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Vascular aging, characterized by structural and functional alterations of the vascular wall, is a hallmark of aging

and is tightly related to the development of cardiovascular mortality and age-associated vascular pathologies.

vascular aging inflammation atherosclerosis endothelial dysfunction

matrix metalloproteinases senescence oxidative stress

| 1. Introduction

Aging is a natural physiological process characterized by the progressive loss of tissue and organ function . The
aging rate around the world is increasing dramatically and is accompanied by an increase in mortality due to main
age-associated diseases [&. More importantly, aging represents the main risk factor for cardiovascular disease
(CVD) which carries the highest burden for the older population and is the leading cause of death worldwide BI4],
In addition, the gradual decrease in the adaptive abilities of the organism, which is a basic manifestation of aging,
can play a significant role in the development of several other pathologies including malignant diseases,

neurodegenerative processes, reduced resistance to infection and diabetes mellitus &,

In particular, vascular aging is a gradually developing process characterized by alterations in the properties of the
vascular wall that start very early in life. In fact, it has been documented that the architecture of the vascular
system is programmed in utero and most of the elastin, the major structural component underlying arterial wall
elasticity, is synthesized, and deposited during that period. At the same time, it has been demonstrated that
disorganization of elastic fibers and therefore alterations in vascular structure as well as hemodynamic function,
appear early in human fetal aorta and continue during postnatal life, being extended immediately after birth B, |n
accordance with this, marked impairments in the vascular structure and function have been described in children
and adolescents with low birth weight as well as in cases of prematurity and intrauterine growth retardation

resulting in a small for gestational age phenotype B2,

Finally, the phenotype of vascular aging in adults will be identified by certain vascular alterations which result in
vascular dysfunction and development of a wide range of age-related vascular pathologies. These alterations are
divided into structural changes which include the progressive thickening of the vascular wall along with vascular

smooth muscle cell (VSMC) migration and proliferation, namely vascular remodeling, and the functional changes
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which include endothelial dysfunction, loss of arterial elasticity and reduced arterial compliance, all of which result
in increased arterial stiffness (1211,

The pathogenesis behind these changes in vascular aging involves multiple complex cellular and molecular
mechanisms such as mitochondrial dysfunction and oxidative stress, inflammation, loss of proteostasis, genomic
instability, cellular senescence, increased apoptosis and necroptosis, epigenetic alterations, and extracellular
matrix (ECM) remodeling 213! (Figure 1).

Figure 1. Molecular mechanisms of vascular aging.
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Oxidative stress, cellular senescence, telomere shortening, epigenetic regulation, matrix metalloproteinases and
autophagy represent the main pathophysiological mechanisms mediating inflammation, atherosclerosis and
endothelial dysfunction, finally leading to vascular ageing.

| 2. Oxidative Stress

The main source of free radicals is oxygen. Free radicals, characterized by the loss of one electron in the
molecules, are continuously formed as a consequence of numerous oxidative chemical reactions. Oxidative stress,
which is a consequence of imbalance between production and detoxification of reactive oxygen and nitrogen

species (RONS), is one of the underlying factors in several diseases as well as one of the hallmarks of aging 24!
[15]

https://encyclopedia.pub/entry/26561 2/12



Pathophysiolocigal and Molecular Mechanisms in Vascular Aging | Encyclopedia.pub

Normally, in a healthy organism, homeostatic RONS concentrations play a crucial role as secondary messengers in
many intracellular signaling pathways in both innate and adaptive immune responses 4. Under conditions of
increased RONS concentration, mainly produced as a consequence of mitochondrial dysfunction, detoxifiers are
not able to completely remove them, leading to cellular damage, tissue injury, and inflammation. Thus, oxidative
stress has been associated with the pathogenesis of endothelial dysfunction, atherosclerosis and several chronic
diseases 1IL7 The spectrum of oxygen reactive species that are considered responsible for biological oxygen
toxicity include the intermediates of the partial reduction of oxygen, superoxide radical (O,'"), hydrogen peroxide
(H,O,), and other reactive species as hydroxyl radicals (HO®), peroxyl radical (ROQO®), nitric oxide (NO),
peroxinitrite (ONOO™) and singlet oxygen (O,) (18],

