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Atherosclerosis is the focal expression of a systemic disease affecting medium- and large-sized arteries, in which traditional
cardiovascular risk factor and immune factors play a key role. It is well accepted that circulating biomarkers, including C-reactive
protein and interleukin-6, reliably predict major cardiovascular events, including myocardial infarction or death. However, the
relevance of biomarkers of systemic inflammation to atherosclerosis progression in the carotid artery is less established. The large
majority of clinical studies focused on the association between biomarkers and subclinical atherosclerosis, that is, carotid intima-
media thickening (cIMT), which represents an earlier stage of the disease. The aim of this work is to review inflammatory biomarkers
that were associated with a higher atherosclerotic burden, a faster disease progression, and features of plaque instability, such as
inflammation or neovascularization, in patients with carotid atherosclerotic plaque, which represents an advanced stage of disease
compared with cIMT. The association of biomarkers with the occurrence of cerebrovascular events, secondary to carotid plaque
rupture, will also be presented. Currently, the degree of carotid artery stenosis is used to predict the risk of future cerebrovascular
events in patients affected by carotid atherosclerosis. However, this strategy appears suboptimal. The identification of suitable
biomarkers could provide a useful adjunctive criterion to ensure better risk stratification and optimize management.

1. Introduction

Atherosclerotic disease of the carotid arteries appears to
be highly prevalent in the ageing population. According to
recent epidemiological surveys, up to 5% of women and
12% of men over the age of 80 suffer from asymptomatic
moderate (i.e., reduction in diameter between 50% and 70%)
atherosclerotic carotid artery stenosis, while 1% and 3%,
respectively, suffer from severe carotid stenosis, defined as
a reduction in diameter of >70% [1]. It is well recognized
that the presence of atherosclerotic disease in the carotid
arteries poses a substantial risk of ipsilateral cerebrovascular
events, with reported annual ischemic stroke rates ranging

from 0.35% to 1.3% in asymptomatic patients with moderate
stenosis [2, 3] and from 0.5% to approximately 5% for severe
asymptomatic carotid artery stenosis [2, 4]. Around 20% of
ischemic strokes appear to originate from carotid plaques [5],
mainly due to an arterioarterial embolization [6], calling for
the institution of appropriate management strategies aimed at
effectively minimizing risk. Current guidelines recommend
surgical or endovascular revascularization in patients bearing
an asymptomatic carotid artery stenosis of >60% and with a
life expectancy of more than 5 years [7]. The appropriateness
of such indication is, however, challenged by the evidence
provided by randomized controlled trials and meta-analyses
that have shown no benefit of revascularization over optimal
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medical therapy in the management of asymptomatic carotid
stenosis [8, 9]. Current risk stratification strategies appear
to be inadequate in reliably identifying individuals who may
benefit from aggressive treatment [10, 11].

Apart from the risk of stroke, the presence of severe
asymptomatic carotid artery stenosis was reproducibly
shown to be associated with cognitive decline [12, 13]. The
pathogenic mechanism appears to involve both chronic
hypoperfusion [14] and microembolic events [15]. The pos-
sibility of developing mild cognitive impairment may thus be
taken into account when choosing the appropriate manage-
ment strategy for asymptomatic carotid artery stenosis.

Several serum inflammatory markers have been proposed
as tools for risk assessment in patients bearing atherosclerotic
lesions of the carotid artery. Among them, notable examples
include fibrinogen, serum amyloid A (SAA), interleukin-
6 (IL-6), and lipoprotein-associated phospholipase A2 (Lp-
PLA2), which was recently approved by United States Food
and Drugs Administration as a predictor of ischemic stroke
[16, 17]. The most widely used in current clinical practice
however remains high sensitivity C-reactive protein (hs-
CRP), which was shown to reproducibly predict the risk of
stroke in several large epidemiological studies, including the
Physicians’ Health Study [18], Women’s Health Study [19], and
the Framingham Heart Study [20]. In addition, the in vivo
identification of plaque features predictive of progression or
instability would be advantageous in establishing the appro-
priate clinical management, including imaging follow-up and
therapeutic interventions. Serum biomarkers reflecting the
activity of biological processes involved in plaque growth or
destabilization may provide great help for this purpose.

Of note, early atherosclerosis, measured as carotid
intima-media thickness (cIMT), correlates with the risk of
cardiovascular events in the general population. However,
an association between changes in ¢IMT and the risk
of cardiovascular events (including myocardial infarction,
stroke, vascular death, or a combination of these) remained
unproven in a large survey of more than 36000 subjects
from the general population [21]. Despite this, patients
with the highest “inflammatory load” had the greater cIMT
progression [22], further underlining the relevance of serum
inflammatory biomarkers as surrogates that could reflect
processes associated with atherosclerotic disease progres-
sion. In the present work we critically review the major
studies identifying inflammatory biomarkers associated with
atherosclerotic disease progression, features of plaque vul-
nerability (including inflammation and neovascularization),
or cerebrovascular symptoms, expanding and updating the
concepts expressed by Hermus et al. in a previous article
[23]. Table 1 summarizes the current available evidence on the
association between carotid atherosclerosis and biomarkers.

Search Strategy. We searched PubMed electronic database,
limiting the search to original research published between
1990 and December 2014. The key words used for the search
were carotid stenosis and markers of inflammation, carotid
stenosis and T cells, carotid stenosis and monocytes, carotid
plaque neovascularization and markers of inflammation,
carotid plaque vulnerability and markers of inflammation.
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2. Inflammatory Biomarkers and Carotid
Artery Plaque

2.1. Markers of Inflammation and Degree of Stenosis. Identify-
ing patients at risk of bearing an asymptomatic carotid artery
stenosis appears of great importance for the implementation
of reliable yet cost-effective ultrasonographic screening pro-
grams. Serum markers of inflammation may appropriately
serve this purpose. As mentioned earlier, CRP is commonly
used for cardiovascular risk evaluation. Recent reports have
shown that higher serum hs-CRP levels are in fact able
to predict the presence of carotid artery plaque [24, 25]
but do not associate with the degree of stenosis the lesions
determine [24]. These data contrast with previous reports
on larger populations, which failed to demonstrate a similar
association. In particular, Halvorsen and colleagues could not
establish an association between CRP and presence of carotid
plaque in a cross-sectional study involving 5341 individuals,
both males and females [26], and similarly Chapman et al.
obtained a similar result in a cohort of 1111 subjects [27].

