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Vascular aging is a major risk factor for age-related cardiovascular diseases, which have high rates of morbidity
and mortality. It is characterized by changes in the blood vessels, such as macroscopically increased vascular
diameter and intima-medial thickness, chronic inflammation, vascular calcification, arterial stiffening, and
atherosclerosis. DNA damage and the subsequent various DNA damage response (DDR) pathways are important
causative factors of vascular aging. Deficient DDR, which may result in the accumulation of unrepaired damaged

DNA or mutations, can lead to vascular aging. On the other hand, over-activation of some DDR proteins, such as
poly (ADP ribose) polymerase (PARP) and ataxia telangiectasia mutated (ATM), also can enhance the process of
vascular aging, suggesting that DDR can have both positive and negative effects on vascular aging. Despite the
evidence reviewed in this paper, the role of DDR in vascular aging and potential therapeutic targets remain
poorly understood and require further investigation.

1. Introduction

The human genome frequently encounters various exogenous and
endogenous stimuli, which cause various types of DNA damage that
threaten the genomic stability (Jimeno et al., 2019). Human cells are
estimated to experience up to 70,000 DNA lesions per day, most of
which are single-strand breaks (SSBs). To safeguard genomic integrity
and prevent damage transmission to their progeny, cells are equipped
with sensitive signaling cascades called DNA damage response (DDR).
DDR are pathways that sense, signal, and repair genetic lesions, as well
as induce apoptosis or cell senescence when DNA damage is irreparable
(Bader et al., 2020). Multiple DDR pathways are activated for the repair
of different categories of DNA damage. Each DDR pathway repairs a
specific subset of lesions, with a certain degree of overlap among them.
Defects in DDR pathways can result in the accumulation of genetic
mutations, which can cause various diseases such as premature aging
syndromes (such as progeria syndrome) (Liu et al., 2006) and
age-related phenotypes (Cheng et al., 2022).

By 2050, the world’s population is expected to reach around 9 billion
(Meyer et al., 2008), with a significant increases in the over-65 age
groups (Barton, 2014, 2005). As people live longer, the prevention and
management of age-related diseases have become a global priority.
Vascular aging, which refers to age-related changes in the vascular
system, is a specific type of biological aging (Lin et al., 2019). As the
famous 17th-century physician Thomas Sydenham said, “A man is as old
as his arteries”. Vascular aging is considered the most important risk
factor for the high mortality of cardiovascular diseases (CVDs) and af-
fects many aspects of CVDs, such as their onset, progression and
severity. It is estimated that the annual cost of informal caregiving for
CVD patients will double from 2015 to 2035 (Dunbar et al., 2018),
highlighting the importance of addressing these age-related vascular
diseases. To develop novel therapeutic interventions to prevent and treat
age-related CVDs in the future, a better understanding of the cellular and
biological mechanisms of vascular aging is essential. Recently, growing
evidence suggests that DNA damage is a key causal event in vascular
aging (Borghini et al., 2013). As a major contributor to detecting DNA
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damage and maintaining genomic stability, the role and mechanism of
DDR in vascular aging also attracts the attention of researchers.

In this review, we first summarize the major DDR pathways and the
characteristics of vascular aging. Then, we review the current knowl-
edge on the role of DDR in vascular aging and discuss how these findings
can offer new opportunities for preventing and treating age-related
CVDs.

2. DDR pathways
2.1. The direct reversal pathway

Certain DNA damages that involve modifications to DNA can be
directly reversed by single repair proteins without incisions in the DNA
backbone, which is known as the direct reversal pathway (Yi and He,
2013). Although only repairing a relatively small set of DNA lesions, the
direct reversal process is still attractive for cells because of its simplicity
and error-free properties. To date, three major mechanisms of direct
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2.2. Mismatch repair (MMR)

The MMR pathway removes base-base mismatches and insertion-
deletion mismatches generated during DNA replication to restore the
parental genotype (Kunkel and Erie, 2005). In the MMR pathway, the
recognition of initial mismatches is followed by the removal of the newly
synthesized DNA encompassing the mismatches, the correct re-synthesis
of DNA by DNA polymerase § or ¢ filling in the nucleotide gap, and then
the subsequent joining of 3’-OH and 5’-phosphate in the DNA backbone
by DNA ligase. The homologs of MutS and MutL, such as MSH2 and
MLH]1, are the conserved core proteins in MMR of nuclear DNA mis-
matches in eukaryotic cells. Deficient MMR leads to the generation of
microsatellite instability (MSI), characterized by spontaneous insertion
or deletion of nucleotides within repetitive DNA sequences (Jiricny,
1994). Mutated MMR genes can be identified in patients with Lynch
syndrome, who are predisposed to early-onset multiple cancers of the
colon, endometrium, ovary, and other organs (Bonadona et al., 2011)
(Fig. 1).

reversal pathways have been reported, including UV light-induced
photolesions reversed by photolyases, O-alkylated DNA damages
reversed by O°-alkylguanine-DNA alkyltransferase, and N-alkylated
base adducts reversed by the AlkB family dioxygenases (Yi and He,
2013; Fu et al., 2012). After repairing DNA, this group of enzymes is
destined for degradation; hence, they are termed “suicidal enzymes”
(Souliotis and Kyrtopoulos, 1989) (Fig. 1).

2.3. Base excision repair (BER)

Small base lesions that arise from deamination, oxidation, alkylation,
and depurination/depyrimidination are repaired by a highly conserved
DDR pathway named BER. These small base lesions do not severely
distort the DNA helix structure or obstruct transcription and replication,
but they can lead to non-canonical base pairing and the generation of
mutations. Therefore, BER contributes to genome integrity by repairing
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Fig. 1. The schematic diagrams of the direct reversal pathway, MMR, BER, and NER. The direct reversal pathway can directly reverse DNA lesions using single
repair proteins, without the need to incise the DNA backbone. In repairing N-alkylated base adducts through the direct reversal pathway, AlkB family dioxygenases
catalyze the hydroxylation (addition of -OH) of the methyl group (-CHs3) on the damaged DNA base. Subsequently, the hydroxylated methyl group (-CH»-OH)
spontaneously dissociates as formaldehyde (-HCOH), thus restoring the normal base. The MMR pathway facilitates the removal of base-base mismatches and
insertion-deletion mismatches. MMR begins with the recognition of mismatches by the MutS and MutL heterodimers, followed by the diffusion of these complexes to
nick the DNA either upstream or downstream of the mismatch. This DNA nick serves as an entry point for EXO1, which functions to remove a segment of DNA.
Subsequently, Pol § and ¢ fill the nucleotide gap, and then LIG ligates the 3’-OH and 5’-phosphate groups in the DNA backbone. The BER pathway is responsible for
eliminating small base lesions resulting from deamination, oxidation, alkylation, and depurination/depyrimidination. The BER pathway is initiated by distinct
damage-specific DNA glycosylases, such as OGG1, which recognize the damaged base, catalyze the cleavage of an N-glycosidic bond, release a free base, and create
an AP-site. The AP endonuclease then incises the AP-site for subsequent processing through either short-patch or long-patch BER. In short patch BER, Pol p removes
the 5'-deoxyribosephosphate residue generated by AP endonuclease and generates a DNA nick ready for ligation by LIG after endonuclease removing the AP-site. The
NER pathway handles a variety of helix-distorting lesions, including bulky DNA adducts and intra-strand crosslinks. Damage recognition in NER occurs through
global genome repair or transcription-coupled repair. In global genome repair pathway (as shown here), the entire genome is examined for helix distortions by the
XPC complexed with hRAD23B and centrin 2. After initiation, a short oligonucleotide containing the damage is released from the DNA, and then the resulting
nucleotide gap is filled by Pol & or ¢ for subsequent ligation by LIG. Abbreviations: AP: apurinic/apyrimidinic; BER: base excision repair; EXO1: exonuclease 1; LIG:
DNA ligase; MMR: mismatch excision repair; NER: nucleotide excision repair; OGG1: 8-oxoguanine DNA glycosylase-1; PCNA: proliferating cell nuclear antigen; Pol
p: DNA polymerase p; Pol & or e DNA polymerase & or &; RPA: replication protein A.
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these damaged bases. The BER pathway is initiated by distinct damage-
specific DNA glycosylases, such as 8-oxoguanine DNA glycosylases I
(OGG1) and II, neilike DNA glycosylases 1 and 2 (NEIL1 and 2), MTH1
and MUTYH.

These DNA glycosylases recognize the damaged base, catalyze the
cleavage of an N-glycosidic bond, release a free base, and leave an
apurinic/apyrimidinic site (AP-site) (Krokan and Bjoras, 2013). In the
BER pathway, the initiation is then followed by subsequent common
steps, including strand incision, end processing, repair synthesis, and
ligation of the nick, which are catalyzed by AP-endonuclease, exonu-
clease, DNA polymerase, and ligase, respectively. Two general BER
pathways have been identified: the short-patch BER pathway is
responsible for repairing a single nucleotide, while the long-patch
pathway repairs at least two nucleotides (Robertson et al., 2009).
Additionally, a specialized BER pathway, termed SSB repair (SSBR), is
responsible for detecting and repairing SSBs. Poly (ADP ribose) poly-
merase (PARP) serves as the key enzyme actively involved in SSBR
(Fisher et al., 2007). SSBs are rapidly detected and bound by PARP1
(Satoh and Lindahl, 1992), which adds poly (ADP ribose) (PAR) to itself
and other target proteins. Subsequently, PARP1 or PARP2 recruits X-ray
repair cross-complementing protein 1 (XRCC1) (Schreiber et al., 2002;
El-Khamisy et al., 2003), which functions as a scaffold for recruiting
other necessary factors. PARP1 may also have other potential roles in
SSBR, such as promoting gap-filling and participating in final DNA
ligation by facilitating ATP supply (Caldecott, 2008; Oei and Ziegler,
2000). PARP2, while having 18-fold lower activity compared to PARP1,
can support up to a quarter of the normal level of PAR synthesis induced
by DNA damage in the absence of PARP1 (Ameé et al., 1999), suggesting
an overlapping or backup role of PARP2 for PARP1 (Fig. 1).

2.4. Nucleotide excision repair (NER)

Unlike BER, which only removes bases, NER excises entire nucleo-
tides. The NER pathway deals with a variety of helix-distorting lesions,
including cyclobutane-pyrimidine dimers, bulky DNA adducts, and
intra-strand crosslinks, which can interfere with base pairing and
impede transcription and replication. The detection of DNA damage in
NER is achieved through global genome repair (GGR) or transcription-
coupled repair (TCR) (Scharer, 2013).

In the GGR pathway, the entire genome is examined for helix dis-
tortions by XPC complexed with hRAD23B and centrin 2, whereas TCR
only repairs lesions in the transcribed strand of active genes when RNA
polymerase II is stalled during transcript elongation (Marteijn et al.,
2014). After the initiation of NER, a short damage-containing oligonu-
cleotide is released from DNA, and the resulting gap is filled in by a
transcription initiation complex called TFIIH, which is involved in both
GGR and TCR (Cleaver et al., 2009). Previous studies have shown that
mutations in NER-related genes can lead to cancer and premature aging
disorders (Marteijn et al., 2014) (Fig. 1).

2.5. Double-strand DNA break (DSB) repair

DSBs are considered to be the most cytotoxic DNA lesions, with a
single unresolved DSB leading to chromosome rearrangement and
consequently compromising cell viability (Ketley and Gullerova, 2020).
Two pathways, homologous recombination (HR) and non-homologous
end joining (NHEJ) have evolved to repair DSBs (San Filippo et al.,
2008; Lieber, 2008).

HR is largely restricted to the S/G2 phases of the cell cycle when DNA
is replicated. During HR, the existing sister chromatid is used as a ho-
mologous template for DNA repair, enabling high fidelity (San Filippo
et al., 2008). In eukaryotic cells, the critical step for the commitment to
HR is end resection, which commences with the recruitment of the
MRE11-RAD50-NBS1 (MRN) complex to DSB (Symington and Gautier,
2011). NBS1 facilitates the translocation of the MRN complex to the
DNA damage site through its nuclear localization signal and its
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interaction with MRE11 (Desai-Mehta et al., 2001). Integration of the
MRN complex with DNA is facilitated by MRE11, and dimerization of
MRE11 and RAD5O serves to stabilize the MRN complex while bringing
DNA termini into proximity. Additionally, MRE11 possesses both endo-
and exonuclease activities directed towards both single-stranded DNA
(ssDNA) and double-strand DNA (dsDNA), initiating the DNA resection
process (Paull and Gellert, 1998; Williams et al., 2008; de Jager et al.,
2001). Ataxia telangiectasia mutated (ATM), one of the DDR kinases
primarily activated by DSB, is subsequently recruited through its inter-
action with NBS1 (Uziel et al., 2003). In normal cells, ATM remains
inactive in the form of multi-dimers or homodimers. However, in
response to DSBs, it undergoes autophosphorylation and dissociates to
form active monomers (Bakkenist and Kastan, 2003). Once stimulated,
ATM plays a pivotal role in transmitting and amplifying DDR signals by
phosphorylating multiple downstream substrates. Another crucial DDR
kinase is ATM and RAD3-related (ATR), whose activation is linked to the
stabilization of DNA replication forks and the regulation of SSB repair
processes (Zou and Elledge, 2003). Due to the limited nuclease activity
of MRN complex for achieving complete DNA resection, several other
factors, including breast cancer protein 1 (BRCA1), CtBP-interacting
protein (CtIP), exonuclease 1 (EXO1), bloom syndrome protein (BLM),
and Dna2, are also required for the efficient short-range and long-range
resection to create long 3’ ssDNA tails (Limbo et al., 2007; Cannavo and
Cejka, 2014; Garcia et al., 2011). The ssDNA tails are then rapidly coated
with abundant ssDNA-binding heterotrimeric complex replication pro-
tein A (RPA), to avoid initiating other nucleolytic processes which could
cleave ssDNA intermediates. If HR is to proceed, breast cancer protein 2
(BRCA2) will replace RPA with RAD51 recombinase on ssDNA (Jensen
et al., 2010; Thorslund et al., 2010). Following the generation of pre-
synaptic filament RAD51-bound ssDNA, homologous sequence on sister
chromatid will be invaded and a D-loop structure will be formed (Uryga
et al., 2016). Finally, the resolution of Holiday junctions results in two
identical DNA sequences (Chapman et al., 2012).