| 3. Inflammation

Chronic low-grade inflammation is considered as one of the main mechanisms underlying biology of vascular aging
through multiple mechanisms including endothelial dysfunction, atherosclerosis, increased vascular stiffness and
vascular calcification 22, Accordingly, inflammaging is a hypothesis suggesting a link between increased pro-
inflammatory marker levels and increased risk for cardiovascular disease in older age [29. Indeed, increased levels
of pro-inflammatory serum markers in the circulation of older individuals including interleukins (IL, -1, -6, -8, -13,
-18), chemokines (RANTES, macrophage inflammatory protein-1 alpha [MIP-1a], monocyte chemotactic protein-1
[MCP-1]), C-reactive protein (CRP), interferon alpha and beta (IFN-a, IFN-B), transforming growth factor-g (TGF-p),
and tumor necrosis factor (TNF), have been found to be associated with vascular aging [21[22123] gng,

subsequently, with indices of vascular dysfunction 241221261,

| 4. Extracellular Matrix Metallorproteinases

The healthy vasculature comprises of the ECs, VSMCs and the ECM, all of which are susceptible to damage or
disruption during aging 24. The ECM is composed of structural proteins such as collagens and elastin that tether
VSMCs together, provide structural support, and regulate the mechanical function of the vessel [28. Disruption of
ECM integrity by MMPs greatly changes its composition and substantially impacts vascular homeostasis during

aging through structural and functional changes of the vessel wall.

MMPs belong to a family of zinc dependent endopeptidases and are mainly extracellular proteins, even though
some members are also found intracellularly and may act on intracellular proteins. Several MMPs have been
implicated in age related pathologies including MMP-2,3,7,9 288132l The contribution of MMPs in vascular
aging has been further corroborated by the observations of vascular impact upon MMP inhibition. It has been
shown that tissue inhibitors of MMPs (TIMPs) including four molecules (TIMP-1,-2,-3,-4), reversibly inhibit the
proteolytic activity of activated MMPs and an imbalance of MMPs and TIMPs has been implicated in hypertension,
atherosclerotic plaque formation and aortic aneurysm formation in several experimental models 3. More
specifically, it has been demonstrated that overexpression of TIMP-1 by gene transfer can reduce balloon injury-

induced intimal formation while TIMP-3 deficiency enhances inflammation and aggravates atherosclerosis in ApoE-
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knockout mice 4. In addition to this, TIMP-3 has been demonstrated to mediate the inhibitory effect of interleukin-
32a on endothelial inflammation, smooth muscle cell activation, and development of atherosclerosis (351 Similar
effects have been demonstrated for TIMP-2, and TIMP-4, mainly through mechanisms of VSMC migration and
apoptosis B8E7 Furthermore, TIMP-1 appears to protect against aortic aneurysm formation and rupture in rat
models since its overexpression prevents elastin degradation. Similarly, in response to Angll, TIMP-3 gene deletion

in non-atherosclerotic mice has been shown to trigger adverse remodeling of the abdominal aorta 28!,

| 5. Epigenetic Regulation

DNA methylation

DNA methylation is a dynamically reversible process that modifies the genome function through the addition of
methyl groups to cytosine in order to form 5-methyl-cytosine (5mC) and it is regulated by DNA methyltransferases
(DNMT1, DNMT3A and DNMT3B) and demethyltransferases. In general, DNA methylation and hypermethylation
inhibit gene expression either by recruiting proteins which are implicated in gene repression or by impeding the
binding of transcription factors to DNA B2, On the other hand, DNA demethylation or hypomethylation preserves
gene expression, although at a cost, since it can initiate transcription at an incorrect gene region or even exhibit
high transcriptional activity in normally silent sites. Therefore, hypomethylation may cause structural changes,
chromosome instability and expression of potentially harmful genes 9. Accumulating evidence has identified
several genes which are regulated through different levels of DNA methylation and are involved in the development

of vascular aging by modulating the function of several vascular cells such as ECs, VSMCs and macrophages 1],
Histone modification

