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Atherosclerosis is the cause of most heart attacks and strokes, and is par excellence, a disease of
ageing. Whilst disease prevalence and incidence increases with increasing decade of life, there
is also evidence of accelerated cellular ageing in atherosclerosis. Such evidence includes
impaired cell proliferation, early culture senescence and cell cycle markers of senescence in
vitro and in vivo. Cell senescence is also characterised by loss of telomeres from the ends of

Keywords: chromosomes. Cellular ageing increases with disease severity, acting as a marker for disease,
Ageing but also directly promotes atherosclerosis. Cellular ageing appears to be due to both abnormal
Atherosclerosis proliferation of cellsin an attempt to repair vessel damage, and aresponse to the damage itself.

Oxidative stress This review summarises the evidence of vascular cell senescence in atherosclerosis, the

Cell proliferation causes and consequences of accelerated cellular ageing in atherosclerosis, and identifies

potential therapeutic options for both prevention and treatment.
© 2007 Elsevier Inc. All rights reserved.

1. Background of arteries consecutive to the erosion or rupture of an

atherosclerotic plaque. These manifestations are directly

Coronary artery disease caused by atherosclerosis is one of the
most frequent causes of death in the Western World.
Atherosclerotic plaques consist of an accumulation of vas-
cular smooth muscle cells (VSMCs) and blood-derived inflam-
matory cells, together with lipid and extracellular matrix
proteins. In most cases, the plaque is associated with a
dysfunctional endothelial cell lining, showing activation of
adhesion molecules, and impaired vasorelaxation and anti-
coagulant/anti-platelet properties. The most serious compli-
cations of atherosclerosis arise from the thrombotic occlusion

associated with acute coronary syndromes, myocardial
infarction and stroke.

The incidence of plaque rupture and thrombotic events is
largely correlated with specific morphological and histolo-
gical features described for unstable plaques [1]. In
particular, vulnerable lesions have a thin fibrous cap
overlying a large core of oxidized lipids and infiltrated
inflammatory cells (Fig. 1A and B). In approximately 60% of
cases, it is the fibrous cap of an atherosclerotic plaque that
ruptures [2]. The structural components of atherosclerotic
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Fig. 1 - Evidence of senescence of human VSMCs. (A) Fast Red stain of a typical vulnerable plaque, demonstrating a thin
fibrous cap (FC) overlying an extensive necrotic core (NC). (B) High power view of area outlined in (A) showing 8-oxo-G
positive cell nuclei (brown) and SABG staining (blue speckled cytoplasm) (arrows). In some cases, SABG positive cells are
also positive for 8-0x0-G, indicating evidence of DNA damage and senescence in the same cell. Most of the senescent
VSMCs are located in the fibrous cap. (C) Phase contrast micrograph of normal human VSMCs in culture, also stained for
SABG. Cells are small and spindle-shaped, with no SABG staining in early passages. (D) Phase contrast micrograph and
SABG staining of human plaque-derived VSMCs, showing larger, flattened cells, with high levels of SABG staining (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

plaque caps consist primarily of VSMC-derived collagen,
elastin, proteoglycans and extracellular matrix (ECM). In
order to maintain stability, plaque caps require greater
collagen and ECM content than the adjacent intima. As the
cap ages, it thins, and becomes more inclined to rupture.
Fibrous caps of unstable plaque contain less collagen and
ECM components and fewer VSMCs than caps from stable
and more intact plaques.

2. Evidence of cellular ageing and cell
senescence in atherosclerosis

Cellular senescence can be defined as cell cycle arrest
accompanying the exhaustion of replicative potential.
Unlike quiescence, senescence is irreversible, and cells
cannot initiate cell cycle transit in response to mitogens.
Besides their characteristic morphology, senescent cells
display undetectable rates of cell proliferation and char-
acteristic patterns of gene expression, including markers
such as senescence-associated B galactosidase (SABG)
activity [3] and cell cycle regulators. Importantly, cells
undergoing replicative arrest have short telomeres, the
structures comprising the ends of chromosomes. All of
these features are present in cells in the atherosclerotic
plaque.

