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A B S T R A C T

Atherosclerosis is considered a chronic inflammatory disease of arteries associated with the aging process. Many
risk factors have been identified and they are mainly related to life-styles, gene-environment interactions and
socioeconomic status. Carotid and coronary artery diseases are the two major atherosclerotic conditions, being
the primary cause of stroke and heart attack, respectively. Nevertheless, carotid plaque assumes particular as-
pects not only for the specific molecular mechanisms, but also for the types of atheroma which may be associated
with a better or a worst prognosis. The identification of circulating blood biomarkers able to distinguish carotid
plaque types (stable or vulnerable) is a crucial step for the improvement of adequate therapeutic approaches
avoiding or delaying endarterectomy in the oldest old individuals (> 80 years), a population predicted to
growth in the next years. The review highlights the most recent knowledge on carotid plaque molecular me-
chanisms, focusing on microRNAs (miRs), as a site-specific accelerated aging within the conceptual framework
of Geroscience for new affordable therapies.

1. Introduction

Human aging is a dynamic lifelong process which is sustained by a
chronic low grade pro-inflammatory tone we dubbed inflammaging
(Franceschi et al., 2000). Stimuli able to fuel inflammaging include a
variety of molecular garbage (“garbaging”) that may accumulate and
propagate, as we recently proposed (Capri et al., 2020; Franceschi et al.,
2017). In fact, many inflammatory misplaced/unfolded molecules - as
result of cellular engulfment or cell debris- may propagate to proximal
or distal cells, tissues, and organs, thus causing new foci of inflamma-
tion and becoming also traceable at systemic level.

In principle, each cell/organ/tissue and system of the body is dif-
ferently affected by the aging process, resulting in a kind of age-related
body mosaicism (Cevenini et al., 2008) due to different molecular
mechanisms including the accumulation of genetic somatic mutations
in mitochondrial DNA (mtDNA) (Rose et al., 2010), as well as mutations

at genome level (Yizhak et al., 2019). The complexity of this mosaic is
influenced by the interaction of several factors, such as life styles/en-
vironments, genetic-epigenetic relationship, which differ in the various
cells of every organ/tissue.

The physiological process of aging and the molecular mechanisms
causing age-related diseases and geriatric syndromes (ARD-GSs), such
as type 2 diabetes (T2D), neurodegeneration (Alzheimer and
Parkinson’s Diseases, dementia), osteoarthritis, sarcopenia and frailty
among others, have recently been proposed to be largely the same,
highly interconnected molecular pillars/pathways (Kennedy et al.,
2014). We highlighted that a continuum exists between aging and ARDs
and the above-mentioned pillars converge on inflammation/in-
flammaging (Franceschi et al., 2000, 2007) contributing to accelerate
the aging process itself (Franceschi et al., 2018a).

According to the World Health Organization (WHO) an estimated
17.9 million people died from cardiovascular diseases (CVDs) in 2016,
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representing 31 % of all global deaths. Of these deaths, 85 % are due to
heart attack and stroke and over three quarters of CVD deaths take
place in low- and middle-income countries (World Health Organization,
2017).

Similarly, in 2017, the leading world causes of death were ischemic
heart disease and stroke at first and third position, respectively (Roth
et al., 2018). In this scenario, atherosclerosis, a chronic inflammatory
disease of arteries (Ross, 1999), plays a prominent role both locally and
systemically. Atherosclerosis has a long, slow asymptomatic phase,
starting early in life, several years before the onset of clinical signs
(Libby et al., 2019; Rea et al., 2018) and in many patients becoming
manifest at a relatively advanced age. Thus, aging is the most important
atherosclerosis risk factor (North and Sinclair, 2012) even if smoking
(de Weerd et al., 2014), high blood pressure (Bots et al., 1992;
Mathiesen et al., 2001; O’Leary et al., 1992), dyslipidemia (Bots et al.,
1992; Joosten et al., 2012; Mathiesen et al., 2001; O’Leary et al., 1992;
Slovut and Olin, 2004), obesity (Kotsis et al., 2006) and T2D (de Weerd
et al., 2014) also play a role.

Understanding the mechanisms involved in the age-related impair-
ment of the vascular system is essential for reducing cardiovascular
morbidity/mortality. A major source of preventable cerebral infarction
is linked to large vessel atherosclerotic disease and specifically to in-
ternal carotid artery stenosis. In fact, the advanced knowledge of car-
otid plaque development, the current monitoring of patients and the
accessibility to surgical intervention, i.e. endarterectomy, are crucial
preventative opportunities. An estimation of 41,000 strokes annually
may be attributed to extracranial internal carotid artery stenosis in the
United States, (Flaherty et al., 2013) and a similarly, a huge number of
strokes are also estimated in Europe (Naylor and Ricco, 2018). This
scenario suggests that it is urgent to address the unmet needs of this
topic by updating and improving both the preventative and the inter-
vention guidelines on such vascular pathologies.

Accordingly, the present review will focus carotid atherosclerosis, a
topic whose importance is relevant owing to the increasing number of
old and very old patients for whom the decision to perform or not en-
darterectomy is the most difficult/critical. Thus, the identification of
specific circulating blood biomarkers associated with the type of plaque
(stable vs vulnerable) in old patients would be very useful to avoid
surgery-related side effects. Furthermore, the most recent knowledge in
terms of age-related epigenetic and molecular changes will be discussed
focusing on microRNAs (miRs) since they are not only modulators of
gene expression, but also biomarkers for new affordable therapies.