The association between the presence and severity of
carotid stenosis and other acute phase proteins of the pen-
traxin superfamily, which includes CRP, such as the long
pentraxin-3 (PTX3), is not clear [28, 29]. While PTX3 was
shown to be atheroprotective in experimental atherosclerosis
[30, 31], preliminary data in humans suggest that plasma lev-
els of PTX3 are associated with the presence of atherosclerotic
plaques and prevalent vascular disease [32]. A subsequent
population-based study involving more than 2400 subjects,
however, showed that PTX3 is not a predictor of incident
cardiovascular events [33].

Other markers have been explored, including fibrinogen,
which was more reliably associated with the presence of
plaque than CRP [24, 26, 27], sVCAM [25], and erythrocyte
sedimentation rate (ESR) [24], all of which showed some
association with carotid atherosclerosis. Of great interest was
the fact that IL-6, a master proinflammatory cytokine, was
reproducibly shown to be higher in the serum of subjects
bearing an asymptomatic carotid stenosis with respect to
controls [24, 25, 27]. SI00A12, a calcium binding protein
involved in inflammatory signaling, was also shown to be
elevated in patients bearing carotid atherosclerotic lesions
[34]. Notably, none of these markers was shown to correlate
with the degree of stenosis. On the other hand, serum levels
of TNFa and L-selectin, a lectin type adhesion molecule
expressed on leukocytes surface, were shown to associate
with larger plaque size estimated by ultrasound imaging in
a cohort of 1016 subjects [35].

2.2. Markers of Inflammation and Plaque Instability. Plaques
at higher risk of causing an acute atherothrombotic or
atheroembolic event, including stroke and acute myocardial
infarction, that is, unstable plaques, share some distinctive
features, such as a thinner fibrous cap overlying a large
necrotic core or a strong intraplaque inflammatory reaction
[36, 37]. The detection of potentially unstable atherosclerotic
lesions using biomarkers would bring obvious advantages in
establishing an appropriate treatment plan in patients with an
asymptomatic carotid stenosis. Features of plaque instability
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as evaluated by magnetic resonance imaging (MRI), that
is, signal hypointensity in T1 weighted images, were shown
to correlate with the upregulation of several proinflamma-
tory molecules, such as the cytokines IL-6 and TNFa, the
endothelial activation markers E-cadherin and VCAM-1, and
the inflammatory markers hs-CRP and, most notably, PTX3
[38]. A recent report by Willems et al. failed to show an
association between serum concentration of ST2, a member
of IL1 receptor family, and a vulnerable plaque phenotype, as
determined histologically [39]. Sugioka and colleagues have
recently shown that serum levels of neopterin, a product
of the catabolism of guanosine triphosphate secreted by
macrophages upon activation, correlated with the presence of
highly complex carotid lesions, suggestive of plaque vulner-
ability, in patients affected by stable coronary artery disease
[40]. In a cohort of 101 patients, Pelisek and colleagues were
able to establish an association between histological features
of carotid plaque instability and serum levels of circulating
matrix metalloproteinase (MMP)-1, MMP-7, tissue inhibitor
of matrix protease (TIMP)-1, and IL-8 [41]. MMPs are a class
of proteases involved in extracellular matrix degradation,
which appear to play a key role in the process of vascular
remodeling during the course of vascular disease [42]. The
fact that numerous experimental studies suggest that MMPs
may be involved in the process of plaque destabilization
(43, 44] makes this finding particularly intriguing.

2.3. Markers of Inflammation and Neurological Symptoms.
The ultimate goal of managing a patient suffering from
asymptomatic carotid artery stenosis is, as reiterated above,
preventing the occurrence of atheroembolic events leading
to ischemic stroke. Studying patients soon after a cerebrovas-
cular event of carotid origin might lead to the identification
of serum markers potentially useful in identifying patients
at higher risk for recurrence. Clearly, results obtained in
the acute phase of disease should, however, be considered
critically, since the acute process within the central nervous
system may directly influence the concentration of circulating
biomarkers, increasing the risk of spurious associations.
Again, the analysis of hs-CRP has led to contradictory
results, making it rather unreliable for the identification
of patients deserving an aggressive management [24, 25,
45, 46]. IL-6, on the other hand, was shown to be more
reproducibly associated with the presence of a symptomatic
carotid stenosis, but the results are far from being con-
clusive [24, 25, 45]. Among other inflammatory markers
explored, the soluble form of CD36, a macrophage scavenger
receptor involved in LDL uptake, was shown to correlate
with the presence of symptoms and ultrasound features of
plaque vulnerability in a cohort of 62 patients, 31 of which
had suffered from stroke in the previous 6 months [47].
Interestingly, asymptomatic and symptomatic patients did
not differ in terms of CRP, glycosylated hemoglobin, or
lipid profile [47]. Plasma soluble urokinase plasminogen
activator receptor (suPAR) is the soluble form of the cell-
surface urokinase plasminogen activator receptor, released by
endothelial and immune cells by proteolytic cleavage in an
inflammatory environment [48]. Plasma levels of suPAR were
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higher in symptomatic patients than in patients bearing an
asymptomatic carotid artery stenosis in a recent report on
162 patients [49]. In addition, suPAR was higher in patients
suffering from stroke or TIA than symptomatic patients in
which carotid atherosclerosis had manifested as amaurosis
fugax [50]. Another soluble form of a receptor, the receptor
for advanced glycosylation end products (RAGE), which is
involved in pattern recognition, was shown to associate with
the presence of symptoms in patients affected by carotid
artery atherosclerosis, albeit in a small study comprising only
29 patients [51]. Consistent with its association with plaque
features of instability, MMP-7 was shown to be elevated in the
sera of patients who had a stroke from 2 to 6 months prior to
the analysis [52].