NHEJ can occur throughout the cell cycle, including during the G1
phase, when a sister chromatid is not available (Lieber, 2008). Unlike
HR, NHEJ can be an error-prone process, that does not use a homologous
template and directly ligates the two broken DNA ends together
(Chapman et al., 2012). After NHEJ is initiated by Ku70-Ku80 hetero-
dimer binding to the DSB ends, other factors are recruited, including
DNA-dependent protein kinase catalytic subunit (DNA-PKcs), DNA
ligase IV (LIG4), the associated scaffolding factors X-ray repair
cross-complementing protein 4 (XRCC4), XRCC4-like factor (XLF) and
the paralogue of XRCC4 and XLF (PAXX) (Ahnesorg et al., 2006; Nick
McElhinny et al., 2000; Ochi et al., 2015). In NHEJ, DSB ends are pro-
cessed by nuclease Artemis, specialized DNA polymerase A and p, and
other enzymes that ensure the compatibility of the ligated ends (Stinson
et al., 2019). The synapsis of the two DSB ends is a two-step process
(Blackford and Jackson, 2017): first, long-range synapsis is established
by Ku70-Ku80 and DNA-PKcs, followed by closer alignment of the two
DSB ends mediated by XLF, XRCC4-LIG4, and DNA-PKcs. Additionally,
DSBs can also be repaired through alternative end joining (aEJ), also
called microhomology-mediated end joining (MMEJ), which is different
from the classical NHEJ pathway. The aEJ pathway is initiated by
CtIP-dependent end resection which generates short termini of one to
four nucleotides, which are further processed via PARP1, Pol6, dRP ly-
ases, XRC1, LIGI, and LIGIII (Mateos-Gomez et al., 2015) (Fig. 2).

2.6. DNA damage tolerance (DDT)

In eukaryotic cells, some lesions encountered during DNA replication
are tolerated and the replication is completed with unrepaired tem-
plates. Unlike those DDR pathways that restore the proper sequence and
structure of DNA, DNA lesions remain present after DDT. Mammalian
cells have developed two types of DDT, namely template switching (TS)
(Branzei, 2011) and translesion synthesis (TLS) (Waters et al., 2009). TS
is an error-free DDR pathway that relies on the nascent DNA strand
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Fig. 2. The schematic diagrams of the DSB repair, DDT, and RNA-dependent DDR. “—” represents promotion; “_L” represents inhibition. Two pathways, HR and
NHEJ, have evolved to repair DSB. The HR pathway initiates with end resection via MRN complex. CtIP, EXO1, BLM, and Dna2 are also necessary to generate 3’
ssDNA tails, which are rapidly coated with RPA, followed by RAD51 loading. The RAD51-bound ssDNA tails then search for a homologous sequence on the sister
chromatid to invade, ultimately resulting in the generation of two identical DNA sequences. In contrast, the NHEJ pathway commences with the binding of the Ku70-
Ku80 heterodimer to the ends of DSBs. Subsequently, the Ku70-Ku80 heterodimer, along with DNA-PKcs, establishes long-range synapsis, followed by the closer
alignment of the two DSB ends mediated by XRCC4-LIG4 and DNA-PKcs. Artemis processes the DSB ends during the process. The DDT pathway allows for the
completion of DNA replication with unrepaired templates. The status of PCNA plays a pivotal role in choosing between two types of DDT: error-free TS and error-
prone TLS. Monoubiquitinated PCNA facilitates TLS, while polyubiquitinated PCNA promotes TS. RNA-dependent DDR has recently gained recognition. For instance,
miR-182 miR-1255b, miR-148b*, and miR-193b* have been identified as factors that can impair HR-mediated DSB repair, favoring NHEJ-mediated DSBs repair.
Moreover, ncRNAs can regulate DDR pathways through gene expression-independent manners. For example, the DNA: RNA hybrids formed by IncRNAs interacting
with complementary DNA strands in HR are crucial intermediates in DSB repair, while DDRNAs facilitate the recruitment of 53BP1 to DSBs, enhancing DDR at the
mediator level. Intercellular transfer of ncRNA species through exosomes may also play a significant role in DDR for both donor and recipient cells. Abbreviations:
BLM: bloom syndrome protein; BRCA1: breast cancer protein 1; BRCA2: breast cancer protein 2; CtIP: CtBP-interacting protein; DDR: DNA damage response;
DDRNAs: DNA damage response small RNAs; DDT: DNA damage tolerance; DNA-PKcs: DNA-dependent protein kinase catalytic subunit; DSB: double-strand DNA
break; EXO1: exonuclease 1; HR: homologous recombination; LIG4: DNA ligase IV; IncRNA: long non-coding RNA; miR: microRNA; MRN: MRE11-RAD50-NBS1;
ncRNA: non-coding RNA; NHEJ: non-homologous end joining; PCNA: proliferating cell nuclear antigen; RPA: replication protein A; ssDNA: single-stranded DNA; TLS:
translesion synthesis; TS: template switching; XRCC4: X-ray repair cross-complementing protein 4.
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exchange between damaged and intact newly synthesized sister chro-
matid to reactivate replication (Goodman and Woodgate, 2013; Cipolla
etal., 2016). In TLS, low-fidelity and error-prone TLS polymerases (such
as Revl, Pol¢, and Poln) that can bypass lesions, replace high-fidelity
DNA polymerases. When encountering lesions during DNA replication,
the status of proliferating cell nuclear antigen (PCNA) is the key to
choosing between TS and TLS. Studies have indicated that mono-
ubiquitylated PCNA facilitates interaction with TLS polymerases (Stelter
and Ulrich, 2003; Kannouche et al., 2004), while the polyubiquitylated
form facilitates error-free DDT via TS (Pfander et al., 2005; Papouli
et al, 2005, Zhang and Lawrence, 2005). Apart from the
post-translational modifications of PCNA, the chromatin organization is
also an important regulator of DDT; for example, the chromatin status,
sister chromatid cohesion, and chromosome architectural changes are
mediated by DNA bending (Branzei and Psakhye, 2016; Che et al.,
2021). Mastowska et al (Mastowska et al., 2019). showed that only a
single unrepaired DNA lesion could reduce the survival of a budding
yeast cell with deficient DDT, suggesting a critical role of DDT in cell
viability (Fig. 2).

2.7. RNA-dependent DDR

The DDR process was previously thought to be solely regulated by
proteins, however, the essential roles of non-coding RNA (ncRNA) in
DDR pathways have been gradually recognized. The ncRNA species can
be grouped into long ncRNA (IncRNA) over 200 nucleotides in length

and small ncRNA (sncRNA) with a length of < 200 nucleotides. These
ncRNA species can be further processed into microRNAs (miRNAs) and
other types of RNAs exhibiting versatility in DDR, especially in the DSB
repair pathways of HR and NHEJ (Ketley and Gullerova, 2020). Studies
have found that miRNA can post-transcriptionally silence various genes
encoding key DDR proteins by targeting their mRNAs (van Kouwenhove
etal., 2011). For example, miR-182 can target BRCA1, a core component
in the DSB repair pathways of HR. Moskwa et al (Moskwa et al., 2011).
have indicated that the overexpression of miR-182 could downregulate
the expression of BRCA1 protein, impair the HR-mediated DSBs repair,
shift to the NHEJ-mediated DSBs repair, and render cells more hyper-
tensive to irradiation. Other miRNAs, reported downregulating the
HR-related factors, including miR-1255b, miR-148b*, and miR-193b*,
are capable of controlling the levels of BRCA1l, BRCA2, and RAD5I,
respectively (Choi et al., 2014). Besides, miR-15, miR-34, miR-181/182,
miR-199, and miR-217 are shown to be associated with the dysfunction
of the PARP/SIRT1 DDR system (Pourrajab et al., 2015). Additionally,
ncRNAs can also regulate DDR pathways through gene
expression-independent manners, such as controlling the localization of
DDR proteins, stabilizing DNA ends for resection, and scaffolding mul-
tiple factors to promote DDR (Shaw and Gullerova, 2021). For example,
DSB-induced RNAs (diRNAs) and DNA damage response small RNAs
(DDRNAS) can facilitate the recruitment of multiple DDR factors (such as
MDC1, pATM, BRCAI, and 53BP1) to DSBs, stimulating DDR at the
mediator level (Francia et al., 2012; Wei et al., 2012). Additionally, in
HR, the DNA: RNA hybrid, formed by IncRNAs interacting with the
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complementary DNA strand, is an essential intermediate for DSB repair
(Liu et al., 2021). Interestingly, evidence suggests that the intercellular
ncRNA species transferred through exosomes might also be important in
DDR for both donor and recipient cells (Shaw and Gullerova, 2021).
Further insight into the mechanisms of RNA-dependent DDR is war-
ranted (Fig. 2).

3. Characteristics of vascular aging

Vascular aging is a complex and dynamic process that involves
multiple factors, such as oxidative stress, chronic inflammation,
increased apoptosis, and exacerbated cellular senescence (Ungvari et al.,
2020). Moreover, these factors also interact with each other. The com-
bination of these factors mainly affects the arterial media-intima layer,
which consists of endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs). Previous studies have indicated that the structural
damage and dysfunction of ECs and VSMCs are closely related to
vascular aging and age-related CVDs (Monk and George, 2015). DNA
damage plays an important causal role in the dysfunction of ECs and
VSMCs during vascular aging. For example, a high level of chromosomal
aneuploidy has been reported in ECs isolated from human aorta, espe-
cially from atherosclerotic lesions (Tokunaga et al, 1998).
Plaque-derived VSMCs exhibit elevated expression of various DSB and
DSB repair-related factors, such as the MRN complex and the phos-
phorylated form of ATM, compared to normal VSMCs cultured in vitro
(Mahmoudi et al., 2008; Gray et al., 2015).

Vascular aging is associated with multiple macroscopic characteris-
tics (Fig. 3). The increase in vascular diameter and the thickening of
arterial walls (mainly the intima) are prominent structural changes in
large elastic arteries during aging (Lakatta, 1993). Epidemiological
studies showed that intima-medial thickness (IMT) of the carotid wall
increases 2-3 fold between 20 and 90 years of age (Lakatta and Levy,
2003). DNA damage may play a causal role in these vascular
aging-related changes. Previous studies have reported a negative cor-
relation between DNA damage in lymphocyte and total antioxidant ca-
pacity (TAC) (Demirbag et al., 2005), as well as between TAC and
atherosclerotic thoracic aortic IMT (Demirbag et al., 2006). In a study
conducted by Gur et al (Gur et al, 2007)., transesophageal
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echocardiography was employed to measure the IMT of the thoracic
aorta. Their analysis further revealed a direct and positive correlation
between lymphocytic DNA damage and aortic IMT in a multiple linear
regression analysis.

Chronic inflammation is another important age-related vascular
characteristic. Studies have shown that aging is associated with chronic
low-grade inflammation, which predisposes the vascular system to
atherosclerosis (Franceschi et al., 2000). Nuclear transcription factor
kappa B (NF-xB) is a critical factor converging multiple proinflammatory
pathways in aged arterial walls. This age-associated induction of NF-kB
significantly contributes to the activation of ECs, which is important in
initiating the atherogenic process (Csiszar et al., 2008a). C-reactive
protein (CRP) and adiponectin are also inflammatory markers that
participate actively in vascular damage and target-organ lesions. Adi-
ponectin, a plasma protein derived from adipocytes, acts as an anti-
atherogenic endogenous factor. Tsioufis et al (Tsioufis et al., 2007).
showed that high CRP levels and low adiponectin levels exert an addi-
tive detrimental effect on aortic stiffness and accelerate the vascular
aging process.

Vascular calcification is a process that reduces the elasticity of the
arterial wall as people age. Previous clinical studies have reported that
more than 90% of men and 67% of women > 70 years old have arterial
calcification (Liu et al., 2015). During vascular calcification, VSMCs
change into osteoblast-like phenotype and express osteogenic markers
(Benetos et al., 2011; Ganesh et al., 2001). Perivascular stem/progenitor
cells (pericytes) and ECs can transform into osteoblasts and chon-
drocytes and contribute to vascular calcification (Bostrom et al., 1993;
Medici et al.,, 2010). Furthermore, DNA damage may also play an
important role in this process. Antibody staining for oxidative DNA
damage markers shows that VSMCs at the site of calcification have DNA
damage (Miiller et al., 2019). Additionally, persistent DNA damage is
also found in VSMCs cultured from children on dialysis who rapidly
develop medial vascular calcification (Sanchis et al., 2019).