In particular, the conceptual framework of the Geroscience
(Kennedy et al., 2014) including inflammaging will be exploited for a
new perspective of the disease. The seven molecular pillars of Ger-
oscience, indicating the shared molecular pathways among aging and
aging-related diseases, will be analyzed in the context of carotid disease
development.

2. Atherosclerosis and the case of carotid artery

Structural and functional changes occur with age both in central and
peripheral arteries, as suggested by clinical and preclinical data (Rubio-
Ruiz et al., 2014). Arterial stiffness increases (Donato et al., 2018;
Scuteri et al., 2008) due to: i) augmented conducted wave velocity or
changes in the passive mechanical properties of the artery that reduces
its compliance; ii) molecular and cellular alterations of artery wall,
leading to impaired endothelial function, chronic vascular inflamma-
tion, and calcification (Libby et al., 2019; Vasuri et al., 2014). All these
modifications result in a complex dysregulation including micro-
vascular perfusion and alterations of the extracellular matrix along with
the effects of inflammatory and atherogenic responses. On the whole,
an artery-specific accelerated aging process is in place. Risk factors such
as life-style, gene-environment interaction (accompanied by epigenetic
changes) and socioeconomic status are reported to contribute to arterial
stiffness and atherosclerosis. In particular, the last seems to have a

towering role being related to life-style and education, as recently
shown (Gebreab et al., 2012; Nash et al., 2011; Thurston Rebecca et al.,
2014).

Arteries differ regarding their propensity to develop atherosclerotic
plaques, hereinafter plaque, owing to different/specific anatomical,
histological, hemodynamic and metabolic features involved in artery
wall damage (Tomas et al., 2018; Uslu et al., 2016). In particular,
carotid and coronary artery diseases are the two major atherosclerotic
conditions, being the primary cause of stroke and heart attack, re-
spectively. These two arteries share similar mechanisms regarding the
plaque formation but differences exist regarding risk factors, plaque
biology, metabolic features (Tzoulaki et al., 2019) and progression, as
recently and extensively reviewed (Sigala et al., 2018).

The anatomical details of the common carotid artery and its bran-
ches have attracted clinicians and researchers for their key role in the
development of plaque (Uslu et al., 2016) and the stroke associated risk.
The early lesions of atherosclerosis consist of subendothelial accumu-
lation of cholesterol-engorged macrophages, i.e. the well-known foam
cells, which contributes to the inflammatory process assumed as the
basic pathogenic component in the development and progress of
atherosclerotic disease (Bentzon et al., 2014; Donato et al., 2018; Libby
et al., 2019; Lusis, 2000). The possibility to monitor the development
and the stability of carotid plaque is clinically relevant especially for
asymptomatic and elderly patients. On the other side, symptomatic
patients are those subjects who have manifested signs of prior cere-
brovascular events, such as transient ischemic attack, ischemic stroke
and transient monocular vision loss, and urgently need of a surgical
intervention at carotid artery. In this respect, the analysis of blood in-
flammatory cells (see below) and molecules, such as high-sensitivity C-
reactive protein and serum amyloid A (Schillinger et al., 2005) may
lead to a better evaluation of the patients’ status, and particularly the
identification of those subjects at higher risk of stroke recurrence
(Marnane et al., 2014). Indeed, cytokines are crucial players being in-
volved in all stages of the atherosclerosis pathogenesis (Ammirati et al.,
2015; Hermus et al., 2010), but the scenario is highly complex as some
cytokines, such as TGF-beta, IL-10, IL-13 and IL-33, may have anti-
atherogenic effects (Moss and Ramji, 2016; Ramji and Davies, 2015).
Cytokines also modulate endothelial cell permeability and recruit
monocytes and T-lymphocytes in response to the increase of low-den-
sity lipoprotein (LDL), hypertension, and related shear stress (Ait-
Oufella et al., 2011; McLaren et al., 2011).

A burning question is if the presence of comorbidities, predicted to
increase in the next decades owing to the increasing number of old
people, may accelerate the development and the progression of plaque
(Ferrucci and Fabbri, 2018).

It is interesting to note that inflammaging may be accelerated by
age-related comorbidities (Franceschi et al., 2018a), favoring athero-
sclerosis onset and plaque progression acceleration. In fact, recent data
suggest that chronic kidney disease (Valdivielso et al., 2019) and T2D
increase the prevalence of subclinical/asymptomatic atherosclerosis
with a higher plaque burden (Palanca et al., 2018). The association of
T2D with carotid plaque is particularly multifaceted especially in the
framework of T2D complications, as patients frequently have co-
morbidities involving micro-macro-circulation. Calcification is also a
well-recognized complication of atherosclerotic lesions in diabetic pa-
tients, which correlates with increased plaque burden, as recently re-
viewed (Yahagi et al., 2017).

At variance, some T2D studies suggest that carotid plaque mor-
phology does not undergo burden progression (Scholtes et al., 2014) in
diabetic patients, and diabetes does not represent per se a predictor for
intima-media thickness progression (Herder et al., 2012). Such appar-
ently conflicting results deserve further evaluation considering all the
involved variables, including different therapies, presence/absence of
complications or chronic diseases and comorbidities, all conditions that
can contribute to systemic inflammation and modulate the central role
of pro-inflammatory cytokines (Stankovic et al., 2019).
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3. Carotid plaque: a site-specific acceleration of aging process

The basic molecular mechanisms of carotid plaque are well char-
acterized and may be summarized in the seven pillars of Geroscience
(Fig. 1), even if a different contribution for each pathway can be pre-
dicted.

