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Abstract Stroke is among the major causes of mortality
and disabilities in the world. About 80 % of all strokes in
the anterior circulation are ischemic and up to 20 % of all
ischemic strokes are caused by extracranial atherosclerotic
carotid artery stenosis. The prevalence of a cervical inter-
nal carotid artery stenosis increases with age and can be
found in 6.9 % of the elderly population (>65 years).
Atherosclerotic changes of the carotid vessel wall can lead
to plaque vulnerability and may result in arterio-arterial
embolism, which frequently underlie carotid-related cere-
brovascular ischemic events. Carotid atherosclerosis is
characterised by inflammation, extensive degradation of
extracellular matrix components, neovascularization, and
as recently recognised is also affected by epigenetic
changes. These factors accelerate the progression of ath-
erosclerosis towards vulnerable plaques and increase the
risk of ischemic stroke. In this review, the main patho-
physiological mechanisms leading to rupture-prone carotid
artery plaques and successive ischemic stroke are consid-
ered. It is important to recognise the heterogeneity of
atherosclerosis and that various pathophysiological pro-
cesses dissected in this review are not acting individually,
but rather in a complementary manner. The identification
and careful integration of all relevant factors will be
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required for the development of future diagnostic and
therapeutic strategies.
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Abbreviations
ADAM A disintegrin and metalloprotease domain

ADAMTS  ADAM-related metalloproteases with a
thrombospondin domain

AGEs Advanced glycation end products

Ang-1, -2 Angiopoietins-1 and -2

CEA Carotid endarterectomy

CKD Chronic kidney disease

DM Diabetes mellitus

ECM Extracellular matrix

Eph Ephrins

FGF Fibroblast growth factor

ICA Internal carotid artery

HDL High density lipoproteins

HIF-1 Hypoxia-inducible growth factor

IL Interleukin

INF-y Interferon-gamma

LDL Low density lipoproteins

oxLDL Oxidised low density lipoproteins

LDL(-) Electronegatively charged low density
lipoproteins

MP Metalloprotease

MMP Matrix metalloprotease

PDGF Platelet-derived growth factor

PGs Proteoglycans

RAGE AGE receptor
TNF-« Tumour necrosis factor-alpha
VSMCs Vascular smooth muscle cells
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VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
Introduction

Stroke is among the major causes of mortality and per-
manent disabilities worldwide, accounting for at least 5.5
million deaths and over 44 million disabilities every year
(Mukherjee and Patil 2011). In Germany, stroke was found
to be the most common manifestation of cardiovascular
disease with 6.1 % of all cases of death in 2010. Moderate
to high grade extracranial carotid artery stenosis (>50 %)
can be detected in 1-3 % of all adults (Eckstein 2012).
With ageing (>65), the mean prevalence increases up to
6.9 % (Eckstein 2012). Ruptured plaques, embolised
thrombotic material, and acute carotid occlusions are
responsible for cerebral ischemia initiating ischemic stroke.
This cerebrovascular event leads to a loss of brain function
and is often accompanied by the permanent damage of
neuronal cells due to the lack of blood supply caused by
obstruction of brain vessels either by thrombosis (local
obstruction) or by embolism (obstruction from elsewhere).
About 80 % of all strokes in the anterior circulation are
ischemic and at least 20 % of the ischemic strokes are
caused by carotid artery atherosclerosis (Rothwell 2000
Mughal et al. 2011; Eckstein 2012).

Atherosclerotic changes within the vessel wall of the
internal carotid artery can lead to plaque vulnerability,
which constitute the main reason for carotid-related cere-
brovascular ischemic events (Rothwell 2000; Virmani et al.
2006; Pelisek et al. 2009; Heider et al. 2009). Athero-
sclerosis is commonly described as a chronic inflammatory
disease of the vessel wall, characterised by lipid accumu-
lation, inflammation, and extensive degradation of
extracellular matrix components (Stary et al. 1992, 1994,
1995; Newby et al. 1994; Newby 2005; Libby et al. 2009).
Furthermore, neovascularization, and disease often asso-
ciated with atherosclerosis, such as diabetes mellitus (DM)
or chronic kidney disease (CKD), and as recently recog-
nised also epigenetic changes markedly contribute to
disease progression and vulnerability (Turunen et al. 2009;
Lund and Zaina 2011; Pelisek et al. 2010, 2011, 2012a, b).
In this review, we focus on the main pathophysiological
mechanisms leading to rupture-prone carotid artery plaques
and consequent ischemic stroke.