Arterial stiffening is also a hallmark of vascular aging and has been
identified as an independent predictor of future cardiovascular events
(Durham et al., 2018). Histological examination shows that the aged
arterial blood vessels are associated with multiple structural alterations,
including excessive collagen, reduced elastin, elastin fractures, and

Increased IMT

Arterial stiffening

J Increased vascular

/ diameter
Aged artery
(Cross-section)
i‘} Osteoblast-like VSMCs ’. Immune cells

Fig. 3. Macroscopic characteristics of vascular aging. Aged arteries exhibit a range of features, such as increased vascular diameter and IMT, chronic inflam-
mation, vascular calcification, arterial stiffening, and the development of atherosclerosis. Within the context of atherosclerosis, lipid deposition between the intimal
and medial layers of the blood vessel can induce chronic inflammation, immune cell infiltration, and the differentiation of VSMCs into foam-cell-like and osteoblast-
like VSMCs. Abbreviations: ECs: endothelial cells; IMT: intima-medial thickness; VSMCs: vascular smooth muscle cells.
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calcification of the vascular media, as well as luminal dilation and
intimal thickening (Lakatta and Levy, 2003). All these histological
changes contribute to the reduction of arterial compliance and the ca-
pacity of arteries to resist stress (Benetos et al., 2011). Pulse wave ve-
locity (PWV) has long been regarded as the gold standard evaluation of
arterial stiffness. Previous studies reported that young individuals have
more elastic arteries, while PWV significantly increases in older in-
dividuals (Mikael et al., 2017). Arterial stiffening may provoke systolic
hypertension, poor cardiac perfusion, and eventually cardiac remodel-
ing and heart failure (Lanzer et al., 2014). Considering its important role
in the development of age-related CVDs, the assessment of arterial
stiffness has long been recommended to improve the risk stratification of
cardiovascular events (Laurent et al., 2006; Mancia et al., 2013).

Atherosclerosis is an age-related disease with complex vascular al-
terations that can also be observed in aging individuals (Ferrari et al.,
2003). Vascular cell senescence has been shown to play a pivotal role in
the atherogenic process (Minamino and Komuro, 2007). Since vascular
aging and atherosclerosis are associated with similar biochemical
pathways and vascular alterations, atherosclerosis might be regarded as
a specialized form of accelerated vascular aging. Abundant evidence
suggests that DNA damage in vascular cells possibly acts as a crucial
mediator in vascular aging and atherosclerosis (Gray et al., 2015; Mercer
et al., 2010; Martinet et al., 2002). Both “macro” and “micro” DNA
damage has been found in the human atherosclerotic plaque: “macro”
damage includes deletions or additions of parts or whole chromosomes,
while “micro” damage includes DNA modifications or adducts, DSBs,
loss of heterozygosity (LOH) and MSI (Mahmoudi et al., 2006).

4. DDR in vascular aging, a double-edged sword
4.1. Deficient DDR in vascular aging

DDR is a complex and conserved signaling cascade that involves
networks of interacting processes, such as cell cycle checkpoints, tran-
sient senescence, and apoptotic pathways (Andreassi, 2008). A study
that combined genetic risk factors associated with the comorbidity of
CVDs showed significant enrichment of DDR-related genes (Turk and
Kunej, 2022), suggesting an important role of DDR in vascular aging.
Considering the important role of DNA damage in age-related vascular
diseases, one might speculate that deficient DDR, which could result in
the accumulation of unrepaired damaged DNA, can also lead to vascular
aging.

Premature aging syndromes with DDR defects and characterized by
age-related clinical phenotypes, support this hypothesis. Hutchison-
Gilford progeria syndrome (HGPS) is caused by a mutation in the
LMNA gene encoding lamin A (Eriksson et al., 2003), of which the
premature accumulation has been demonstrated to be toxic to DDR
(Cobb et al., 2016). HGPS children suffer from exacerbated CVDs,
including premature arteriosclerosis, calcification, vascular stiffening,
and coronary artery and cerebrovascular diseases; and they typically die
of myocardial infarction (MI) or stroke at an average of 14.6 years
(Gordon et al., 2014). Another premature aging syndrome characterized
by vascular aging-related CVDs is Werner syndrome, caused by
loss-of-function mutations in genes encoding Werner syndrome
ATP-dependent helicase (WRN). All model organisms of the Werner
syndrome are hypersensitive to DNA damage, supporting the hypothesis
of WRN being a DDR protein (Opresko, 2008). Patients with Werner
syndrome exhibit premature cardiovascular features such as athero-
sclerosis and usually die from MI due to accelerated atherosclerosis at a
mean age of 54 years (Epstein et al., 1966). Zhang et al (Zhang et al.,
2015). found that the level of WRN protein in healthy individuals also
varies with age. They found that the WRN protein level in primary
wild-type mesenchymal stem cells (MSCs) obtained from elderly healthy
individuals is significantly lower than those from young individuals.
These findings suggest that an age-dependent decrease in WRN expres-
sion in MSCs may lead to an increased number of dysfunctional MSCs in
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normal older individuals. Therefore, WRN might be a novel therapeutic
target for treating age-related CVDs observed in the general population.

Ineffective MMR has been largely reported in malignancies (Bona-
dona et al., 2011), while evidence of its effect on age-related diseases is
relatively limited. Recently, Perry et al (Perry et al., 2014). reported an
association between polymorphisms of MMR gene MSH6, especially
variant rs1800932, and the age at menopause. Evidence has shown that
LOH and MSI, which may be the indicators of MMR deficiency, were
involved in the development of atherosclerotic plaques (Hatzistamou
et al., 1996). Flouris et al (Flouris et al., 2000). detected the presence of
LOH in hMSH2, hPMS1, and hMLH1 in human autopsy cases of
atherosclerosis. This finding might suggest that such genomic alterations
are important events in the atherogenic process. Microsatellite analysis
also reveals a significant incidence of LOH and MSI in specific loci on
chromosomes 2, 8, 9, and 17 on cerebral atherosclerotic plaques (Min-
iati et al., 2001).

Evidence from animal studies shows that alterations in NER-related
components may also be causative in vascular aging. Two NER-defect
mouse models, XPDT™ mice with moderately accelerated aging and
Ercc1?” mice with much faster aging paces, have been developed to
evaluate the role of NER on aging (de Boer et al., 1998; Dollé et al.,
2006). Both XPD™™ and Ercc1?” mice are associated with increased
vascular cell senescence, accelerated vasodilator dysfunction, increased
vascular stiffness, and elevated blood pressure at a very young age
(Durik et al., 2012). Additionally, the finding that the Erccl1%" mice
develop more accelerated endothelial dysfunction than the XPDT™ mice
is consistent with the relative pace of aging acceleration of these two
strains. They also found that arterial stiffness is associated with the
single-nucleotide polymorphisms (SNPs) of human NER component
genes, especially rs2029298 SNP of genes encoding the DNA
damage-recognition complex XPE. Previous studies indicated that the
polymorphisms in the NER-related genes XPD and ERCC5 (Asp1104His)
are associated with genomic instability in coronary diseases and the risk
of atherosclerosis and stroke (Shyu et al., 2012; Bazo et al., 2011).
Chinese Han populations with the ERCCI gene rs11615 SNP show sus-
ceptibility to coronary artery diseases and the severity of coronary
atherosclerosis (Zhang et al., 2017). All these findings suggest an
important role of NER deficiency in vascular aging.

BER is a highly conserved DDR pathway responsible for repair of
small base lesions. OGG1 is a key regulatory BER enzyme responsible for
repairing 80xo-dG lesions, of which extensive accumulation is found in
ECs, VSMCs, and macrophages in the advanced atherosclerotic plaques
(Martinet et al., 2002). The reduced activity of OGG1 leads to the
defective repair of nuclear 80oxo-dG in human plaques; additionally, the
level of 80x0-dG in vivo and atherosclerosis increases in 0GG1 ™~ mice,
while rescuing the activity of OGG1 can reduce the accumulation of
80x0-dG and the development of atherosclerotic plaques (Shah et al.,
2018). Tumurkhuu et al (Tumurkhuu et al., 2016). indicated that OGG1
knockout in macrophages promotes the atherogenic process; they also
found a reduced expression of OGG1 transcript in human plaques
compared with normal vessels. NEIL3 is an important DNA glycosylase
involved in the BER pathway. Compared to ApoE”" mice, NEIL” apoli-
poprotein E (ApoE)”" mice show accelerated plaque formation on a
high-fat diet (Skarpengland et al., 2016); this might be explained by the
role of NEIL3 in balancing lipid metabolism and macrophage function in
the development of atherosclerosis. NEIL3 deficiency can also promote
atherogenesis through noncanonical mechanisms affecting the VSMC
phenotype, for example, by activating the Akt signaling pathway (Qui-
les-Jimeénez et al., 2021). Except for these aforementioned cellular,
histological, or animal studies, genetic studies also showed that poly-
morphisms in BER-related genes may partially explain the different risks
of developing age-related vascular dysfunctions. For example, the
rs12645561 SNP TT genotype of NEIL3 is associated with an increased
risk of MI (Skarpengland et al., 2015). Polymorphisms in the BER genes
encoding XRCC1 and XPD are associated with a higher risk for coronary
atherosclerosis (Bazo et al., 2011; Guven et al., 2007). The rs25487
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polymorphism of the XRCC1 gene represents a significantly reduced risk
of ischemic stroke (He et al.,, 2016; Mahabir et al., 2007). XRCC1
Arg399GIn and OGG1 Ser326Cys gene polymorphisms are also bio-
markers for the risk of ischemic stroke (Orhan et al., 2016). Further-
more, the ERCC2 Lys751GlIn variant is associated with the risk of large
artery atherosclerotic stroke, especially in smokers (Shyu et al., 2012).

DSBs are reported to be the most lethal DNA lesions in the cell, and
defective repair of DSB might also play an important role in vascular
aging-related diseases. Gray et al (Gray et al.,, 2015). showed the
expression of multiple DDR proteins, particularly the MRN complex that
senses DSBs, is increased in human atherosclerotic plaques. Although
the extent and composition of atherosclerotic plaques are not influenced
by accelerating or hindering the DSB repair, faster DSB repair reduces
the vulnerability of plaques by increasing the relative fibrous cap area
and the VSMC content. Data from genome-wide association studies
(GWAS) showed that DSB repair pathways, especially the rs2155209
polymorphism of the MRE11A gene encoding a subunit of DSB sensor
MRN, are associated with the occurrence of MI (Verschuren et al., 2013).
The rs2155209 polymorphism of the MREI1A gene is also associated
with lower severity of subclinical atherosclerosis, while the rs13447720
and rs499952 variants are associated with a decreased risk (Var-
gas-Alarcon et al., 2019). RAD52 is another protein that carries out
important functions in the repair of DSBs (Bhowmick et al., 2016). In
patients with ischemic heart diseases, the rs7963551 G/T heterozygotes
of RAD52 exhibit significantly increased mortality compared with the
GG or TT homozygotes (Lenart et al., 2017). This finding suggests that
SNPs affecting the efficiency of DSB repair may influence vascular aging
in humans.

The important regulatory roles of miRNAs in DDR have gradually
been illuminated. For example, miR-16, miR-31, and miR-17-3p can
regulate vascular inflammation by influencing the expression of adhe-
sion molecules, such as vascular cell adhesion molecule 1 (VCAM-1),
intercellular cell adhesion molecule-1 (ICAM-1), and E-selectin (Suarez
et al., 2010; Asgeirsdottir et al., 2012). Ito et al (Ito et al., 2010). and
Menghini et al (Menghini et al., 2009). demonstrated that miR-217 and
miR-34a can induce human ECs senescence by targeting the SIRT
pathway. Besides, miR-155 and miR-125-5p are found to be associated
with the stability of lipid uptake, monocyte/macrophage inflammation,
and neointimal foam cell accumulation, thereby influencing the devel-
opment of atherosclerotic plaque (Chen et al., 2009; Nazari-Jahantigh
et al., 2012). LncRNA SNHG12 can bind to DNA-PKs and enhance the
ability of DDR by facilitating the binding of DNA-PKs to Ku70/80 in
vascular ECs (Haemmig et al., 2020). The knockdown of SNHG12 can
increase DNA damage and cellular senescence both in vitro and in vivo,
thereby exacerbating the EC dysfunction and macrophage efferocytosis.
Considering their important roles in modulating cardiovascular signal
transduction, miRNAs might be novel therapeutic targets in treating
age-related CVDs. Lovren et al (Lovren et al., 2012). showed that the
overexpression of miR-145 in VSMCs can improve the stability of
atherosclerotic plaques by increasing the fibrous cap area and plaque
collagen content while reducing the necrotic core area.

