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PE3IOME. ATepockiepo3 OTHOCST K 00JIE3HSIM CTapeHHusl, TaK KaK MOBBIIIEHNE BO3pacTa sSBJIs-
€TCsl HE3aBUCHMBIM (paKTOPOM pHCKa ero pa3BUTH. JlaHHBIH MpoIece CBA3aH C MPEXKICBPEMEH-
HBIM OMOJIOTUYECKUM CTapeHHEM, MOCKOJIBbKY B aTEPOCKJIECPOTHUECKUX OJISIIIKAX BBIABISIOTCS
NpPU3HAKH CHIDKEHHUS Hposnpepannn KIeTOK, alonTo3a, HoBbImeHHoro nospexaeHns [IHK,
SMUTCHETUYECKUX MOAU(DUKAINH, YKOPOUCHHUS U TUCHYHKLIUH TEIOMEP. ATEPOCKIIEPO3 SBIISICT-
CA XpPOHUYECKHM BOCHAJIUTCIIbHBIM 3a001eBaHUEM BHYTpeHHefI CTCHKHU KPYIIHBIX U CPEAHUX ap-
Tepuid. DTO OCHOBHASI IPHYNHA PA3BUTHUS CEPACYHO-COCYTUCTHIX U LEPeOPOBACKYIIAPHBIX 3200-
nesanuil. [TaroMopdonaoruuecku aTepockiepos3 NpeacTaBiaseT co00i XPOHNYECKOe BOCTIaJICHHE
apTepuii, BTOPUYHOE 110 OTHOWICHHIO K JJIUTEIBHOMY BO3ICHCTBUIO OKHUCIHUTEIBHOTO CTpecca,
B [IPOLIECCaX KOTOPOT0 y4acTBYIOT MHOTOUHCICHHBIE TUIIBI KJIETOK U MeAHaTopbl. OKUCIICHHBIC
JUNUBI, 00pa3yronuecs: U3 JUMONPOTCHIOB HU3KOHM TIIOTHOCTH, CIIOCOOCTBYIOT Pa3BUTHIO H
IPOrPECCHPOBAHUIO ATEPOCKIEPOTUYESCKUX OJISIICK 332 CUST BHIPAOOTKH BOCHAIUTEIBHBIX IIH-
TOKHWHOB. I[I/IeTa 1 MUIIEBBIC IPUBBIYKU SABJIAIOTCA OCHOBHBIMHA (paKTOpaMI/I, CHOCO6CTBYIOHH/IMI/I
Pa3BUTHIO U IPOTPECCHPOBAHUIO aTEPOCKIEPOTHYECKUX 3a00eBaHmi. [ eHETHKA U ATUTEeHEeTH-
Ka Tak)Ke OKa3bIBalOT 3HAUMMOE BIIMSHUE HA Pa3BUTHE M IPOrPECCHPOBAHHE aTEPOCKIIEPO3a.
B nepcnexTuBe TepaneBTHYECKHE MTOIX0bI MOTYT OBITH HaIPaBJICHBI HA MATOI€HETHIECKHE Me-
JIUATOPBI aTEPOCKIIEPO3a HA MOJECKYJIIPHOM yPOBHE.

KJIIOYEBBIE CJIOBA: atepockiepo3, SHAOTeNHallbHAas AUCPYHKLHS, MHUKPOOHOTa,
IreHEeTUKa, BOCIAJICHUE, OKUCIUTEIbHBII cTpecc, CTapeHue
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ABSTRACT. Atherosclerosis is classed as a disorder of aging, such that increasing age is an
independent risk factor for the development of atherosclerosis. Atherosclerosis is also associated
with premature biological aging, as atherosclerotic plaques show’s evidence of reduced cell
proliferation, irreversible growth and apoptosis, elevated deoxyribonucleic acid (DNA) damage,
epigenetic modifications, and telomere shortening and dysfunction. Atherosclerosis is also
a chronic inflammatory disease of the inner wall of large and medium-sized arteries. It is a
disease of multiple causes which regarded as the primary underlying cause of heart diseases
and cerebrovascular disorders. Pathologically, atherosclerosis is a chronic arterial inflammation
secondary to prolonged exposure to oxidative stressors and involves multiple cell types and
cellular mediators. Oxidized lipids derived from low-density lipoprotein contribute to multiple
stages of atherosclerotic plaque development and progression through production of inflammatory
cytokines. Diet and dietary habits are the major driving forces for development and modification
of atherosclerotic diseases. Genetics and epigenetics have a significant influence on development
and progression of atherosclerosis. Future therapeutic options may target the pathogenic mediators
of atherosclerosis at multiple molecular levels.

KEYWORDS: atherosclerosis, endothelial dysfunction, microbiota, genetics, inflammation,

oxidative stress, aging

INTRODUCTION

The term “atherosclerosis” has been coined by
the German physician Felix J. Marchand (1846—
1928) from the Greek words “athere” meaning
gruel and “scleros” meaning hard [1]. Atheroscle-
rosis and the subsequent cardiovascular complica-
tions, such as myocardial infarction, stroke, and
ischemic heart failure, is a major cause of death
in the Western world. The risk factors of athero-
sclerosis are well known, including hypertension,
diabetes, serum total and low-density lipoprotein
(LDL) cholesterol, and smoking. Atherosclerosis
is defined as a chronic inflammatory disease of
the inner wall of large- and medium-sized arteries
[2]. From pathological perspectives, atherosclero-
sis has been defined as a chronic arterial inflam-
mation secondary to prolonged exposure to oxi-
dative stressors and involves multiple cell types
and cellular mediators [3]. Arteries commonly
affected include aorta, carotid arteries, coronary
arteries and arteries of the lower extremities [4].
Atherosclerosis has been identified as a threat to
mankind since 3000 B.C to 400 A.D following
extensive investigation of mummies of the old
world [4]. According to the review of literature,
atherosclerosis was appeared to be an ancient di-
sease process cross different races, as it was also

found in mummies from China and North Amer-
ica [4]. Therefore, one may conclude that even
though the terminology of atherosclerosis is re-
cent but the disease itself is ancient [5—9]. This
condition may lead to multiple vascular complica-
tions such as heart attack, coronary heart disease
(CHD), stroke, peripheral arterial disease or even
death [10, 11]. Increasing evidence indicates that
aging is also an important risk factor for athero-
sclerosis and persists as an independent contri-
butor when all other known factors are controlled.
Premature or accelerated vascular aging can be
promoted by cardiovascular risk factors [36, 37].
Despite variation in the underlying risk factors be-
tween countries, the first leading cause of death
worldwide comes CHD. Based on the reports of
the world health organization (WHO), 17.7 mil-
lion people died in 2015 due to cardiovascular
diseases (CVDs), which comprises about 31% of
the worldwide deaths, of which; 80% are due to
CHD and stroke [12]. The increasing burden of
CVDs worldwide is attributed to the increasing
incidence of atherosclerotic diseases [13].