3. Systemic versus Local Inflammation

Inflammation of blood vessel wall is a critical component of
atherosclerosis and brings about several pathological changes
such as edema, vasa vasorum dilation and proliferation,
and immune cells infiltration [53]. The knowledge of the
biological basis of these processes has led to the development
of novel noninvasive imaging technique able to disclose them
in vivo through the use of appropriately designed molecular
probes [36, 54]. In this respect, positron emission tomog-
raphy (PET) using the radiolabelled glucose analogue 18F-
fluorodeoxyglucose (FDG) is the most widely used imaging
tool, allowing the detection of high metabolic activity in
inflamed plaques [54]. Most interestingly, plaque inflamma-
tion is associated with atherothrombotic manifestation, but
its relation to serum biomarkers is unclear. In a recently
reported post hoc analysis of 130 patients participating in
the dal-PLAQUE study, baseline FDG uptake in the most
diseased carotid segments positively correlated with blood
myeloperoxidase, an effector molecule secreted by granulo-
cytes upon stimulation, in patients suffering from coronary
artery disease on statin therapy [55]. In the same cohort,
blood levels of IL-6 positively correlated with FDG target-
to-background ratio (TBR) in the most diseased carotid seg-
ments [56]. Interestingly, hs-CRP, soluble P-selectin and E-
selectin, sVICAMI, and MMP-3 and MMP-9 did not correlate
with FDG uptake in the carotid artery [55]. Interestingly
however in an earlier report by Rudd on 40 patients and
colleagues FDG uptake in the carotid artery significantly
correlated with serum MMP-9 levels, while a negative cor-
relation was established between FDG TBR in the carotid
artery and serum plasminogen activator inhibitor 1 (PAIl)
[57]. Again, hs-CRP did not correlate with plaque metabolic
activity [57]. The lack of correlation between hs-CRP and
plaque inflammation was recently confirmed by immune-
pathological analysis, that is, the current gold standard, of 160
carotid endarterectomy specimens [58].

Although not strictly considered inflammatory markers
due to their principal function as mediators of extracellular
matrix remodelling [59], MMPs are gaining a growing inter-
est in the field of atherosclerosis. A recent report suggested
that they may become themselves the target of radiolabelled
molecular probes for the detection of vulnerable plaques [60].
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4. Circulating Lipids, Inflammation, and
Plaque Progression

Plasma low-density lipoprotein cholesterol (LDL-C) level
is considered one of the most important risk factors for
atherosclerotic plaque instability and several emerging phar-
macological approaches are aimed at decreasing vascular
inflammation and increasing plaque stability by reducing
LDL-C levels [61]. In spite of this, many individuals with
evidence of atherosclerotic disease have LDL-C within the
normal range, although they might have an altered pattern
of lipoproteins subfractions. The concentration of small
dense low-density lipoprotein (sdLDL) has been associ-
ated with increased cardiovascular risk and with the pro-
gression of coronary and carotid atherosclerosis in case-
control and prospective studies [62-64]. The lipoprotein
cholesterol profile and the LDL floatation rate (LDL-RF)
were directly and significantly correlated with weight, body
mass index, waist, hip, waist/hip ratio, triglycerides, fasting
glycaemia, and cIMT and inversely related to high-density
lipoprotein cholesterol (HDL-C) [65]. Among the lipoprotein
subclasses, triglyceride-rich lipoproteins (TGRL) and sdLDL
were shown to independently predict the entity of cIMT
and were associated with a proinflammatory activation of
peripheral mononuclear cells and endothelial cells [65]. These
findings suggest that cholesterol or triglycerides content in
lipoproteins could mark specific lipoprotein subclasses with
specific atherogenic and proinflammatory properties [66,
67]. The presence of such specific lipoprotein subsets could
be also the result of the activation of lipoprotein remodelling
enzymes, which occurs during inflammation. For example,
the activation of innate immune response results in the
reduction of plasma HDL-C levels but also in the remodelling
of high-density lipoprotein (HDL) which becomes enriched
in proinflammatory mediators and becomes dysfunctional
[68-70].

Impaired HDL functionality was also observed in
immune-inflammatory and autoimmune diseases [69, 71]
and was associated with altered lymphocyte subsets dis-
tribution and increased cIMT and atherosclerotic plaques
[72]. Another key above-mentioned molecule generated
during inflammatory processes is the Lp-PLA2, which is
associated with increased risk of cardiovascular events [17].
Lp-PLA2 mediates the formation of bioactive mediators
(lysophosphatidyl choline and oxidized nonesterified fatty
acids) known to elicit several deleterious inflammatory
responses involved in the pathobiology of atherosclerosis
[73]. Lysophosphatidyl, for example, choline, serves as a
potent chemoattractant for monocytes, resulting in foam
cell accumulation within the arterial wall [73]. Despite these
observations the role of Lp-PLA?2, as well as that of the secre-
tory PLA2 (sPLA2), remains enigmatic. In elderly subjects
sPLA2 levels, but not Lp-PLA2 levels, were independently
associated with atherosclerotic plaques and outcome [74].
Data from the above-mentioned dal-PLAQUE study demon-
strated that baseline Lp-PLA2 mass correlated with TBR of
FDG uptake in the aorta but not in the carotid artery [55].

A new intriguing molecule related to inflammation and
lipid metabolism, the fatty acid binding protein 4 (FABP4

or aP2 in mice), has been identified as a key regulator of
core aspects of cardiometabolic disorders, including lipo-
toxic endoplasmic reticulum stress in macrophages, and
macrophage cholesterol trafficking and associated inflamma-
tion [75]. In a large study the effects of low-expression variant
of FABP4 were examined at population level (n = 7491) and
in group of patients with advanced carotid atherosclerosis
(n =92) and myocardial infarction (n = 3432) [76]. The
authors found that the low-expression variant was associated
with decreased total cholesterol levels. Furthermore, the
carriers of the allelic variant associated with obesity also
showed reduced cIMT thickness and lower prevalence of
carotid plaques [76]. In another study, plasma levels of FABP4
were also evaluated in relation to symptoms in 59 patients
with carotid plaques and 202 having suffered from stroke
of another origin [77]. FABP4 levels were higher in patients
with carotid atherosclerosis, both systemically and within
the atherosclerotic lesion, than in patients having suffered
from a stroke from another origin, with particularly high
mRNA levels in carotid plaques from patients with the most
recent symptoms [77]. Furthermore, FABP4 correlated with
the cell-surface markers of monocyte/macrophage lineage
CD36, CD68, and CD163 as well as with the presence of CD4-
positive T cells in the plaque [78].