The early damage of carotid involves various cells of artery wall
transforming the site of injury in a peculiar microenvironment or niche
(Tabas and Lichtman, 2017). In particular, vascular smooth muscle cells
(VSMCs) show an increase of NOX4 NADPH Oxidase-Dependent mi-
tochondrial oxidative stress correlated both with age (Donato et al.,
2018) and the level of lesion (Vendrov et al., 2015) in human carotid.

An increase of nuclear DNA (Martinet et al., 2002; Matturri et al., 2001)
and mitochondrial DNA damage, together with a reduced DNA repair
capacity (Shah et al., 2018) and telomere impairment (Matthews et al.,
2006), have also been found in the same cells. Moreover, a subset of
VSMCs within the plaque fibrous cap undergoes a mitochondrial dys-
function due to a decreased oxidative phosphorylation and the ex-
pression of Pink1 kinase which affect the site-specific metabolism in-
creasing the glycolytic activity (Docherty et al., 2018). Thus, VSMCs
may favor the set up of a pro-inflammatory niche.

In turn, the mitochondrial stress/damage within the lesion area
induces a cascade of effects, including endoplasmic reticulum (ER)
stress (Garbin et al., 2014; Tabas, 2010), ubiquitin-proteasome system

Fig. 1. The seven pillars of aging process within human carotid plaque. The main references related both to the seven pillars and the mechanisms of plaque
development are listed in Table 1.

Fig. 2. The scheme of the molecular mechan-
isms involved in carotid plaque development.
Oxidative stress, reactive oxygen species (ROS),
mitochondrial dysfunction, defective disposal
of misfolded and/or oxidized proteins by the
ubiquitin/proteasome system (UPS), autophagy
and DNA damage response (DDR), and en-
doplasmic reticulum (ER) stress, leading to the
activation of the unfolded protein response
(UPR) are shown. The miRs cited in the picture
are listed in Table 1S.
Dashed arrows suggest the involvement of
many steps. Abbreviations: CHOP: C/EBP
homologous protein, ER: endoplasmic re-
ticulum, DDR: DNA damage response MAMs:
Mitochondria-associated ER membranes,
MAP1LC3B: Microtubule-associated proteins
1A/1B light chain 3B, NLRP3: NLR family pyrin
domain containing 3, OGG1: 8-Oxoguanine
glycosylase, ROS: reactive oxygen species,
SIRT1: Sirtuin 1
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deregulation (Herrmann et al., 2008; Marfella et al., 2006; Versari
et al., 2006) and defective autophagy (Alloza et al., 2016; Liu et al.,
2015; Swaminathan et al., 2014).

These mechanisms may converge on NLP3 inflammasome (Shi et al.,
2015) with the recruitment of apoptosis-associated Speck-like protein
having a caspase-recruitment domain (ASC). Once activated, in-
flammasome can recruit pro-caspase-1 able to trigger both apoptosis
(Dorweiler et al., 2014) and the activation of IL-1β/IL-18 inflammatory
cytokines, which subsequently induce and “propagate” inflammatory
responses. Furthermore, the inflammasome activation in macrophages
and other cells may cause necroptosis (Karunakaran et al., 2016), an
inflammatory type of cell death that eventually releases alarmins in the
tissue and in the blood. This condition creates a microenvironment/
niche which in turn produces cytokines and chemokines attracting
others macrophages and lymphocytes. The inflammasome has also a
key role in inflammaging as it triggers the NF-kB pathway representing
one of the main hubs for inflammatory response in both im-
munosenescence and in the aging process (Franceschi et al., 2018b).

The main molecular patterns involved in the development of carotid
plaque as well as in the aging process are illustrated in Fig. 2. Key
molecular modulators crucial for apoptosis induction, DNA repair and
autophagy processes (Stein and Matter, 2011; Swaminathan et al.,
2014; Tabas, 2010), such as SIRT1, CHOP, OGG1, and MAP1LC3B, are
highlighted, and the specific miRs capable of modulating their mRNA
are reported in Supplementary Table 1S. Among those molecular
modulators, SIRT1 is a well-known gene with impact in aging and
longevity (Giuliani et al., 2018) and it has multiple functions. SIRT1
increases endothelial nitric oxide synthase–derived nitric oxide
(Mattagajasingh et al., 2007) and has anti-inflammatory functions in
endothelial cells and macrophages since downregulates the expression
of various proinflammatory cytokines by interfering with the NF-κB
signaling pathway (Chen et al., 2005). Gorenne et al. (2013) reported
that reduced SIRT1 activity in VSMCs is associated with defective DNA
repair, persistent DNA damage, DDR activation, reduced cell pro-
liferation, premature senescence, and apoptosis, partly depending on
the SIRT1 substrate NBS1. The same authors demonstrated that SIRT1
expression is reduced in human atherosclerosis both in plaques and in
VSMCs cultured from human plaques.

The presence of unfolded/misplaced molecules may amplify the
inflammatory response in a sort of vicious circle without any definitive
resolution. In fact, cholesterol crystals and other damage-associated
molecular patterns (DAMPs), such as HMGB1, HSPs, hyaluronans and
S100 proteins, are present in the atherosclerotic lesion and may activate
the inflammasome within macrophages, leading to the release of IL-1β,
IL-18, and other pro-inflammatory cytokines (Duewell et al., 2010).
These molecules are chemotactic for other inflammatory cells, in-
cluding T cells and B cells which are additional crucial drivers of
atherosclerosis (Warnatsch et al., 2015). The role of IL-1β appears to be
particularly relevant inside the plaque niche (Grebe et al., 2018) while
that of IL-18 at the site-specific carotid plaque and at systemic level is
controversial (Kaplanski, 2018).