Except for the aforementioned key components of DDR, DDR
signaling proteins also play pivotal roles in vascular aging. In cells, DNA
lesions first activate various kinases, such as ATM and ATR, which act as
the primary transducers in the DDR signaling cascade. Thrasher et al
(Thrasher et al., 2017). noticed that ATM variants may predispose in-
dividuals to ischemic heart diseases. ATM "/~ VSMCs and macrophages
exhibit increased nuclear DNA damage, as well as defective DDR
signaling, growth arrest, and apoptosis, which further promote the
development of atherosclerosis and metabolic syndrome (Mercer et al.,
2010). Similarly, Wu et al (Wu et al., 2005). showed that ATM*/"ApoE™"
mice are associated with significantly higher plasma cholesterol levels
and more advanced aortic atherosclerotic lesions compared with
ATM™*ApoE”" mice. Sirtuin is another important class of DDR
signaling proteins. Once activated, sirtuins can significantly increase the
ATM expression and phosphorylate MRE11 and NBS1, thereby

Ageing Research Reviews 92 (2023) 102137

promoting the formation of the MRN complex and increasing the acti-
vation of DDR (Bartoli-Leonard et al., 2021). A previous study found that
the impairment of SIRT1-mediated DDR is involved in the bisphenol
A-induced aggravation of macrophage inflammation and atherosclerosis
(Yang et al., 2021). Bartoli-Leonard et al (Bartoli-Leonard et al., 2021).
reported that SIRT loss accelerates while its activation attenuates the
DNA damage-induced vascular calcifications in diabetic patients. A
further study discovered that the association between SIRT1 loss and
increased calcification might be mediated by the osteogenic transcrip-
tion factor pathway Runx2 (Bartoli-Leonard et al., 2019; Badi et al.,
2018). While the loss of SIRT1 may facilitate vascular aging,
heart-specific overexpression of SIRT1 is found to impede heart aging
and protect the heart from paraquat-induced oxidative stress (Alcendor
et al., 2007). Zhang et al (Zhang et al., 2008). discovered that
endothelium-specific overexpression of SIRT1 can suppress atherogen-
esis in ApoE”” mice. SIRT6 is also an important DNA damage sensor in
the DDR pathways (Mao et al., 2011). SIRT6 is involved in the inflam-
matory pathways of diabetic atherosclerotic lesions (Balestrieri et al.,
2015). Grootaert et al (Grootaert et al., 2021). reported that the
expression level of SIRT6 in VSMCs located in human and mouse
atherosclerotic plaques is markedly reduced; additionally, the
VSMC-specific overexpression of SIRT6 can inhibit atherogenesis and
reduce tissue markers of cell senescence and inflammation. SIRT6 can
also prevent the degradation of hepatic low-density lipoprotein (LDL)
receptors and lower the level of plasma LDL-cholesterol in mice (Tao
et al., 2013), which may impede the atherogenic process.

4.2. Overexpressed DDR in vascular aging

Considering the possible causative role of deficient DDR in vascular
aging, several attempts have been carried out to enhance the efficiency
of DDR by overexpressing related enzymes to enhance resistance to
genomic lesions and retard the aging process. However, a non-
physiological level of certain DDR proteins may not be beneficial, or
even detrimental to protection from vascular aging.

PARPI1 is an enzyme activated by DSBs and physiologically partici-
pates in DDR. Moderate activation of PARP1 can facilitate DDR and
rescue organs from pathological dying (Csiszar et al., 2005), while
excessive activation of PARP1 depletes beta-nicotinamide adenine
dinucleotide (NAD™) and ATP. These depletions further lead to necrotic
cell death and the necrotic core formation of atherosclerotic lesions
(Carson et al., 1986). Martinet et al (Martinet et al., 2002). identified
that human atherosclerotic plaques are associated with an elevated level
of PARP1. Additionally, PARP1 signaling can promote the
trans-differentiation of VSMCs from a contractile phenotype to the
osteogenic  phenotype, which enhances the expression of
mineralization-regulating proteins, exacerbating calcium deposition
(Miiller et al., 2019; Wang et al., 2019). These findings might help to
explain why PARPs are activated at sites of calcification in animal
models and human vessels (Chow et al., 2014). PARP1 over-activation
has also been found in endothelial dysfunction, hypertension, dia-
betes, atherosclerosis, and heart failure (Pacher and Szabo, 2007;
Krishnakumar and Kraus, 2010; Wang et al., 2018). Taken together,
these results imply a negative role of PARP1 activation in the patho-
genesis of age-related CVDs. Actually, studies do observe a protective
therapeutic effect of PARP inhibitors. Benko et al (Benko et al., 2004).
found that INO-1001, a novel potent PARP inhibitor, can improve the
endothelial function in ApoE-deficient atherosclerotic mice models on a
high-fat diet. Additionally, the inhibition of PARP1/2 can inhibit calci-
fication in rat, bovine, and human targets (Miiller et al., 2019). In
ST-elevated MI patients undergoing urgent revascularization, PARP1
inhibition using INO-1001 can reduce the level of inflammatory markers
and achieve satisfying safety (Morrow et al., 2009). Xu et al (Xu et al.,
2014). showed that reducing PARP1 activity by pharmacological or
molecular approaches can attenuate the development of atherosclerotic
plaques, enhance plaque stability, and promote the regression of
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pre-established plaques.

Although haploinsufficiency in ATM is associated with an increased
risk of atherosclerosis, ATM inhibition is protective. Its inhibition can
reduce both the mRNA and the secreted level of pro-calcific factors in
VSMCs, thereby reducing osteogenic differentiation and calcification
(Liu et al., 2013). Sanchis et al (Sanchis et al., 2019). also showed that
the blockade of ATM-mediated DNA damage signaling can reduce
inflammation and vascular calcification in children on dialysis. Caffeine,
which can markedly reduce atherogenesis, has recently been found to be
an effective DDR inhibitor by inhibiting ATM in VSMCs both in vitro and
in vivo (Mercer et al., 2012). These findings might indirectly suggest a
biphasic property of ATM in vascular aging.

The overexpression of other DDR enzymes, such as the DNA poly-
merase § (DNA pol B) and alkyl N-purine glycosylase (ANPG), are also
detrimental. DNA pol B is the most inaccurate DNA polymerase in
mammalian cells. The overexpression of DNA pol p in human cells in-
creases the risk of spontaneous mutagenesis and the tolerance to
bifunctional DNA cross-linking anticancer drugs (Canitrot et al., 1999a,
1999b). Similarly, Chinese hamster ovary (CHO) cells with overex-
pressed ANPG genes are more sensitive to alkylating agents (Calléja
et al., 1999; Coquerelle et al., 1995). However, no studies have inves-
tigated the effects of DNA pol p and ANPG in vascular aging, and further
studies are warranted.

A brief summary of the role of these overexpressed DDR in vascular
aging is shown in Fig. 4.
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4.3. Therapies having an effect on DDR in vascular aging

Statins, the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors, are widely prescribed to atherosclerotic patients to
reduce their serum cholesterol. Recently, statins have also been found to
have an effect of reducing DNA damage (Shin et al., 2005; Harangi et al.,
2004). In end-stage renal disease patients with carotid artery athero-
sclerosis, simvastatin significantly reduces the chromosomal damage in
their lymphocytes (Pernice et al., 2006). However, whether this effect is
realized through preventing genomic damage or potentiating the DDR
capacity remains unclear. Ostrau et al (Ostrau et al., 2009). showed that
the irradiation-induced phosphorylation of histone H2AX (y-H2AX), an
indicator of DSBs, is not affected by lovastatin treatment. They also
found that compared with non-treated cells, the number of y-H2AX foci
is identical after 4 h radiation, while significantly reduced after 30 min
radiation in lovastatin-pretreated cells. Based on all these findings, these
authors  speculated that lovastatin might accelerate the
radiation-induced DSB repair in vitro, but not affect the residual level of
damage. Mahmoudi et al (Mahmoudi et al., 2008). found that atorvas-
tatin can accelerate DDR in human VSMCs via Hdm2 phosphorylation,
NBS-1 stabilization, and more rapid phosphorylation of ATM and
y-H2AX. However, Niibel et al (Niibel et al., 2006). found no influence of
lovastatin on the ionizing radiation-induced formation and repair of
DSBs. Whether statins affect the DDR pathway and the underlying
mechanisms requires further investigation.
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Fig. 4. The role of overexpressed DDR in vascular aging. “L” represents inhibition. The overactivation of PARP and ATM, which are physiological participants in
DDR, can exacerbate the process of vascular aging, while their inhibitions are protective. Excessive activation of PARP can deplete NAD* and ATP, leading to necrotic
cell death. Additionally, PARP signaling can promote the trans-differentiation of VSMCs from a contractile phenotype to the osteogenic phenotype. Over-activation of
PARP1 has also been observed in endothelial dysfunction, and its inhibition can reduce the levels of inflammatory markers. Inhibition of ATM can reduce
inflammation and mitigate the osteogenic differentiation of VSMCs. The effects of overactivation of DNA pol p and ANPG are also detrimental, but their effects in
vascular aging require further exploration. Abbreviations: ATP: adenosine triphosphate; ANPG: Alkyl N-purine glycosylase; ATM: ataxia telangiectasia mutated;
DNA pol p: DNA polymerase 3; NAD: nicotinamide adenine dinucleotide; NF-kB: nuclear transcription factor kappa B; PARP: poly (ADP ribose) polymerase; VSMCs:

vascular smooth muscle cells.
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As we summarized above, SIRT proteins are protective against
vascular aging and age-related CVDs in both rodents and humans. This
might suggest SIRT1 activators, such as resveratrol, could act as po-
tential therapeutic agents. Csiszar et al (Csiszar et al., 2008b). showed
that resveratrol can protect aortic ECs against cigarette-induced
apoptotic cell death and attenuate the smoke extract-induced DNA
damage in coronary arterial ECs of rats. Resveratrol can also generate
anti-atherogenic effects by increasing vascular oxidative stress resis-
tance (Ungvari et al., 2007). Another SIRT1 activator, SRT1720, can
ameliorate age-related vascular endothelial dysfunction in mice by
enhancing COX-2 signaling and reducing oxidative stress and inflam-
mation (Gano et al., 2014). SRT1720 can also generate athero-protective

Ageing Research Reviews 92 (2023) 102137

characterized by the suppression of inflammatory factors and athero-
genic gene expression in the artery (Chen et al., 2015). Except for these
animal studies, the effect of SIRT modulators has been evaluated in
human studies. In healthy cigarette smokers, oral SIRT1 activator
SRT2104 can improve lipid profile by reducing the serum total choles-
terol, low-density lipoprotein cholesterol, and triglyceride (Venkatasu-
bramanian et al., 2013) (summarized in Table 1).

5. Future perspectives and conclusions

DNA damage and the subsequent DDR pathways are crucial factors
that cause vascular aging. DDR pathways have both positive and nega-

effects in the angiotensin Il-induced atherosclerotic ~model, tive effects on vascular aging. While some DDR proteins protect against
Table 1
Potential therapies having effects on DDR in vascular aging.
Author (Ref) Subjects Intervention Outcome
Statins
Mahmoudi et al (Mahmoudi et al., t-BHP pre-treated human VSMCs Atorvastatin Statins treatment:
2008). - does not reduce DNA damage (at 1 h);

Shin et al (Shin et al., 2005). Hypercholesterolemic patients

Harangi et al (Harangi et al., 2004).  Type-Il/a hyperlipidemic patients

Simvastatin 20-40 mg
/day for 8 weeks

Atorvastatin 10 mg/
day for 6 months

- accelerates DNA repair (from over 6-4 h);

- via Hdm2 phosphorylation, NBS-1 stabilization, and more rapid
phosphorylation of ATM and y-H2AX.

Statins treatment:

- significantly reduces DNA damage, as expressed by tail DNA, tail
length and tail moment on DNA in lymphocytes.

Statins treatment:

- significantly decreases DNA damage in comet assay.

Pernice et al (Pernice et al., 2006). Atherosclerotic patients on maintenance  Simvastatin Statins treatment:
regular acetate-free biofiltration - reduces sister chromatid exchanges level and high frequency cells
percentages in a dose-dependent fashion.
Ostrau et al (Ostrau et al., 2009). Irradiated Balb/c mice Lovastatin Statins treatment:
- attenuates ionizing radiation-induced pro-inflammatory and pro-
fibrotic responses and cell death in a tissue- and time-dependent
manner;
- does not affect the y-H2AX phosphorylation stimulated by ionizing
radiation, indicating that statin has no major impact on the induction
of DNA damage in vivo.
Niibel et al (Niibel et al., 2006). Primary human umbilical vein Lovastatin Statins treatment:
endothelial cells - does not influence the formation and repair of ionizing radiation-
induced DSB.
SIRT1 activators
Csiszar et al (Csiszar et al., 2008b). Male Wistar rats with cigarette smoke Resveratrol SIRT1 activators:
exposure - attenuate the production of reactive oxygen species in rat arteries
and cultured coronary arterial endothelial cells;
- abrogate the smoking-induced upregulation of inflammatory
markers in rat arteries;
- protect aortic endothelial cells against cigarette smoking-induced
apoptotic cell death;
- attenuate cigarette smoke extract-induced DNA damage in cultured
coronary arterial endothelial cells (comet assay).
Ungvari et al (Ungvari et al., 2007).  Primary rat coronary arterial endothelial ~ Resveratrol SIRT1 activators:
cells - increase vascular oxidative stress resistance by preventing oxidative
stress-induced apoptotic cell death and decreasing H,0, levels;
- protect endothelial cells against ultraviolet-induced DNA damage
(comet assay).
Gano et al (Gano et al., 2014). Male B6D2F1 mice SRT1720 SIRT1 activators:
- normalize NF-kB activation and reduced TNF-« in old
animals;
- ameliorate vascular endothelial dysfunction with aging in mice by
enhancing COX-2 signaling and reducing oxidative stress and
inflammation.
Chen et al (Chen et al., 2015). Male apoE'/ "~ mice SRT1720 SIRT1 activators:
- inhibit atherosclerosis formation and macrophage recruitment
induced by AnglI;
- improve physiological and metabolism parameters after AngII
treatment;
- attenuate the expression of VSMCs proatherogenic genes;
- inhibit inflammatory signaling pathways in vivo and vitro.
Venkatasubramanian et al ( Healthy cigarette smokers SRT2104 SIRT1 activators:

Venkatasubramanian et al.,
2013).

