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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. 
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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 .

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 . In

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 .

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 .

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  (Figure 1).

                                                                              Figure 1. Molecular mechanisms of vascular aging.

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 
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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 . 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 . 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 (ROO ), nitric oxide (NO),

peroxinitrite (ONOO ) and singlet oxygen ( O ) . 

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 . Accordingly, inflammaging is a hypothesis suggesting a link between increased pro-

inflammatory marker levels and increased risk for cardiovascular disease in older age . 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-α, IFN-β), transforming growth factor-β (TGF-β),

and tumor necrosis factor (TNF), have been found to be associated with vascular aging  and,

subsequently, with indices of vascular dysfunction . 

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 . 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 . 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 . 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 . 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 . In addition to this, TIMP-3 has been demonstrated to mediate the inhibitory effect of interleukin-

32α on endothelial inflammation, smooth muscle cell activation, and development of atherosclerosis . Similar

effects have been demonstrated for TIMP-2, and TIMP-4, mainly through mechanisms of VSMC migration and

apoptosis . 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 AngII, TIMP-3 gene deletion

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

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 . 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 . 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 .

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 . 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) . Among all HDACs, sirtuins are the most widely studied and Sirt1 is the best

characterized member in relation to vascular aging.

Sirt1 is systematically expressed at vascular level by several cells including ECs, monocytes/macrophages and

VSMCs and is implicated in deacetylation of several transcriptional factors, co-regulatory proteins and enzymes

like peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1a), NF-κB, eNOS, FOXO, p53, p300/CBP,

H3H9 and H3K56 [130]. Overall, previous studies have revealed in detail the protective role of Sirt1 against

vascular aging through abundant beneficial effects in the structural and functional homeostasis of the vasculature

. A detailed summary of the mechanisms through which Sirt1 protects against vascular aging is depicted in

Table 1. 
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Table 1. Beneficial mechanisms through which SIRT1 upregulation protects against vascular aging

Recruitment of  EC migration 

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 

Mitigation of hyperglycaemia-induced endothelial dysfunction due to ROS production by inhibiting vascular

p66Shc gene transcription 

Alleviation of oxidative stress and inflammation by the inhibition of NF-κB signalling pathway 

Activation of eNOS and promotion of NO production by the deacetylation of eNOS on Lys496 and Lys506 

Reduction of COX-2 expression through downregulation of transcription factor AP-1 in macrophages 

Reduction of arterial remodelling and stiffness by the alleviation of oxidative stress in VSMCs 

Deacetylation and activation of the FOXO 1, 3, and 4 transcription factors leading to the expression of several

antioxidant genes 
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most extensively studied member while recently discovered circular RNAs (300–500 nucleotides) pertain to the

long ncRNAs. The ncRNAs play a significant role in the post-transcriptional genetic regulation. In particular,
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molecular mechanisms related to vascular function and aging (Table 2).

18. Durackova, Z. Systems Biology of Free Radicals and Antioxidants; Springer: Berlin/Heidelberg,
Germany, 2014; Volume 9783642300.

19. Alberts-Grill, N.; Denning, T.L.; Rezvan, A.; Jo, H. The Role of the Vascular Dendritic Cell Network
in Atherosclerosis. Am. J. Physiol. Cell Physiol. 2013, 305, C1–C21.

20. Zuliani, G.; Morieri, M.L.; Volpato, S.; Maggio, M.; Cherubini, A.; Francesconi, D.; Bandinelli, S.;
Paolisso, G.; Guralnik, J.M.; Ferrucci, L. Insulin Resistance and Systemic Inflammation, but Not
Metabolic Syndrome Phenotype, Predict 9 Years Mortality in Older Adults. Atherosclerosis 2014,
235, 538–545.

21. Ferrucci, L.; Harris, T.B.; Guralnik, J.M.; Tracy, R.P.; Corti, M.-C.; Cohen, H.J.; Penninx, B.; Pahor,
M.; Wallace, R.; Havlik, R.J. Serum IL-6 Level and the Development of Disability in Older
Persons. Am. Geriatr. Soc. 1999, 47, 639–646.