Inside the plaque, the presence of molecules which have the char-
acteristics of molecular garbage (“garb-aging”) (Franceschi et al., 2017)
creates a persistent pro-inflammatory niche self-sustained by the acti-
vation of innate and adaptive immunity and may exacerbate the in-
flammatory response preventing the resolution of inflammation/in-
flammaging. The continuous recruitment of monocytes, foam cells and
extracellular lipid accumulation eventually result in increased stenosis,
unstable plaque development and risk of plaque rupture (Ait-Oufella
et al., 2011; Moore et al., 2013) whose components/garbage can pro-
pagate the damage to the brain. Late plaque is characterized by a
massive cell apoptosis/necroptosis due to inflammasome activation
(Zhaolin et al., 2019) and accumulation of cells with senescent features.

Within the plaque niche, cell senescence can be favored by the in-
crease of DNA damage (Martinet et al., 2002; Matturri et al., 2001; Shah
et al., 2018) possibly occurring in all cell types present in the plaque,

including macrophages, VSMCs, and endothelial cells. An in vitro study
showed that plaque VSMCs undergo morphological features of senes-
cence such as increased senescence-associated beta-galactosidase ex-
pression, reduced proliferation, and premature senescence. In addition,
changes in cyclins D/E, p16, p21, and pRB are VSMC senescence
mediators (Matthews et al., 2006), confirming the role of cell senes-
cence in the plaque niche.

In turn, a DNA damage response (DDR) favors the cell senescence
secretome-mediated pro-inflammatory microenvironment (Gardner
et al., 2015), and the accumulation of senescent endothelial cells in the
arteries of elderly persons likely induces a chronic systemic sterile in-
flammation and a vascular remodeling (systemic atherosclerotic dis-
ease) (Katsuumi et al., 2018).

Thus, two cellular processes, i.e. necroptosis and cell senescence,
support a pro-inflammatory status and lead to the formation of a ne-
crotic core that ultimately causes fragility and vulnerability of the
plaque with high risk of plaque rupture and subsequent embolization or
acute vascular occlusion. This extreme inflammatory status represents
one of the highest risk conditions for the occurrence of cerebro-vascular
events. (Pelisek et al., 2012, 2009).

Recently, the possible contribution of the microbiome in plaque
formation (Jonsson and Bäckhed, 2017) has been suggested, adding
another piece of evidence to the large literature on the role of micro-
biome on CVDs (Liberale et al., 2020). In particular, a pro-atherogenic
effect of specific gut microbiota metabolites, such as γ-butyrobetaine
and its down-stream products obtained from dietary carnitine, has been
reported (Skagen et al., 2016; Wang et al., 2011). Overall, specific gut-
microbiome derived metabolites, such as trimethylamine n-oxide and p-
cresyl sulfate, can contribute to the plaque development and be con-
sidered significant predictors of plaque burden (i.e. total plaque area)
(Bogiatzi et al., 2018). Furthermore, association of mycobiotic com-
ponent with atherosclerosis (Chacón et al., 2018) and of bacterial
species such as genus Collinsella (Karlsson et al., 2012) with sympto-
matic carotid plaque have been identified.

4. Epigenetic changes and microRNAs (miRs)

Recently, evidence of epigenetic changes associated with athero-
sclerosis emerged. In particular, important modifications in di-methy-
lation patterns of histone H3 at different lysine positions have been
identified in atherosclerotic lesions together with the decrease of DNA-
methyltransferase DNMT1 and the increase of DNA-demethylase TET1
expression (Greißel et al., 2015). Additionally, changes have been
identified in the expression of histone acetyltransferases, thus making
histone acetylation and methylation crucial players in plaque devel-
opment and stages. (Greißel et al., 2016).

In addition to these plaque-specific epigenetic changes it would be
relevant from a diagnostic, prognostic and preventative point of view to
identify circulating blood biomarkers able to characterize carotid
plaque phenotypes (stable vs vulnerable). For example, a high level of
plaque calcification is not necessarily predictive of lower vulnerability.
In fact, cerebral ischemic lesions may be even more frequent in the
presence of highly calcified plaques (Pini et al., 2017). These con-
siderations are particularly important for asymptomatic patients.

In this regard, an impressive amount of data focused on various
circulating blood biomarkers, such as inflammatory molecules/cyto-
kines, metalloproteinases, lipoproteins, VSMC-related growth factors,
and circulating endothelial progenitor cells (Chironi et al., 2007; Lau
et al., 2007) have been found to be associated with carotid athero-
sclerosis (Martinez et al., 2020). All these markers may contribute to a
general evaluation of the patients but they are not yet clinically re-
levant, since most of them are not carotid-specific and not able to
properly identify asymptomatic patients at major risk to develop cere-
brovascular events. Recently, tissue and circulating blood miRs at-
tracted the attention of investigators in the field, given the widespread
and pervasive effects of miRs both as modulators of gene expression and
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biomarkers of health condition, as recently described (Dolz et al., 2017;
Maitrias et al., 2017; Olivieri et al., 2017). In particular, miR-profiling
could be performed on plaque surgical material and on blood, thus
reflecting on one side the local carotid-specific alterations and on the
other offering a tool to monitor patients at systemic level. The si-
multaneous evaluation of miRs in these two districts (plaque and blood)
could give accurate information about a circulating miR-based sig-
nature and a specific plaque-phenotype. This task is challenging, and
the available knowledge is summarized below. This relevant topic is
here reviewed and up-graded in term of miR nomenclature (-3p or -5p,
when possible).

