with lower-extremity claudication and, in some
cases, death.

ROS are significant contributors to atherosclerosis, causing oxidative
modification of LDL. ROS can also promote endothelial dysfunction and a
vascular inflammatory response. Excessive oxLDL and the upregulation of
LOX-1 expression can lead to defective autophagic mechanisms and can
trigger inflammatory and oxidative stress responses. Proinflammatory
factors, such as IL-1, IL-6, TNF-a and CRP generate the endothelial
proinflammatory phenotype and endothelial cells dysfunction. Moreover,
there is a prothrombotic effect of vascular-derived and platelet-derived ROS
and an outcome over the perivascular adipose tissue, affecting its
anticontractile function, predisposing to vascular damage.

Classical biomarkers of atherosclerosis, such as LDL, HDL, and TG are
suitable for the average patient, but may not be effective in patients with
moderate or atypical cardiovascular risk. Other biomarkers are under study,
comprising biomarkers of the inflammatory process, destabilization of
atherosclerotic plaque, shear stress, microcalcifications, thrombocyte
activation and neurohormonal activation, and the promising candidates, the
microRNAs.

Treatment of atherosclerotic is based on lowering LDL by statin therapy. In
high-risk patients with statin intolerance or who do not obtain the target
level of LDL, association with ezetimibe, or other drugs should be
considered. PCSK-9 inhibitors are used in hypercholesterolaemia patients
that do not respond satisfactorily to other therapies.
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