PATHOGENESIS OF ATHEROSCLEROSIS

The basic mechanisms involved in pathogen-
esis of atherosclerosis (Fig. 1) are determined by
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multiple factors of which inflammation, oxida-
tion and genetic predisposition are the most im-
portant [14—17]. In the late 1970s, the “response
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Fig. 1. Basic mechanism involved in pathogenesis of athe-

rosclerosis
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to injury” theory was introduced by Russell Ross
explained the pathogenesis of atherosclerosis
as endothelial cell injury leading to endothelial
dysfunction, followed by macrophage cell infil-
tration and smooth muscle cell (SMC) impaired
function. In the last two decades, researches
showed that atherosclerosis is a chronic inflam-
matory condition, which is the opposite of what
previously thought on atherosclerosis to be a de-
generative disease as a result of aging process.
Because of the abundant researches in the field
of atherosclerosis in recent years, understand-
ing of pathophysiology of atherosclerosis made
more and more accessible at lipoprotein meta-
bolic level as well as at inflammatory molecular
level [15, 16]. Recent understanding of patho-
genesis of atherosclerosis (Fig. 2) explained it as
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Fig. 2. Schematic of atherogenesis and an unstable atherosclerotic plaque
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imbalanced lipid metabolism integrated with mis-
conducted immune response leading to chronic
inflammatory process in the blood vessel wall.

The mature atherosclerotic plaque compri-
ses an accumulation of vascular smooth mus-
cle cells (VSMCs) and their secreted products
(collagen and elastin), inflammatory cells (mac-
rophages, T lymphocytes, dendritic cells, and
mast cells), and both intracellular and extracel-
lular lipid and debris (Fig. 2, 3). The latter is
often concentrated in a necrotic core surroun-
ded by a fibrous cap composed predominately
of VSMCs. The stability of the atherosclerotic
plaque depends on the thickness of the fibrous
cap and the degree of cap inflammation. Plaque
rupture is increased by cap thinning, promoted
by death of VSMCs and breakdown of colla-
gen and extracellular matrix (ECM), which may
subsequently lead to myocardial infarction or
stroke. However, plaque rupture is frequently
subclinical, as VSMCs repair the rupture and
reorganize associated thrombus. Indeed, com-
plicated plaques frequently show evidence of
multiple ruptures and repair, ultimately resulting
in luminal narrowing. Successful plaque repair
requires VSMCs to proliferate and synthesize
matrix, both properties that are altered by cellu-
lar senescence. Indeed, cellular senescence can
alter many of the proatherogenic events seen in
Figure 2, 3.

The earliest histopathological lesion of athe-
rosclerosis is the development of fatty streaks in
the vascular wall at predilection points such as
arterial branching sites where the laminar blood
flow is disturbed [18]. A complex multiple pro-
cesses of inflammation and oxidation are impli-
cated in the development of fatty streaks in which
LDL-c metabolism specifically appeared as a
key factor. The biomechanical forces at arterial
branching areas found to be the triggering factor
of endothelial dysfunction creating barrier im-
pairment (endothelial misalignment), proinflam-
matory process and prothrombotic function [17,
20, 25]. Once endothelial dysfunction induced,
fatty streaks develop due to exposure of matrix
proteoglycans and loss of confluent elastic layer
of blood vessel lumen which commonly found
at arterial bifurcation sites [27]. Recent updates
indicate the role of hypercholesterolemia as a
direct cause of endothelial dysfunction by chan-
ging the endothelial permeability hence allowing
the migration of LDL-c into the vascular wall.

Atherosclerosis initiates upon endothelial
dysfunction accompanied by low-density lipo-
protein (LDL) retention and its modification in
the intima. Modified LDLs, together with addi-
tional atherogenic factors, promote the activation
of endothelial cells (ECs), leading to monocyte
recruitment within the intima. Modified LDLs
are avidly captured by differentiated monocytes
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and VSMC, which promote foam cell formation
[27]. In addition, several inflammatory signaling
pathways are activated, allowing the fatty streak
formation, which represents the first sign of
atherosclerosis and is characterized by a substan-
tial accumulation of lipids both within the cells
(macrophages and VSMC) and the extracellular
media.

Disruption of the mechanisms involved in
vascular homeostasis regulation leads to endo-
thelial dysfunction. Briefly, when ECs lose their
ability to maintain homeostasis, vessel walls are
predisposed to vasoconstriction, lipid infiltration,
leukocyte adhesion, platelet activation, and oxi-
dative stress, among other things [28]. Together,
these induce an inflammatory response that is
considered the first step of atheromatous plaque
formation: the fatty streak. In addition, endothe-
lial dysfunction also plays a remarkable role in
subsequent steps of atherosclerosis by partici-
pating in plaque development and in its rupture
in the last steps of atherosclerosis. Therefore, an
increased endothelial dysfunction is considered
an early indicator of atherogenesis.

Vessel aging, even in the absence of athero-
sclerosis, leads to intimal and medial thickening
(vascular remodeling) as well as gradual loss
of arterial elasticity, resulting in vascular stiff-
ness [34, 38]. Aged vessels show a number of
characteristic pathological processes, many of
which are also seen in atherosclerosis [39, 40].
For example, aged vessels show reduced medial
VSMC number, increased collagen deposition,
and fracture of the elastin lamellae, which may
lead to vessel dilation and increased lumen size
[41]. Increased collagen and decreased elastin
content, promoted at least in part by age-associ-
ated increases in glycated proteins, matrix metal-
loproteinase enzyme activity, and trophic stimuli
such as angiotensin II signaling, impair vessel
elasticity and hence promote vascular stiffness
[42] and subsequently hypertension [43]. Hyper-
tension can further stimulate collagen production
with increased vessel stiffness and EC dysfunc-
tion. In addition to alterations in matrix and cell
composition, aged vessels show elevated ex-
pression of a number of proinflammatory mole-
cules [44] and increased uptake of plasma lipo-
proteins [45]. In part, these effects may be due
to increased expression of leukocyte adhesion
molecules on ECs in aged vessels, which trig-
ger the familiar processes of monocyte migration
followed by increased uptake of atherogenic li-
poproteins with subsequent inflammation, key
events that ultimately promote atherosclerosis
(Fig. 2). Aged ECs and VSMCs also show in-

creased secretion of proinflammatory cytokines
(see below), resulting in persistent vascular in-
flammation. Thus, the effects of atherosclerosis
are superimposed on normal aging of the under-
lying vessel.