First of all, miR-21-5p; miR-126-5p; miR-126-3p and miR-146a-5p,
are potentially informative candidate being involved in the modulation
of inflammation/inflammaging (inflamma-miRs) (Olivieri et al., 2013)
and accordingly, some of those in the blood (or other body fluid) and in
the plaque have been identified both in symptomatic and asymptomatic
patients.

The Tampere vascular study (Raitoharju et al., 2011) compared
miR-expression profiles in human aortic, carotid, and femoral athero-
sclerotic plaques, and control non-atherosclerotic internal thoracic ar-
teries. Expression levels of miR-21-5p, miR-34a-5p, miR-146a-5p, miR-
146b-5p, and miR-210-3p were significantly higher in atherosclerotic
arteries than in control arteries. In addition, 187 predicted targets of the
above mentioned five miRs were found to be downregulated in the
carotid plaque, and most of these genes were involved in signal trans-
duction, in transcription regulation and vesicular transport (Raitoharju
et al., 2011).

Cipollone et al. (2011) reported that the expression levels of miR-
100-5p, miR-127-5p, miR-127-3p, miR-133a-3p, miR-133b, and miR-
145-5p were significantly higher in carotid plaques from symptomatic
patients than asymptomatic patients who underwent endarterectomy.
The same Authors have confirmed in in vitro experiments the effect of
those miRs on stroke-related proteins, thus the potential therapeutic
target of the same miRs has been highlighted.

Santovito et al. (2013) reported that miR-145-5p expression was
higher in carotid plaques obtained from asymptomatic hypertensive
patients with high-grade (> 70 %) carotid artery stenosis. Maitrias
et al. (2015) reported that many other miRs (miR-100-5p, miR-125a-5p,
miR-127-3p, miR-133a-3p, and miR-221-3p), including mir-145-5p
were able to distinguish between symptomatic versus asymptomatic
plaques and in particular miR-125a-5p expression was significantly and
inversely correlated with the circulating level of LDL cholesterol. In a
similar study, two different miRs, i.e. miR-21-5p and miR-143-3p, were
found to be significantly upregulated in patients with asymptomatic
plaques (Markus et al., 2016). Moreover, blood levels of miR-145-5p
have been found significantly higher in patients with ischemic stroke
than in control subjects (Gan et al., 2012; Xu et al., 2018). Another
study by Zhang et al. (2016) found that serum miR-320b expression is
closely related to plaque stability, but not with plaque diameter, and is
downregulated in patients with vulnerable plaque.

Huang et al. (2017) found that plasma miR-92a-3p was increased in
hypertensive patients and was correlated with carotid intima-media
thickness, in comparison with healthy controls. MiR-92a-3p levels were
also positively associated with other related parameters such as car-
otid–femoral pulse wave velocity and ambulatory blood pressure. These
findings suggest that miR-92a-3p may be involved in the pathophy-
siology of hypertension and atherosclerosis, and might be a predictor of
atherosclerosis in patients with hypertension. In a recent study, patients
with acute stroke and carotid stenosis were found to have decreased
miR-181b-5p serum levels in comparison with the control group. Fur-
thermore, miR-181b-5p could attenuate plaque vulnerability by mod-
ulating the polarization of macrophage towards M2 macrophages (An
et al., 2017).

Badacz et al. (2018) found that serum miR-1-3p and miR-133b were
increased in symptomatic patients as compared to asymptomatic. Au-
thors showed that the miRs levels differ significantly with respect to

carotid plaque morphology and could be useful in monitoring or pre-
dicting future cerebral ischemic event.Other circulating miRs, such as
miR-21-5p and miR-221-3p were shown to be higher in patients with
stroke and carotid atherosclerosis than in healthy controls, while in a
population of T2D patients, urine levels of miR-29b-3p were shown to
be significantly correlated with carotid intima-media thickness. Thus,
the presence of morbidities or comorbidities reveals different miR
profiles, and miR-21-5p, miR-221-3p and miR-29b-3p likely modulate
carotid atherosclerosis in pathological conditions (Peng et al., 2013;
Tsai et al., 2013). Bazan et al. (2015) showed a decrease of miR-221-3p
and miR-222-3p in symptomatic carotid plaque with an increase in its
target, p27 and in a subsequent study, serum miR-221-3p was found
lower in the symptomatic cohort. Furthermore, the same authors have
identified the role of a non-coding RNA, circular RNA (circR) in pre-
dicting plaque rupture. In particular, the circR-284/miR-221-3p ratio
was found increased in symptomatic patients’ serum, and validated in
group with severe and urgent conditions only (Bazan et al., 2017).
Another potential biomarker could be the circulating miR-638, found
associated with atherosclerotic plaque vulnerability in patients with
high-grade carotid stenosis (Luque et al., 2018).

New researches have highlighted the possible role of miR-210-3p as
modulator of plaque stability in carotid atheroma being decreased in
vulnerable carotid plaque. This finding was also indirectly confirmed by
miR-210-3p low levels in the local plasma collected from the lesion site
(Eken et al., 2017).

Furthermore, we have recently shown the possibility to distinguish
subtypes of calcification in carotid plaques by different miR-signatures
where miR-30a-5p and miR-30d directly correlated with calcification
extension and thickness at angio- computed tomography imaging
(Vasuri et al., 2019).