- improve the serum lipid profile, with reductions in concentrations of
serum total cholesterol, low-density lipoprotein cholesterol, and
triglyceride.

Abbreviations: ATM: ataxia telangiectasia mutated; DSB: double-strand DNA break; NF-kB: nuclear transcription factor kappa B; t-BHP: tert-butyl hydroperoxide;

VSMCs: vascular smooth muscle cells.
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the onset and progression of aging-related CVDs, others (e.g. PARP1)
can be detrimental and may even accelerate the process of vascular
aging. This review summarizes the evidence that modulating corre-
sponding DDR pathways pharmacologically or molecularly could have
potential therapeutic benefits in managing age-related CVDs. Moreover,
miRNA play an important role in vascular aging and understanding their
regulation could help prevent and treat age-related vascular diseases in
the future. However, the role of DDR in vascular aging remains poorly
understood and requires more exploration. Further insights into the
basic biology of DDR are required to identify potential therapeutic tar-
gets to counteract vascular aging.

Funding

This work was supported by the Senior Research Fellowship by
Cancer Research UK [grant number BVR01170] awarded to MG, EPA
Trust Fund [BVR01670] awarded to MG, Lee Placito Fund awarded to
MG, the Natural Science Foundation of China [grant number 82171303]
awarded to LJ, Natural Science Foundation of China [grant number
82301468] awarded to TW and Beijing Hospitals Authority’s Ascent
Plan [grant number DFL20220702] awarded to LJ.

Declaration of Competing Interest

The authors declare no conflict of interest.
Data Availability

No data was used for the research described in the article.
Acknowledgements

We are grateful to all members of LJ and MG labs for their help with
this manuscript. In particular to Zhichao Liu, Kamal Ajit and Ran Xu, for
their comments and suggestions.

References

Ahnesorg, P., Smith, P., Jackson, S.P., 2006. XLF interacts with the XRCC4-DNA ligase IV
complex to promote DNA nonhomologous end-joining. Cell 124 (2), 301-313.

Alcendor, R.R., Gao, S., Zhai, P., Zablocki, D., Holle, E., Yu, X., et al., 2007. Sirtl
regulates aging and resistance to oxidative stress in the heart. Circ. Res 100 (10),
1512-1521.

Amé, J.C., Rolli, V., Schreiber, V., Niedergang, C., Apiou, F., Decker, P., et al., 1999.
PARP-2, a novel mammalian DNA damage-dependent poly(ADP-ribose) polymerase.
J. Biol. Chem. 274 (25), 17860-17868.

Andreassi, M.G., 2008. DNA damage, vascular senescence and atherosclerosis. J. Mol.
Med. 86 (9), 1033-1043.

Asgeirsdottir, S.A., van Solingen, C., Kurniati, N.F., Zwiers, P.J., Heeringa, P., van
Meurs, M., et al., 2012. MicroRNA-126 contributes to renal microvascular
heterogeneity of VCAM-1 protein expression in acute inflammation. Am. J. Physiol.
Ren. Physiol. 302 (12), F1630-F1639.

Bader, A.S., Hawley, B.R., Wilczynska, A., Bushell, M., 2020. The roles of RNA in DNA
double-strand break repair. Br. J. Cancer 122 (5), 613-623.

Badi, I., Mancinelli, L., Polizzotto, A., Ferri, D., Zeni, F., Burba, L., et al., 2018. miR-34a
promotes vascular smooth muscle cell calcification by downregulating SIRT1
(Sirtuin 1) and Axl (AXL Receptor Tyrosine Kinase). Arterioscler. Thromb. Vasc. Biol.
38 (9), 2079-2090.

Bakkenist, C.J., Kastan, M.B., 2003. DNA damage activates ATM through intermolecular
autophosphorylation and dimer dissociation. Nature 421 (6922), 499-506.

Balestrieri, M.L., Rizzo, M.R., Barbieri, M., Paolisso, P., D’Onofrio, N., Giovane, A., et al.,
2015. Sirtuin 6 expression and inflammatory activity in diabetic atherosclerotic
plaques: effects of incretin treatment. Diabetes 64 (4), 1395-1406.

Bartoli-Leonard, F., Wilkinson, F.L., Schiro, A., Inglott, F.S., Alexander, M.Y., Weston, R.,
2019. Suppression of SIRT1 in Diabetic Conditions Induces Osteogenic
Differentiation of Human Vascular Smooth Muscle Cells via RUNX2 Signalling. Sci.
Rep. 9 (1), 878.

Bartoli-Leonard, F., Wilkinson, F.L., Schiro, A., Serracino Inglott, F., Alexander, M.Y.,
Weston, R., 2021. Loss of SIRT1 in diabetes accelerates DNA damage-induced
vascular calcification. Cardiovasc. Res. 117 (3), 836-849.

Barton, M., 2005. Aging and biomedicine 2005: where should we go from here?
Cardiovasc. Res. 66 (2), 187-189.

Barton, M., 2014. Aging and endothelin: determinants of disease. Life Sci. 118 (2),
97-109.

10

Ageing Research Reviews 92 (2023) 102137

Bazo, A.P., Salvadori, D., Jr., Salvadori, R.A., Sodré, L.P., da Silva, G.N., de Camargo, E.
A., et al., 2011. DNA repair gene polymorphism is associated with the genetic basis
of atherosclerotic coronary artery disease. Cardiovasc Pathol. 20 (1), e9-el5.

Benetos, A., Salvi, P., Lacolley, P., 2011. Blood pressure regulation during the aging
process: the end of the "hypertension era’? J. Hypertens. 29 (4), 646-652.

Benkd, R., Pacher, P., Vaslin, A., Kollai, M., Szabd, C., 2004. Restoration of the
endothelial function in the aortic rings of apolipoprotein E deficient mice by
pharmacological inhibition of the nuclear enzyme poly(ADP-ribose) polymerase. Life
Sci. 75 (10), 1255-1261.

Bhowmick, R., Minocherhomyji, S., Hickson, 1.D., 2016. RAD52 facilitates mitotic DNA
synthesis following replication stress. Mol. Cell 64 (6), 1117-1126.

Blackford, A.N., Jackson, S.P., 2017. ATM, ATR, and DNA-PK: the trinity at the heart of
the DNA damage response. Mol. Cell 66 (6), 801-817.

de Boer, J., de Wit, J., van Steeg, H., Berg, R.J., Morreau, H., Visser, P., et al., 1998.

A mouse model for the basal transcription/DNA repair syndrome
trichothiodystrophy. Mol. Cell 1 (7), 981-990.

Bonadona, V., Bonaiti, B., Olschwang, S., Grandjouan, S., Huiart, L., Longy, M., et al.,
2011. Cancer risks associated with germline mutations in MLH1, MSH2, and MSH6
genes in Lynch syndrome. JAMA 305 (22), 2304-2310.

Borghini, A., Cervelli, T., Galli, A., Andreassi, M.G., 2013. DNA modifications in
atherosclerosis: from the past to the future. Atherosclerosis 230 (2), 202-209.
Bostrom, K., Watson, K.E., Horn, S., Wortham, C., Herman, .M., Demer, L.L., 1993. Bone
morphogenetic protein expression in human atherosclerotic lesions. J. Clin. Investig.

91 (4), 1800-1809.

Branzei, D., 2011. Ubiquitin family modifications and template switching. FEBS Lett. 585
(18), 2810-2817.

Branzei, D., Psakhye, 1., 2016. DNA damage tolerance. Curr. Opin. Cell Biol. 40,
137-144.

Caldecott, K.W., 2008. Single-strand break repair and genetic disease. Nat. Rev. Genet. 9
(8), 619-631.

Calléja, F., Jansen, J.G., Vrieling, H., Laval, F., van Zeeland, A.A., 1999. Modulation of
the toxic and mutagenic effects induced by methyl methanesulfonate in Chinese
hamster ovary cells by overexpression of the rat N-alkylpurine-DNA glycosylase.
Mutat. Res 425 (2), 185-194.

Canitrot, Y., Frechet, M., Servant, L., Cazaux, C., Hoffmann, J.S., 1999a. Overexpression
of DNA polymerase beta: a genomic instability enhancer process. FASEB J. 13 (9),
1107-1111.

Canitrot, Y., Lautier, D., Laurent, G., Fréchet, M., Ahmed, A., Turhan, A.G., et al., 1999b.
Mutator phenotype of BCR-ABL transfected Ba/F3 cell lines and its association with
enhanced expression of DNA polymerase beta. Oncogene 18 (17), 2676-2680.

Cannavo, E., Cejka, P., 2014. Sae2 promotes dsDNA endonuclease activity within Mre11-
Rad50-Xrs2 to resect DNA breaks. Nature 514 (7520), 122-125.

Carson, D.A., Seto, S., Wasson, D.B., Carrera, C.J., 1986. DNA strand breaks, NAD
metabolism, and programmed cell death. Exp. Cell Res 164 (2), 273-281.

Chapman, J.R., Taylor, M.R., Boulton, S.J., 2012. Playing the end game: DNA double-
strand break repair pathway choice. Mol. Cell 47 (4), 497-510.

Che, J., Hong, X., Rao, H., 2021. PCNA ubiquitylation: instructive or permissive to DNA
damage tolerance pathways? Biomolecules 11 (10).

Chen, T., Huang, Z., Wang, L., Wang, Y., Wy, F., Meng, S., et al., 2009. MicroRNA-125a-
5p partly regulates the inflammatory response, lipid uptake, and ORP9 expression in
oxLDL-stimulated monocyte/macrophages. Cardiovasc. Res. 83 (1), 131-139.

Chen, Y.X., Zhang, M., Cai, Y., Zhao, Q., Dai, W., 2015. The Sirt1 activator SRT1720
attenuates angiotensin II-induced atherosclerosis in apoE~/~ mice through inhibiting
vascular inflammatory response. Biochem. Biophys. Res. Commun. 465 (4),
732-738.

Cheng, B., Pan, W., Xing, Y., Xiao, Y., Chen, J., Xu, Z., 2022. Recent advances in DDR
(DNA damage response) inhibitors for cancer therapy. Eur. J. Med. Chem. 230,
1141009.

Choi, Y.E., Pan, Y., Park, E., Konstantinopoulos, P., De, S., D’Andrea, A, et al., 2014.
MicroRNAs down-regulate homologous recombination in the G1 phase of cycling
cells to maintain genomic stability. Elife 3, e02445.

Chow, W.Y., Rajan, R., Muller, K.H., Reid, D.G., Skepper, J.N., Wong, W.C., et al., 2014.
NMR spectroscopy of native and in vitro tissues implicates polyADP ribose in
biomineralization. Science 344 (6185), 742-746.

Cipolla, L., Maffia, A., Bertoletti, F., Sabbioneda, S., 2016. The regulation of DNA damage
tolerance by ubiquitin and ubiquitin-like modifiers. Front. Genet. 7, 105.

Cleaver, J.E., Lam, E.T., Revet, 1., 2009. Disorders of nucleotide excision repair: the
genetic and molecular basis of heterogeneity. Nat. Rev. Genet. 10 (11), 756-768.

Cobb, A.M., Murray, T.V., Warren, D.T., Liu, Y., Shanahan, C.M., 2016. Disruption of
PCNA-lamins A/C interactions by prelamin A induces DNA replication fork stalling.
Nucleus 7 (5), 498-511.

Coquerelle, T., Dosch, J., Kaina, B., 1995. Overexpression of N-methylpurine-DNA
glycosylase in Chinese hamster ovary cells renders them more sensitive to the
production of chromosomal aberrations by methylating agents—a case of imbalanced
DNA repair. Mutat. Res. 336 (1), 9-17.

Csiszar, A., Pacher, P., Kaley, G., Ungvari, Z., 2005. Role of oxidative and nitrosative
stress, longevity genes and poly(ADP-ribose) polymerase in cardiovascular
dysfunction associated with aging. Curr. Vasc. Pharmacol. 3 (3), 285-291.

Csiszar, A., Wang, M., Lakatta, E.G., Ungvari, Z., 2008a. Inflammation and endothelial
dysfunction during aging: role of NF-kappaB (1985). J. Appl. Physiol. 105 (4),
1333-1341.

Csiszar, A., Labinskyy, N., Podlutsky, A., Kaminski, P.M., Wolin, M.S., Zhang, C., et al.,
2008b. Vasoprotective effects of resveratrol and SIRT1: attenuation of cigarette
smoke-induced oxidative stress and proinflammatory phenotypic alterations. Am. J.
Physiol. Heart Circ. Physiol. 294 (6), H2721-H2735.


http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref1
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref1
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref2
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref2
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref2
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref3
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref3
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref3
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref4
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref4
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref5
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref5
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref5
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref5
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref6
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref6
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref7
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref7
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref7
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref7
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref8
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref8
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref9
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref9
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref9
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref10
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref10
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref10
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref10
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref11
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref11
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref11
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref12
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref12
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref13
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref13
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref14
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref14
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref14
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref15
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref15
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref16
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref16
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref16
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref16
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref17
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref17
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref18
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref18
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref19
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref19
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref19
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref20
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref20
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref20
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref21
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref21
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref22
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref22
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref22
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref23
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref23
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref24
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref24
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref25
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref25
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref26
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref27
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref27
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref27
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref28
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref28
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref28
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref29
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref29
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref30
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref31
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref31
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref32
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref32
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref33
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref33
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref33
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref34
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref34
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref34
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref34
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref35
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref36
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref36
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref36
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref37
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref37
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref37
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref38
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref38
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref39
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref39
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref40
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref40
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref40
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref41
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref41
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref41
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref41
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref42
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref42
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref42
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref43
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref43
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref43
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref44
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref44
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref44
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref44

X. Zhang et al.

Demirbag, R., Yilmaz, R., Kocyigit, A., 2005. Relationship between DNA damage, total
antioxidant capacity and coronary artery disease. Mutat. Res 570 (2), 197-203.
Demirbag, R., Yilmaz, R., Kunt, A.S., Gur, M., Ulucay, A., Unlu, D., 2006. Relationship
between plasma total antioxidant capacity and thoracic aortic intima-media

thickness. Echocardiography 23 (3), 183-188.