Vulnerable Plaque

Atherosclerotic plaque development is a rather slow pro-
cess and can take several decades. Early atherosclerotic
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plaque formation is initiated by the sub-endothelial accu-
mulation of lipids, cholesterol, and other blood components
within intimal layer of the vessel wall. Modified LDL,
especially oxidised LDL (oxLDL) and often coined “bad
cholesterol”, is well known to be associated with the onset
and progression of atherosclerosis. OXLDL induces the
expression of various adhesion molecules on ECs and leads
to the recruitment of monocytes into the intima of vessel
wall. Furthermore, oxLLDL is taken up by macrophages via
scavenger receptors, resulting in transformation of these
cells to macrophage-derived foam cells (Ross 1999).
OxLDL in addition stimulates the migration and prolifer-
ation of SMCs and increases the production of reactive
oxygen species, which in turn further facilitate athero-
sclerosis by augmenting inflammation (Shen et al. 2001).
In addition, Avogaro et al. (1988) found a sub-fraction of
electronegatively charged oxLDL (Chen et al. 2003; Lu
et al. 2009; Mello et al. 2011), subsequently termed min-
imally oxidised LDL or LDL(—), based on their electric
mobility. Similar to oxLDL, also LDL(—) is increased in
patients with hypercholesterolemia, diabetes mellitus, and
coronary artery disease (Fabjan et al. 2001; Tomasik et al.
2003; Mello et al. 2011). The role of LDL(—) seems to be
complex and includes activation of inflammatory and
immune responses, which promote the progression of ath-
erosclerosis. The accumulation of lipids is tightly
correlated by endothelial dysfunction, infiltration of
monocytes, and immigration of other inflammatory cells
(Libby et al. 2009; Halvorsen et al. 2008). These processes,
together with an activation of vascular smooth muscle cells
(VSMCs) and their excessive production of extracellular
matrix (ECM) in the arterial wall, result in vessel wall
thickening and a usually asymmetrical narrowing of the
vessel. Although mainly affecting the intimal vessel wall
layer, as also outlined in the definition of atherosclerosis
(American Heart Association) (Stary et al. 1992, 1994,
1995), also media and adventitia are critically involved in
disease development and progression (Rey and Pagano
2002; Langheinrich et al. 2007). While early atheroscle-
rotic lesions mainly consist of an excess of lipids,
cholesterol, and ECM components, especially collagen I
and III, elastin, and progeoglycans (PGs), and initially
encompass a thickening of the vessel wall without any
vessel narrowing, an extensive vessel wall remodelling and
a proteolytic degradation of ECM, and lumen narrowing
occurs at later stages. Inflammatory processes within the
plaque together with infiltrated leukocytes and activated
macrophages have been shown to be involved in driving
lesion progression and contributing to plaque vulnerability
(Halvorsen et al. 2008; Libby et al. 2009). On this account,
e.g. endocannabionic signalling is often triggered as a
response to inflammation and its deregulation may con-
tribute to the development of atherosclerosis (Montecucco
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et al. 2012). In addition, the majority of atherosclerotic
lesions are vascularised by a large network of small vessels
that originate from vasa vasorum of the adventitia
(Langheinrich et al. 2007; Pelisek et al. 2012a, b). These
neovessels play also an important role in plaque growth
and can likewise contribute to plaque instability (Virmani
et al. 2005; Chen and Walterscheid 2006; Sluimer and
Daemen 2009; Di Stefano et al. 2009; Pelisek et al. 2012a,
b). Finally, epigenetic changes have recently been associ-
ated with cardiovascular disease and atherosclerosis (Dong
et al. 2002; Egger et al. 2004; Ingrosso and Perna 2009;
Turunen et al. 2009; Bayarsaihan 2011; Radford et al.
2011).

In the literature the terms “vulnerable plaque” or “rup-
ture-prone plaque” are frequently used in order to define the
pathophysiological mechanisms leading to plaque instabil-
ity. Plaque vulnerability was first mentioned by Muller and
Tofler (1992), describing an atherosclerotic plaque that
became “vulnerable to rupture”. Naghavi et al. (2003a, b)
describe “vulnerable plaques” to define lesions susceptible
to complications. Furthermore, the alternative term “high-
risk plaque” has recently been proposed. So what do we
know about the criteria that specify a rupture-prone plaque,
and how is its morphology? Virmani et al. defined coronary
artery plaques to be vulnerable if atherosclerotic lesions
with large necrotic/lipid cores were covered by a “thin
fibrous cap” of less than 65 pum (Burke et al. 1997; Virmani
et al. 2000). This definition was deduced from histological
analyses of 41 ruptured plaques, in which 95 % of the
fibrous caps measured <64 pm and the mean plaque thick-
ness was 23 £+ 19 um (Burke et al. 1997). Vulnerable
plaques were furthermore characterised as follows: (1) thin
fibrous cap with an extensive loss of smooth muscle cells
and extracellular matrix within the cap, (2) fibrous cap is
usually overlying large necrotic/lipid core, (3) atheroscle-
rotic plaques compose often of haemorrhage and/or
calcification, (4) intraplaque neovascularization is abun-
dant. Naghavi et al. (2003a, b) on the other hand recommend
that all thrombosis-prone plaques and plaques with high
probability of undergoing rapid progression should be
defined as “vulnerable”. The authors furthermore propose
to also classify vulnerable myocardium as ischemic or non-
ischemic, and with or without atherosclerosis-induced
myocardial damage. The outcome of these entities
after plaque rupture seems to be mainly determined by
the autonomic nervous activity and by the form of
cardiomyopathy.