Finally, alterations in plasma lipid profile and inflamma-
tion are often presenting in deep relation to metabolic status,
which could mark the presence of insulin resistance and/or
diabetes. While the discussion of the latter is beyond the
scope of the present review, it is important to mention that
metabolic inflammation could be associated with changes in
the circulating profile of key cytokines such as adipokines.
To this extent, resistin, leptin, and adiponectin could mark
the altered metabolic status which is associated with dyslip-
idaemia, systemic inflammation, and vascular disease [79-
83].

5. Circulating Leukocytes and
Plaque Progression

White blood cells constitute the effector arm of the immune
system, attending to both immune surveillance and prompt
response to tissue damage. Several cell types are found
among white blood cells, each with a different function and
differentially activated by specific stimuli. In the last decades,
forefront technologies such as polychromatic flow cytometry
have allowed the identification of thousands of leukocytes
subsets [84], giving the chance to identify alterations in the
face of normal white blood cells counts. A careful analysis
of circulating leukocytes may thus provide a valuable tool to
evaluate the inflammatory and immune status of the patient
[85]: using this approach circulating white blood cells may
well serve as biomarkers. Among the different cells found to
be altered in patients with atherosclerosis, mononuclear cells,
both lymphocytes [85] and monocytes [86] subpopulations
have been most frequently implicated. In addition, gene
expression profiling of leukocytes may provide a valuable
tool for the identification of specific types of inflammatory
response associated with plaque progression or vulnerability.
Interestingly, to date only few studies analyzed the association



between circulating immune cells and advanced carotid
atherosclerotic disease. In fact, most studies concerned with
the carotid artery focused on subclinical atherosclerotic
disease, such as cIMT. Population-based studies have demon-
strated the association between the presence of plaque and
total white blood cells [24, 26] and monocytes counts [24, 27].
A recent report on 853 asymptomatic individuals affected by
atherosclerosis failed to demonstrate any association between
the severity of stenosis or plaque progression at 6 months
and white blood cells subtypes [87]. Interestingly, however,
neutrophil counts conferred a relative risk of cardiovascular
death of 1.9-2.4 in patients bearing a stenosis of >50%
[87]. Neutrophil count was also shown to strongly associate
with the presence of microembolism detected by transcranial
Doppler ultrasound in 60 recently symptomatic patients [88].

Monocytes of recently symptomatic patients were shown
to bear signs of activations: in particular, they were found
to express high concentrations in the adhesion molecules
CD11b and thrombospondin 1 [89]. Interestingly, these same
markers were shown to correlate with the presence of platelet-
monocyte aggregates [89], which appear to be involved in
the pathogenesis of atherosclerosis and atherothrombosis
[85, 90]. However, platelet-monocyte aggregates were not
shown to associate with the presence of microembolic signals
on transcranial Doppler ultrasound in 16 symptomatic and
30 asymptomatic patients affected by carotid atherosclerosis
[91]. A subsequent report by Sternberg and colleagues failed
to demonstrate an association between higher concentrations
of activated monocytes, identified as CD14+CD68+ cells, and
the presence of carotid artery atherosclerosis [92]. Notably,
patients bearing a carotid plaque had higher activation of
T and B lymphocytes, identified as CD3+HLA-DR+ and
CD20+CD69+, respectively, and higher levels of MMP-9
expression, assessed through mRNA analysis, in periph-
eral blood mononuclear cells [92]. Consistently, a study
by Martin-Ventura et al. showed an increased expression
of CD74 (invariant polypeptide of major histocompatibil-
ity complex) in peripheral mononuclear blood of patients
with carotid artery stenosis [93]. In a recent report on
700 patients selected from the cardiovascular cohort of the
Malmé Diet and Cancer study, the percentage of circulating
CD19+CD86+ B cells was shown to correlate with higher
degree of carotid artery stenosis [94]. In addition, patients
with higher percentages of the same B cells subset were
prospectively shown to be at higher risk for stroke [94].
Leukocyte telomere length (LTL) is an important determi-
nant of telomere function and cellular replicative capacity,
which were both associated with cardiovascular diseases [95,
96]. An association between telomere shortening (TS) and
both the progression of atherosclerosis and the incidence of
cardiovascular events (CVEs) was recently shown [97]. After
adjusting for classical cardiovascular disease risk factors (age,
gender, smoking, physical activity, alcohol consumption,
systolic blood pressure, glucose levels, lipid profile, and
therapies), TS was associated with increased progression of
cIMT [97]. Finally, subjects in whom LTL shortened over
time showed an increased risk of incident CVE, compared to
those in whom LTL lengthened [97]. These data indicate that
leukocyte TS is associated with increased risk of subclinical
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carotid vascular damage and increased incidence of CVEs
beyond classical cardiovascular disease risk factors in the
general population, whereas LTL lengthening is protective,
further connecting leukocytes counts, function, and senes-
cence with atherosclerotic disorders.