2.1.  Cell proliferation

Extensive characterisation of lesion development has shown
that cell proliferation is low in early atherosclerosis (Fatty
streak, Stary Type I lesion), peaks in the intermediate lesions
(Stary II-IV), and declines in advanced fibroproliferative,
complicated plaques (Stary type V lesions) [4,5]. Thus, contrary
to popular belief, clinically important plaques show low levels
of cell proliferation. Plaque VSMCs have been isolated from
human endarterectomy specimens, subcultured in vitro, and
their properties compared to those of VSMCs derived from the
media of normal arteries [6-9]. Plaque VSMCs have an
enlarged, flattened and stellar shape (Fig. 1C and D) with high
amounts of cytoplasmic vacuoles and lysosomes. These are
features of normal VSMCs undergoing replicative senescence
in culture. A striking characteristic of plaque VSMCs in vitro is
their restricted capability to proliferate [6-8,10,11]. Isolated
plaque-derived VSMCs show lower rates of cell proliferation,
and lower % of cells in S phase of the cell cycle [8,10]. In
addition, plaque VSMCs undergo premature senescence.
Normal VSMCs may be cultured for 10-20 passages under
routine conditions, depending in part upon the age of the
donor. In contrast, plaque VSMCs rarely remain dividing
beyond 5-10 passages [8,10,11]. Whilst the lifespan of both
plaque and normal VSMCs can be extended, in some cases to
become immortalized [10,11], the extended lifespan of plaque
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VSMCs is still less than normal VSMCs with the same genetic
manipulation, and the rate of immortalisation of plaque
VSMCs is lower than normal VSMCs. These studies reinforce
the concept that plaque VSMCs are pre-senescent.

2.2.  SAPBG expression

Although senescent cells have very distinctive profiles of gene
expression when compared to highly proliferating cells at
early passage, finding specific markers that discriminate
between senescent and non-proliferating quiescent or term-
inally differentiated cells has been more challenging. The
activity of the senescence-associated p-galactosidase (SABG)
has been described as a marker of senescent cells in vitro and in
vivo. B-galactosidase is a metabolic enzyme highly expressed
in pre-senescent and senescent cells [12]. SABG activity
corresponds to B-galactosidase activity measured in pH
conditions where only high levels of the enzyme are
detectable, and proportionally correlate with lysosomal
content [13]. Plaque VSMCs isolated from human endarter-
ectomy samples not only possess a large and flattened shape,
but also display high SABG staining even at early stages of
culture (Fig. 1D).

SABG-positive cells are detected in both the endothelium
and intimal VSMCs of advanced human atherosclerotic
plaques, but not in the vessel media [14,15], suggesting that
vessel wall senescence may be a feature of advanced plaques
(Fig. 1C and D). SABG staining is also found in VSMCs of the
neointima of rabbit carotid arteries injured by repeated
endothelial denudation [16]. However, within the plaque,
many cells showing SABG staining are macrophages due to
their high lysosomal content, and double labelling is required
to identify the origin of SABG-positive cells.

2.3.  Cell cycle regulators

VSMCs isolated from human plaques display significantly
reduced percentage of cells in S-phase of the cell cycle, a
higher percentage of cells in G;, and a longer mean mitotic
time compared with VSMCs isolated from normal vessels.
Since cell cycle regulators controlling the G,/S transition have
a specific profile of expression in senescent cells, several
studies have explored the pattern of expression of these
specific genes in order to appreciate the proliferative status of
VSMCs in pathological conditions.

The G,/S transition is primarily regulated by the retino-
blastoma protein pRB, product of the rb tumour suppressor
gene. pRB exerts its negative regulation on the cell cycle
through binding of E2F transcription factors, rendering them
ineffective as transcription factors. As many E2F targets are
genes required for S-phase entry, pRB regulates the G;-S
transition. The pRB/E2F complex is dissociated in early G; by
phosphorylation of pRB by the cyclin-dependent kinases
(CDKs) 2, 4 and 6. E2F becomes then available to activate
the subset of genes required for S phase entry. While these
kinases are constitutively expressed in cells, their activity
depends on the expression of their respective activators,
cyclin D4, D, and D5 for CDK4 and CDK6 and cyclin E for CDK2.
As for fibroblasts, growth factors or serum-stimulated non-
confluent VSMCs show increased pRB phosphorylation,

increased expression of cyclin D and E and the induction of
E2F-dependent S phase genes. Plaque VSMCs display an
opposite pattern of pRB phosphorylation [17], which may
explain their reduced E2F transcriptional activity.

The cell cycle is tightly regulated by multiple checkpoints,
which allow the cell to verify the integrity of its DNA. If cell
damage is detected, a series of cyclin-dependent kinase
inhibitors, including p16™**, p21P! or p27X"*! proteins, are
expressed at high levels and directly or indirectly block the
activity of the CDKs involved in G;. Indeed, overexpression of
p21 and p27 will force VSMCs into G; growth arrest [18]. When
compared to control cells, plaque VSMCs have increased
expression of p16 and p21, a reduction in pRB phosphoryla-
tion, and increased levels of E2F-1/pRB complex [17]. In vivo,
p27XTP1 expression is elevated in non-proliferating cells from
normal and diseased vessels. In contrast, p21°? is elevated
only in the atherosclerotic plaque [17,19] and co-localizes with
elevated p53 [20], suggesting that the p21 transactivation may
be dependent on p53 stabilization.