Histone modification is a process during which chromatin structure and function as well as gene expression,
transcription and repair are regulated. Similarly, post translational modifications are also determined by this
mechanism [42]. This regulation is enabled by the interaction between histone proteins and DNA. The mechanisms
in charge of histone modification include acetylation, methylation, phosphorylation and ubiquitation. Accordingly,
the main enzymes involved are histone acetyl transferases (HATs), deacetylases (HDACs), methyltransferases
(HMTs) and demethylases (HDMs) 3. Among all HDACs, sirtuins are the most widely studied and Sirtl is the best

Eﬁgrg%{eﬁﬂf;%mber in relation to vascular aging.
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7 . i | ng ECs, :
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VSMCs and is implicated in deacetylation of several transcriptional factors, co-regulatory proteins and enzymes
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Table 1. Beneficial mechanisms through which SIRT1 upregulation protects against vascular aging ular
), 1952—
Recruitment of EC migration
.; Capri,
3 but
Delay of the aging and dysfunction of EPCs
Inhibition of aging of ECs by binding the PAI-1 promoter and by deacetylation of histone H4K16
Promotion of endothelial KLF2 expression which enables transition of ECs to a ,vaso-protective” state sonduit
.onaul
Mitigation of hyperglycaemia-induced endothelial dysfunction due to ROS production by inhibiting vascular
p66Shc gene transcription _
Carotid
Alleviation of oxidative stress and inflammation by the inhibition of NF-kB signalling pathway
after
Activation of eNOS and promotion of NO production by the deacetylation of eNOS on Lys496 and Lys506
1
Reduction of COX-2 expression through downregulation of transcription factor AP-1 in macrophages
1 culature
Reduction of arterial remodelling and stiffness by the alleviation of oxidative stress in VSMCs
1 Zlinical
Deacetylation and activation of the FOXO 1, 3, and 4 transcription factors leading to the expression of several
1 antioxidant genes ing.

1 AP-1: activator protein-1; COX-2: cyclooxygenase-2; ECs: endothelial cells; eNOS: endothelial nitric oxide synthase; EPCs: 8.
endothelial progenitor cells; FOXO: forkhead fox; HUVECs: human umbilical vein endothelial cells; KLF2: Kruppel-like factor

1 2; NF-kB: nuclear factor kappa B; NO: nitric oxide; PAI-1: plasminogen activator inhibitor-1; PARP: Poly (ADP-ribose) F.;
polymerase; ROS: reactive oxygen species; VSMCs: vascular smooth muscle cells 70-773

16. Martinez-Revelles, S.; Garcia-Redondo, A.B.; Avendafio, M.S.; Varona, S.; Palao, T.; Orriols, M.;
Roque, F.R.; Fortufio, A.; Touyz, R.M.; Martinez-Gonzalez, J.; et al. Lysyl Oxidase Induces
Vascular Oxidative Stress and Contributes to Arterial Stiffness and Abnormal Elastin Structure in

NopGBaig RVAS Role of P3BMAPK. Antioxid. Redox Signal. 2017, 27, 379-397.

17heéSao@cbdiMy; RRABAFERNASZ HiplesepeiRAARm dRRIIBsGhMaseK| prdtidasiagSprestidmprchandivided,
accbhiigRe ukieiAmpIeate Sohtail.imbysiok 803Ba® ntRAAs (< 200 nucleotides) and long ncRNAs (> 200

nucleotides). Furthermore, microRNAs (miRNAs) (21-25 nucleotides) belong to the short ncRNAs and are the
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18 o8 unaeksivaly /st GiystemsTbial ogyl @ éaaelyR did waks ah dikoko >Rosat $ 38pio g eru Berlidé s)epaettie rg, the
lon@>anREAy, 20k4ndrNADRY 8BGARBRANt role in the post-transcriptional genetic regulation. In particular,
18 AIpS e EN. reﬂ%ﬁ‘h‘?nae’ﬁex ESVSR, Y BI0 Fh &198le BF the VEsUTEF B a RIS 9B o of

|nh||%t£ﬁ1g?c}g%qglra&gg Amln&relgﬁm%&w& qfﬁ,n)a}glgpo%l@aéBHR%s &%Vf a con5|derable impact on various

molecular mechanisms related to vascular function and aging (Table 2).
20. Zuliani, G.; Morieri, M.L.; Volpato, S.; Maggio, M.; Cherubini, A.; Francesconi, D.; Bandinelli, S.;