Results derived from the analyses of coronary arteries,
however, do not necessarily apply to other atherosclerotic
vessels such as the carotid artery. On this account, Red-
grave et al. (2008) performed a detailed histological
analysis of 526 carotid plaques of symptomatic patients
undergoing carotid endarterectomy (CEA) and determined

the thickness of the fibrous cap in correlation with plaque
rupture. In the ruptured plaques, mean cap thickness was
observed to be 300 um, with a minimum cap thickness of
150 pm. For non-ruptured plaques, cap thickness averaged
500 pm and 250 pm, respectively. In consequence, the
optimum cut-offs to discriminate between ruptured and
non-ruptured plaques were set at <200 um for minimum
cap thickness and <500 pm for mean cap thickness.
Interestingly, these values were much greater than the cap
thickness reported for coronary plaques. Combining the
both pioneering works of Virmani et al. and Redgrave
et al., we propose to define vulnerable carotid plaques as
atherosclerotic lesions with a thin fibrous cap of <200 pm
overlying large necrotic/lipid core, which often contain
intraplaque haemorrhage and/or calcification and neovas-
cularization. In addition, an extended term “cardiovascular
vulnerable patient” is proposed, which integrates both in-
traplaque and systemic factors to assess the cumulative risk
of cardiovascular events, including various serum markers,
lipid profile, state of inflammation, and changes in coagu-
lation (Naghavi et al. 2003a, b; Montecucco et al. 2010).
Such a composite risk score may be most suitable for
approaching risk stratification.

Nevertheless, the question still remains: what patho-
physiological mechanisms lead to plaque vulnerability?

Inflammation

Inflammation has been recognised as a crucial force driving
the development and progression of atherosclerosis
throughout all stages (Ross 1999; Halvorsen et al. 2008;
Libby et al. 2002, 2009; Weber et al. 2008; Hansson 2005;
Plutzky 2003). The onset of atherosclerosis is initiated by
endothelial dysfunction and induction of inflammation,
accompanied by the increased expression of adhesion
molecules that trigger the recruitment of leukocytes to the
vessel wall. Recruited inflammatory cells, but also cells of
the vessel wall, produce a plethora of different cytokines,
chemokines, adhesion molecules, and perpetuate leukocyte
accumulation (Hansson 2005, Weber et al. 2008; Zernecke
and Weber 2005, 2010; Zernecke et al., 2008). E.g. TNF-«
produced by endothelial cells, smooth muscle cells, and
macrophages stimulates the synthesis of plethora of other
inflammatory factors (Sundstrém and Vasan 2006; Ferri
et al. 2006). IL-8 (CXCLS) contributes to the recruitment
of different leukocyte subsets and can furthermore amplify
inflammation by the induction of IFN-y secretion (Zer-
necke et al. 2008). While monocytes and macrophages
constitute the predominant cell population in atheroscle-
rosis, also other inflammatory cells, such as T and B cells
and dendritic cells accumulate in atherosclerotic lesions.
Besides these cells, also neutrophils can be detected within
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unstable lesions and were identified at sites of plaque
rupture (Naruko et al. 2002). The functions of neutrophils
in atherosclerotic plaques encompass endocytosis of cell
debris and the secretion of proteolytic enzymes such as
elastase, myeloperoxidase, and neutral endopeptidase.
These enzymes may further contribute to plaque vulnera-
bility by degrading ECM and modulating inflammatory
responses. In line with this notion, Naruko et al. (2002)
observed neutrophil infiltration to be actively associated
with acute cardiovascular events, and suggested that the
presence of neutrophils points to differences in the under-
lying pathophysiology of ruptured plaques. The secretion
of pro- and anti-inflammatory cytokines and modulation of
specific immune mechanisms further contribute to the
disease development (Weber et al. 2008; Hansson and
Hermansson 2011; Manthey and Zernecke 2011). Many of
these pro-inflammatory mediators, including various
interleukins, interferon (IFN)-y, and tumour necrosis factor
(TNF)-o are powerful stimulators of multiple responses in
vascular- and atheroma-associated cells (Libby 2002; Plu-
tzky 2003). We have demonstrated increased levels of
TNF-o and IL-8 in blood of patients with vulnerable car-
otid plaques in comparison to the stable carotid lesions.
Furthermore, a strong correlation between levels of IL-8 in
blood and the accumulation of macrophages within carotid
artery plaques in these patients was observed (Pelisek et al.
2009). In addition, we have also noted that in human ath-
erosclerotic aneurismal specimen activated inflammatory
cells, especially macrophages are able to synthesise various
matrix metalloproteases (MMPs), thus directly contributing
to the proteolytic destabilisation of vessel wall (Reeps et al.
2009).