Confirmation of the role of these proteins in VSMC
senescence comes from studies with single or double
inactivation of p53, pRB or both. The lifespan of normal
human VSMCs can be extended by inactivation of p53 or pRB
alone, although inactivation of both p53 and pRB is more
efficient and is required for full immortalisation [10,11]. In
contrast, inactivation of p53 does not extend the lifespan of
plaque VSMCs, and inactivation of pRB alone induces
apoptosis in these cells [10]. Inactivation of both tumour
suppressor genes is required for extension of lifespan of
plaque VSMCs, and even then, immortalisation is rarely
achieved [10,11]. Whilst this confirms that cell cycle arrest
mediated via p53 and pRB are important for senescence of
VSMCs, it implies that plaque VSMCs need inactivation of
multiple checkpoints to bypass senescence.

2.4. Telomere length

Telomeres are DNA—-protein complexes at the end of eukar-
yotic chromosomes that protect them from degradation,
recombination or fusion. Telomeres consist of double-
stranded repeats of the AATGGG sequence and are ended by
a single stranded 3’ overhang folded in a structure referred as
the T loop. Conventional polymerases need primers to
elongate linear DNA, therefore cannot support the replication
of the very end of telomeres. Telomeres are maintained by the
enzyme telomerase, which contains an intrinsic RNA subunit
(hTERC) and serves as a template for its catalytic subunit
(hTERT). During division of somatic cells, low levels of
telomerase do not allow full replication of telomere ends,
resulting in progressive shortening with each division. As
telomere shortening is an irreversible feature, the mean
telomere length of a cell population can therefore be taken as
an indicator of its replicative history.

There is also direct evidence of telomere loss in cells of the
vessel wall in atherosclerosis. VSMC or endothelial cell
telomere size is not uniform throughout the vasculature,
and differences between the intima and media have been
observed [21-23]. Vessels subject to high haemodynamic
stress have significantly shorter telomeres in their intima
when compared to arteries with low haemodynamic stress
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Fig. 2 - Telomere shortening in atherosclerosis. Combined
in situ telomere fluorescence in situ hybridisation and
fluorescence staining for VSMCs in a vessel wall. VSMC
nuclei are shown as blue after staining with DAPI.
Telomere signals are seen in the nuclei as pink dots.
VSMCGs are identified by fluorescein-conjugated antibodies
to a-sm-actin (green). Examples of cells showing normal
telomere signals are shown (black arrowheads) compared
with a cell showing minimal signals (white arrowheads).
Elastic lamina are identified by yellow autofluorescence
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the
article.)

[22], suggesting that high cell turnover at sites of high stress
cause short telomeres. In addition, telomere length in the
media and intima of distal and proximal abdominal aorta has
been shown to negatively correlate with predisposition to
atherosclerosis [24]. The intima showed an age-dependent
inverse correlation with age, with higher attrition rates in the
distal than the proximal segments. The atherosclerosis grade
inversely correlated with telomere length but the correlation
was lost after adjustment for age [24]. More recently, in studies
mapping telomere length in plaques we have found that
plaque VSMCs show markedly shorter telomeres than VSMCs
in the media, with critically short telomeres in VSMCs in the
fibrous cap [25] (Fig. 2). Whilst these studies suggest that
atherosclerosis is associated with telomere loss, they do not
prove that telomere loss promotes atherosclerosis rather than
just being a marker of increased cell turnover, nor do they
identify the mechanism of telomere loss.

3. Mechanisms of cell senescence in
atherosclerosis

Cell senescence may be triggered by two broadly different
mechanisms. Replicative senescence may be induced by
reduction of telomere length, changes in structure such as
telomeric fusion or dicentrics, or loss of telomere-bound
factors. Telomeres may trigger growth arrest via DNA damage

responses at critical telomere lengths or structure. Cells
subjected to sub-lethal stress due to DNA damage (UV and
y-irradiation, oxidative stress and treatment with histone
deacetylase inhibitors) also undergo ‘stress-induced prema-
ture senescence’ — ‘SIPS’. SIPS resembles replicative senes-
cence, cells demonstrating a similar morphology and pattern
of cell cycle regulators.