Table 2. Major miRNAs and their involvement in vascular aging ut Not
2014,
) Propagation of senescence of endothelial progenitor cells through suppression of the
v, miR-10A ] - - Pah
high-mobility group A2 molecule , Fanor,
. Propagation of senescence of endothelial progenitor cells through suppression of the
miR- .
2 high-mobility group A2 molecule rucci, L.
nonal
miR-22 Inhibition of VSMC proliferation and migration and neointima formation
2 lanzato,
Suppression of EC proliferation and promotion of EC senescence in part through Sirtl i
inhibition
9 miR-34a P
Impairment of EPC-mediated angiogenesis through suppression of silent information ’
regulator 1 )
rdiol
miR-126 Reduction of endothelial inflammation through inhibition of VCAM-1 expression
P JAL
miR-128 Reduction of VSMC proliferation, migration, and contractility 9 56
2 miR-143 Inhibition of VSMC proliferation through targeting the transcription factor EIk-1 1 with
). Med.
miR-145 Inhibition of VSMC proliferation through targeting the transcription factor myocardin
2 Jing:
R Promotion of VSMC proliferation and vascular neointimal hyperplasia through targeting ~ 009.
miR-146a
KLF4 |
2 47-
e i e g g e

29. Adam Harvey; Augusto C. Montezano; Rheure Alves Lopes; Francisco Rios; Rhian M. Touyz;
Vascular Fibrosis in Aging and Hypertension: Molecular Mechanisms and Clinical Implications.
Canadian Journal of Cardiology 2016, 32, 659-668, 10.1016/j.cjca.2016.02.070.
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2
1 Promotion of atherosclerosis through repression of macrophage BCL6 expression teffects
miR-155 . . - .
Endothelial dysfunction and vasoconstriction through downregulation of eNOS and 575-
sSGC[1 expression
2 ; Kyung-
" Acceleration of EC senescence, endothelial dysfunction and development of
miR-
atherosclerosis through Sirtl downregulation
3 vska;

BCL6: B-cell ymphoma 6 protein; BP: blood pressure; EC: endothelial cell; eNOS: endothelial nitric oxide synthase; KLF4:
Kriippel-like factor 4; sGCB1: soluble guanylyl cyclase 1; VCAM-1: vascular cell adhesion molecule-1; VEGF: vascular
endothelial growth factor; VSMC: vascular smooth muscle cells

33. Utpal Sen; Regulation and involvement of matrix metalloproteinases in vascular diseases.
Frontiers in Bioscience 2016, 21, 89-118, 10.2741/4378.

i%ﬂéﬂ'&&ﬁ%@h%ﬁ%@'@&mo Menini; Maria Mavilio; Viviana Casagrande; Claudia

Rossi; Andrea Urbani; Marina Cardellini; Giuseppe Pug{li_ese; Rossella Menghini; et al.Massimo
Telomeres are non-coding DNA structures consisting of a repetitive _hexanucleotide A sequence (TTAGGG)

Federici Loss of TIMP3 exacerbates atherosclerosis in ApoE null mice. Atherosclerosis 2Q14,
found in the terminal loops, where they cap and stabilize the physical ends of eukaryotic chromosomes =&, While

235, 438-443, 10.1016/].atherosclerosis.2014.05.946. N _
aging telomeres shorten with ‘each successive cell division, however, below a critical length they induce the DNA
3darheegrdspdost DD reVeHgalowaditik S aepitamycegdleskcdang Ithendrele pSanigimreprolifémation.
ActaigntSienie s aino e ggBaeattamnonaitiigs Yo aitjdinriteeriigrigeet ak. $atedesriis-Badinghibiascular
agifghaathalidblnfammatonse/é&cular Smooth Muscle Cell Activation, and Atherosclerosis by
Upregulating Timp3 and Reck through suppressing microRNA-205 Biogenesis. Theranostics
Abgoent exzErgsrROdatathaves Dikeddel@nere, shortening with the development of endothelial dysfunction and
atherogenesis 42, Furthermore, clinical data have highlighted the association of telomere length with arterial