Desai-Mehta, A., Cerosaletti, K.M., Concannon, P., 2001. Distinct functional domains of
nibrin mediate Mrel1l binding, focus formation, and nuclear localization. Mol. Cell
Biol. 21 (6), 2184-2191.

Dollé, M.E., Busuttil, R.A., Garcia, A.M., Wijnhoven, S., van Drunen, E., Niedernhofer, L.
J., et al., 2006. Increased genomic instability is not a prerequisite for shortened
lifespan in DNA repair deficient mice. Mutat. Res. 596 (1-2), 22-35.

Dunbar, S.B., Khavjou, O.A., Bakas, T., Hunt, G., Kirch, R.A., Leib, A.R., et al., 2018.
Projected costs of informal caregiving for cardiovascular disease: 2015 to 2035: a
policy statement from the american heart association. Circulation 137 (19),
e558-e577.

Durham, A.L., Speer, M.Y., Scatena, M., Giachelli, C.M., Shanahan, C.M., 2018. Role of
smooth muscle cells in vascular calcification: implications in atherosclerosis and
arterial stiffness. Cardiovasc. Res. 114 (4), 590-600.

Durik, M., Kavousi, M., van der Pluijm, L., Isaacs, A., Cheng, C., Verdonk, K., et al., 2012.
Nucleotide excision DNA repair is associated with age-related vascular dysfunction.
Circulation 126 (4), 468-478.

El-Khamisy, S.F., Masutani, M., Suzuki, H., Caldecott, K.W., 2003. A requirement for
PARP-1 for the assembly or stability of XRCC1 nuclear foci at sites of oxidative DNA
damage. Nucleic Acids Res. 31 (19), 5526-5533.

Epstein, C.J., Martin, G.M., Schultz, A.L., Motulsky, A.G., 1966. Werner’s syndrome a
review of its symptomatology, natural history, pathologic features, genetics and
relationship to the natural aging process. Medicine 45 (3), 177-221.

Eriksson, M., Brown, W.T., Gordon, L.B., Glynn, M.W., Singer, J., Scott, L., et al., 2003.
Recurrent de novo point mutations in lamin A cause Hutchinson-Gilford progeria
syndrome. Nature 423 (6937), 293-298.

Ferrari, A.U., Radaelli, A., Centola, M., 2003. Invited review: aging and the
cardiovascular system (1985). J. Appl. Physiol. 95 (6), 2591-2597.

Fisher, A.E., Hochegger, H., Takeda, S., Caldecott, K.W., 2007. Poly(ADP-ribose)
polymerase 1 accelerates single-strand break repair in concert with poly(ADP-ribose)
glycohydrolase. Mol. Cell Biol. 27 (15), 5597-5605.

Flouris, G.A., Arvanitis, D.A., Parissis, J.T., Arvanitis, D.L., Spandidos, D.A., 2000. Loss of
heterozygosity in DNA mismatch repair genes in human atherosclerotic plaques.
Mol. Cell Biol. Res. Commun. 4 (1), 62-65.

Franceschi, C., Bonafe, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., et al.,
2000. Inflamm-aging. An evolutionary perspective on immunosenescence. Ann. N. Y.
Acad. Sci. 908, 244-254.

Francia, S., Michelini, F., Saxena, A., Tang, D., de Hoon, M., Anelli, V., et al., 2012. Site-
specific DICER and DROSHA RNA products control the DNA-damage response.
Nature 488 (7410), 231-235.

Fu, D., Calvo, J.A., Samson, L.D., 2012. Balancing repair and tolerance of DNA damage
caused by alkylating agents. Nat. Rev. Cancer 12 (2), 104-120.

Ganesh, S.K., Stack, A.G., Levin, N.W., Hulbert-Shearon, T., Port, F.K., 2001. Association
of elevated serum PO(4), Ca x PO(4) product, and parathyroid hormone with cardiac
mortality risk in chronic hemodialysis patients. J. Am. Soc. Nephrol. 12 (10),
2131-2138.

Gano, L.B., Donato, A.J., Pasha, H.M., Hearon, C.M., Jr., Sindler, A.L., Seals, D.R., 2014.
The SIRT1 activator SRT1720 reverses vascular endothelial dysfunction, excessive
superoxide production, and inflammation with aging in mice. Am. J. Physiol. Heart
Circ. Physiol. 307 (12), H1754-H1763.

Garcia, V., Phelps, S.E., Gray, S., Neale, M.J., 2011. Bidirectional resection of DNA
double-strand breaks by Mrell and Exol. Nature 479 (7372), 241-244.

Goodman, M.F., Woodgate, R., 2013. Translesion DNA polymerases. Cold Spring Harb.
Perspect. Biol. 5 (10), a010363.

Gordon, L.B., Massaro, J., D’Agostino, R.B., Sr., Campbell, S.E., Brazier, J., Brown, W.T.,
et al., 2014. Impact of farnesylation inhibitors on survival in Hutchinson-Gilford
progeria syndrome. Circulation 130 (1), 27-34.

Gray, K., Kumar, S., Figg, N., Harrison, J., Baker, L., Mercer, J., et al., 2015. Effects of
DNA damage in smooth muscle cells in atherosclerosis. Circ. Res 116 (5), 816-826.

Grootaert, M.O.J., Finigan, A., Figg, N.L., Uryga, A.K., Bennett, M.R., 2021. SIRT6
Protects Smooth Muscle Cells From Senescence and Reduces Atherosclerosis. Circ.
Res 128 (4), 474-491.

Gur, M., Yilmaz, R., Demirbag, R., Yildiz, A., Kocyigit, A., Celik, H., et al., 2007.
Lymphocyte DNA damage is associated with increased aortic intima-media
thickness. Mutat. Res 617 (1-2), 111-118.

Guven, M., Guven, G.S., Oz, E., Ozaydin, A., Batar, B., Ulutin, T., et al., 2007. DNA repair
gene XRCC1 and XPD polymorphisms and their association with coronary artery
disease risks and micronucleus frequency. Heart Vessels 22 (6), 355-360.

Haemmig, S., Yang, D., Sun, X., Das, D., Ghaffari, S., Molinaro, R., et al., 2020. Long
noncoding RNA SNHG12 integrates a DNA-PK-mediated DNA damage response and
vascular senescence. Sci. Transl. Med 12 (531).

Harangi, M., Seres, 1., Varga, Z., Emri, G., Szilvassy, Z., Paragh, G., et al., 2004.
Atorvastatin effect on high-density lipoprotein-associated paraoxonase activity and
oxidative DNA damage. Eur. J. Clin. Pharm. 60 (10), 685-691.

Hatzistamou, J., Kiaris, H., Ergazaki, M., Spandidos, D.A., 1996. Loss of heterozygosity
and microsatellite instability in human atherosclerotic plaques. Biochem Biophys.
Res Commun. 225 (1), 186-190.

He, W., Huang, P., Liu, D., Zhong, L., Yu, R., Li, J., 2016. Polymorphism of the XRCC1
Gene Is Associated with Susceptibility and Short-Term Recovery of Ischemic Stroke.
Int J. Environ. Res Public Health 13 (10).

Ito, T., Yagi, S., Yamakuchi, M., 2010. MicroRNA-34a regulation of endothelial
senescence. Biochem. Biophys. Res. Commun. 398 (4), 735-740.

11

Ageing Research Reviews 92 (2023) 102137

de Jager, M., van Noort, J., van Gent, D.C., Dekker, C., Kanaar, R., Wyman, C., 2001.
Human Rad50/Mrel1 is a flexible complex that can tether DNA ends. Mol. Cell 8 (5),
1129-1135.

Jensen, R.B., Carreira, A., Kowalczykowski, S.C., 2010. Purified human BRCA2
stimulates RAD51-mediated recombination. Nature 467 (7316), 678-683.

Jimeno, S., Prados-Carvajal, R., Huertas, P., 2019. The role of RNA and RNA-related
proteins in the regulation of DNA double strand break repair pathway choice. DNA
Repair (Amst. ) 81, 102662.

Jiricny, J., 1994. Colon cancer and DNA repair: have mismatches met their match?
Trends Genet 10 (5), 164-168.

Kannouche, P.L., Wing, J., Lehmann, A.R., 2004. Interaction of human DNA polymerase
eta with monoubiquitinated PCNA: a possible mechanism for the polymerase switch
in response to DNA damage. Mol. Cell 14 (4), 491-500.

Ketley, R.F., Gullerova, M., 2020. Jack of all trades? The versatility of RNA in DNA
double-strand break repair. Essays Biochem 64 (5), 721-735.

Krishnakumar, R., Kraus, W.L., 2010. The PARP side of the nucleus: molecular actions,
physiological outcomes, and clinical targets. Mol. Cell 39 (1), 8-24.

Krokan, H.E., Bjgras, M., 2013. Base excision repair. Cold Spring Harb. Perspect. Biol. 5
(4), a012583.

Kunkel, T.A., Erie, D.A., 2005. DNA mismatch repair. Annu. Rev. Biochem. 74, 681-710.

Lakatta, E.G., 1993. Cardiovascular regulatory mechanisms in advanced age. Physiol.
Rev. 73 (2), 413-467.

Lakatta, E.G., Levy, D., 2003. Arterial and cardiac aging: major shareholders in
cardiovascular disease enterprises: Part I: aging arteries: a "set up" for vascular
disease. Circulation 107 (1), 139-146.

Lanzer, P., Boehm, M., Sorribas, V., Thiriet, M., Janzen, J., Zeller, T., et al., 2014. Medial
vascular calcification revisited: review and perspectives. Eur. Heart J. 35 (23),
1515-1525.

Laurent, S., Cockeroft, J., Van Bortel, L., Boutouyrie, P., Giannattasio, C., Hayoz, D.,
et al., 2006. Expert consensus document on arterial stiffness: methodological issues
and clinical applications. Eur. Heart J. 27 (21), 2588-2605.

Lenart, P., Zlamal, F., Machal, J., Hlinomaz, O., Groch, L., Bienertova-Vaskd, J., 2017.
Increased age-adjusted hazard of death associated with a common single nucleotide
polymorphism of the human RAD52 gene in a cardiovascular cohort. Mech. Ageing
Dev. 167, 56-63.

Lieber, M.R., 2008. The mechanism of human nonhomologous DNA end joining. J. Biol.
Chem. 283 (1), 1-5.

Limbo, O., Chahwan, C., Yamada, Y., de Bruin, R.A., Wittenberg, C., Russell, P., 2007.
Ctpl is a cell-cycle-regulated protein that functions with Mrell complex to control
double-strand break repair by homologous recombination. Mol. Cell 28 (1),
134-146.

Lin, X., Zhan, J.K., Zhong, J.Y., Wang, Y.J., Wang, Y., Li, S., et al., 2019. IncRNA-ES3/
miR-34c¢-5p/BMF axis is involved in regulating high-glucose-induced calcification/
senescence of VSMCs. Aging (Albany NY) 11 (2), 523-535.

Liu, S., Hua, Y., Wang, J., Li, L., Yuan, J., Zhang, B., et al., 2021. RNA polymerase III is
required for the repair of DNA double-strand breaks by homologous recombination.
Cell 184 (5), 1314-1329 el0.

Liu, W., Zhang, Y., Yu, C.M., Ji, Q.W., Cai, M., Zhao, Y.X., et al., 2015. Current
understanding of coronary artery calcification. J. Geriatr. Cardiol. 12 (6), 668-675.

Liu, Y., Rusinol, A., Sinensky, M., Wang, Y., Zou, Y., 2006. DNA damage responses in
progeroid syndromes arise from defective maturation of prelamin A. J. Cell Sci. 119
(Pt 22), 4644-4649.

Liu, Y., Drozdov, L., Shroff, R., Beltran, L.E., Shanahan, C.M., 2013. Prelamin A
accelerates vascular calcification via activation of the DNA damage response and
senescence-associated secretory phenotype in vascular smooth muscle cells. Circ. Res
112 (10), €99-e109.

Lovren, F., Pan, Y., Quan, A., Singh, K.K., Shukla, P.C., Gupta, N, et al., 2012.
MicroRNA-145 targeted therapy reduces atherosclerosis. Circulation 126 (11 Suppl
1), $81-890.

Mabhabir, S., Abnet, C.C., Qiao, Y.L., Ratnasinghe, L.D., Dawsey, S.M., Dong, Z.W., et al.,
2007. A prospective study of polymorphisms of DNA repair genes XRCC1, XPD23
and APE/ref-1 and risk of stroke in Linxian, China. J. Epidemiol. Community Health
61 (8), 737-741.