A number of genetic diseases associated with
premature aging also show the typical pathology
of vascular aging and are prone to cardiovascu-
lar complications including atherosclerosis. For
example, Hutchinson Gilford progeria syndrome
(HGPS) is a rare, fatal, and progressive prema-
ture aging condition due to defects in lamin A that
forms nuclear lamina. HGPS vessels from young
patients reveal accumulated collagen, fractured
elastin lamellae, and a thickened intima, with
some vessels showing advanced atherosclerotic
lesions containing chronic inflammation, calci-
fication, and VSMC loss [46]. Mouse models of
HGPS recapitulate the vascular pathology in pa-
tients and also show increased vascular stiffness
and hypertension, supporting the concept of pre-
mature vascular aging [47]. Another example is
Werner syndrome (WS), a loss-of-function muta-
tion in the WS adenosine triphosphate (ATP)-de-
pendent helicase (WRN), which shows a similar
pathology and accelerated atherosclerosis. WS
knock-out mice also show insulin resistance and
increased blood glucose, increased circulating
cholesterol, and enhanced lipid deposition [48],
indicating that intrinsic vessel aging is superim-
posed on metabolic effects to promote vascular
disease. HGPS and WS serve as important exam-
ples to understand any causal relationship bet-
ween vascular disease and aging.

Because atherosclerosis compounds the
pathological changes associated with normal
vascular aging and vascular aging promotes
atherosclerosis, this brings up the “chicken and
egg” argument — does biological aging promote
atherosclerosis, or does atherosclerosis promote
vessel aging and cellular senescence? We suggest
that these scenarios are not mutually exclusive
but both occur simultaneously. While both struc-
tural changes associated with aging and cellular
senescence are associated with atherosclerosis,
this review focuses predominately on the latter,
particularly on VSMC senescence, although other
cell types undergo the same processes after the
same stimuli. We will outline evidence of cel-
lular senescence, proposed mechanisms, as well
as current therapeutic options targeting vascular
aging or cellular senescence in atherosclerosis.

During fibrous plaque development, athero-
ma plaques undergo a transition from the fatty
streak to intimal growing, a step characterized
by the presence of a cell-free and lipid-rich area
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known as the necrotic core (Fig. 4). To stabilize
the plaque, the necrotic core is covered by fibers,
thus developing a fibrous cap. The necrotic core
and the fibrous cap constitute the hallmark of ad-
vanced atherosclerosis [31], and atheroma plaque
regression is unlikely to happen in this stage.
The fibrous cap is a subendothelial barrier
between the lumen of the vessel and the athero-
sclerotic necrotic core consisting of VSMCs that
have migrated to the luminal side of the artery
and ECM derived from VSMCs. The role of the
fibrous cap is to serve as a structural support to
avoid the exposure of prothrombotic material of
the core that otherwise would trigger thrombosis.
At the physiological situation, differentiated
VSMCs of the tunica media show a contractile
phenotype that regulates the blood vessel

diameter and blood flow. However, in response
to injury, VSMCs switch their phenotype to the
synthetic one in which migratory and proliferation
activities prevail [32]. For that purpose,
neighboring cells activate the healing process by
producing several growth factors, which include
epidermal growth factor, fibroblast growth
factor, insulin-like growth factor, platelet-derived
growth factor (PDGF), transforming growth
factor-f (TGF-B), and vascular endothelial
growth factor (VEGF) [32]. In atherosclerosis,
in response to the growth factors produced by
foam cells (VSMC- or macrophage-derived) or
ECs of the intima, VSMCs from the tunica media
migrate to the intima. Moreover, Interleukin-1
(IL-1) produced by macrophages enhances the
endogenous production of PDGF by VSMC,
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and, once in the intima, it autocrinically leads
to their proliferation. In addition to migration
and subsequent proliferation, VSMCs with a
synthetic phenotype also increase the production
of ECM components, such as interstitial collagen,
elastin, and proteoglycans. These proliferating
VSMC s, along with ECM production, generate
a fibrous cap that will cover the developing
atherosclerotic plaque, thus surrounding the
lesion and preventing its rupture. Interestingly, if
the mitogen production does not cease, VSMCs
do not switch back to the contractile phenotype,
which facilitates lesion development. Fibrous-
cap features, such as thickness, cellularity, matrix
composition, and collagen content, are important
determinants of plaque stability.

There are marked changes in multiple cell
types in older versus younger individuals,
including VSMCs [49, 50], ECs [121], and
inflammatory cells [122]. Prematurely and
naturally aged cells share several characteristics,
including changes in cell proliferative potential,
markers of cell senescence, increased propensity
to undergo cell death, elevated deoxyribonucleic
acid (DNA) damage, and extensive telomere
shortening and dysfunction. All of these features
can be detected in cells from atherosclerotic
plaques, which show additional features of cell
senescence.

The necrotic core constitutes the nucle-
us of the atherosclerotic plaques. Covered by
the fibrous cap, the necrotic core consists of a
lipid-laden hipocellular region with reduced
supporting collagen [33]. While atherosclero-
tic plaque develops, the necrotic core increases
its size mainly as a consequence of two factors,
macrophage death and impaired efferocytosis, a
process that removes apoptotic cells. Both events
contribute to an inflammatory microenviron-
ment, oxidative stress, and thrombogenicity and
promote the death of neighboring cells, such as
VSMC s, increasing plaque vulnerability.

In the early stages of atherosclerosis, macro-
phage apoptosis is programmed through the co-
ordinated caspase system, leading to cell death
and efferocytosis. However, when atherosclero-
sis develops, apoptosis enhances in the macro-
phage and VSMCs due to increased oxidative
stress, the activation of receptors involved in
death signaling, the inhibition of survival path-
ways, and nutrient deprivation [33]. At this step,
the phagocytic activity of the macrophages is
not able to handle the accumulation of apoptotic
cells, which undergo a secondary necrotic death
with the concomitant release of intracellular
oxidative and inflammatory components. This

situation aggravates inflammation and enhan-
ces the death of neighboring cells. Efferocytosis
also becomes defective in advanced atheroscle-
rosis because the activity of several receptors
that mediate the process, such as MerTK, LRP1,
CD36, and SR-B1, is impaired. Moreover, the
oxidized phospholipids and oxLDLs present in
advanced atherosclerotic plaques inhibit the re-
cognition of apoptotic cells by efferocytotic re-
ceptors. Efferocytosis impairment in advanced
plaques also favors cholesterol crystal accumu-
lation coming from apoptotic cells. At physio-
logical conditions, small cholesterol crystals are
rapidly sequestered from interstitial space by
phagocytic cells; however, while the lesion ad-
vances, phagocytic cells are unable to remove
the excess of crystals, which finally increase in
size and remain in the subendothelial space. This
process activates the complement and increases
the proinflammatory state of the plaque. More-
over, as phagocytic cells are unable to internalize
large cholesterol crystals by scavenger receptors,
their lysosomal content is directly secreted to the
interstitial space, promoting a more intense im-
mune response. These events promote the death
cell accumulation and necrotic core growth. Fur-
thermore, the metalloproteinases released after
cell death reduce the size of the fibrous cap and
increase plaque vulnerability. Finally, apopto-
tic and necrotic cells liberate tissue factor (TF),
which, along with oxidized lipids, increases the
thrombogenicity of the necrotic core.