Degradation of Extracellular Matrix

Degradation of extracellular matrix components, particu-
larly by MMPs, together with the above mentioned
inflammatory responses, are the main forces driving plaque
progression towards rupture (Newby et al. 1994; Newby
2005; Virmani et al. 2006). MMPs proteolytically degrade
the basement membrane around VSMCs, promoting a
change from the quiescent/contractile to the proliferating/
synthetic phenotype. These VSMCs can then also migrate
from the media into the intima and start to produce new
ECM components. This process can be seen as an adaptive
repair response to inflammatory stimuli acting in the vessel
wall (Hansson 2005; Virmani et al. 2006; Libby et al.
2009).

ECM consists of proteoglycans (PGs), collagen, and
elastin. PGs build large molecule complexes, which in the
vessel wall mainly constitute of hyaluronan, versican,
chondroitin sulphate, dermatan sulphate, heparan sulphate,
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biglycan, and perlecan (Labat-Robert et al. 1990; Kinsella
et al. 2004; Kunz 2007). Important functions of vascular
PGs are the regulation of permeability, interactions with
other ECM components, influence on cell behaviour, and
steaming of mechanical pressure (Kunz 2007). Elastin and
several collagens, especially types I and III and to less
extent also types IV, V and VI (Murata et al. 1986), ensure
the elasticity and stability of the vessel. All these ECM
components are synthesised predominantly by VSMCs.
Hence, VSMCs, their viability and synthetic potential are
essential for the maintenance of vessel wall integrity.
Ezymatic proteolysis of ECM by extracellular proteases
is an important pathophysiologic process in tissue repair,
chronic inflammatory diseases, and atherosclerosis. Espe-
cially metalloproteinases (MPs) play a crucial role in these
pathophysiological processes. There are three classes of
MPs (Table 1): (1) matrix metalloproteinases (MMPs) that
have already been recognised to contribute to plaque vul-
nerability and rupture (Galis et al. 1994, 1995; Halpert
et al. 1996; Nikkari et al. 1995; Newby et al. 1994; Newby
2005; Loftus et al. 2000; Formato et al. 2004; Garcia-
Touchard et al. 2005; Dollery and Libby 2006; Lemaitre
and D’ Armiento 2006), (2) the ADAM family of metallo-
proteases (a disintegrin and metalloprotease domain)
(Millichip et al. 1998; Seals and Courtneidge 2003; Sahin
et al. 2004; Blobel 2005; Roy et al. 2006; Mochizuki and
Okada 2007; Duffy et al. 2009; van Goor et al. 2009), and
(3) the ADAMTS family of ADAM-related metallopro-
teases with a thrombospondin domain (Tang 2001; Apte
2004; Porter et al. 2005; Wight 2005; Jones and Riley
2005; Roy et al. 2006). MMPs and ADAMTS are secretory
proteases; ADAMSs are cell surface bound proteolytic
enzymes termed sheddases. Currently at least 25 MMPs are
described, of which 14 have already been detected in the
vessel wall (Newby 2005; Dollery and Libby 2006;
Lemaitre and D’Armiento 2006; Heider et al. 2009).
According to their substrate specificity and structure,
MMPs can be divided into several subgroups including
collagenases (MMP-1,-8,-13), gelatinases (MMP-2,-9),
stromelysins (MMP-3,-10), matrilysins (MMP-7), mem-
brane-type MMPs (MMP-14,-15,-16,-17) and others
(MMP-11,-12). Dollery and Libby described expression of
MMP-1, -2, -3, and -9 in shoulder regions of carotid pla-
ques associated with macrophages (Galis et al. 1994, 1995;
Dollery and Libby 2006). Nikkari et al. (1995) localised
MMP-1 within intraplaque haemorrhage, usually indicating
lesion instability. Other groups correlated levels of MMP-2
and MMP-9 with the inflammatory mediators IL-6 and IL-8
in carotid artery lesions (Dollery and Libby 2006). Higher
levels of MMP-9 were detected in unstable plaques and in
symptomatic patients following embolic stroke (Loftus
et al. 2000; Formato et al. 2004). Furthermore, a plethora
of MMPs were found in inflammatory cells within
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Table 1 Summary of metalloproteases that are potentially involved in atherosclerosis

Tissue distribution

Function and disease involvement

Ubiquitous, pathological remodelling,
tissue repair, vessel wall, heart, lung

Ubiquitous, vessel wall, heart
Ubiquitous, vessel wall, heart
Mucosal and exocrine gland epithelial

cells, vessel wall

Ubiquitous, remodelling, inflammatory
disease, vessel wall

Ubiquitous, vessel wall, heart

Macrophages, inflammatory cells
Granulocytes, monocytes, macrophages

Ubiquitous, somatic
Ubiquitous, somatic
Ubiquitous, somatic
Ubiquitous, somatic
Ubiquitous, somatic
Heart, placenta, liver, muscle, kidney,

aorta, colon, prostate, cartilage
Aorta, bone, skin, kidney, lung, liver,

muscle, cartilage
Placenta, lung, brain, heart, skin,
Bladder, brain, heart, muscle, uterus,