Mahmoudi, M., Mercer, J., Bennett, M., 2006. DNA damage and repair in atherosclerosis.
Cardiovasc. Res. 71 (2), 259-268.

Mahmoudi, M., Gorenne, 1., Mercer, J., Figg, N., Littlewood, T., Bennett, M., 2008.
Statins use a novel Nijmegen breakage syndrome-1-dependent pathway to accelerate
DNA repair in vascular smooth muscle cells. Circ. Res. 103 (7), 717-725.

Mancia, G., Fagard, R., Narkiewicz, K., Redén, J., Zanchetti, A., Bchm, M., et al., 2013.
2013 ESH/ESC Guidelines for the management of arterial hypertension: the Task
Force for the management of arterial hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology (ESC). J. Hypertens.
31 (7), 1281-1357.

Mao, Z., Hine, C., Tian, X., Van Meter, M., Au, M., Vaidya, A., et al., 2011. SIRT6
promotes DNA repair under stress by activating PARP1. Science 332 (6036),
1443-1446.

Marteijn, J.A., Lans, H., Vermeulen, W., Hoeijmakers, J.H., 2014. Understanding
nucleotide excision repair and its roles in cancer and ageing. Nat. Rev. Mol. Cell Biol.
15 (7), 465-481.

Martinet, W., Knaapen, M.W., De Meyer, G.R., Herman, A.G., Kockx, M.M., 2002.
Elevated levels of oxidative DNA damage and DNA repair enzymes in human
atherosclerotic plaques. Circulation 106 (8), 927-932.

Mastowska, K.H., Laureti, L., Pages, V., 2019. iDamage: a method to integrate modified
DNA into the yeast genome. Nucleic Acids Res 47 (20), e124.


http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref45
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref45
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref46
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref46
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref46
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref47
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref47
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref47
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref48
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref48
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref48
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref49
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref49
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref49
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref49
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref50
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref50
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref50
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref51
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref51
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref51
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref52
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref52
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref52
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref53
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref53
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref53
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref54
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref54
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref54
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref55
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref55
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref56
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref56
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref56
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref57
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref57
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref57
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref58
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref58
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref58
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref59
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref59
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref59
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref60
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref61
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref62
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref62
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref62
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref62
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref63
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref63
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref64
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref64
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref65
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref65
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref65
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref66
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref66
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref67
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref67
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref67
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref68
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref68
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref68
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref69
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref69
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref69
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref70
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref70
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref70
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref71
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref71
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref71
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref72
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref72
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref72
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref73
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref73
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref73
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref74
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref74
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref75
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref75
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref75
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref76
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref76
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref77
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref77
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref77
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref78
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref78
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref79
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref79
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref79
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref80
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref80
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref81
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref81
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref82
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref82
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref83
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref84
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref84
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref85
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref85
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref85
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref86
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref86
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref86
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref87
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref87
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref87
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref88
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref88
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref88
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref88
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref89
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref89
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref90
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref90
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref90
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref90
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref91
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref91
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref91
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref92
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref92
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref92
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref93
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref93
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref94
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref94
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref94
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref95
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref95
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref95
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref95
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref96
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref96
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref96
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref97
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref97
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref97
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref97
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref98
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref98
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref99
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref99
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref99
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref100
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref100
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref100
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref100
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref100
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref101
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref101
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref101
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref102
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref102
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref102
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref103
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref103
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref103
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref104
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref104

X. Zhang et al.

Mateos-Gomez, P.A., Gong, F., Nair, N., Miller, K.M., Lazzerini-Denchi, E., Sfeir, A.,
2015. Mammalian polymerase 6 promotes alternative NHEJ and suppresses
recombination. Nature 518 (7538), 254-257.

Medici, D., Shore, E.M., Lounev, V.Y., Kaplan, F.S., Kalluri, R., Olsen, B.R., 2010.
Conversion of vascular endothelial cells into multipotent stem-like cells. Nat. Med 16
(12), 1400-1406.

Menghini, R., Casagrande, V., Cardellini, M., Martelli, E., Terrinoni, A., Amati, F., et al.,
2009. MicroRNA 217 modulates endothelial cell senescence via silent information
regulator 1. Circulation 120 (15), 1524-1532.

Mercer, J.R., Cheng, K.K., Figg, N., Gorenne, 1., Mahmoudi, M., Griffin, J., et al., 2010.
DNA damage links mitochondrial dysfunction to atherosclerosis and the metabolic
syndrome. Circ. Res. 107 (8), 1021-1031.

Mercer, J.R., Gray, K., Figg, N., Kumar, S., Bennett, M.R., 2012. The methyl xanthine
caffeine inhibits DNA damage signaling and reactive species and reduces
atherosclerosis in ApoE(-/-) mice. Arterioscler. Thromb. Vasc. Biol. 32 (10),
2461-2467.

Meyer, M.R., Haas, E., Barton, M., 2008. Need for research on estrogen receptor function:
importance for postmenopausal hormone therapy and atherosclerosis. Gend. Med 5
(Suppl A), S19-S33.

Mikael, L.R., Paiva, A.M.G., Gomes, M.M., Sousa, A.L.L., Jardim, P., Vitorino, P.V.O.,
et al., 2017. Vascular aging and arterial stiffness. Arq. Bras. Cardiol. 109 (3),
253-258.

Minamino, T., Komuro, 1., 2007. Vascular cell senescence: contribution to
atherosclerosis. Circ. Res. 100 (1), 15-26.

Miniati, P., Sourvinos, G., Michalodimitrakis, M., Spandidos, D.A., 2001. Loss of
heterozygosity on chromosomes 1, 2, 8, 9 and 17 in cerebral atherosclerotic plaques.
Int. J. Biol. Markers 16 (3), 167-171.

Monk, B.A., George, S.J., 2015. The effect of ageing on vascular smooth muscle cell
behaviour-a mini-review. Gerontology 61 (5), 416-426.

Morrow, D.A., Brickman, C.M., Murphy, S.A., Baran, K., Krakover, R., Dauerman, H.,
et al., 2009. A randomized, placebo-controlled trial to evaluate the tolerability,
safety, pharmacokinetics, and pharmacodynamics of a potent inhibitor of poly(ADP-
ribose) polymerase (INO-1001) in patients with ST-elevation myocardial infarction
undergoing primary percutaneous coronary intervention: results of the TIMI 37 trial.
J. Thromb. Thrombolysis 27 (4), 359-364.

Moskwa, P., Buffa, F.M., Pan, Y., Panchakshari, R., Gottipati, P., Muschel, R.J., et al.,
2011. miR-182-mediated downregulation of BRCA1 impacts DNA repair and
sensitivity to PARP inhibitors. Mol. Cell 41 (2), 210-220.

Miiller, K.H., Hayward, R., Rajan, R., Whitehead, M., Cobb, A.M., Ahmad, S., et al., 2019.
Poly(ADP-Ribose) Links the DNA Damage Response and Biomineralization. Cell Rep.
27 (11), 3124-3138 el3.

Nazari-Jahantigh, M., Wei, Y., Noels, H., Akhtar, S., Zhou, Z., Koenen, R.R., et al., 2012.
MicroRNA-155 promotes atherosclerosis by repressing Bcl6 in macrophages. J. Clin.
Investig. 122 (11), 4190-4202.

Nick McElhinny, S.A., Snowden, C.M., McCarville, J., Ramsden, D.A., 2000. Ku recruits
the XRCC4-ligase IV complex to DNA ends. Mol. Cell Biol. 20 (9), 2996-3003.
Niibel, T., Damrot, J., Roos, W.P., Kaina, B., Fritz, G., 2006. Lovastatin protects human
endothelial cells from killing by ionizing radiation without impairing induction and

repair of DNA double-strand breaks. Clin. Cancer Res. 12 (3 Pt 1), 933-939.

Ochi, T., Blackford, A.N., Coates, J., Jhujh, S., Mehmood, S., Tamura, N., et al., 2015.
DNA repair. PAXX, a paralog of XRCC4 and XLF, interacts with Ku to promote DNA
double-strand break repair. Science 347 (6218), 185-188.

Oei, S.L., Ziegler, M., 2000. ATP for the DNA ligation step in base excision repair is
generated from poly(ADP-ribose). J. Biol. Chem. 275 (30), 23234-23239.

Opresko, P.L., 2008. Telomere ResQue and preservation-roles for the Werner syndrome
protein and other RecQ helicases. Mech. Ageing Dev. 129 (1-2), 79-90.

Orhan, G., Elkama, A., Mungan, S., Eruyar, E., Karahalil, B., 2016. The impact of
detoxifying and repair gene polymorphisms on oxidative stress in ischemic stroke.
Neurol. Sci. 37 (6), 955-961.

Ostrau, C., Hiilsenbeck, J., Herzog, M., Schad, A., Torzewski, M., Lackner, K.J., et al.,
2009. Lovastatin attenuates ionizing radiation-induced normal tissue damage in
vivo. Radio. Oncol. 92 (3), 492-499.

Pacher, P., Szabd, C., 2007. Role of poly(ADP-ribose) polymerase 1 (PARP-1) in
cardiovascular diseases: the therapeutic potential of PARP inhibitors. Cardiovasc
Drug Rev. 25 (3), 235-260.

Papouli, E., Chen, S., Davies, A.A., Huttner, D., Krejci, L., Sung, P., et al., 2005. Crosstalk
between SUMO and ubiquitin on PCNA is mediated by recruitment of the helicase
Srs2p. Mol. Cell 19 (1), 123-133.

Paull, T.T., Gellert, M., 1998. The 3’ to 5’ exonuclease activity of Mre 11 facilitates repair
of DNA double-strand breaks. Mol. Cell 1 (7), 969-979.

Pernice, F., Floccari, F., Caccamo, C., Belghity, N., Mantuano, S., Pacile, M.E., et al.,
2006. Chromosomal damage and atherosclerosis. A protective effect from
simvastatin. Eur. J. Pharm. 532 (3), 223-229.

Perry, J.R., Hsu, Y.H., Chasman, D.I., Johnson, A.D., Elks, C., Albrecht, E., et al., 2014.
DNA mismatch repair gene MSH6 implicated in determining age at natural
menopause. Hum. Mol. Genet 23 (9), 2490-2497.

Pfander, B., Moldovan, G.L., Sacher, M., Hoege, C., Jentsch, S., 2005. SUMO-modified
PCNA recruits Srs2 to prevent recombination during S phase. Nature 436 (7049),
428-433.

Pourrajab, F., Vakili Zarch, A., Hekmatimoghaddam, S., Zare-Khormizi, M.R., 2015. The
master switchers in the aging of cardiovascular system, reverse senescence by
microRNA signatures; as highly conserved molecules. Prog. Biophys. Mol. Biol. 119
(2), 111-128.

Quiles-Jiménez, A., Gregersen, 1., Segers, F.M., Skarpengland, T., Kroustallaki, P.,
Yang, K., et al., 2021. DNA glycosylase Neil3 regulates vascular smooth muscle cell
biology during atherosclerosis development. Atherosclerosis 324, 123-132.

12

Ageing Research Reviews 92 (2023) 102137

Robertson, A.B., Klungland, A., Rognes, T., Leiros, 1., 2009. DNA repair in mammalian
cells: base excision repair: the long and short of it. Cell. Mol. Life Sci. 66 (6),
981-993.

San Filippo, J., Sung, P., Klein, H., 2008. Mechanism of eukaryotic homologous
recombination. Annu. Rev. Biochem 77, 229-257.

Sanchis, P., Ho, C.Y., Liu, Y., Beltran, L.E., Ahmad, S., Jacob, A.P., et al., 2019. Arterial
"inflammaging" drives vascular calcification in children on dialysis. Kidney Int 95
(4), 958-972.

Satoh, M.S., Lindahl, T., 1992. Role of poly(ADP-ribose) formation in DNA repair. Nature
356 (6367), 356-358.

Schirer, 0.D., 2013. Nucleotide excision repair in eukaryotes. Cold Spring Harb.
Perspect. Biol. 5 (10), a012609.

Schreiber, V., Amé, J.C., Dollé, P., Schultz, 1., Rinaldi, B., Fraulob, V., et al., 2002. Poly
(ADP-ribose) polymerase-2 (PARP-2) is required for efficient base excision DNA
repair in association with PARP-1 and XRCC1. J. Biol. Chem. 277 (25),
23028-23036.

Shah, A., Gray, K., Figg, N., Finigan, A., Starks, L., Bennett, M., 2018. Defective base
excision repair of oxidative DNA damage in vascular smooth muscle cells promotes
atherosclerosis. Circulation 138 (14), 1446-1462.

Shaw, A., Gullerova, M., 2021. Home and away: the role of non-coding RNA in
intracellular and intercellular DNA damage response. Genes 12 (10).

Shin, M.J., Cho, E.Y., Jang, Y., Lee, J.H., Shim, W.H., Cho, S.Y., et al., 2005. A beneficial
effect of simvastatin on DNA damage in 242T allele of the NADPH oxidase p22phox
in hypercholesterolemic patients. Clin. Chim. Acta 360 (1-2), 46-51.