36, Jason L. Johnson; Andrew H. Baker; Kazuhiro Oka; Lawrence Chan; Andrew C. Newby;
stiffness and atherosclerotic burden across different age and cardiovascular risk . pcg)ulatlons but”also health

_Christopher L. Jackson: Sarah J. George; Suppression of Atherosclerotic Ia\%ue Progressign an
individuals; hence, shorter telomeres have beén associated with increased aortic pulse wave vel Clt:{ ,gulse

Instaqg_ltly by Tissue Inhibjtor of Metalloproteinase-2. Circulation 2006, 113, 2435-2444, 10.1161/ci
pressure and carotid IMT 241, In addition, leukocyte telomere length is decreased in patients with various

rculationaha.106.613281. , _ _ L 53 .
cardiovascular disease phenotypes including heart failure, myocardial infarction 3 and atherosclerotic

Iypiesephdiftafettd, Raavivpokhady; (datnerenetgtio peetesrasassalyctctheibiat witokaibicaseular risk in
sevieaNGalglingrand yasewdar-ahagase. Biochemical Pharmacology 2008, 75, 346-359, 10.1016/j.bcp.2
007.07.004.

43.50@3%1%83@“&3&&“@@)/ of Tissue Inhibitor of Metalloproteinase 3 (TIMP3), and Its

Therapeutic Implications in Cardiovascular Pathology. Frontiers in Physiology 2020, 11, 1-16, 10.
Celgg%gﬁaﬁﬁ%ggﬁﬁés_@é@f of a durable, irreversible cell-cycle arrest of previously replication-competent cells

B3] which plays a dual role in physiology and disease 281, Senescence has been recognized as a central hallmark
3(%‘ A‘dﬁ% I-S)IMQ %SstTJ?H‘& Eﬁmﬁlyﬂgfﬂar@%lo%lgé Mﬁ“ﬂ%?ﬂﬁ%%ﬂd?%l‘aﬁ%&Hgﬁtigﬁcogene activation, and
DNN%HWQQ%,’%Q%WWGH\I/%@/ &Qﬂ@p%%egégﬁr?po}%&@ggéﬂggcg%ezr&&%o by itself a key driver of vascular
adysBaetiva TeishalgBeyDEdeledRiing et Thishele dpfuadirthyiisormatipormatiietrieatieiesie|édsidlore
Artificial Cells, Nanomedicine, and Biotechnology 2019, 47, 2031-2041, 10.1080/21691401.2019.
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spetbit@R24arly in vitro observations have shown that induction of senescence in human aortic ECs reduces

. . _ @
Arlfy(f—lfu?%c;)§H%g]rlcéeﬁﬁe\?oeﬁpé%slfboﬂil&%/lolles and Mechanisms of DNA Methylation in Vascular Aging
Thef‘;‘sgg%%%%%%’é%&i%% B N T U R Ll AR AL
senéscent'cel% including pro-inflammatory cytokines and chemokines, growth modulators, angiogenic factors, and
JNMPsamdd Stnamidice DaflachAbisnT eelancgribdestincovaleminnistynactivaddinc sdmpsoddature Celdsiolggyr
ser2006hc¢0i8, Adighborliihy 1QR8/B7A2 The net result is a state of persistent chronic inflammation, known as
A3"REUBRI0G Wi, DR &S G e an B A% U LA BSOS Liu; CRSIGes rIskion with this.
B T e A ST ST SR o R %S&“S%Péast's‘?”[%_h%’%ﬁc?ﬂfhséﬁt”é/ 2R PoRion ™"
athﬁggcf‘elgrr%t Cé?i‘ﬁfz@?&ﬂ%@%‘ﬁ%%’( ?[60&966#551 fﬁgg’_ 6?[.%9{3%6 41é1_ence installing a highly inflammatory and

pro-atherogenic environment which contributes to the progression of atherosclerosis (62,
44. Marta Halasa; Kamila Adamczuk; Grzegorz Adamczuk; Syeda Afshan; Andrzej Stepulak; Marek

AddidmaliskisthamgeeVitlan e szl cBxeraceiy lediaribofidnasfsemaoenEactorascui@asginggenesisrom preclinical

studiterivatiotigdtihgu phahohddegicutaebciences 2021 t@2hd 182001§c33PeHipns2 23 144i&kOent cells and
. . . |'6_3] . . . . .