Bladder, cervix, placenta, uterus,

Lung, heart, placenta, brain

Substrate
MMP-1 Collagen I, II, III, VII, VIII, X, gelatin,
fibronectin, versican, perlecan
MMP-2 Collagen I, IV, V, VII, X, XI, gelatin, elastin,
fibronectin, aggrecan, versican, laminin
MMP-3 Collagen II, IV, IX, X, gelatin, elastin,
fibronectin, laminin, perlecan, versican
MMP-7 Collagen [, II, III, IV, V, X, gelatin, elastin,
aggrecan, laminin
MMP-8 Collagen [, II, III, V, VII, VIII, X, gelatin,
aggrecan, laminin
MMP-9 Collagen IV, V, VII, X, gelatin, fibronectin,
laminin, versican
MMP-10 Collagen III, IV, V, gelatin, fibronectin,
laminin
MMP-11 Laminin, fibronectin Embryonic tissue
MMP-12 Elastin, fibronectin, laminin
ADAMS Myelin basic protein, CD23
ADAM9 HB-EGF, fibronectin, gelatin, collagen XVII,
(TNFa)
ADAMI10  HB-EGF, TNFa, Notch, ephrin-A2, delta L1,
collagen IV and XVII, gelatin, e-cadherin
ADAM1I2 HB-EGF, IGF binding protein, gelatin, coll IV,
fibronectin
ADAMI15  Collagen IV, gelatin, CD23
ADAM17 TNFa, HB-EGF, Notch, Fas lig., fractacline,
L-selectin, TNFRI and II, IL-1RII, IL-6R
ADAMTSI  Aggrecan, versican, brevican/inflammatory
response, anti-angiogenic
ADAMTS2 Procollagen I, I and III
ADAMTS3  Procollagen II (and I)
cartilage
ADAMTS4  Aggrecan, versican, cartilage matrix protein,
fibromodulin, decorin, transferrin cartilage
ADAMTSS5 Aggrecan
cartilage
ADAMTSS  Aggrecan/anti-angiogenic
ADAMTS9  Aggrecan, versican

ADAMTS13 Von Willlebrand factor

Heart, placenta, lung, muscle, kidney,
pancreas, colon

Kidney, brain, liver, muscle, heart,
cartilage

Atherosclerosis, aneurysm, breast cancer

Cardiovascular disease, myocardial
infarction, aneurysm

Atherosclerosis, myocardial infarction,
aneurysm, cancer

Colorectal cancer, atherosclerosis
Atherosclerosis, aneurysm, breast cancer

Atherosclerosis, myocardial infarction,
aneurysm, cancer

Various carcinomas, wound healing

Embryonic development, wound
healing, various carcinomas

Aneurysm
Leukocyte infiltration, atherosclerosis

Sheddase, migration, breast cancer,
atherosclerosis

Sheddase, cell fate, cancer,
neuroblastoma

Sheddase, myoblasts fusion,
atherosclerosis

Cell—cell binding, neovascularization,
prostate cancer, atherosclerosis

Sheddase, breast cancer

Antiangiogenic, stabilising tissue, colon
and pancreas cancer, atherosclerosis

Stabilising tissue, arthritis
Stabilising tissue, arthritis

Antiangiogenic, stabilising tissue

Stabilising tissue, embryonic
development, breast cancer

Breast carcinoma

atherosclerotic lesions (Dollery and Libby 2006, Reeps
et al. 2009). However, the patterns of MMP expression
vary markedly. MMP-7 and -12 occur along the perimeter
of the lipid core and are adjacent to but not associated with
cells of the fibrous cap (Labat-Robert et al. 1990; Dollery
and Libby 2006). In contrast, MMP-1,-2, and -9 are
localised predominately within the plaque shoulder and
fibrous cap. We have observed an increased expression of

MMP-1,-2,-3, and -9 in human carotid lesions (Pelisek
et al. 2009, 2012a, b).

The ADAM family of metalloproteases is involved in
various biological functions including cell adhesion,
migration, activation of cell surface markers, and proteol-
ysis (Seals and Courtneidge 2003; Blobel 2005; Roy et al.
2006; Duffy et al. 2009). Twenty-nine human members
have been identified to date, many of them with so far
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unknown functions (Seals and Courtneidge 2003).
ADAMI0 and 17 have been shown to activate TNF-«
(Sahin et al. 2004; Blobel 2005; Roy et al. 2006). ADAMs
are also able to degrade ECM components (Millichip et al.
1998; Sahin et al. 2004; Mochizuki and Okada 2007; van
Goor et al. 2009; Duffy et al. 2009). However, still very
little is known about the function of ADAMs in athero-
sclerosis. We have observed a high expression level of
ADAM 8, 9, 12, and 15 in the vessel wall of diseased
carotid arteries but also in the healthy vessels (J.P.,
unpublished observation). Thus, ADAM proteases seem to
be involved also in normal vessel function.