Atheroma plaque calcification is another
hallmark of advanced atherosclerosis. It exists
as a bone-like formation within the plaque and
is initiated in inflammatory regions with a local
decrease in collagen fibers. The release of ma-
trix vesicles upon the macrophage and synthetic
VSMC death initiates the calcification process
of the plaque. The nucleation sites accumulate
calcium orthophosphate, which is converted to
amorphous calcium phosphate and finally to
crystalline structures. In addition, other factors,
including reduced levels of mineralization in-
hibitors or increased osteogenic trans differenti-
ation, contribute to the calcification process. In
particular, pericytes and VSMCs transdifferenti-
ate into osteoblast-like phenotypes during athe-
rosclerosis development, acquiring the capacity
to generate a mineralized matrix and leading to
calcium deposits, as it occurs in bone tissue.

Together, this contributes to microcalcifica-
tions, the early stage of the vascular calcification
cascade in both intima and media. Microcalcifi-
cations then evolve into larger calcifications that
extend from the bottom of the necrotic core to
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the surrounding matrix. Although calcification is
a hallmark of advanced atherosclerosis (it cor-
relates very well with plaque size), the amount
and size of calcium deposits are not correlated
with plaque vulnerability, which would rather
be linked to other features, such as location, cal-
cification type, or the surrounding environment
(Fig. 5) [35].

CELL PROLIFERATION

VSMCs in the normal vessel wall have a
very low turnover, with barely measurable pro-
liferation indices. Increased cell proliferation is
observed during early atherogenesis and on vas-
cular injury [51] and aged VSMCs from rodents
also show increased proliferation [49, 50, 52]
compared with cells from younger animals. In
contrast, human VSMCs derived from both aged
vessels and advanced atherosclerotic plaques un-
dergo reduced proliferation and prolonged popu-
lation doubling times [53, 54]. This observation
corresponds to in vitro findings in which plaque
VSMCs in culture show decreased percentages
in S-phase and increased percentages in G,, con-
sistent with a G, growth arrest [54]. While some
of the arrest is associated with reduction in re-
sponses to mitogens, such as insulin-like growth
factor 1 (IGF-1) [55], the arrest is mediated by
major changes in the expression of various cell
cycle regulators, especially those involved in
G,-S transition. Thus, increased expression of
the cyclin-dependent kinase inhibitors p16™K4
and p21 [56], decreased cyclin D and cyclin E
[57], and hypophosphorylation of the retino-
blastoma protein (pRB) [57-58] are observed
in both normal human VSMCs undergoing rep-
licative senescence and human plaque VSMCs.
Plaque VSMC:s also show reduced expression of
the transcription factors E2F1-3 and increased
sequestration of E2F1 to pRB [56]. Important-

ly, these cell cycle regulators become potential
markers of vascular cell senescence.

Although most of these studies have examined
cells that are presumed to be derived from the
vessel wall itself, a number of published works
suggest that at least a proportion of cells expres-
sing VSMC or EC markers may be derived from
bone marrow—derived progenitor cells (BMCs)
and endothelial progenitor cells (EPCs) that mi-
grate and integrate into the vessel wall and may
themselves be affected by aging [59, 60]. This is
a very controversial area [61-63], but dysfunc-
tional EPCs [64] and impaired BMC migration
and adhesion [60, 64] are seen in both aged and
atherosclerotic mouse models. These cells from
aged animals are accompanied by reduced ex-
pression of cell surface markers and cytokines
for chemotaxis, such as C-X-C chemokine recep-
tor type 4 [60, 65], decreased hypoxia-inducible
factor 1A [66, 67], as well as increased oxidative
stress and inflammation [68, 69].

APOPTOSIS

Although cell death through multiple pro-
cesses (necrosis, autophagy, apoptosis) occurs
in atherosclerosis, the best described in asso-
ciation with senescence is apoptosis. Apopto-
sis, identified by morphological and molecular
changes, is increased in aged vascular cells and
is also increased in VSMCs and other cells in
atherosclerotic plaques [51, 54]. While apopto-
sis occurs in ECs, VSMCs, and macrophages,
most cell death in plaques is within the macro-
phage-rich necrotic core of the plaque. Howe-
ver, many apoptotic cells lose their lineage
markers, which makes their precise identity dif-
ficult to be determined [51].

Aside from shortened telomeres, VSMCs,
ECs, macrophages, and circulating cells from the
elderly and patients with atherosclerosis contain
increased DNA damage in both nuclei and
mitochondria [70—73] compared with younger
subjects and those without vascular disease.
The accumulation of DNA damage in cells may
reflect both ongoing damage-inducing stimuli
and defects in the repair machinery. Similar to
telomere shortening, DNA damage eventually
leads to cell senescence and apoptosis, although
minor damage is associated with transient growth
arrest as repair is undertaken. DNA damage
includes both single- and double-stranded
breaks, deleted sections of DNA, nucleotide
modifications, and extrusions of DNA from the
nucleus (micronuclei), accompanied by altered
expression of various damage response (DDR)
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proteins [74]. In brief, the DDR is initiated by
the identification of “faulty” DNA, either a
mismatch base or single- or double-stranded
breaks. Identification and signaling is achieved
by recruiting various sensor proteins, including
phosphorylated forms of ataxia telangiectasia
mutated (P-ATM) and histone 2A protein X
(y-H2AX). Expression of both P-ATM and
v-H2AX increase with atherosclerotic plaque
grade in vivo, and both markers are elevated in
plaque VSMC:s in vitro compared with cells from
normal vessels [73]. P-ATM and y-H2AX are
therefore used as common markers to identify
DNA damage and the DDR in vivo. Recruitment
of these proteins triggers an intracellular kinase
cascade leading to the activation of a range of
effectors to participate in DNA repair, including
p53 and Chk2. The normal response is transient
cell cycle arrest and repair of the damaged DNA.
However, when DNA damage is too extensive to
be repaired or when the repairing cascades are
impaired, cell senescence and apoptosis occur.
Oxidized LDL induces the endothelial cells
to produce inflammatory mediators and to
express adhesion molecules, this, in turn, will
drive inflammatory process and immune cell
infiltration at the lesion sites [22]. Oxidized
LDL is implicated in the following pathogenic
effects: upregulation of vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), selectins and chemo
attractants such as lipids, platelets-activating
factor, and chemokines such as interleukin-8
and monocyte chemoattractant protein-1
(MCP-1) [29]. Circulating monocytes become
adherent to the activated endothelial cells,
this adhesion process will be followed
by migration of monocytes by process of
diapedesis through intercellular junctions to
the subendothelial space [16]. Once monocytes
reside in subendothelial space they acquire the
macrophage characteristics under the effect of
macrophage colony stimulating factor [23],
and express dcavenger receptor (SR) [A, BI,
CD36, CD68, lectin-like oxidized low density
lipoprotein receptor-1 (LOX-1)] that will bind
modified lipoproteins such as OxLDL, native
lipoproteins and anionic phospholipids [21].
Once oxidation of LDL started, it amplifies
itself and will be accompanied by monocyte
recruitment and further macrophage production.
One proposed mechanism for that is the
binding of lipoproteins to proteoglycans which
are secreted by macrophages this will further
amplify and retain Ox-LDL, making lesion’s
inflammation as a continuous process [23].