AR RHETT88hic BgaN; BEILaRE RO BIH AERORSR & T rogddecd R st

P R S o S Ol A RGeS re S QU nskieing, dhe 9586 S 56555 655 S TRMIT AL M IS
SUCT€€8SASP inhibitors 4],

.aulia B : Maria-Teresa Piccoli; Janika Viereck; Thomas Thum; Non-coding RNAS in
T8, Atitophagy :

evelopmént andBisease: Background, Mechanisms, and Therapeutic Approaches.

Aut&%@jgl @gé%é ﬁ)? g@m\%oatﬁfs%éo&@a? Z)'raxg’gsé Wé@h@’@%&%& 'gr%léeliver their macromolecular

APTIGRRETIS SHSRS MBRIRSEEAmsse ety Irenseaey icuaresivRit weaiadeto B Jemeseatisenith aging,
the gt RO BEIEFERIY ETIREURSORNE! BF PHjRIBRSIS 201, 89959 Beseral Speqigs|andfszirbgpsiems 68, which

has been further associated vascular dysfunction, accelerated aging, and several age-related vascular diseases
48, Yu Liu; Samuel I. Bloom; Anthony J. Donato; The role of senescence, telomere dysfunction and

shelterin in vascular aging. Microcirculation 2018, 26, €12487-e12487, 10.1111/micc.12487.

492 rafe39ediihesvanddabene TBIRTHEARISHREA HebROMNMEIRITRH U PeRapK RkpafFitkazsedidiad with a
markaebiealwrgdneainierliRi; doratiteRle MAREvRG UREPSMRB Ot MESEIRIdERIMYN dBig S ffegbnileftas been
derpRsiigieb Hiss desscel rHIDMEN ERPISCREr BiSIS 285 ELARGO N Fiab BEe R0 06299121 55 -a\3akines 1 henge
suggesiEy I eREpbegyIsagEedate vascular homeostasis, in part, through a NO-dependent pathway €91,

SColRAy1d 1MIRARREL i @S B iin b PSRl BB Bl Rk BPLbidBACE nAAKIBRBBorEd fhat induction of
autB S5 MKy pfeRtBIEE M IaLuILP AR A RE MR RSSREIAUARAES S BaRRIL FeRIHSR M AN ch is
the YR B RDGLIEIRRAGIRITREBe L3I S Bl TR0 B/ Go RRlBrot 834t aP e bh R B 08Nt

mogels and human subjects by intervening in crucial regulatory pathways including the deacetylase Sirtl, the AMP-
sActiERedIR AT lRarssAYIBIY a8 thedRar Kipst &1 aeheh TR TN 8EhRR) RitRaeardign #ecaruAsion; it
haspseh SR VAV fraéBeners Icaleghr asvitilynapige RIRENA P auser Paesk desliang irs eRfRe IR fHnrion

andHisEaREAS Hh OB ekstia gsteryostifinesseandthgas 3foctsre related to reduced oxidative stress (2],
Likewise, short-term (i.e., 3-8 weeks) caloric restriction also reverses the age-related vascular dysfunction in old

mice. Additionally, in humans, caloric restriction-based weight loss in overweight and obese middle-aged and older
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pathologies. Accumulating evidence over the last years has called attention on several complex molecular
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1544, 10.1161/01.cir.0000013836.85741.17.
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S9, 10.1093/gerona/glu057.

https://encyclopedia.pub/entry/26561 9/12



Pathophysiolocigal and Molecular Mechanisms in Vascular Aging | Encyclopedia.pub

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lee Ann Campbell; Cho-Chou Kuo; Cell Senescence, Multiple Organelle Dysfunction and
Atherosclerosis. Seminars in Respiratory Infections 2003, 18, 48-54, 10.1053/srin.2003.50006.

Bennett G. Childs; Darren J. Baker; Tobias Wijshake; Cheryl A. Conover; Judith Campisi; Jan M.
Van Deursen; Senescent intimal foam cells are deleterious at all stages of atherosclerosis.
Science 2016, 354, 472-477, 10.1126/science.aaf6659.