3.1 Telomere shortening and senescence

As indicated above, replicative senescence may be induced by
reduction of telomere length, changes in structure such as
telomeric fusion or dicentrics, or loss of telomere-bound
factors. After repeated divisions, telomeres may reach a
critical length or structure whereby irreversible growth arrest
or senescence is triggered. In addition, there is substantial
evidence of a cause and effect relationship between telomer-
ase expression and manifestations of senescence. Ectopic
expression of the catalytic subunit of telomerase (hTERT) can
prevent replicative senescence in several cell types such as
fibroblasts or epithelial cells, despite the fact that telomeres
were not always protected. hTERT may also influence the
interaction of telomeres with the nuclear matrix, increase
chromosome stability, decrease telomere fusion, reduce
spontaneous chromosome breaks and enhance DNA repair.
These effects are independent of the effects of telomerase on
telomere length. Telomere uncapping can also cause cell
senescence independent of telomere length and telomerase
activity.

Although ectopic expression of hTERT can dramatically
extend the lifespan of normal human VSMCs [26], the
evidence that hTERT expression or activity directly affects
atherosclerosis is controversial. Human VSMCs and ECs
express low levels of hTERT [27,28] and hTERT activity is
readily detectable only when cells are proliferating [28].
Indeed, hTERT is a target of E2F-1 transcription factor, where
mRNA expression of the enzyme increases when cells enter S
phase. Phosphorylation of hTERT in vascular cells, along with
its activation and nuclear translocation, offers an additional
level of regulation of the enzyme activity at the post-
translational level.

Whatever the mechanism of telomere damage, telomere
dysfunction elicits a general DNA damage response and
growth arrest via the activation of a protein kinase cascade
including the kinases ataxia telangiectasia mutated (ATM) and
ATM-related kinases (ATR). The DNA damage response
involves the phosphorylation and recruitment of the kinases
ATM, ATR and DNA protein kinase (DNA-PK) at the site of DNA
damage. This results in the phosphorylation of histones such
as H2AX, the association of DNA repair enzymes and cofactors
(53BP1, MDC1/NFBD1 and NBS1), and activation of the
transducer proteins ChK1 and ChK2. These subsequently
result in activation of effector molecules such as the breast
cancer susceptibility gene BRCA1, E2F transcription factors,
p53 itself or the Cdc25A phosphatase (for review see [29] and
Fig. 3). These proteins have multiple targets affecting
processes such as transcription, DNA repair, apoptosis or cell
cycle arrest. Thus, targeted damage of either telomeres or
genomic DNA finally converge on to a common pathway
characterised by the activation of at least one of the cell cycle
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Fig. 3 - Schema of signalling pathways leading from DNA damage to the cell response. Abbreviations are as given in the text.

inhibitors p21°P! (via p53) or p16'™* (Fig. 4), responsible for
inducing growth arrest and senescence (Fig. 4).

Senescence is also characterized by the presence of a greater
number of immunochemically detected DNA damage foci. Each
focus reveals the presence of the DNA repair complexes at the
site of DNA damage. Itis not certain, however, whether the DNA
damage foci are associated with telomeric DNA. High resolution
imaging of senescent fibroblasts shows that the foci-associated
protein y-H2A-X was found in telomeric DNA regions [30] and
was co-immunoprecipitated with a sub-telomeric DNA region
in a chromosome immunoprecipitation assay. In contrast,
other studies found that y-H2A-X does not colocalize with
telomeric DNA or TRF2 proteins. Whatever the mechanism,
these results support the hypothesis that telomere-mediated
DNA damage response is involved in replicative senescence.
Nuclear DNA damage foci are present during the cellular
senescence, and for this reason the protein components of foci
have been proposed as markers of senescence. It will be of
particular interest to study these proteins in comparison to
current markers of senescence and follow their behaviour in
cardiovascular disease.

3.2. Oxidative stress and senescence
Cell division is not the only path to senescence. Irreversible
growth arrest can also be triggered in response to a variety of

stresses, and as such is termed ‘stress-induced premature
senescence’ (SIPS). In vitro, SIPS can be elicited by over-
expressing Ras and Raf oncogenes, radiation, or chemical
agents producing any form of DNA damage and oxidant stress.
Oxidative stress, in addition to excessive cell proliferation, is
one of the most physiologically relevant triggers of cell
senescence in pathological conditions. Intracellular genera-
tion of superoxide anions, hydrogen peroxide and hydroxyl
radicals, can produce DNA strand breaks and various types of
DNA bases modifications, including the highly mutagenic
oxidation of guanine residues into 7,8 dihydro 8-oxo-guanine
(8-0x0G).