Moreover, macrophages release inflammatory
mediators, such as interleukin-1 (IL-1p),
interleukin-6 (IL-6) and tumor necrosis factor
o (TNFa) which are potent regulators of
variety of cells involved in atherosclerotic
plaque formation [32]. Interleukin-6 is a key
cytokine in pathogenesis of atherosclerotic
plaque development and progression [16,
17]. During the past three decades, extensive
researches have been conducted in order to
explore possible mechanisms by which Ox-
LDL plays its role in fatty streak progression.
One mechanism was probably through
lysophosphatidylcholine a product of LDL
oxidation, this product has been shown to be
monocytes and T-lymphocytes chemoattractant
factor and an inducer for endothelial cells to
express the adhesion molecules VCAM-1 and
ICAM-1 [35]. Lysophosphatidylcholine (LPC)
found to be associated with increased levels of
the platelets derived growth factor and heparin-
binding epidermal growth factor in endothelial
and SMCs, these two factors are potent
attractant and inducers for SMCs proliferation
this explains SMCs growth and migration, and
platelets chemoattraction to the atherosclerotic
plaque [18]. SMCs proliferation and migration
from tunica media to tunica intima play an
important role in growth and expansion of
atherosclerotic plaque [14, 15]. Interestingly, Ox-
LDL can induce metalloproteinase-1 (MMP-1) and
metalloproteinase-9 (MMP-9) in the vascular
wall matrix causing degradation of extracellu-
lar collagen leading to weak and unstable
atherosclerotic plaque [19].

THE PATHOGENIC ROLE OF OXIDATIVE STRESS
AND OXIDIZED-LOW DENSITY LIPOPROTEIN (0X-LDL)
IN ATHEROSCLEROSIS

Oxidative stress is a biomedical term
that was coined about three decades ago and
further introduced into biomedical field and
medicine since 1985. One of the best practical
definitions of oxidative stress was given by
Lushchak, who defined the oxidative stress as
a situation of disturbed cellular metabolism or
unregulated cellular function with damaged
cellular constituents due to transient or chronic
enhancement of reactive oxygen species (ROS)
concentration [35]. ROS that play a key role in
pathogenesis of atherosclerosis are superoxide
anion (O,"), hydrogen peroxide (H,0,), nitric
oxide (NO) and peroxynitrite (ONOO?) [19].
Recently, many articles and books have been
published in concern with the topic oxidative
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stress. The vast majority of those publications are
in the field of medicine relating oxidative stress
with the pathogenesis of some diseases such as
atherosclerosis, cancer and neurodegenerative
disorders. The deleterious effect of ROS on blood
vessels and on biological system depends on their
amount and on efficacy of antioxidant system. If
ROS formed intracellularly in low amount they
function as the second messenger for fibroblasts
and SMCs growth, in addition to their role in
the immune system, but if they are produced in
large amount they can cause cytotoxicity, DNA
damage and apoptosis [19]. The antioxidant
system includes antioxidant enzymes (e.g.
superoxide dismutase (SOD), glutathione
peroxidase (GPx), catalase (CAT) and reductase,
etc.), nutrient derived antioxidants (e.g. ascorbic
acid, tocopherols and tocotrienols, carotenoids,
glutathione and lipoic acid), metal-binding
proteins (e.g. ferritin, lactoferrin, albumin and
ceruloplasmin) and numerous other antioxidant
phytonutrients present in a wide variety of plant
foods [23]. Whenever the balance between
ROS production and antioxidant defense is lost,
“oxidative stress” results leading to various
pathological conditions. Local arterial wall or
systemic oxidative stress is one of the proposed
mechanisms for development and progression of
atherosclerosis [18].

There is evidence by in vitro and by experi-
mental as well as by human studies that oxidized
lipids derived from LDL contribute to multiple
stages of atherosclerotic plaque development
and progression through production of inflam-
matory cytokines (e.g. TNFa), upregulation of
(NADPH) oxidases and increase in renin-angio-
tensin system. Animal models fed high choles-
terol diet have provided the first experimental
evidence for the role of LDL in oxidative stress
[16, 17]. Before that, there was evidence for the
role of ROS O; in lipid peroxidation, as demon-
strated by invitro study showed O, generated
by vascular SMCs was responsible for oxida-
tive modification of LDL. Due to accumulative
formation of Ox-LDL in the atherosclerotic le-
sions, oxidative stress through Ox-LDL plays its
pathological role by acting as potent stimulus
for ROS production within the vascular wall.
Once Ox-LDL engulfed by macrophages via SR
it will contribute to formation of foam cells in
vascular intima and propagates further oxidative
stress [21]. Oxidized LDL induces ROS produc-
tion through which it contributes to further foam
cells formation at atherosclerotic plaques. Most
of ROS produced at vascular endothelium are
due to activation of NADPH oxidase following

binding of Ox-LDL to macrophage LOX-1 recep-
tors. The NADPH-oxidase mechanism has been
considered as the abundant operating oxidative
stress mechanism in atherosclerosis. Further-
more, Ox-LDL will activate macrophage signa-
ling pathway through CD36 SR, leading to more
ROS production which mediates secretion and
maturation of IL-1B, subsequently IL-1f will
promote macrophage cell formation by autocrine
function [15].