James L. Kirkland; Tamara Tchkonia; Cellular Senescence: A Translational Perspective.
eBioMedicine 2017, 21, 21-28, 10.1016/j.ebiom.2017.04.013.

Lisa A. Lesniewski; Douglas R. Seals; Ashley Walker; Grant D. Henson; Mark W. Blimline; Daniel
W. Trott; Gary C. Bosshardt; Thomas J. LaRocca; Brooke R. Lawson; Melanie C. Zigler; et
al.Anthony J. Donato Dietary rapamycin supplementation reverses age-related vascular
dysfunction and oxidative stress, while modulating nutrient-sensing, cell cycle, and senescence
pathways. Aging Cell 2016, 16, 17-26, 10.1111/acel.12524.

Zhangyuan Yin; Clarence Pascual; Daniel J. Klionsky; Autophagy: machinery and regulation.
Microbial Cell 2016, 3, 588-596, 10.15698/mic2016.12.546.

Mahmoud Abdellatif; Simon Sedej; Didac Carmona-Gutierrez; Frank Madeo; Guido Kroemer;
Autophagy in Cardiovascular Aging. Circulation Research 2018, 123, 803-824, 10.1161/circresah
a.118.312208.

Samuel C. Nussenzweig; Subodh Verma; Toren Finkel; The Role of Autophagy in Vascular
Biology. Circulation Research 2015, 116, 480-488, 10.1161/circresaha.116.303805.

Thomas J. LaRocca; Grant D. Henson; Andrew Thorburn; Amy L. Sindler; Gary L. Pierce;
Douglas R. Seals; Translational evidence that impaired autophagy contributes to arterial ageing.
The Journal of Physiology 2012, 590, 3305-3316, 10.1113/jphysiol.2012.229690.

Leena P. Bharath; Jae Min Cho; Seul-Ki Park; Ting Ruan; Youyou Li; Robert Mueller; Tyler Bean;
Van Reese; Russel S. Richardson; Jinjin Cai; et al.Ashot SargsyanKarla PiresPon Velayutham
Anandh BabuSihem BoudinaTimothy E. GrahamJ. David Symons Endothelial Cell Autophagy
Maintains Shear Stress—Induced Nitric Oxide Generation via Glycolysis-Dependent Purinergic
Signaling to Endothelial Nitric Oxide Synthase. Arteriosclerosis, Thrombosis, and Vascular
Biology 2017, 37, 1646-1656, 10.1161/atvbaha.117.309510.

Anthony J. Donato; Ashley E. Walker; Katherine A. Magerko; R. Colton Bramwell; Alex D. Black;
Grant D. Henson; Brooke R. Lawson; Lisa A. Lesniewski; Douglas R. Seals; Life-long caloric
restriction reduces oxidative stress and preserves nitric oxide bioavailability and function in
arteries of old mice. Aging Cell 2013, 12, 772-783, 10.1111/acel.12103.

Christopher R. Martens; Douglas R. Seals; Practical alternatives to chronic caloric restriction for
optimizing vascular function with ageing. The Journal of Physiology 2016, 594, 7177-7195, 10.11
13/jp272348.

https://encyclopedia.pub/entry/26561 10/12



Pathophysiolocigal and Molecular Mechanisms in Vascular Aging | Encyclopedia.pub

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Yun-Ying Wang; Ai-Fang Chen; Hua-Zhang Wang; Li-Yan Xie; Ke-Xu Sui; Qi-Yi Zhang;
Association of shorter mean telomere length with large artery stiffness in patients with coronary
heart disease. The Aging Male 2010, 14, 27-32, 10.3109/13685538.2010.529196.

Pim van der Harst; Gerrit van der Steege; Rudolf A. de Boer; Adriaan A. Voors; Alistair Hall;
Marcel J. Mulder; Wiek van Gilst; Dirk J. van Veldhuisen; Telomere Length of Circulating
Leukocytes Is Decreased in Patients With Chronic Heart Failure. Journal of the American College
of Cardiology 2007, 49, 1459-1464, 10.1016/j.jacc.2007.01.027.