Magenta et al. (2018) analyzed carotid plaque instability in patients
undergoing endarterectomy by correlating the miR-200c-3p expression
with different markers. Higher expression of miR-200c-3p positively
correlated with several inflammatory markers such as monocyte che-
moattractant protein-1, cyclooxygenase-2, IL-6, MMPs, and miRs-33a/
b-5p, and negatively correlated with other markers, such as ZEB1 and
SIRT1. Among those, miRs-33a/b-5p have been associated with carotid
plaque progression (Karunakaran et al., 2015) and are the most pro-
minent miRs involved in cholesterol homeostasis (Rayner et al., 2010).
MiR-200c-3p may be regulated by miRs-33a/b-5p via targeting of ZEB1,
as observed in a familial hypercholesterolemia model (D’Agostino et al.,
2017). MiR-200c-3p was also increased in patients’ plasma before en-
darterectomy, thus it could be clinically useful for identifying patients
at high embolic risk, as suggested by the authors (Magenta et al., 2018).

Overall, the current literature shows a complex framework where
many variables, such as presence of different patient cohorts, morbid-
ities/comorbidities, and other variables not specifically considered here
but present in the above-mentioned papers (drug-therapies, gender,
body mass index, age and control tissues, technology mirRs detection)
make difficult to identify a single/clear circulating miR-signatures as-
sociated with carotid plaque phenotypes. Table 2 shows the most sig-
nificant up-or down-regulated miRs in different comparisons. Im-
portantly, miR-21-5p; miR-100-5p; -127-3p; -133a/b-3p and -221-3p
appear overrepresented suggesting their confirmed role in different
studies both as epigenetic modulators inside the plaque and in some
cases, as blood circulating markers.

Additional miRs, i.e.miR-1-3p; -19b-3p; -21 (-3p or-5p); -22-3p; -24-
3p; -27b-3p; -34a-5p; -145-5p; -181a/b-5p; -200c-3p and -320b, are
present in both Table 2 and Table 1S, thus their respective potential
targets involved in ER stress/autophagy/apoptosis regulation emerge in
Table 1S. Among those targets, SIRT1 potentially undergoes regulation
by several miRs, i.e. miR-1-3p; -22-3p; -27b-3p; -181a/b-5p; -200c-3p
and -320b, thus apparently subjected to a fine tune in comparison with
the others.
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5. Anti-plaque prevention and therapies

Prevention of carotid atherosclerosis follows the general guidelines,
i.e. recommendation for a healthy life style, such as daily personalized
physical activity and a well-balanced diet such as Mediterranean diet
(Gardener et al., 2014; Lakkur and Judd, 2015), avoiding tobacco
smoking, alcohol consumption, among others. In particular, the effect
of smoking has been investigated in epigenetic changes of carotid and
plaque development/progression (Siemelink Marten et al., 2018). Data
indicate that carotid endarterectomy is proposed to be required on
average 7 years earlier in smokers (Redgrave et al., 2010).

The molecular mechanisms highlighted in Fig. 2 suggest that basic
phenomena shared with the aging process converge in creating a self-
sustained inflamed microenvironment or niche. Specific molecules,
such as resolvines/maresins/protectines capable of counteracting and
limiting plaque formation, could be crucial and promising anti-plaque
therapies (Akagi et al., 2015; Fredman et al., 2016; Rea et al., 2018),
but scanty data on this topic are available in humans.

The same considerations regard anti-senolytic approaches, where
only data on animal models are available. Intermittent treatment with
Dasatinib and Quercetin (via oral gavage), aiming at the pharmacolo-
gical clearance of senescent cells, alleviates vasomotor dysfunction in
naturally aging mice and mice with established atherosclerosis.
Senescent cell clearance reduces the markers of osteogenesis in ad-
vanced intimal plaques, finally reducing calcification (Roos et al.,
2016). Zhu et al. (2015) demonstrated that cardiac function and carotid
vascular reactivity were improved five days after a single dose of Da-
satinib and Quercetin in old mice.

The potential benefit of anti-senolytic drugs in humans is not yet
clarified and precautions should be envisaged owing the above-men-
tioned cellular and molecular complexity of the atherosclerotic niche
and its development. Thus, it is reasonable to predict that senescent cell
clearance will be an effective complementary therapy to classical drugs
(anti-inflammatory/statins) to reduce morbidity and mortality asso-
ciated with age-related CVDs, and many studies in this direction are
expected in the next years.

Thus, the aim of the current therapeutic approach is to decelerate
the local progression of the plaque and the level of systemic in-
flammation, i.e. antiplatelet agents, statins, and angiotensin-converting
enzyme inhibitors, as recently reviewed (Donato et al., 2018; Naylor
and Ricco, 2018). Data obtained in rats suggest an important effect of
long-term pharmacological inhibition of angiotensin II type 1 receptor
with a specific antagonist inhibitor. This treatment results in the dou-
bling of lifespan in hypertensive animals, together with improvement in
cardiac function and metabolism, and enhanced endothelial function
(Linz et al., 2000), suggesting a pervasive effect of the anti- hyperten-
sive therapy at the carotid-site as well at the systemic levels (Alfaras
et al., 2016).

Since vulnerable plaques show evidence of VSMCs death, the low
number of VSMCs in the fibrous cap may suggest the need of treatments
in order to stabilize existing plaque by targeting VSMCs. In this per-
spective, the upregulated miR-21-5p expression has been shown to in-
hibit reactive oxygen species–induced apoptosis and death in VSMCs
(Lin et al., 2009). In mice, miR-126-3p–treated arteries displayed
higher intimal smooth muscle cell counts, a higher collagen content,
and fewer apoptotic cells (compared to controls). These changes are
consistent with a greater plaque stability (Zernecke et al., 2009). Thus,
promoting a contractile VSMC phenotype may increase the integrity of
the fibrous cap, and these findings pave the way for a site-specific
treatment of plaque.