Nineteen members of the family of ADAMTS of me-
talloproteases have been so far identified (Tang 2001; Apte
2004; Porter et al. 2005; Wight 2005; Jones and Riley
2005; Roy et al. 2006). Of these proteolytic enzymes
ADAMTSI, 2, 3, 4, 5, 8, 9, and 13 are supposed to be
expressed within the vessel wall. Most ADAMTS are able
to degrade proteoglycans, especially aggrecan and versi-
can, but ADAMTS2 and 3 are, e.g. also able to digest
procollagen I, II, and III (Porter et al. 2005; Jones and
Ripley Jones and Riley 2005We have observed a relatively
low expression of ADAMTS in carotid arteries, compared
to the expression of ADAMs and MMPs (J.P., unpublished
observation); the role of ADAMTS in atherosclerosis
remains to be elucidated.

Regarding the role of proteolytic enzymes in vessel wall, it
is to mention that these proteases are not only the “villains”
attacking and destroying the vessel wall. They are also ben-
eficial and necessary for normal artery function, e.g.
responsible for degradation of ECM components surrounding
the cells, enabling their proliferation and migration. The
migration of cells through the ECM is likely the major
function of MMPs (Dollery and Libby 2006). MMP-2 and -9
facilitate migration of VSMCs, MMP-1 promotes cell growth
and invasion and is playing an important role in tissue
remodelling (Thakore et al. 2007; Pelisek et al. 2009). MMP-
7 and partially MMP-3 are the most active enzymes
degrading proteoglycanes (Lemaitre and D’ Armiento 2006;
Pelisek et al. 2009). Furthermore, MMP-1,-3, and -9 are
abundantly expressed in diseased vessels, especially in ECs,
VSMCs, macrophages, and other inflammatory cells (Reeps
et al. 2009). In contrast, MMP-2 is produced mainly by
VSMCs (Reeps et al. 2009). MMPs have been so far impli-
cated in intimal thickening (increased ECM synthesis and
deposition) and plaque rupture (ECM degradation). During
plaque progression, an increased expression and activity of
MMPs occur, in consequence leading to an increased deg-
radation of ECM. This is in imbalance with the production of
new ECM components, especially within the fibrous cap. Of
note, in contrast to predominantly VSMC-driven synthesis of
collagen, almost all cells within the atherosclerotic plaque,
including macrophages and other inflammatory cells, are able
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to express and release proteases (Reeps et al. 2009). In
addition, in high grade carotid artery stenosis, reduced
numbers of VSMCs are being observed, and some MMPs,
such as MMP-7, have been also involved in the induction of
VSMC apoptosis (Clarke et al. Clarke and Bennett 2006a,
Clarke and Bennett 2006b; Williams et al. 2010; Pelisek et al.
2011).

In consequence, the production of ECM components is
continuously decreasing, whereas a high activity of prote-
olytic enzymes degrading ECM is maintained or even
increased during the progression of atherosclerosis. These
pathophysiological mechanisms inevitably lead to plaque
vulnerability, rupture, and thus can finally result in ische-
mic stroke.

Neovascularization

The majority of atherosclerotic plaques are vascularised by
a large network of small vessels (Langheinrich et al. 2007).
These neovessels play an important role in plaque pro-
gression and stability (Carmeliet 2003; Virmani et al. 2005;
Chen and Walterscheid 2006; Sluimer and Daemen 2009;
Pelisek et al. 2012a, b). Neovascularization is induced by
hypoxia and ongoing inflammatory reaction within the
atherosclerotic plaque. Both biological processes can acti-
vate angiogenic factors such as hypoxia-inducible growth
factor (HIF-1), vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF), angiopoietins (Ang), ephrins (Eph), and
others (Heilmann et al. 2002; Shimizu et al. 2002; Car-
meliet 2003; Pelisek et al. 2004). In addition to the
formation of neovessels in atherosclerotic plaques from
pre-existing vasa vasorum, a processes termed angiogene-
sis, also arteriogenesis, which describes the growth and
widening of already existing vessels, occurs in parallel
(Schaper and Scholz 2003; Pelisek et al. 2004; Chen and
Walterscheid 2006). Both processes complement each
other to form and stabilise the newly developing vessels. In
healthy organs, angiogenesis is activated by VEGF and its
receptors VEGFR-1 and -2 (Heilmann et al. 2002; Cross
et al. 2003; Shibuya 2008; Ferrara 2009). Following the
onset of the first endothelial tubes, pericytes and smooth
muscle cells are recruited by PDGF to stabilise the new
vessels. Ang-1 reduces vascular permeability and increases
vessel stability; Ang-2, an antagonist of Ang-1, undermines
the effect of Ang-1 and leads to vessel destabilisation
(Armulik et al. 2005; Karamysheva 2008). Interestingly, an
imbalance in the expression of Ang-1 and -2 was observed
in atherosclerotic lesions (Lim et al. 2005). Furthermore,
we have detected the expression of VEGF, VEGFR-2,
PDGF, Ang-1 and -2 in advanced carotid lesions (Pelisek
et al. 2012a, b).
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Although neovessels are present in most atherosclerotic
lesions, there is so far only limited evidence of causal
relationships between progression of atherosclerosis, pla-
que vulnerability, and neovascularization. Furthermore, the
role of angiogenic factors in atherosclerosis has not yet
been sufficiently addressed (Lim et al. 2005; Karamysheva
2008). However, neovascularization may indeed affect
plaque stability and angiogenic factors, such as VEGF or
Ang-1, which could serve as possible biomarker of patients
at risk of ischemic stroke (Pelisek et al. 2012a, b). First,
significant differences in the number of neovessels between
vulnerable and stable lesions were observed. Second, the
number of inflammatory cells correlated significantly with
the extent of neovascularization. Third, the majority of the
neovessels were immature (>97 %), without the stabilising
layer of VSMCs, independent of the vessel size. Such
microvessels are unstable and highly permeable (Pries and
Kuebler 2006; Pelisek et al. 2012a, b). This may allow
inflammatory cells to pass the layer of endothelial cells and
to accumulate deep within the plaque. In line, disrupted
neovessels are often surrounded by a large number of
inflammatory cells and accompanied by intra-plaque
bleeding. Thereby, neovascularization and the accumula-
tion of inflammatory cells may propagate plaque
progression and destabilisation, and contribute to lesion
vulnerability. Interestingly, expressions of MMP-1,-2,-3,-7,
and -9 and also ADAM 12 and 15 were detected in neo-
vessels as well (Pelisek et al. 2012a, b; J.P., unpublished
observations). Thus, neovascularization may furthermore
also directly contribute to plaque instability by degradation
of ECM components.