Diet and dietary habits are major driving
forces for development and modification of athe-
rosclerotic diseases. Diet and intestinal bacteria
(microbiome) are implicated in the pathogenesis
of atherosclerosis. This approach was introduced
after discovery of the role of metabolic factors
other than dietary cholesterol [30]. Phosphati-
dylcholine found in egg yolk and in red meat car-
nitine is processed by intestinal bacteria to trime-
thylamine (TMA) this in turn oxidized in the
liver to trimethylamine N-oxide (TMAQ) which
has been described in animal models and cli-
nical trials as metabolite causing atherosclerosis
and elevating risk of CHD [22]. Trimethylamine
N-oxide found to promote formation of foamy
macrophages (hall mark of fatty streak) [16]. Di-
etary choline or TMAO supplementation increas-
es the expression of the SR on macrophages and
reduces reverse cholesterol transport, promoting
foam cell formation. Precursors of TMAO, cho-
line or L-carnitine elicit alterations in choleste-
rol and sterol metabolic pathways in the vascular
wall [23]. People such as vegans lacking intes-
tinal bacteria that can produce trimethylamine;
hence, they may be protected against atheroscle-
rosis. Level of TMAO can be influenced by the
type of diet, variations in expression of flavin
monooxygenases (enzymes that convert TMA to
TMAO) and perhaps the composition of gut flora
[16]. This principle has raised a new approach
for treatment of atherosclerosis through eradica-
tion of pathogenic bacteria with antibiotics and
recolonization via stool transplantation with be-
neficial bacteria, but this novel work still under

investigation.
Atherosclerosis is a multifactorial arterial
disease involving interactions of multiple

genetic and environmental factors. Majority of
our understanding of the factors contributing to
atherosclerosis has come from epidemiologic
studies and from studies of Mendelian forms of
the disease, such as familial hypercholesterolemia.
These have revealed important roles for plasma
lipoprotein, blood pressure, diabetes and other risk
factors [16]. Genetics have a significant influence
on susceptibility to atherosclerotic vascular
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diseases. This fact proven through the continuous
advances in molecular genetic techniques. The
first evidence about role of genes contributing
to atherosclerosis was provided by genome wide
association studies (GWAS) [16]. Interestingly,
unbiased GWAS have identified a number of
novel locirobustly associated with atherosclerotic
CHD. Recently, an abundance of candidate
genes, genetic polymorphisms and susceptibility
loci associated with atherosclerotic diseases has
been identified. A recent ongoing effort using
bioinformatics-based approaches resulted in 98
new candidate genes for CHD. One example of
such approach was done by 67, who generated
63 chromatin interaction data sets for 37 active
DNA regulatory elements that colocalize with
known susceptibility loci for coronary artery
disease (CARDIoGRAMplusC4D) and large
artery stroke (METASTROKE). On the other
hand, epigenome-wide association studies
(EWAS) identified a set of 84 genes highlighting
the relevance of obesity, inflammation, lipid
and carbohydrate metabolism in atherosclerotic
CHD. Epigenetic means chemical tags that
modify DNA expression independent of the
DNA sequence. In other words, epigenetic
modifications can alter the expression of genes
without changing their sequences [22]. Common
types of epigenetic modification include DNA
methylation, histone modification and ribonucleic
acid (RNA)-associated silencing. Methylation of
DNA in the genome was found to play a major
role in the development and progression of
atherosclerosis. Enzymes which influence DNA
methylation such as DNA methyltransferases
(DNMTs) are crucial in maintaining endothelial
cell integrity, promoting SMC proliferation
which are implicated in pathogenesis of
atherosclerosis [22]. This approach may
be utilized to develop new diagnoses and
treatments for atherosclerosis-related diseases.
DNA methylation has been linked to oxidative
stress and inflammatory processes underlying
pathogenesis of atherosclerosis. Diversity of
studies have shown that oxidative stress affects
DNA methylation and hence ROS influence
pathogenesis of atherosclerosis [22-24]. DNA
methylation is an important mechanism that
regulates gene expression associated with
inflammation and atherosclerosis. Alterations
in DNA methylation have also been implicated
in diseases related to chronic inflammation.
Recently, DNA hypermethylation has been linked
to inflammation and found to cause increased
mortality in atherosclerosis-related diseases
[22]. Histone acetylation and methylation

have been reported to play a decisive role in
atherosclerosis [26]. Despite evidence-based role
of genetics and epigenetics in the pathogenesis of
atherosclerosis, future molecular studies in these
fields are recommended to interrelate candidate
genes, genetic polymorphisms and susceptibility
loci for better mechanistic understanding
of atherosclerosis pathogenesis. Moreover,
functional assays are required to understand
the molecular mechanisms that relate DNA
methylation to atherosclerosis and to determine
its causal or reversal of causality role aiming for
future therapeutic options.

FUNCTIONAL CONSEQUENCES OF CELL AGING

Aging-associated changes are observed in
multiple cell types and are conserved across spe-
cies, from rodents to primates. As well as loss of
normal cellular function, these changes result in
specific consequences in each cell type, which
may be directly proatherogenic [113].

Aged ECs become flatter, enlarged, and have
an increasingly polypoid nucleus, all features as-
sociated with cellular senescence [75—78]. These
changes are accompanied by modulation in cyto-
skeleton integrity, proliferation, angiogenesis, and
cell migration. Senescent ECs show attenuated en-
dothelial NO production [79] and increased endo-
thelin-1 release [80]. Late-passage ECs also show
reduced expression of the adhesion molecules
VCAM-1 and intracellular adhesion molecule-1
(ICAM-1), increased activation of nuclear factor
(NF)-kB, and increased susceptibility to apoptosis
[78]. Moreover, there are marked age-associated
changes in ICAM-1 function and activity [81].
Thus, EC senescence is associated with loss of EC
function and a shift toward a proinflammatory and
proapoptotic state, predicted to enhance monocyte
migration into the vessel wall.

VSMCs in human plaques or derived from
plaques show reduced proliferation, early senes-
cence, and increased susceptibility to apoptosis.
These properties would reduce the ability to re-
pair plaques that undergo rupture. Aged rodent
aortas also show increased levels of IL-6 and
aged aortic VSMCs have a higher basal secretion
of IL-6 than young VSMCs. Indeed, secretion of
a common set of secreted proteins as cells age is
a widespread phenomenon known as the “senes-
cence-associated secretory phenotype”, or SASP.
Moreover, aged VSMCs exhibit upregulation
of chemokines (chemokine CC-motif ligand 2),
adhesion molecules (e.g., [CAM-1), and innate
immune receptors (e.g., Toll-like receptor 4 [82].
These properties generate a proinflammatory
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environment, further promoting migration of
inflammatory cells. VSMC senescence thus pro-
motes atherosclerosis progression and inhibits
plaque repair.

Monocytes from patients with atherosclerosis
demonstrate an increased burst of free radicals on
activation and increased secretion of a number of
cytokines, including monocyte chemotactic pro-
tein (MCP) -1, IL-6, IL-1f, and tumor necrosis
factor-o [83]. Importantly, many of these diffe-
rences are also observed in aged versus young
monocytes and can be recapitulated by agents
that disrupt telomeres [83]. Thus, there is direct
evidence that aging promotes proinflammato-
ry changes in monocyte/macrophages that are
relevant to atherosclerosis [83]. Coupled with
altered adhesion molecules on aged ECs, aging
would be predicted to promote both migration
and activation of macrophages within plaques.