Increased levels of ROS are found in atherosclerosis in all
layers of the diseased arterial wall, and particularly in the
plaque itself [31,32]. Whether generated by the cellular
NAD(P)H oxidases, xanthine oxidase, myeloperoxidase or
the mitochondrial oxidative metabolism, increased levels of
ROS may account for the high levels of DNA lesions in
atherosclerotic plaques. Higher levels of 8-0xoG DNA adducts
are found in human carotid endarterectomy specimens
compared with the normal media, associated with increased
expression of DNA repair enzymes, such as DNA-PK and PARP-
1 [33]. Evidence of fragmented DNA was also found in plaque
macrophages and VSMCs [33]. A significant and reversible
increase in DNA damage has also been observed in athero-
sclerotic plaques from cholesterol-fed rabbits [34], which
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regresses on withdrawal of high fat feeding. Altogether, these
studies directly implicate oxidative DNA damage, DNA repair
and cell senescence in atherosclerosis.

In vitro, oxidant stress induced by chronic hydrogen
peroxide (H,O,) treatment, hyperoxic culture conditions or
alterations of the cell’'s anti-oxidant properties can all
accelerate senescence. Treatment of cultured fibroblasts with
H,0, can induce telomere single strand breaks that may
promote telomere shortening and consequently induce pre-
mature cell cycle arrest by triggering pathways converging
towards activation of the G;-associated cell cycle inhibitors
(p21°P1, p16'™%4). Increased telomere loss per division can also
occur in individual cells due to a telomere-specific deficiency
in base excision repair. This mechanism leads to preferential
accumulation of ROS-induced single-stranded DNA breaks,
preventing replication of distal segments of chromosomes
when cells divide. Alternatively, repeated stress dramatically
increases the proportion of cells undergoing growth arrest,
suggesting that oxidative stress may exert selection pressure
with replication of a subset of VSMCs in vivo. Oxidative stress
can also induce premature senescence independent of
telomere shortening. Pulsed treatments with low doses of
H,0, in fibroblasts can cause irreversible cell cycle arrest
accompanied by an increase in SABG staining without
concomitant changes in telomere length.

Accumulation of oxidative damage to genomic DNA may
contribute to SIPS, but also to replicative senescence since
senescent cells in vitro have higher levels of 8-0xoG DNA base

modifications. These results are consistent with the observa-
tion that senescent cells present more DNA damage foci, even
in non-telomeric sequences. Therefore, the distinction
between replicative and oxidative stress-induced senescence
is not clearly delineated, and both pathways lead to SABG
overexpression, even though distinct cell cycle inhibitors may
be involved.

4. Evidence for DNA damage in
atherosclerosis

DNA damage is present both in the circulation of patients with
atherosclerosis and the plaques themselves. DNA damage
ranges from ‘macro’ damage, including deletions or additions
of whole chromosomes or parts of chromosomes, to ‘micro’
damage, which includes DNA strand breaks, mutations of
single bases, modified bases (including oxidation) or DNA
adducts. For example, patients with coronary artery disease
have a higher leukocyte micronucleus index (a marker of
genetic instability) than healthy controls, which correlates
with disease severity. There is also a significantly higher
incidence and extent of a common mitochondrial DNA
deletion (mtDNA4977). Premature atherosclerosis is a feature
of defects in DNA repair pathways, such as Werner syndrome,
a disease characterized by predisposition to cancer and early
onset of symptoms related to normal ageing including
osteoporosis, ocular cataracts, graying and loss of hair,
diabetes mellitus, and atherosclerosis. Werner protein guards
the genetic stability of cells, playing an integral role in base
excision repair and at telomere ends.

This ‘macro’ DNA damage is also associated with biomar-
kers of carcinogenic exposure, such as DNA adducts or
modifications to specific bases in atherosclerotic plaques.
‘Bulky’ aromatic DNA-adducts in VSMCs (most likely related to
environmental exposure to genotoxic chemicals) are a pre-
dictor of atherosclerosis extent in humans even after adjust-
ment for age, smoking, obesity, heart weight and genetic
susceptibility markers. DNA strand breaks, oxidized pyrimi-
dines and altered purines are also significantly higher in
patients with coronary artery disease than controls, and
human plaques show markers of oxidative damage, including
DNA strand breaks, expression of 8-oxo-G (an oxidative
modification of guanine residues in DNA (Fig. 1) and activation
of DNA repair enzymes [33]. Strong nuclear and cytoplasmic
immunoreactivity for 8-oxo-G is detected in plaque VSMCs,
macrophages and endothelial cells, but not in VSMCs of
adjacent normal media or normal arteries [33]. DNA damage is
also a direct correlate of extent of atherosclerosis in experi-
mental animals. For example, cholesterol feeding of rabbits
induces oxidative damage in plaques, manifested by 8-oxo-G
staining [34], DNA strand breaks, and apoptosis.