Accompanying Disease

Carotid plaque vulnerability depends on various patholog-
ical mechanisms such as inflammation, excessive
degradation of ECM by proteases, and neovascularization,
as described above. But it may also depend on accompa-
nying diseases that are able to influence plaque
composition. For instance, cardiovascular complications
and the risk of ischemic stroke are markedly increased in
patients with chronic kidney disease (CKD), with a higher
prevalence of premature arterial plaque formation and a
20-fold increased cardiovascular mortality compared to
subjects with normal kidney function (Rossi et al. 1996;
Foley et al. 1998; Taylor et al. 2000; Raggi et al. 2000;
Schmermund and Erbel 2001; Leskinen et al. 2003; Russo
et al. 2009; Pelisek et al. 2011, 2012a, b). Atherosclerotic
plaques of CKD patients are frequently calcified, and
increased artery stiffness is observed (Savage et al. 1998;
Goodman et al. 2000; London et al. 2008). The role of
calcification in atherosclerotic lesions and its contribution

to plaque vulnerability, however, is still controversial.
While some studies demonstrated stabilising effects of
calcium deposits in atherosclerotic lesions, rendering ves-
sels are less prone to rupture (Cheng et al. 1993; Alderman
et al. 1993; Huang et al. 2001), others have observed a
destabilising effect and an increased risk of plaque disrup-
tion (Savage et al. 1998; London et al. 2008). CKD has been
shown to be associated with an elevation of some MMPs
(Perco et al. 2006; Pelisek et al. 2011, 2012a, b). We have
observed that CKD is associated with considerable changes
in the composition of carotid plaques in patients with high-
grade carotid artery stenosis (Pelisek et al. 2011). CKD
patients had significantly more calcified plaques, and these
were more frequently vulnerable or ruptured compared to
plaques of individuals with normal kidney function. Of
particular interest was a significant difference in the prev-
alence of remote strokes or silent infarcts; neurological
events were significantly more common in CKD patients
(84 %) compared to individuals without CKD (26 %). In
line with our data, also Kobayashi et al. (2009) showed an
independent association of the CKD stage with the preva-
lence of silent brain infarction.

Another common accompanying disease of patients with
advanced carotid atherosclerotic lesions is diabetes melli-
tus (DM), often associated with hyperglycaemia (Plutzky
2003). Despite growing evidence that DM is associated
with accelerated atherosclerosis, underlying mechanisms
remain unclear (Ginsberg and Huang 2000; Plutzky 2003).
In patients with DM, chronically elevated plasma glucose
levels stimulate the production of advanced glycation end
products (AGEs), a heterogeneous group of proteins, lipids
and nucleic acids, irreversibly cross-linked with sugars,
which cause adverse vascular responses (Schmidt and Stern
2000; Plutzky 2003). In addition, the lipid profile, and in
particular the LDL/HDL ratio, is frequently abnormal in
DM patients, and characterised by decreased plasma HDL
cholesterol levels and an elevated proportion of LDL,
which exhibits increased susceptibility to oxidation
(Tomkin and Owens 2001). An important mechanism by
which hyperglycaemia contributes to vascular injury is
through the binding of AGE to their receptor [RAGE]. The
AGE/RAGE interaction promotes the release of pro-
inflammatory mediators and accelerates inflammation in
atherosclerotic lesions. Furthermore, an increased level of
oxidative stress is induced in numerous cell types, leading
to injurious effects and an accelerated progression of dia-
betic atherosclerotic lesions towards vulnerable plaques.