On the other hand, trans-differentiation of VSMCs from the normal,
quiescent, and contractile, phenotype to the synthetic, proliferative
phenotype is associated with atherosclerosis. Interestingly, it has been
reported that several miRs, including miR-126-3p, are involved in this
process (Metzinger-Le Meuth et al., 2017), thus making miRs good
targets for such a therapeutical approach. In this setting, lentiviral

delivery of miR-145 in smooth muscle cell in ApoE−/− mice have
reduced plaque volume and increased features of plaque stability (such
as a higher collagen content and a greater fibrous cap surface area) in a
manner consistent with the promotion of a quiescent smooth muscle
cell phenotype (Lovren et al., 2012), but further studies need to confirm
the results and applicability in humans.

MiRs regulating cholesterol homeostasis have also been explored in
animal models for their therapeutic potential in promoting the regres-
sion of atherosclerotic plaques. Several miRs were identified as effective
modulators of key genes in lipoprotein metabolism (Laffont and Rayner,
2017), such as LDL-receptor (LDLR) and ATP-binding cassette A1
(ABCA1). In addition, a large amount of miRs, including miR-26a-5p;
-33a/b-5p; -106a-5p;-144-3p; -128-3p; -130b-3p; -148a-3p; -301b-3p;
-302a-3p and -758-3p, are able to promote foam cell formation by in-
hibiting macrophage cholesterol efflux via ABCA1 (Feinberg and Moore,
2016; Goedeke et al., 2015). Among miRs targeting ABCA1, miRs-33a/
b-5p have a significant impact, potentially influencing the growth of
atherosclerotic plaque, regulating autophagy, cellular phenotype and
macrophage metabolism (Yao et al., 2018; Feinberg and Moore, 2016;
Ouimet et al., 2015). MiRs-33a/b-5p are able to down-regulate key
effectors and transcriptional activators including FOXO3 and TFEB,
leading to a reduced phagocytosis and lysosomal activity within mac-
rophages (Yao et al., 2018). Accordingly, the inhibition of miRs-33a/b-
5p expression in in vivo mice model resulted in an increase of the he-
patic ABCA1 expression and in plasma HDL levels facilitating athero-
sclerosis regression, thus confirming the role of miRs-33a/b-5p on the
regulation of lipid metabolism (Churov et al., 2019; Najafi-Shoushtari
et al., 2010). Overall, the use of carotid-specific biomarkers or circu-
lating miRs associated to carotid plaque stability could be essential for
patient monitoring, especially if biomarkers will be able to predict
plaque rupture.

Currently, the therapeutic management of carotid plaques strongly
relies on the severity of stenosis as the primary guide to choose the most
appropriate intervention. The current clinical European guidelines
(Naylor and Ricco, 2018) recommend surgical endarterectomy for: i)
symptomatic patients with carotid territory symptoms within the pre-
ceding six months caused by>50 % stenosis of the carotid artery; ii)
asymptomatic patients with>70 % stenosis of the carotid artery.

6. Conclusions

Overall, carotid plaque lesion can be considered a tissue site-specific
case of accelerated aging, i.e. a sort of chronic pro-inflammatory macro-
niche. As described above, the molecular and cellular events occurring
within the niche include the classical plethora of basic aging mechan-
isms, such as mitochondria dysfunction, defective autophagy, ER stress,
defective ubiquitin/proteasome system, inflammasome activation, DNA
damage response, and cell senescence with its characteristic senescence
associated secretory phenotype. Table 1 summarizes the main studies
performed in the framework of human carotid plaque highlighiting the
seven pillars identified by Geroscience, and involved in the age-related
diseases (Franceschi et al., 2018a).

These mechanisms are also found in those pathologies where un-
healthy life-style and lifelong exposure of noxious agents/bacteria/
viruses may accelerate end-stage organ diseases, such as liver and
kidney diseases among others (Kooman et al., 2017; Morsiani et al.,
2019). Thus, a tight relationship appears to exist between carotid
plaque/atherosclerosis development and exposure to a variety of ex-
ternal and internal agents (“exposomes”) (Wild, 2012), such as life
style, environment, socioeconomic status and diet, among others. For
example, a recent study in mice suggests an effect of red meat con-
sumption, able to favor the induction of “xeno-autoantigen” in humans
(via metabolic incorporation of carbohydrate residues into endogenous
glycoconjugates) and the increase of circulating anti-“xeno-auto-
antibodies” driving chronic inflammation and favoring/accelerating
plaque formation (Kawanishi et al., 2019).
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Table 1
The seven pillars of aging and the related mechanisms involved in human carotid plaque.

The seven pillars of aging in the framework of carotid
atheroma

References

Metabolism
Altered metabolites Tomas et al., 2018; Tzoulaki et al., 2019.
Gut microbiota Karlsson et al., 2012; Skagen et al., 2016; Bogiatzi et al., 2018.
Inflammation
Inflammatory molecules Ross, 1999; Schillinger et al., 2005; Ammirati et al., 2015.
Activation of inflammasome Shi et al., 2015.
Epigenetics
Histone and chromatin modification Greißel et al., 2015, 2016.
MicroRNAs Raitoharju et al., 2011; Cipollone et al., 2011; Santovito et al., 2013; Tsai et al., 2013; Maitrias et al., 2015; Bazan

et al., 2015; Zhang et al., 2016; Markus et al., 2016; An et al., 2017; Eken et al. 2017; Magenta et al., 2018; Badacz
et al., 2018; Luque et al., 2018.