5. Causes of DNA damage
5.1.  Risk factors for atherosclerosis

DNA can be damaged in numerous ways. Spontaneous
damage due to replication errors, deamination, or depurina-
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tion has to be repaired in addition to damage derived from
oxidation and environmental chemicals. Many of the risk
factors associated with atherogenesis, such as smoking and
diabetes mellitus, may directly induce DNA damage. For
example, smoking can cause oxidative DNA damage, inhibit
DNA repair, and induce the production of advanced glycation
end products, which themselves cause DNA mutation
(reviewed in [35]). Similarly, advanced glycation end products
have been implicated in the oxidation of low-density
lipoprotein and elevated levels of 8-oxo-G. Although direct
damage from specific risk factors or environmental agents
may contribute to DNA damage in atherosclerosis, the most
likely trigger of damage are reactive oxygen species.

5.2.  Reactive oxygen species

It has been estimated that approximately 2 x 10* DNA
damaging events occur in every cell/day [36]; a major portion
of these occurs via reactive oxygen species (ROS). ROS include
the superoxide anion (*O,7), hydrogen peroxide, hydroxyl
radical, peroxynitrite and lipid peroxides, with their reactivity
and half-life varying according to species. ROS are constantly
produced within the cell, in particular via mitochondrial
oxidative metabolism and pathological processes such as
inflammation. In vascular cells, the primary source of ROS
may be xanthine oxidase and NAD(P)H oxidases (Noxs). Other
sources of ROS include cytochrome P450 isoenzymes, lipox-
ygenase, cyclooxygenase, hemoxygenase, and glucose oxi-
dase. Myeloperoxidase is also produced by invading
macrophages. ROS are also secondary messengers in specific
signalling pathways, generated by specific plasma membrane
oxidases in response to growth factors and cytokines.

DNA lesions caused by ROS include double- and single-
stranded breaks (DSBs and SSBs), DNA-DNA and DNA-protein
cross links and base modifications, including thymine glycol,
8-hydroxyguanine and 8-oxo-guanine. Certain types of
damage can be traced back to specific insults. While super-
oxide and hydrogen peroxide are normally not reactive to
DNA, both can be converted to the extremely reactive hydroxyl
radical via the Fenton reaction. The hydroxyl radical can
induce a vast array of damage to both nuclear and mitochon-
drial DNA. Hydroxyl radicals may induce base or nucleotide
loss, adducts, and single and double strand breaks. In
particular, hydroxyl radicals can interact with pyrimidine
double bonds causing glycolytic damage (e.g. thymine glycol,
uracil glycol) that can cause mis-pairing, transcriptional
interrupts and if left un-repaired induce cell cycle arrest.
Similarly, interaction of OH radicals with purines will generate
formamidopyrimidines and other purine oxidative products
that are usually recognised by the DNA repair mechanism.
Thymidine oxidation, or the addition of methyl and alkyl
groups, is frequently attributed to ROS of all types. Interest-
ingly, 8-oxo-G, which frequently causes oxidative damage to
deoxyguanines, is not recognised by the DNA repair system
and is thus highly deleterious to cells. Un-repaired 8-0xoG will
mis-pair with dA, leading to an increase in G to T transition
mutations.ROS can induce both telomere-based senescence
and SIPS. ROS induce DNA strand breaks, and base and
nucleotide modifications, particularly in sequences with high
guanosine content, such as telomeres. Indeed, telomeres are

one of the DNA structures most sensitive to oxidative damage
and ROS can accelerate telomere loss in vitro. Lipid products of
oxidative stress such as 4-Hydroxynonenal (HNE) that are
found in atherosclerotic plaques [37] inhibit telomerase
expression and activity [38], and increased telomere loss/
division can also occur in individual cells due to a telomere-
specific deficiency in base excision repair, leading to prefer-
ential accumulation of ROS-induced single-stranded DNA
breaks, preventing replication of distal telomeres when cells
divide. Thus, it is possible that oxidative DNA damage to
telomeres induces a DNA repair response that induces
senescence. Not only do ROS induce senescence, senescent
cells produce high levels of ROS, and contain higher levels of
oxidatively damaged DNA [39]. In vitro, VSMCs from aged mice
have decreased proliferation, yet generated higher levels of
ROS in comparison with cells from younger mice, associated
with decreased endogenous antioxidant activity, increased
lipid peroxidation, and mitochondrial DNA damage [40].