6. Circulating Markers of Inflammation and
Intima-Media Thickness

As mentioned above, thickening of tunica intima and media
of the carotid artery, that is, cIMT, is currently considered
an early sign of preclinical atherosclerosis. Accordingly, the
presence of increased cIMT was shown to increase the risk of
future CVEs [98] and to correlate with the presence of tradi-
tional cardiovascular risk factors [99]. However, pathogenesis
of cIMT is only incompletely understood [100, 101] and its
relationship with carotid artery plaque is not fully defined.
For these reasons, a thorough discussion of the association
between inflammatory biomarkers and cIMT does not appear
completely relevant to the purpose of the present work.
Due to the extreme interest in the subject grown in the
last few years, however, we will briefly discuss some of the
most interesting results in the field. In the aforementioned
study by Chapman et al., plasma levels of IL-6, fibrinogen,
and monocytes counts were shown to associate with cIMT
[27]. However, the significance of association was lost upon
correction for conventional risk factors [27]. In a population-
based sample of 3092 subjects older than 55 years of age,
high levels of hs-CRP were associated with higher cIMT
[102]. Interestingly, no significant differences in hs-CRP levels
were found between patients with subclinical atherosclerosis
and patients bearing carotid artery plaques [102]. A recently
published meta-analysis comprising 20 studies and 49097
patients showed a significant association between cIMT and
serum levels of hs-CRP, fibrinogen, and leukocytes count
[22]. Interestingly, MMPs were once again found to associate
with vascular disease in the carotid artery: in a report
by Orbe and colleague on 400 otherwise healthy subjects,
cIMT was shown to positively correlate with serum levels
of MMP-10 [103]. When circulating cells are concerned, a
recent report on 912 patients from the Multiethnic Study of
Atherosclerosis (MESA) demonstrated a higher number of
memory T cells and lower amounts of naive T cells in subjects
with higher cIMT [104]. Accordingly, higher amounts of
CD3+CD4+CD45RA-CD45RO+CCR7- effector memory T
cells were found to associate with cIMT [105]. In 622 healthy
volunteers CD16+ monocytes were shown to associate both
with body mass index (BMI) and with cIMT [106]. The
relevance of LTL to cIMT was already discussed above [97].

7. Markers of Inflammation and
Neoangiogenesis

Progression of atherosclerotic disease with plaque enlarge-
ment results in intraplaque hypoxia, which contributes to
local inflammation and triggers local neovascularization
[107]. The presence of neovessels within atherosclerotic
lesions was shown not only to promote plaque growth, but
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FIGURE 1: Summary of the main biomarkers associated with different stages and manifestation of carotid atherosclerosis. CCA: common
carotid artery; ICA: internal carotid artery; ECA: external carotid artery; IL: interleukin; LDL: low-density lipoprotein; OxLDL: oxidized low-
density lipoprotein; ESR: erythrocyte sedimentation rate; hs-CRP: high sensitivity C-reactive protein; sVCAM-1: soluble vascular cell adhesion
molecule I; LpPLA2: lipoprotein-associated phospholipase A2; TNF-a: tumour necrosis factor alpha; MMP: matrix metalloproteinase; TIMP-
1: tissue inhibitor of matrix proteinases; suPAR: soluble urokinase plasminogen activator receptor; LTL: leukocyte telomere length; VEGEF:

vascular endothelial growth factor.

also to contribute to its vulnerability [108]. Thus, in vivo
identification of atherosclerotic lesion neovascularization
appears to be a suitable approach for the identification
of high-risk plaques. Novel noninvasive imaging strategies,
in particular contrast-enhanced ultrasound (CEUS), allow
the identification of carotid artery plaque neovessels by
dynamically assessing plaque uptake of microsized gas-filled
particles known as microbubbles [109, 110]. Currently only
few studies assessed the association between the presence

of carotid artery plaque neovascularization and circulating
biomarkers. A recent report by Qian and colleagues on

40 patients suggests that histologically determined carotid
artery vascularization associates with serum levels of CD146
and adhesion molecule of the immunoglobulin superfamily
which is implicated in leukocytes extravasation [111]. In
another report on 56 patients, the presence of neovessels
on carotid plaque surgical specimens positively correlated
with serum levels of vascular endothelial growth factor, a
master cytokine for angiogenesis and inflammation [112].
Finally, in a recent report Jaipersad and colleagues were able
to show a significant correlation between severe plaque neo-
vascularization, detected by CEUS, and circulating levels of
classical CD14++CD16—CCR2+ monocytes [113]. In addition,
circulating monocytes were shown to express high levels of
proangiogenic molecules, such as Tie2 [113].

8. Markers of Inflammation and
Therapeutic Intervention

To date, several population-based preventive programs aimed
at cardiovascular risk reduction were able to substantially
abate cardiovascular morbidity and mortality [114, 115].
Most importantly, the introduction of statin therapy was
able to reduce cardiovascular mortality by over one-third
[116]. Interestingly, aside from statin therapy main effect
on cholesterol lowering, statins were shown to reduce the
concentration of circulating markers of inflammation [117].
However, a substantial risk needs to be addressed and novel
therapeutic targets are needed, alongside novel therapeutic
endpoints to assess its efficacy. Assessing intraplaque inflam-
mation and its response to treatment may provide a short
term secondary endpoint for clinical studies. In a study by
Tang and colleagues, for example, the institution of high dose
statin therapy was associated with lowering of carotid artery
plaque inflammation assessed through magnetic resonance
imaging (MRI) after six and twelve weeks of follow-up
[118]. A report by Corti et al. confirms these results and
interestingly shows an association between the entity of LDL
cholesterol reduction and the disappearance of wall features
of inflammation in MRI [119]. In the recently published dal-
PLAQUE study, the FDG TBR in the most diseased carotid