Shyu, H.Y., Shieh, J.C., Ji-Ho, L., Wang, H.W., Cheng, C.W., 2012. Polymorphisms of
DNA repair pathway genes and cigarette smoking in relation to susceptibility to large
artery atherosclerotic stroke among ethnic Chinese in Taiwan. J. Atheroscler.
Thromb. 19 (4), 316-325.

Skarpengland, T., Laugsand, L.E., Janszky, I., Luna, L., Halvorsen, B., Platou, C.G., et al.,
2015. Genetic variants in the DNA repair gene NEIL3 and the risk of myocardial
infarction in a nested case-control study. The HUNT Study. DNA Repair 28, 21-27.

Skarpengland, T., Holm, S., Scheffler, K., Gregersen, I., Dahl, T.B., Suganthan, R., et al.,
2016. Neil3-dependent base excision repair regulates lipid metabolism and prevents
atherosclerosis in Apoe-deficient mice. Sci. Rep. 6, 28337.

Souliotis, V.L., Kyrtopoulos, S.A., 1989. A novel, sensitive assay for O6-methyl- and 06-
ethylguanine in DNA, based on repair by the enzyme O6-alkylguanine-DNA-
alkyltransferase in competition with an oligonucleotide containing O6-
methylguanine. Cancer Res 49 (24 Pt 1), 6997-7001.

Stelter, P., Ulrich, H.D., 2003. Control of spontaneous and damage-induced mutagenesis
by SUMO and ubiquitin conjugation. Nature 425 (6954), 188-191.

Stinson B., Moreno A., Walter J., Loparo J. Non-homologous end joining minimizes
errors by coordinating DNA processing with ligation 2019.

Suarez, Y., Wang, C., Manes, T.D., Pober, J.S., 2010. Cutting edge: TNF-induced
microRNAs regulate TNF-induced expression of E-selectin and intercellular adhesion
molecule-1 on human endothelial cells: feedback control of inflammation.

J. Immunol. 184 (1), 21-25.

Symington, L.S., Gautier, J., 2011. Double-strand break end resection and repair pathway
choice. Annu Rev. Genet 45, 247-271.

Tao, R., Xiong, X., DePinho, R.A., Deng, C.X., Dong, X.C., 2013. FoxO3 transcription
factor and Sirt6 deacetylase regulate low density lipoprotein (LDL)-cholesterol
homeostasis via control of the proprotein convertase subtilisin/kexin type 9 (Pcsk9)
gene expression. J. Biol. Chem. 288 (41), 29252-29259.

Thorslund, T., McIlwraith, M.J., Compton, S.A., Lekomtsev, S., Petronczki, M., Griffith, J.
D., et al., 2010. The breast cancer tumor suppressor BRCA2 promotes the specific
targeting of RAD51 to single-stranded DNA. Nat. Struct. Mol. Biol. 17 (10),
1263-1265.

Thrasher, P., Singh, M., Singh, K., 2017. Ataxia-Telangiectasia Mutated Kinase: Role in
Myocardial Remodeling. J. Rare Dis. Res Treat. 2 (1), 32-37.

Tokunaga, O., Satoh, T., Yamasaki, F., Wu, L., 1998. Multinucleated variant endothelial
cells (MVECs) in human aorta: chromosomal aneuploidy and elevated uptake of LDL.
Semin Thromb. Hemost. 24 (3), 279-284.

Tsioufis, C., Dimitriadis, K., Selima, M., Thomopoulos, C., Mihas, C., Skiadas, L., et al.,
2007. Low-grade inflammation and hypoadiponectinaemia have an additive
detrimental effect on aortic stiffness in essential hypertensive patients. Eur. Heart J.
28 (9), 1162-1169.

Tumurkhuu, G., Shimada, K., Dagvadorj, J., Crother, T.R., Zhang, W., Luthringer, D.,
et al., 2016. Oggl-dependent DNA repair regulates NLRP3 inflammasome and
prevents atherosclerosis. Circ. Res 119 (6), €76-€90.

Turk, A., Kunej, T., 2022. Shared genetic risk factors between cancer and cardiovascular
diseases. Front. Cardiovasc. Med. 9, 931917.

Ungvari, Z., Orosz, Z., Rivera, A., Labinskyy, N., Xiangmin, Z., Olson, S., et al., 2007.
Resveratrol increases vascular oxidative stress resistance. Am. J. Physiol. Heart Circ.
Physiol. 292 (5), H2417-H2424.

Ungvari, Z., Tarantini, S., Sorond, F., Merkely, B., Csiszar, A., 2020. Mechanisms of
vascular aging, a geroscience perspective: JACC focus seminar. J. Am. Coll. Cardiol.
75 (8), 931-941.

Uryga, A., Gray, K., Bennett, M., 2016. DNA Damage and Repair in Vascular Disease.
Annu Rev. Physiol. 78, 45-66.

Uziel, T., Lerenthal, Y., Moyal, L., Andegeko, Y., Mittelman, L., Shiloh, Y., 2003.
Requirement of the MRN complex for ATM activation by DNA damage. EMBO J. 22
(20), 5612-5621.

van Kouwenhove, M., Kedde, M., Agami, R., 2011. MicroRNA regulation by RNA-binding
proteins and its implications for cancer. Nat. Rev. Cancer 11 (9), 644-656.

Vargas-Alarcon, G., Pérez-Hernandez, N., Rodriguez-Pérez, J.M., Fragoso, J.M., Cardoso-
Saldana, G., Vazquez-Vazquez, C., et al., 2019. MRE11A polymorphisms are


http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref105
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref105
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref105
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref106
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref106
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref106
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref107
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref107
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref107
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref108
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref108
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref108
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref109
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref109
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref109
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref109
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref110
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref110
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref110
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref111
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref111
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref111
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref112
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref112
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref113
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref113
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref113
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref114
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref114
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref115
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref115
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref115
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref115
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref115
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref115
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref116
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref116
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref116
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref117
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref117
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref117
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref118
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref118
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref118
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref119
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref119
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref120
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref120
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref120
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref121
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref121
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref121
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref122
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref122
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref123
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref123
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref124
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref124
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref124
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref125
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref125
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref125
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref126
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref126
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref126
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref127
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref127
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref127
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref128
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref128
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref129
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref129
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref129
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref130
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref130
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref130
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref131
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref131
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref131
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref132
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref132
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref132
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref132
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref133
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref133
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref133
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref134
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref134
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref134
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref135
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref135
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref136
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref136
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref136
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref137
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref137
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref138
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref138
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref139
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref139
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref139
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref139
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref140
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref140
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref140
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref141
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref141
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref142
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref142
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref142
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref143
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref143
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref143
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref143
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref144
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref144
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref144
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref145
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref145
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref145
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref146
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref146
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref146
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref146
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref147
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref147
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref148
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref148
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref148
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref148
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref149
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref149
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref150
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref150
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref150
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref150
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref151
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref151
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref151
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref151
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref152
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref152
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref153
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref153
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref153
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref154
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref154
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref154
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref154
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref155
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref155
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref155
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref156
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref156
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref157
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref157
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref157
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref158
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref158
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref158
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref159
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref159
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref160
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref160
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref160
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref161
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref161
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref162
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref162

X. Zhang et al.

associated with subclinical atherosclerosis and cardiovascular risk factors. a case-
control study of the GEA Mexican project. Front. Genet. 10, 530.

Venkatasubramanian, S., Noh, R.M., Daga, S., Langrish, J.P., Joshi, N.V., Mills, N.L.,
et al., 2013. Cardiovascular effects of a novel SIRT1 activator, SRT2104, in otherwise
healthy cigarette smokers. J. Am. Heart Assoc. 2 (3), e000042.

Verschuren, J.J., Trompet, S., Deelen, J., Stott, D.J., Sattar, N., Buckley, B.M., et al.,
2013. Non-homologous end-joining pathway associated with occurrence of
myocardial infarction: gene set analysis of genome-wide association study data. PLoS
One 8 (2), €56262.

Wang, C., Xu, W., An, J., Liang, M., Li, Y., Zhang, F., et al., 2019. Poly(ADP-ribose)
polymerase 1 accelerates vascular calcification by upregulating Runx2. Nat.
Commun. 10 (1), 1203.

Wang, Q., Zhao, T., Zhang, W., Yu, W, Liu, B., Wang, Z., et al., 2018. Poly (ADP-Ribose)
polymerase 1 mediated arginase ii activation is responsible for oxidized LDL-induced
endothelial dysfunction. Front Pharm. 9, 882.

Waters, L.S., Minesinger, B.K., Wiltrout, M.E., D’Souza, S., Woodruff, R.V., Walker, G.C.,
2009. Eukaryotic translesion polymerases and their roles and regulation in DNA
damage tolerance. Microbiol. Mol. Biol. Rev. 73 (1), 134-154.

Wei, W., Ba, Z., Gao, M., Wu, Y., Ma, Y., Amiard, S., et al., 2012. A role for small RNAs in
DNA double-strand break repair. Cell 149 (1), 101-112.

Williams, R.S., Moncalian, G., Williams, J.S., Yamada, Y., Limbo, O., Shin, D.S., et al.,
2008. Mrell dimers coordinate DNA end bridging and nuclease processing in
double-strand-break repair. Cell 135 (1), 97-109.

Wu, D., Yang, H., Xiang, W., Zhou, L., Shi, M., Julies, G., et al., 2005. Heterozygous
mutation of ataxia-telangiectasia mutated gene aggravates hypercholesterolemia in
apoE-deficient mice. J. Lipid Res. 46 (7), 1380-1387.

13

Ageing Research Reviews 92 (2023) 102137

Xu, S., Bai, P., Little, P.J., Liu, P., 2014. Poly(ADP-ribose) polymerase 1 (PARP1) in
atherosclerosis: from molecular mechanisms to therapeutic implications. Med. Res.
Rev. 34 (3), 644-675.

Yang, Y., Liu, C., Yang, J., Yuan, F., Cheng, R., Chen, R., et al., 2021. Impairment of
sirtuin 1-mediated DNA repair is involved in bisphenol A-induced aggravation of
macrophage inflammation and atherosclerosis. Chemosphere 265, 128997.

Yi, C., He, C., 2013. DNA repair by reversal of DNA damage. Cold Spring Harb. Perspect.
Biol. 5 (1), a012575.

Zhang, H., Lawrence, C.W., 2005. The error-free component of the RAD6/RAD18 DNA
damage tolerance pathway of budding yeast employs sister-strand recombination.
Proc. Natl. Acad. Sci. USA 102 (44), 15954-15959.

Zhang, Q.J., Wang, Z., Chen, H.Z., Zhou, S., Zheng, W., Liu, G., et al., 2008. Endothelium-
specific overexpression of class III deacetylase SIRT1 decreases atherosclerosis in
apolipoprotein E-deficient mice. Cardiovasc. Res. 80 (2), 191-199.

Zhang, S., Wang, X.B., Han, Y.D., Xiong, C.L., Zhou, Y., Wang, C., et al., 2017.
Polymorphism in ERCC1 confers susceptibility of coronary artery disease and
severity of coronary artery atherosclerosis in a Chinese Han population. Sci. Rep. 7
(1), 6407.

Zhang, W., Li, J., Suzuki, K., Qu, J., Wang, P., Zhou, J., et al., 2015. Aging stem cells. A
Werner syndrome stem cell model unveils heterochromatin alterations as a driver of
human aging. Science 348 (6239), 1160-1163.

Zou, L., Elledge, S.J., 2003. Sensing DNA damage through ATRIP recognition of RPA-
ssDNA complexes. Science 300 (5625), 1542-1548.


http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref162
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref162
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref163
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref163
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref163
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref164
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref164
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref164
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref164
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref165
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref165
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref165
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref166
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref166
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref166
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref167
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref167
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref167
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref168
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref168
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref169
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref169
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref169
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref170
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref170
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref170
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref171
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref171
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref171
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref172
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref172
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref172
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref173
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref173
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref174
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref174
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref174
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref175
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref175
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref175
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref176
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref176
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref176
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref176
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref177
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref177
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref177
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref178
http://refhub.elsevier.com/S1568-1637(23)00296-9/sbref178

	DNA damage response, a double-edged sword for vascular aging
	1 Introduction
	2 DDR pathways
	2.1 The direct reversal pathway
	2.2 Mismatch repair (MMR)
	2.3 Base excision repair (BER)
	2.4 Nucleotide excision repair (NER)
	2.5 Double-strand DNA break (DSB) repair
	2.6 DNA damage tolerance (DDT)
	2.7 RNA-dependent DDR

	3 Characteristics of vascular aging
	4 DDR in vascular aging, a double-edged sword
	4.1 Deficient DDR in vascular aging
	4.2 Overexpressed DDR in vascular aging
	4.3 Therapies having an effect on DDR in vascular aging

	5 Future perspectives and conclusions
	Funding
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