Athanase Benetos; Jeffrey P. Gardner; Mahmoud Zureik; Carlos Labat; Lu Xiaobin; Chris
Adamopoulos; Mohamed Temmar; Kathryn E. Bean; Frédérigue Thomas; Abraham Aviv; et al.
Short Telomeres Are Associated With Increased Carotid Atherosclerosis in Hypertensive Subjects.
Hypertension 2004, 43, 182-185, 10.1161/01.hyp.0000113081.42868.f4.

Lisa D Moore; Thuc Le; Guoping Fan; DNA Methylation and Its Basic Function.
Neuropsychopharmacology 2012, 38, 23-38, 10.1038/npp.2012.112.

Samira Tabaei; Seyyedeh Samaneh Tabaee; DNA methylation abnormalities in atherosclerosis.
Artificial Cells, Nanomedicine, and Biotechnology 2019, 47, 2031-2041, 10.1080/21691401.2019.
1617724.

Hui Xu; Shuang Li; You-Shuo Liu; Roles and Mechanisms of DNA Methylation in Vascular Aging
and Related Diseases. Frontiers in Cell and Developmental Biology 2021, 9, 699374, 10.3389/fcel
1.2021.699374.

Brian D Strahl; C. David Allis; The language of covalent histone modifications. Nature Cell Biology
2000, 403, 41-45, 10.1038/47412.

Guo-Hua Ding; Dan-Di Guo; Yang Guan; Chun-Yu Chi; Bao-Dong Liu; Changes of DNA
methylation of Isoetes sinensis under Pb and Cd stress. Environmental Science and Pollution
Research 2018, 26, 3428-3435, 10.1007/s11356-018-3864-3.

Marta Halasa; Kamila Adamczuk; Grzegorz Adamczuk; Syeda Afshan; Andrzej Stepulak; Marek
Cybulski; Anna Wawruszak; Deacetylation of Transcription Factors in Carcinogenesis.
International Journal of Molecular Sciences 2021, 22, 11810, 10.3390/ijms222111810.

Munehiro Kitada; Yoshio Ogura; Daisuke Koya; The protective role of Sirtl in vascular tissue: its
relationship to vascular aging and atherosclerosis. Aging 2016, 8, 2290-2307, 10.18632/aging.10
1068.

Julia Beermann; Maria-Teresa Piccoli; Janika Viereck; Thomas Thum; Non-coding RNAS in
Development and Disease: Background, Mechanisms, and Therapeutic Approaches.
Physiological Reviews 2016, 96, 1297-1325, 10.1152/physrev.00041.2015.

Adam Harvey; Augusto C. Montezano; Rheure Alves Lopes; Francisco Rios; Rhian M. Touyz;
Vascular Fibrosis in Aging and Hypertension: Molecular Mechanisms and Clinical Implications.

https://encyclopedia.pub/entry/26561 11/12



Pathophysiolocigal and Molecular Mechanisms in Vascular Aging | Encyclopedia.pub

Canadian Journal of Cardiology 2016, 32, 659-668, 10.1016/j.cjca.2016.02.070.

84. Jason L. Johnson; Sarah J. George; Andrew C. Newby; Christopher L. Jackson; Divergent effects
of matrix metalloproteinases 3, 7, 9, and 12 on atherosclerotic plague stability in mouse
brachiocephalic arteries. Proceedings of the National Academy of Sciences 2005, 102, 15575-
15580, 10.1073/pnas.0506201102.

85. Ji Yoon Park; Jun Hyoung Park; Wookju Jang; In-Kwan Hwang; In Ja Kim; Hwa-Jung Kim; Kyung-
Hyun Cho; Seung-Taek Lee; Apolipoprotein A-1V is a novel substrate for matrix
metalloproteinases. The Journal of Biochemistry 2011, 151, 291-298, 10.1093/jb/mvr137.

86. Jon M. Florence; Agnieszka Krupa; Laela M. Booshehri; Timothy C. Allen; Anna K. Kurdowska;
Metalloproteinase-9 contributes to endothelial dysfunction in atherosclerosis via protease
activated receptor-1. PLOS ONE 2017, 12, e0171427, 10.1371/journal.pone.0171427.

Retrieved from https://www.encyclopedia.pub/entry/history/show/64432

https://encyclopedia.pub/entry/26561 12/12