Mediators of Inflammation

syguowr 7> swojdwids st yeyy ‘syuoryed

syuaned onewoyduwdse [¢

9¢ddD squow 9— ‘syuaned opewoidwiss G 79 [£¥] Te 12 S13qpuel
onewoydwAs Ajuadar ur 1ySry sem 9¢D A[qN[OS squow 7> syuaned sewoyduids o1
syuaned snewoyduwidse 97 .
syuanjed onjewoyjdwiAs ur 10y31y sem J¥D-SY JID-sY syuened snewojduds o 79 [9%] ‘e 30 eDIRD)
sjuanjed onewoydwids ur 1931y punoj sem 9- -sy pue ¢ ‘J1-11 0 ‘9- siuaned dpewoyduids 7o Te 19 s1znono
jusnjed dNjewo) I Ioysiy punoj 9-1I dIO-SY PR 'YVS "gI-TI WINL 9-T1 syuonred onewoydwAse /¢ 611 [S¥] 'Te 32 siznonoy|
-1 pue
Aynqeysur anberd . B . Nm P suorsa[ a[qejsun A[resrdooisty 9
Jo sarnyeay [eorSofoysty Surreaq syuaryed Jo e1as ay} UI E-AM M.M\MHH{%MMM W/Mmmwa%vﬂw\ﬁa m-mwﬁ% SUOISA 101 [1%] Te 30 Yostpd
19431y a19M -] pue ‘0 IT- Y- I- ) ) ) ) snewoydwdse ayqels A[eordooyst
sy 8-1IP ANL T-dINLL Z-dININ ‘T-dININ ‘¢-dININ T-dINIAL “T-dINTAT JO S[PAS] WnIag 1qeIs ATl [0ISTY Lg
9seISIP
£3oroydiowr anbeyd xo[dwos ym pajerdosse urr}doaN urraydoaN 19118 1000100 9[qEIS YIIM Sjuaryed 701 [0%] Te 30 exordng
SISOU)s £19)1e prjores onewoyduwLse zor
syuaned
Aymiqejsur anbeyd jo sarnjeay yarm UorjeIO0SSE ON 7S Wnas = s stsoudjs A123e proze> uﬁchEMWM%MM 16¢ [6€] Te 1o swoIM
SISOU)S £19)Je P1joIed uﬁmEoEE%m </
Ayqeraumna ue -sy ‘undauodipe - UOBUSAIINL IPISLAOPU?
anbeyd jo sarmyesj o130703s1Y YIM pa Sw%%m : el NS mw uUm- :8 e A% E%H.u\/ To [eorgms Surofropun syusred 85 [8€] 'Te 30 oputys
143 1093 SLOO[OISTY UM poet €X1d HS- PANL 0TI §TT1 9711 SISOU9)s A19)1e prjored onewoydwLse gg
az1s anbeyd yum parerdosse sioIew A1ojeWIUIRU Eﬁomw.mw MMH.%HWWEESOU o«\w%usﬁ a8e Jo s1eak 0L a1om ‘Te 32 uossIapu
. [d (s pajer bl ) U1 Is1S21 UINSUL VINOH “PANL senpiatpur [y 4oams paseq-uogendog  O101  [SELTER puy
“IQTXQ ‘onel 1y/g upjordodijody
suaped s[o13u00 AyI[eay 7z
snewojdwAs ur 1oydy a1om ¢V00IS PUB 8V 00IS . . .
syuaned sewoyduids u 153Y81y PuUe SISOIAISOIIYF TIVOOIS PU® ‘6Y00IS ‘8V00IS sjuaned 181 [¥€] Te 30 seqqy
: : : sIS0U2)s A19)1e prjored aperd ydiy 651
proxed yim syuarjed ur JoySIy a19m S[PAI] ZTV00IS
stsATeue ojerreannuwr uodn onbeyd A1oyre S[[92 POO[q 2JIYM PUE JUNOD . .
P1OIED YILM PIILIOOSSE AIIM SJUNOD d)Lo0U0W AU 9)hoouowr ‘UaSourIqy TYD-SY ‘9-TI paseq-uoneindod pajoapes Auiopuey I [£2] T30 vewdey)
anberd jo aouasaid oy D spoauo> Ap[eay 9¢1C .
IM PaJeId0sse d1om udSouLIqy pue S[[o0 POO[q ATYA pue ‘uadouriqy Junod [25 pooyq MY suaped sisoudjs [ves [97] "Te 32 uas10ATeH
P paret : : : : A19118 prjoxeo onewoydwsse goze
SISOUD)S JO 22139p S[o1u0d AYI[eay 081
S} YIIM 2JB[2.1I0D PUE S[OTUO0D AYI[EY UT UBY[} SISOUD)S 9-TI PUe ‘T-INVDAS dUD-SY syuanyed 09¢ [s2] Te 32 Suigaq
ym sjuaned ut 10yS1y axe 9-] pue ‘-INVDAS TID-SY sIsoua)s £19)1e prjores onewoydusse og1
S[013U0d AJ[eay (¢
syuarjed onjewroydwidse ur ueyy syuaryed orpewoyduwiLs ur anin Apoquue 58] snpaoESmons-pue suaned
1oydiy axe YD pue ‘sajdoouour $a3400na[ Jo IoquInu . . . .
. ; ) ) Pue ‘Or'II pue 9-TI ‘Y11l “PINL SISOud)s L19)1e prjores snewo}dwis g¢ S6 [¥2] Te30 zng
uagouriqy 9- wINI, "dnois [oryuod a3 ur ueyy el ] . :
syuarjed ur 1oydiy axe YD pue Ysq ‘uaSouriqy ‘9-T1 uaBouLiqy QD WS Junod 23405037 suened
: : : : SISOU)s £19)1e prjored onewolduwsse 97
SINSAY SIIR syusneq N Ioymy

“SIN[TRWOIq AI0jetuteur SUBNOIID Y3m dIYSUOTIR[aI $)I PUE SISOIS[0SOIdYJE A19)Je PIJOIed Uaam)dq dIYSUOTI[I o) IIM PIUIIOUOD SAIPNIS UTRW Y} JO ATewrwing g 414V],