6. Consequences of cellular senescence
6.1. Vascular smooth muscle cells

Although plaque rupture and erosion can induce vessel
occlusion, a large proportion of ruptured plaques are clinically
silent. For example, plaques demonstrate multiple sites of
healed rupture, suggesting that the majority of disrupted
plaques are repaired. Repair is due to a combination of VSMC
invasion of thrombus, proliferation and matrix synthesis. The
repair site is gradually remodelled over time, with alterations
in matrix components, and resorption of thrombus. As plaque
rupture and repair is also associated with plaque growth, the
efficiency of the repair process critically determines whether
the plaque undergoes subsequent rupture or causes lumen
narrowing. VSMCs that have undergone senescence would be
predicted to result in failure of efficient repair after plaque
rupture. Although this prediction appears reasonable, there is
no direct evidence for this, partly because of lack of a reliable
animal model of plaque rupture.

6.2. Endothelial cells

Although cell turnover occurs in VSMCs as the plaque
develops and after plaque rupture, endothelial cell replication
is also increased at sites of plaque development. Cell
replication occurs in response to cellular damage and cellular
loss, in an attempt to maintain endothelial cell coverage.
Exhaustion of replicative potential or senescence induced by
DNA damage could therefore contribute to the findings that
endothelial function decline with age. Thus, vasodilatation in
conduit arteries such as the coronary arteries has been shown
to decrease with age and this has been attributed to decreased
generation and/or enhanced breakdown of endothelial vaso-
dilators, as well as increased endothelial responsiveness to
vasoconstrictors [41,42]. Consistent with this, endothelial NO
production and endothelial NO synthase expression (eNOS)
decline in endothelial senescent cells [43,44]. Vascular gen-
eration of superoxide anions (O,7) on the other hand, which
are known to impair vascular relaxation by decreasing NO
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bioavailability and by increasing peroxynitrite formation,
increases [45]. Prostacyclin production is also attenuated
whereas the production of two potent vasoconstrictors,
thromboxane A2 and endothelin-1, is increased with both
endothelial ageing and senescence.

There is extensive evidence that endothelial cell senes-
cence contributes to atherogenesis (reviewed in [46-51]).
Although many of the properties of senescent ECs identified
above may contribute to this, senescent ECs also show
enhanced interaction with monocytes and this appears to
be a result of adhesion molecule and proinflammatory
cytokine upregulation [46,52]. Senescent EC are also more
sensitive to apoptosis and this may contribute to plaque
erosion and progression [53].

6.3. Blood cells

Recent studies have identified an inverse relationship between
peripheral leukocyte telomere length and either atherosclero-
sis or premature myocardial infarction [54-57]. Telomere
length in leukocytes is also negatively associated with
mortality due to cardiovascular disease [58]. In these studies,
the average leukocyte telomere length in patients with severe
coronary artery disease either before or after myocardial
infarction was 300 bp shorter than those from control groups
[54,55], corresponding to an equivalent difference of 11 years
of age [55]. Despite this difference, the rate of decrease in
telomere length per year was similar in both groups. Some
studies have shown that telomere length is associated with
cardiac events (mostly premature MI) in both small [55,59] and
large cohorts of patients (for example the West of Scotland
cohort [60]). However, other studies do not find such an
association [61].

Several explanations have been proposed to support an
association between blood cell telomere length and athero-
sclerosis. First, the telomere length of leukocytes, which is
genetically determined at birth, may predispose to age-related
diseases. In this model, senescent leukocytes contribute to
atherosclerosis via an unknown mechanism. Second, inflam-
mation associated with atherosclerosis accelerates leukocyte
turnover, such that telomere loss is a marker of leukocyte
senescence, but does not per se contribute to atherosclerosis.
Inflammation would be both the inducer of telomere loss and
predisposes to atherosclerosis, but leukocyte telomere loss per
se does not promote atherosclerosis. In support of this,
telomeres in T lymphocytes from patients with chronic
inflammatory disease are significantly shorter than in the
control group [62]. In addition, it has been proposed that age-
related exhaustion of bone marrow vascular progenitor cells
may increase the development of atherosclerosis.