Cell senescence is defined as the irreversible
loss of the ability of cells to divide. There are 2
general types of cell senescence, replicative se-
nescence and stress-induced premature senes-
cence (SIPS). Replicative senescence occurs with
exhaustion of proliferative lifespan over time,
a characteristic of aging, and is associated with
critically shortened telomeres at chromosomal
ends, which then induce a DNA damage response
(DDR) (see below). In contrast, SIPS is triggered
by external stimuli, including oxidizing agents
and radiation, which activate the intracellular se-
nescence cascade prematurely. While SIPS shares
many morphological and molecular characteris-
tics to replicative senescence, SIPS is not usually
characterized by telomere shortening.

As well as altered expression of cell cycle
regulators, senescent cells are characterized by
“specific” markers, including senescence-asso-
ciated B galactosidase (SABG), a lysosomal en-
zyme seen in senescence of multiple human cell
types [123]. Increased numbers of SABG-positive
VSMCs, ECs, and monocyte/macrophages are
observed in aged vessels and atherosclerotic le-
sions when compared with their respective young
and normal counterparts [56, 124], reinforcing
the idea that atherosclerosis is associated with
premature cellular senescence. However, a word
of caution is required when interpreting SABG
staining. In particular, cells with a high lysosom-
al content, such as macrophage foam cells, show
SAPBG reactivity that may not reflect senescence.

TARGETING AGING IN ATHEROSCLEROSIS

The association between aging and athe-
rosclerosis and the increasing evidence demon-

strating that accelerated cellular senescence
occurs in vascular disease have resulted in the
search for treatments that can promote longevity
and delay senescence. Indeed, pharmaceutical
companies are now developing drugs that
target specific mechanisms of premature aging,
including telomerase activity, DNA methylation,
DNA damage repair, and micro ribonucleic acid
(miRNA). Specific agents may also target the
DNA damage machinery and DDR directly. For
example, chloroquine has been demonstrated in
animal models to reduce atherosclerosis through
a p53-dependent ataxia-telangiectasia mutated
(ATM) signaling pathway [84]. Similarly,
pioglitazone, a peroxisome proliferator-activated
receptor agonist, can increase telomerase activity,
TRF-2 expression, and phosphorylation of Akt
and reduce the expression of the senescence
markers p16, cell-cycle checkpoint kinase 2, and
p53 [85].

Currently, it is debatable whether telomere
length and telomerase are targets in atheroscle-
rosis. As described above, although atheroscle-
rosis is associated with telomere shortening in
multiple cell types, apart from VSMCs [56]
there is a paucity of evidence to demonstrate
that shortening occurs to critical lengths that im-
pair function. There is also only a little evidence
[83] to show that the telomere shortening in
vivo makes leukocytes proatherosclerotic. Fur-
thermore, there is minimal evidence to suggest
that telomere shortening initiates atherosclerosis
rather than being a feature of advanced plaques.
Although the lifespan of VSMCs and ECs can be
extended by ectopic expression of telomerase, it
is not clear if this is due to effects only on telo-
mere length, and the fact that plaque VSMCs
cannot be extended indefinitely indicates that
plaque VSMCs have other causes for their se-
nescence [56]. In addition, as described above,
the mouse studies of telomerase manipulation
in atherosclerosis are contradictory. Finally, and
most importantly, increasing telomerase expres-
sion systemically has considerable risks. Agents
that inhibit telomerase are being developed for
cancer, [86] indicating that augmenting telome-
rase has the potential to be carcinogenic and can
add the undesirability of uncontrolled prolifera-
tion of VSMCs. Therefore, much more research
must be undertaken in this area before manipu-
lation of telomere length or telomerase activity
as a primary mode of action could be considered
for therapeutics in atherosclerosis, although
agents that indirectly promote telomere stability
in cells on the vessel wall may still be benefi-
cial.
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In addition to more specific mechanisms, a
number of currently available drugs and com-
pounds are likely to delay premature aging
as part of their mechanisms of action through
changes in ROS and oxidative DNA damage.
Examples of these include antioxidants, statins,
and angiotensin-converting enzyme (ACE) in-
hibitors/angiotensin receptor blockers (ARBSs).
Dietary manipulation and augmentation of sirtu-
in activity also have potential to reduce vascular
aging, cellular senescence, and atherosclerosis.

Expression of naturally occurring antioxidants
including ferritin and glutathione are reduced
with age and in atherosclerosis [87, 88]. Coupled
with evidence of increased ROS in atherosclero-
sis and the demonstration that ROS promote pre-
mature aging, this has resulted in intensive study
of the use of antioxidants to prevent cardiovas-
cular diseases and aging. However, although
antioxidants have been demonstrated to have
significant antiatherosclerosis effects in vitro
and in animal models, their efficacy in humans
is questionable. For example, Vitamin E can re-
duce the uptake of oxLDL by macrophages and
inhibit the subsequent inflammatory responses
that stimulate atherosclerosis development [89,
90]. Also, antioxidants can modulate epigenetic
patterns through regulating levels of methyl do-
nors and methyltransferase inhibitors [91]. Ho-
wever, there is now extensive evidence indica-
ting that supplementing dietary antioxidants has
no significant effect on reducing cardiovascular
risk [92, 93].

Although there may be many reasons why an-
tioxidants might not reduce atherosclerosis, the
therapeutic failure of dietary supplementation
has simulated interest in enhancing natural anti-
oxidant pathways. For example, overexpression
of nuclear factor E2 — related factor-2 (Nrf2),
a key transcription factor orchestrating antio-
xidant and cytoprotective responses, in VSMCs
and ECs reduces oxidative stress and attenuates
inflammatory responses [94, 95]. Nrf2 activa-
tors such as Protandim can increase the produc-
tion of multiple antioxidant enzymes [96]. In
contrast, Nrf2 knockout mice develop smaller
atherosclerotic plaques with improved arterial
stiffness, regardless of increased serum choles-
terol and lipid oxidation [97]. This phenotype is
achieved, at least in part, through downregula-
tion of the CD36 receptor required for oxLDL
uptake by macrophages, which reduces macro-
phage apoptosis and the subsequent inflamma-
tory responses. These findings demonstrate that
Nrf2 mediates multiple pathways independent of
its antioxidant effects, and more studies are re-

quired before using Nrf2 as a therapeutic option
for atherosclerosis [125-135].

The hydroxy-methylglutaryl-coenzyme A re-
ductase inhibitors (statins) reduce cholesterol
synthesis and hence reduce atherogenesis, the
progression of established plaques, and cardio-
vascular risk. Although their major effect may be
via cholesterol reduction, statins have multiple
effects that are not necessarily associated with
their primary mechanism, including improved
endothelial function and reduced inflamma-
tion responses. More specifically, statins target
mechanisms inducing premature aging, leading
to enhanced telomere protection through upreg-
ulating TRF2 [100], decreased DNA damage by
accelerating DNA damage repair [73, 101], and
suppressing oxidative stress in part by increa-
sing antioxidant defenses [102]. Statins can also
delay VSMC replicative senescence and reduce
markers of DNA damage in vivo in atheroscle-
rosis [73].