Mediators of Inflammation

sonuod Ayyreay ur uey) A-gvdd pue ‘6-dJINIA

SIONTBUI UOILAT}OR $3}400U0W

sjonuod Ayjeay gg
(onewoydwLse

OISO PO oy SO BINON ytuis  rp E6 TS0
pn J SULISYNS SJUSTY ] N I S[eA9T UOL gvdd pue 6-dININ prioxes SuroS1apun syuaned
unod[as-q syuanyed
19[ddo(q reruerosuery uo sjeuds SO[[OqUILOITW . .
s[qnyos ‘s3o1e3e[d uo suorssardxa SISOU2)s prjored onewro}dwihs A[Juaoar 91 oF [16] TE 30 1911
s syuaned UT pUNoOJ sem UI3d3[3s-J A[qn(os 1oySIE]
urpuodsoquioIy} pue urddds-q syuaryed sisoudys prjores onewojdwisse ¢
soyeSoi3de stoxuod Ageay o¢
syuanjed onewroydwiAs woay sajfoouowr aons snowaxd yim syuaned ¢z
sajfoouow-japere “sadeydoroewr €01 [68] Te 32
JO 90BJINS 3} UO JSYSIY I9M UNOI[AS-J Pue [-dS.L, - e UN[S- ¢ Sverm syuanyed
[-dSLP H9198-d “qIIAD vMS sIsoudj}s pryored onewojdwisse gf
punosenyn 1sjddo [erueIdsueI) Uo SUIAD SJUN0d syuanyed 1815 1SE
ST[OqUIOIDTUI JO 2OULINDD0 Y} Pajarpaid sprydonnaN safoouowr pue ‘sajhooyduwA] rydornaN sIsoua)s A19)1e prjoreds onewoldwss (9 09 (88] ‘T2 32 15eN
dn-mofjoj 1eak-o [e103 pue AmoiuoamuE:No MM‘MUUMVMMM siuaned €c8 (£8] Te 10 TakeN
Surmp Lerzow renosesorpred pajorpaid sprydonnaN ‘sprydoseq ‘sprydoursos ‘sprydoxman stsouo)s £19)1e prjored onewodwihs ¢68
dn-morjog
110405 23o11S Teak-§'§ ‘syuanyed axoxs BMNM MWM
2Jnoe 3y} UI AJI[eJIOW IR[NOSBAOIPIED YIIM PIJRIOOSSE PIOV Stsouats ropre priores uu,mEoE:&.m © 192 [£2] e 10 WIOH
pue syuanjed o13019[ds01aYYe Ul 10ySIY seM FJg Vi
syuaned
s1soua)s £19)1e prjores onewojdufse gz
s1993un[oA AYjeay ur LINT . . ]
s pue - s1a9)unjoA Aye RERSLA (]
PIIOIED iM PaYE[RLI0D TIPS PUe “THOL TH-TAT TAIPS PU® “TIDL TI-1AT wunjoA Ayi[eay 961 9<T [S9] Te 32 eieIoN
onberd a3 urym £1a130® L1032 TITURTIUT Awoyda191IepUd
16 91} UTTRIM AJIAT vt JID-sY P 091 [85] Te 30 ueUyNID
IIM 9JR[21I00 JOU PIP JYD-SY JO S[OAS] POO[g pnoxes Surodropun syuanyed 091
[IVd PUe Y d.I, pPHOIed Usamiaq ¢ <
D] £19)1e PrjoIed YIIM PaIR[aII0d ¢-JIATA JO S[oAT HqG dHO-S 6-dININ "€-dININ SISO Al J SULRPNS Ty
JU2Was PaseasIp Jsou sj1 ur JdD-sY 9seISIP 815 T
Y.L DA A1911€ PrjoIed dureseq YIm pajedriod 9-| pue -y urajordodrjode 7y 14dT ‘9-11 A19178 £1eU00100 9[qe3s YIm syuaried ¢l OeT [95] "1 32 ruey
Tuaas Paseastp 150U $I1 Ut Yg ., DI 419118 6"dININ PUE "£-dININ T-WVOAS a58aSTP
TINVOIS ‘UNI3[3s-4 3[qN[0S ‘UIIAs- 0€I  [SS] Te 32 usprooAuaAIN(
prjoIed dur[aseq YIm paje[ariod aseprxorddoadur A[u0 . . J K12y1e L1U0100 3[qRIS YIM sjuaryed O¢T
a[qN[0s ‘9-T[ TYD-sY @seprxorodoAy
syuaned srjewoydwiAs s[onuod Ayj[eay ¢
ur sanjea 3saySIy YIIm ‘S[o1u0d AYI[eay Ul UeL) SISOUD)S L-dINN syuanyed S0¢ [2S] Te 30 seqqy
A1311e prjoxes yym syuaned ur 10ySiy sem /-JININ s1s0U2)s 1)1 prjores onewoydwise zgy
syuaned
syuanjed onewoydwiAs ur 10y31y sem gOVYS HOVYS SIS0URs 419116 PROIED u:aEBmM_MMm 6¢C [16] T8 10 wISRg
SISOU2)s 19)Je PrjoIed uEmEBm:bmm 61
xe3nJ SISOIMeWe Ul ULy} SOYOI)S pue ——— I ns syuaned 815 UOS
SYLL U 30481y a3om ([[I-IDN Vs pue (-Dyvans DA VA" PUe (ITIAVAnS (-4 vd stsouajs Aoy proxes opewoydurds goz ¢ [os] o3 uosIO
syuanyed
UONeWIWIER[JUI
stsoua)s apers ydry onewoyduwLse o/ .
J0 suSis [eo130[03STY JOYSIY [IIM PIJR[21I0D qvdns Suoned 791 [6%] Te 32 Ip1oJspa
pue sjuoned onewoydwAs ur 10yS1y sem Yydns s160U215 12108 prioTes spewiodur s 76
s)nsay SID[ICIA syusneq N Ioymy

‘panunuoy) g 414V],



% 10)do0a1 I[-[[03 HY LI ‘10308] YIMOIS [RIYIOPUS Je[NISEA (DT A ‘YISUa] a10w0[d) 21400NI 1T *S[[22 Ieappnuouow poo[q resoydrrad :DNFJ 4 101dadarx pajeanse-1ojersyrjord swosrxorod
A vdd 1 utpuodsoquioayy :[-dS1,  uryoxd Surpuiq poe Ajej Hpdg v 1T osuop [[ews (TIPS ‘sumjordodi] you-apriooA[Suny (YD1, suoneyeo) aanePI TAT Y- 1AT oyqryur sojeande usSourwserd :[1vd
7y asedijoydsoyd pajernosse-urejordodi] :zyTdd ©O[noo[owr UOTSIYPE Je[N[[22I9UT A[qN]0S VIS ‘s1onpoid pua uones[3 pasueape jo 10)dedarx ajqnios :FHyys 103dadar 10jeanse usdourwserd aseunyjoin a[qnos
M VANS {Y projure wniss 1y y§ saseura)ord XLew Jo 10J1qryur ansst :dIA LI, oseurajordofeawr xrnew (g ‘g-urxenuad :¢X 1. d surdjordodi A3isuap-mof jo sauarp pajedn(uod aureseq (qT- D4 HUSWISSISSE [opowt
s1se)s0awWoY :YVINOH ‘sutajordodiy paziprxo @ TXQ [NI[OW UOISIYPE [[90 Je[NISBA [QN]OS AV AS SUD[NS[INUI ] £0 I0J0LJ SISOIOU JNOWN) 0N [, ‘U1101d 9A1II-D) : 0¥ D) ©9IeT UOTIBIUIWIPIS $9)AD0IYILID ST