6.4. Senescence of multiple cell types

Although there is considerable evidence of cell senescence in
atherosclerosis, there are very few studies of accelerated
senescence in vivo to demonstrate directly the role for cellular
ageing. In most cases, whole body manipulations of the
telomere structural proteins or telomerase have been used in
mouse models of atherosclerosis to demonstrate any effect of
cell senescence. Unfortunately, telomeres in mice have a very

different structure than human telomeres, and these manip-
ulations would be predicted to affect multiple cell types that
contribute to the plaque. For example, ApoE null mice
defective in hTERT show reduced atherosclerosis suggesting
that decreased hTERT expression is protective in athero-
sclerosis [63]. In this study, hTERT was knocked-out in all cells
that comprise the plaque, and the effects of telomerase
deficiency were linked to impaired function of inflammatory
cells. In contrast, mice in which various aspects of senescence
are accelerated show increased atherosclerosis, suggesting
that cellular senescence ultimately promotes atherogenesis
[64]. 1t is therefore possible that manipulation of cellular
senescence in VSMCs, ECs or inflammatory cells in mice can
have variable effects on plaque development depending upon
the stage of lesion formation.

In humans, VSMC senescence may exert profound effects
on atherogenesis and stability of advanced plaques. Most
patients with Hutchison Gilford Progeria Syndrome (HGPS), an
accelerated ageing syndrome, die of atherosclerosis. VSMC
depletion is a major feature in progeria, and normal ageing,
and likely represents replicative senescence, telomere short-
ening, and decreased capacity for repair, as HGPS VSMCs are
more susceptible to haemodynamic and ischaemic stress [65].
Replicative senescence and ongoing apoptosis in the fibrous
cap would result in cap thinning, frequently seen in advanced
human lesions, predisposing to plaque rupture. Senescent
cells may also promote plaque instability by over-expressing
proteins such as adhesion molecules [66], regulators of
haemostasis [67], and matrix metalloproteinases [68].

Although senescence of vascular cells may impact directly
on the development of atherosclerosis, senescence of non-
vascular cells may indirectly promote atherosclerosis. For
example, premature senescence of cells regulating lipid or
glucose metabolism may induce a pro-atherogenic lipid profile
or result in insulin resistance or diabetes. Along these lines,
haploinsufficiency of the DNA damage sensor gene ATM
results in multiple feature of the metabolic syndrome
(hypertension, diabetes, insulin resistance, obesity) [69].

7. Prevention/treatment of DNA damage in
atherosclerosis

The presence and biological consequences of DNA damage in
atherosclerosis mean that both prevention and reversal of
damage are therapeutic aims. In vitro, antioxidants can
ameliorate ROS-induced DNA damage, although antioxidant
trials in humans have been disappointing. In contrast,
cholesterol lowering by diet is associated with a reduction
in DNA damage and markers of DNA repair, at least in animal
models. Drugs that have been proven to alter plaque
progression and patient events have also been shown to alter
vascular oxidative stress. In particular, HMGCoA reductase
inhibitors (‘Statins’) reduce NAD(P)H oxidase activation [70,71]
and superoxide production in vitro, in part by inhibiting the
membrane translocation (and thus activity) of the small GTP-
binding protein Rac-1 [72,73], a regulatory component of
vascular NAD(P)H oxidase. Statins can also reduce superoxide
production, and mRNA expression of specific nox subunits in
vivo. This effect may underlie the observation that atorvas-
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tatin reduces the degree of DNA damage of peripheral
lymphocytes as well levels of oxidant stress in hyperlipidae-
mic patients.

Although drugs that reduce oxidative DNA damage may
slow the development of premature vascular cell senescence,
the more advanced the disease, the less tractable any
therapeutic maneuvers are. For example, lipid lowering
reverses activation of DNA damage earlier and to a greater
extent than any reduction in markers of DNA damage [34].
This means that once senescent VSMCs and ECs are produced,
such changes are irreversible. Only cellular replacement with
more youthful cell types, either from circulating cells (ECs) or
the adjacent healthy vessel wall (VSMCs), offers the chance of
revitalising the vessel wall. Major advances in stem cell
biology and knowledge about the mobilisation of progenitor
cells will be required before this possibility can be achieved.

8. Conclusions

In summary, there is extensive evidence of free radical-
induced DNA damage in atherosclerosis, and evidence of
senescence of multiple cell types in the plaque. DNA damage,
associated with repeated rounds of cell replication of ECs and
VSMCs, results in cell senescence. Senescence will enhance
atherogenesis and promote plaque rupture. Prevention and
treatment of both DNA damage and cell senescence are major
therapeutic targets in atherosclerosis.
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