Macromolecular damage (Cellular senescence)
Cellular senescence Gardner et al., 2015; Katsuumi et al., 2018.
DNA damage Matturri et al., 2001; Martinet et al., 2002; Matthews et al., 2006; Yuan et al., 2010; Gorenne et al., 2013; Shah et al.,

2018
Stem cells and regeneration
Regulation of stem cell functions, proliferation and

apoptosis
Chironi et al., 2007; Lau et al., 2007.

Proteostasis
Defective ubiquitin/proteasome system (misfolded/

oxidized proteins)
Versari et al., 2006; Marfella et al., 2006; Herrmann et al., 2008; Dorweiler et al., 2014.

Adaptation to stress
Mitochondrial dysfunction Docherty et al., 2018; Vendrov et al., 2015.
Endoplasmic Reticulum stress Tabas, 2010; Garbin et al., 2014.
Defective autophagy Swaminathan et al., 2014; Liu et al., 2015; Alloza et al., 2016.

Table 2
Up-regulated or down-regulated miRs in different comparisons and tissues.

hsa-miRs Patients/Plaque comparison Tissue Expression Change References

miR-21-5p
miR-34a-5p
miR-210-3p

Carotid endarterectomy vs Control Carotid plaques ↑
↑
↑

Raitoharju et al. (2011)

miR-100-5p
miR-127
miR-133a-3p
miR-133b
miR-145−5p

Unstable Symptomatic vs Asymptomatic Carotid plaques ↑
↑
↑
↑
↑

Cipollone et al. (2011)

miR-145-5p Stable asymptomatic Hypertensive vs Stable asymptomatic non-
hypertensive

Carotid plaques ↑ Santovito et al. (2013)

miR-100-5p
miR-125a-5p
miR-127-3p
miR-133a-3p
mir-145-5p
miR-221-3p

Unstable symptomatic
vs Asymptomatic

Carotid plaques ↑
↑
↑
↑
↑
↑

Maitrias et al. (2015)

miR-221-3p
miR-222-3p

Acutely unstable symptomatic vs Asymptomatic Carotid plaques ↓
↓

Bazan et al. (2015)

miR-21-5p miR-143-3p
miR-19b-3p
miR-22-3p

Stable asymptomatic vs Symptomatic; Asymptomatic vs Control Carotid plaques ↑
↑
↑
↑

Markus et al. (2016)

miR-320b Unstable Symptomatic vs Asymptomatic Serum ↓ Zhang et al. (2016)
miR-181b-5p Unstable Symptomatic vs Control Serum ↓ An et al.,

(2017)
miR-221-3p Acutely unstable symptomatic vs Asymptomatic Serum ↓ Bazan et al. (2017)
miR-199b-3p

miR-27b-3p
miR-130a-3p
miR-221-3p
miR-24-3p

Stable asymptomatic with stenosis progression vs Asymptomatic
without

Peripheral blood exosomes ↑
↑
↑
↑
↑

Dolz et al. (2017)

miR-210-3p Unstable Symptomatic vs Asymptomatic Carotid plaques and plasma
within

↓ Eken et al., (2017)

miR-200c-3p Unstable Symptomatic vs Asymptomatic Carotid plaques/Serum ↑ Magenta et al. (2018)
miR-1-3p

miR-133b
Unstable Symptomatic vs Asymptomatic Serum ↑

↑
Badacz et al. (2018)

miR-638 Unstable Symptomatic vs Control group Serum ↓ Luque et al. (2018)
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Within the Geroscience perspective, a main question is the feasi-
bility of combating aging, halting atherosclerosis and plaque formation.
The deceleration of the aging process is apparently possible by opti-
mizing the life style (calorie restriction, Mediterranean diet, avoiding
smoking and alcohol abuse, personalized daily physical exercise), thus
decreasing inflammaging and cardiometabolic risk (Campisi et al.,
2019; Kraus et al., 2019). In this regard, long lived subjects and cen-
tenarians represent “a successful slowed aging” (regular food timing
and small portions) (Franceschi et al., 2018c), and it has been shown
that the prevalence of carotid plaques decreases with increasing pa-
ternal age/longevity (Zureik et al., 2006). In particular, plaque occur-
rence has been found decreased after the tenth decade of life (Homma
et al., 2001). A relatively low plaque frequency in centenarians suggests
that at least some centenarians may possess unknown genetic or ac-
quired characteristics conferring resistance or resilience to plaque
progression. It is interesting to note that centenarians have a decreased
level of circulating miR-21-5p in the blood (Olivieri et al., 2012), and
this could be a piece of the puzzle to explain genetic/epigenetic dif-
ferences able to accelerate or decelerate aging/plaque formation.

In the current review, we did not address the genetic risk profile of
CVDs and atherosclerosis, which is determinant for the human long-
evity (Franceschi et al., 2020) but outside of the scope of this review.
However, a 15 % of CVDs events are not associated with the above-
mentioned common risk factors, and in these cases the genetic variants
could play a major role (Fig. 1).

In this complex scenario, patients with carotid stenosis may be
evaluated for several variables such as, early or not patients, socio-
economic status, type of plaque (stable vs vulnerable) and for different
risk factors that may accelerate plaque instability and stroke risk. Thus,
the biological age of arteries and not the chronological age of patients
(Chan et al., 2019; Hamczyk et al., 2020; Li et al., 2020; Moskalev,
2020; Pyrkov and Fedichev, 2019), becomes the relevant parameter for
carotid plaque assessment, prognosis and risk prediction. Further stu-
dies need to identify the proper circulating molecular signature (likely
based on miRs) in the different health conditions for the personalized/
precise evaluation of atherosclerosis level, plaque formation and bio-
logical age of arteries, thus going in deeper than previously done.
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