Epigenetics

Epigenetic modifications enable cells to rapidly respond to
environmental changes, providing a link between genes
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and environment. Epigenetic changes most frequently
comprise DNA methylation and histone modifications,
which result in altered chromatin organisation (Serman
et al. 2006; Halvorsen et al. 2008, Turunen et al. 2009;
Ordovas and Smith 2010). Importantly, epigenetic changes
solely encompass DNA and chromatin modifications
without alternations in the genetic code; thus, all these
changes are in principle reversible.

Epigenetics has emerged as one of the most promising
approaches to further improve our knowledge of inherited
traits. Several reviews have recently discussed possible
roles of epigenetics in cardiovascular disease. However,
original articles in this field are still scarce unlike in cancer
research, where the important role of epigenetics has been
well conceived. Epigenetic processes have been described
in the initiation of cancer, its progression and metastasising
(Boumber and Issa 2011; Herceg and Vaissiere 2011;
Caffarelli and Filetici 2011; Lahtz and Pfeifer 2011). E.g.
silencing of specific genes is an important regulatory
mechanism to protect cells against oncogenic changes
(Herceg and Vaissiére 2011; Caffarelli and Filetici 2011).
The role of epigenetics as a potential mechanism to control
genes has also been proposed in cardiovascular disease
(Halvorsen et al. 2008; Ordovas and Smith 2010).

Kim et al. (2007) investigated DNA methylation in the
promoter of oestrogen receptor beta gene in cardiovascular
atherosclerotic disease. Plaques showed consistently higher
methylation levels than non-diseased regions. This activity
was augmented by histone deacetylase inhibition. These
findings provide evidence of epigenetic dysregulation of
oestrogen receptor beta in atherosclerosis. Stenvinkel et al.
(2007) on the other hand demonstrated in a study including
three different patient groups of CKD and healthy subjects
that global DNA hypermethylation in peripheral blood
monocytes is associated with inflammation and increased
mortality in CKD patients. Another study suggested that
aberrant DNA methylation in atherosclerosis is affecting
transcription of various pro-atherogenic genes (Castillo-
Diaz et al. 2010). We have observed that epigenetic mod-
ifications also occur in carotid atherosclerotic lesions, and
that the degree of global DNA hypomethylation is signif-
icantly associated with the severity of atherosclerosis.
These results could also be recapitulated in the blood of
patients with high-grade carotid artery stenosis compared
to healthy individuals (J.P., unpublished observations).

Epigenetic changes have also been associated with
inflammation (Libby 2002; Bayarsaihan 2011), expression
of MMPs (Newby 2005; Pelisek et al. 2009), neovascu-
larization (Virmani et al. 2005; Pelisek et al. 2012a, b), and
disease accompanying atherosclerosis, such as CKD
(Stenvinkel et al. 2007). Thus, epigenetic modifications
may be associated with numerous pathophysiological fac-
tors related to atherosclerosis, and are predicted to play an
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important role in the development and progression of ath-
erosclerotic lesions. Further, studies are clearly warranted
to evaluate the relevance of epigenetic changes in athero-
sclerosis and their value as possible biomarkers, e.g. for the
identification of patients at risk of ischemic stroke.

Conclusions

In summary, different pathophysiological mechanisms are
responsible for carotid atherosclerotic plaque vulnerability,
including inflammation, excessive degradation of ECM by
various proteolytic enzymes, neovascularization, associated
diseases, and also epigenetic changes (Fig. 1). These ath-
erosclerotic processes cannot be regarded as separate
entities driving the disease, but rather act in concert to
promote the progression of atherosclerosis towards vulner-
able plaques and an increased risk of ischemic stroke. The
main mediators leading to unstable plaques and rupture are
proteolytic enzymes that degrade the ECM, a mechanism
especially relevant in the fibrous area overlying the necrotic
core, precipitating a “thin fibrous cap” and vulnerable ath-
erosclerotic lesions. Expression of proteases is further
stimulated by inflammation and inflammatory cytokines.
Neovascularisation, abundantly present in atherosclerotic
lesions, may in addition facilitate the accumulation of
inflammatory cells and promote plaque progression.
Inflammatory cells, macrophages, and also endothelial cells
of neovessels are furthermore able to express proteolytic
enzymes themselves, thus directly contributing to the deg-
radation of ECM. Finally, epigenetic changes seem to play
an important role in all pathophysiological processes lead-
ing to the progression of atherosclerosis and plaque
vulnerability. These features mark atherosclerosis as a
highly heterogeneous and complex vascular disease.
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Fig. 1 Schematic summary of various pathophysiological mecha-
nisms involved in atherosclerosis leading to vulnerable plaques and
their potential interactions
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Consequently, all relevant factors should be carefully con-
sidered and integrated for the development of future
diagnostic and therapeutic strategies.
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