Angiotensin II increases ROS and promotes
oxidative DNA damage, promoting senescence
through telomeric and nontelomeric DNA damage
[103]. Whereas ACE inhibitors/ARBs have mul-
tiple cardiovascular effects, they can also reduce
oxidative stress and subsequent DNA damage.
At present, it is not known whether these drugs
reduce premature aging in vivo and whether this
is an important mode of their action. However,
bradykinin, a hormone that mediates some of the
vasoprotective effects of ACE inhibitors, pro-
tects ECs from superoxide-induced senescence
through bradykinin B2 receptor-mediated and
NO-mediated inhibition of DNA damage [104].

Nutritional status and diet are associated with
age-related vascular changes and with athero-
sclerosis [105]. In particular, caloric restriction
(CR) is a common method to manipulate diet and
the beneficial effects of CR on vessel aging have
been proven in animal models [106, 116, 107],
including preservation of matrix components
within the vessel wall [108], improving EC func-
tion through augmenting NO generation [109],
reducing sensitivity to oxLDL [110], reducing
oxidative stress by upregulating antioxidants and
protecting mitochondria function [109, 111], and
inhibiting inflammation [112]. Although CR may
be inappropriate in many patients, drugs and die-
tary supplements that mimic CR effects without
affecting nutritional balance may offer a wider
therapeutic option.

Sirtuins (SIRT1-7) are a family of nicoti-
namide adenine dinucleotide (NAD)"-dependent
deacetylases and adenosime diphosphate—ribo-
syltransferases that may be partially responsible
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for the age-delaying effects of CR. Sirtuins have
been reviewed as part of this series [113]; there-
fore only limited discussion is provided here,
focusing on SIRT1, the most well-studied mem-
ber. CR increases SIRT1 in some experimental
models, leading to improved endothelial func-
tion [107, 116] while knocking down SIRT1 in-
terferes with the CR-mediated antioxidant and
anti-inflammatory vascular effects [112]. Similar
to CR, overexpression of SIRT1 in the endothe-
lium can improve vascular stiffness and atte-
nuate the development of atherosclerosis [114],
probably by activating endothelial nitric oxide
synthase (eNOS) and promoting NO production
[114, 115] and preventing EC senescence [117].
Indeed, SIRT deacetylation of eNOS may con-
tribute to the atheroprotective effects of laminar
stress [118]. SIRT1 in hematopoietic cells also
prevents foam cell formation and reduces athe-
rosclerosis [119]. The agent Resveratrol, which
can increase SIRT1 expression, reduces EC
apoptosis and increases aortic elasticity in aged
rodents [120], although how much of this effect
is due to SIRT1 is unclear. Moreover, other sir-
tuin members, such as SIRT3-5, as sensors of
nutritional status may be protective in vascular
system, regulating the cellular response to stress,
energy production, apoptosis, and ROS produc-
tion [98, 99].

CONCLUSIONS

Atherosclerosis is a chronic inflammatory
disease of the inner wall of large- and medi-
um-sized arteries. Its basic pathogenic mecha-
nisms are inflammation and oxidative stress in-
volving interactions with multiple genetic, epi-
genetic and environmental factors. The LDL-c
and its oxidative modified forms contribute to
multiple stages of atherosclerotic plaque de-
velopment through production of inflammatory
cytokines. Understanding of pathogenic role of
genetics, epigenetics, inflammatory and immune
mechanisms in atherosclerosis at molecular level
may be attractive targets for disease prevention
and/or treatment.

The normal vascular aging and atheroscle-
rosis are associated with cellular senescence.
Cellular senescence impairs cell proliferation
resulting in irreversible growth arrest and im-
pairs survival, due to an accumulation of nucle-
ar and mitochondrial DNA damage, increased
prionflammatory state and ROS. Both cellular
senescence and vascular aging are associated
with increased expression of prionflammatory
cytokines and adhesion molecules further pro-

moting inflammation and also affect the syn-
thesis and maintenance of extracellular matrix
proteins. Aging can be identified by both struc-
tural changes and by a number of senescence-as-
sociated biomarkers. Advanced atherosclerosis
is likely to manifest irreversible changes, pre-
vention of accelerated cell aging becomes a
major therapeutic opportunity. Understanding
the mechanisms contributing to such changes
is therefore crucial for both the prevention and
the development of treatment for atherosclerosis
and other age-related diseases.

During the last few years, we are witnessing
an increased burden of atherosclerotic disease
that contributes to CVD risk, which is becoming
a global epidemic. The study of cellular and mo-
lecular biology mechanisms of atherosclerosis
has provided remarkable insights into the pro-
cesses that lead to atheroma development and
the clinical manifestations of this disease. Know-
ledge and continued research about the functions
of non-coding RNAs in plaque development have
improved, showing that miRNAs and IncRNAs
alter the transcription of genes implicated in
atherosclerosis. In addition, microbiota have
been linked to the development of atheroscle-
rosis by identifying microbial ecosystems resi-
ding in different habitats of the human body that
contribute to metabolic and cardiovascular dis-
orders. The role of microbiota in atherosclerosis
development is supported by increasing mecha-
nistic evidence; however, further studies are
needed to understand the contribution of micro-
biota to atherosclerosis. Finally, the importance
of analyzing sex-specific differences as risk fac-
tors associated with atherosclerosis is important
for individualized risk-management strategies
to prevent the development and progression of
atherosclerosis. The progress in understanding
the mechanisms that lead to atherosclerosis de-
velopment will surely provide therapies to ad-
dress the unacceptable burden of persistent risk
and will ultimately improve the diagnosis and
prognosis of the disease.

NOMNOAHUTENbHAA HHDOPMALIMA

Bxaaa aBropoB. Bce aBTOpbl BHECIH Cy-
LIECTBEHHBIH BK/Iad B pa3pabOTKy KOHLEIIUH,
IMPOBEACHUE MW IIOATOTOBKY CTaTbu, IMPOYIN H
on00puaN GUHANBHYIO BEPCHUIO Tepel MyOrKa-
IUEH.

Konduaukr uatepecoB. ABTOpHI IeKIapupy-
IOT OTCYTCTBHE SIBHBIX M NOTEHIHAJbHBIX KOH-
(JIMKTOB MHTEPECOB, CBA3AHHBIX C MyOIMKaIMen
HACTOSIILEH CTaTbU.
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SIBIISIIOT 00 OTCYTCTBHM BHELIHEro (PMHAHCHPO-
BaHUs IPU MPOBEACHUU PaloTy.
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