Mediators of Inflammation

uonezire[noseaodu anbeyd a1oass
UJIM PIJBIDOSSE JIOM PUE A PUE SISOU)S PrjoIed

a1, pue 4103dada1 9-1 “PYL JO
uorssadxa aoeyIns 1Y) pue sajfoouowr

STOTITOD DTWIB[0I)SA[0YPIadAT] 0F
9%0S> JO SISOU)S

JIM PAJE[AII0D $LO0UOW +TYDD—-9ITAD++FIA . ue eurdue a7qe)s YIm syuaned oF 0zl €T1] 'Te 30 pesadre(
P .%mocoum proIed woiy mWWo&:m mcoﬁmm mw +NMUU+©R.HU ++y1dO pue "~T40D Mcmﬁmm memMN u?wum pUE SISOUd)S e
$19sqQNs $9)AD0UOT [[& UT PAYDLIUS dIOM 3L, PUe HI 1], FHOIAD+YIAD + TADD-91AD ++¥1AD pnores onewojdwdse (905<) 210438 OF
UOTJBZLIB[NDSBAOU JO 92139P ) £3o10381Y
IIM PIIB[2II0D PUe AJIIQRISUT JO $2IN)EIJ [e1S0[0ISTY IDTA £q pauTurIalop SUOTSI S[qeIsun g7 96 [211] ‘T8 30 YasT[d
qm sanberd Surreaq syuanyed ur 1oySiy sem JHTA £S0701sTY Aq PaUTWLIAIAP SUOTSI] A[qQEIS 87
uorjezire[noseAoau anberd pauruiayop Awoyoa1ayrepud .
A[[eo130[03STY YIIM P2IR[1I0D 9FI (D) 2[qN[OS OVIAD 1AMOS pnoxes uroSropun syuoned of o7 (] e 32 vey
sa1£00u0W S[[92 +9TAD+FIAD .
LI Y}M PaIRIDOSSE 21oM $3}400U0W +91(D PUE “4OIAD+HTAD —OIAD++H10 s12apun[oA AYI[EaY 779 779 [901] Te 32 Adde30y
NI S[[92 AToWaW 1030359 .
IIm pajerdosse A[SUor)s a1om S[[ad ATouraur houuuw@ 1 - umuu+Ommvmom§mwmu+wDU+WD% s2lqns Buia 224 €81 81 [<01] Te 32 pentTy
S[[92 I, 2AIeU unenoin S[[20 I (A1owawr) +Q¥STAD+¥AD .
TR p— Emﬁbou b&ﬁ«w@h o I vas ?%EW Jadmgipns Apmis ySIIN 23 ut syuedonaed 716 716 [¥01] 'Te 32 uos|O
dyo-sy pue
LINT Y3m pojerdosse sem OI-dINIA “10J0e] PUBIGI[IM UOA ‘9-T] ‘Uaoutiqy spalqns Aqreay 00% 00% [€0T] & 329910
OI-dININ PU® ‘6-dININ ‘T-dININ
TLINI Y31 9J8[21102 0} UMOYS SeM (O-SY QIOSU e o sieak < mwwmw mmmwwmmmm 260 [201] ‘T 10 WO az[nips
SJUIAD JB[NOSLAOIPIED JO DUILINIIO0 . Aprus ST 24 wouy syuared goy g0/ (£6] Te 1o moSeeq
o) pue TINT UM PIIR[21I0D A[9SIoAUT Sem TIT : :
ayo:s jo
YSLI MOT © 10TpaId 0) UMOTS 9T9M S[[22 d +0FAD+6TAD Junod Apmys oIy 9} WOIJ 110T[0D .
"2301)$ JO YSLI 3} PUE SISOUD)s AId)Ie P1JOIed JO 22139p S[[92 g +98AD+6IAD PUB +0FAD+6IAD TE[NOSBAOIPILD () WOIJ $193(qns (0, 002 [v6] 'Te 30 tueauery
1) YITM 2JR[O1I0D 0) UMOYS dIOM S[[3D g +98D+6IAD
JLIAT YJIM P2I[1I0D I S|OIIUOD sjonuod A)[eay 507
Aq)TeaT] U] 'STSOISOSOIaYJE PTJ0OIed WOI) Juriagns DINGd ut uorssaxdxa y2qD Auro}oa19)IepUD GLT  [€6] Te 1 BIMUIA-UNIRIA
syuanjed jo DINGJ ut 12ySIy sem uorssaxdxa $£dD pnoxes urogropun syuaned (,
S)NSNY SIMNIRIA sjuaned N Ioyny

10

‘panunuoy) g 414V],



Mediators of Inflammation

artery segment was shown to be significantly reduced after
6 months of Dalcetrapib, which modulates cholesteryl ester
transfer protein activity to raise high-density lipoprotein
cholesterol [120].

9. Conclusions

Carotid atherosclerosis is highly prevalent in the general
population and exerts a high toll in terms of disability and
mortality. Currently, the therapeutic management of carotid
plaques strongly relies on the severity of stenosis as the
primary guide for choosing the appropriate intervention.
However, this approach has proved largely unsatisfactory [11].
Inflammation is a basic pathogenic element in the develop-
ment of atherosclerotic disease and in its manifestation [53].
The detection of the inflammatory and immune profile of the
patient may lead to a better stratification of asymptomatic
patients, but also of patients at risk for stroke recurrence [121],
beyond the simple evaluation of stenosis. In particular, master
cytokines such as IL-6 and TNF« were shown to reliably
predict the presence and the characteristics of the plaque,
while novel markers such as the members of the MMP family
appear to be implicated in its destabilization. Inflammatory
biomarkers may also provide a tool to longitudinally follow
patients in order to assess their response to therapy, allowing
a better selection of appropriate strategy on the path towards
personalized medicine. Table 2 provides a summary of the
studies concerned with the association between inflamma-
tory biomarkers and carotid atherosclerosis while Figure1
graphically recapitulates the relation between biomarkers and
carotid plaque evolution and complications.
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