22. Fabbri, E.; An, Y.; Zoli, M.; Simonsick, E.M.; Guralnik, J.M.; Bandinelli, S.; Boyd, C.M.; Ferrucci, L.
Aging and the Burden of Multimorbidity: Associations with Inflammatory and Anabolic Hormonal
Biomarkers. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2015, 70, 63–70.

23. Soysal, P.; Stubbs, B.; Lucato, P.; Luchini, C.; Solmi, M.; Peluso, R.; Sergi, G.; Isik, A.T.; Manzato,
E.; Maggi, S.; et al. Inflammation and Frailty in the Elderly: A Systematic Review and Meta-
Analysis. Ageing Res. Rev. 2016, 31, 1–8.

24. Montero, I.; Orbe, J.; Varo, N.; Beloqui, O.; Monreal, J.I.; Rodréguez, J.A.; Díez, J.; Libby, P.;
Páramo, J.A. C-Reactive Protein Induces Matrix Metalloproteinase-1 and -10 in Human
Endothelial Cells: Implications for Clinical and Subclinical Atherosclerosis. J. Am. Coll. Cardiol.
2006, 47, 1369–1378.

25. Scicali, R.; Di Pino, A.; Urbano, F.; Ferrara, V.; Marchisello, S.; Di Mauro, S.; Scamporrino, A.;
Filippello, A.; Piro, S.; Rabuazzo, A.M.; et al. Analysis of S100A12 Plasma Levels in
Hyperlipidemic Subjects with or without Familial Hypercholesterolemia. Acta Diabetol. 2019, 56,
899–906.

26. Wang, W.; Deng, Z.; Li, L.; Li, J.; Jin, X. Association of Hyper-Sensitive C-Reactive Protein with
Arterial Stiffness and Endothelial Function in Patients with Hyperlipidemia. Int. J. Clin. Exp. Med.
2016, 9, 23416–23424.

27. Patrick Lacolley; Veronique Regnault; Alberto P Avolio; Smooth muscle cell and arterial aging:
basic and clinical aspects. Cardiovascular Research 2018, 114, 513-528, 10.1093/cvr/cvy009.

28. Kirsty Foote; Martin R. Bennett; Molecular insights into vascular aging. Aging 2018, 10, 3647-
3649, 10.18632/aging.101697.

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.

[46]

Table 2. Major miRNAs and their involvement in vascular aging

miR-10A
Propagation of senescence of endothelial progenitor cells through suppression of the

high-mobility group A2 molecule 

miR-21
Propagation of senescence of endothelial progenitor cells through suppression of the

high-mobility group A2 molecule 

miR-22 Inhibition of  VSMC proliferation and migration and neointima formation 

miR-34a

Suppression of EC proliferation and promotion of EC senescence in part through Sirt1

inhibition 

Impairment of EPC-mediated angiogenesis through suppression of silent information

regulator 1 

miR-126 Reduction of endothelial inflammation through inhibition of VCAM-1 expression 

miR-128 Reduction of VSMC proliferation, migration, and contractility 

miR-143 Inhibition of VSMC proliferation through targeting the transcription factor Elk-1 

miR-145 Inhibition of VSMC proliferation through targeting the transcription factor myocardin 

miR-146a
Promotion of VSMC proliferation and vascular neointimal hyperplasia through targeting

KLF4 
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6. Telomere Shortening

Telomeres are non-coding DNA structures consisting of a repetitive hexanucleotide DNA sequence (TTAGGG)

found in the terminal loops, where they cap and stabilize the physical ends of eukaryotic chromosomes . While

aging telomeres shorten with each successive cell division, however, below a critical length they induce the DNA

damage response (DDR), eventually leading to replicative senescence and the end of cellular proliferation.

Actually, telomere shortening or attrition constitutes a major triggering factor of senescence leading to vascular

aging and cardiovascular disease .

Abundant experimental data have linked telomere shortening with the development of endothelial dysfunction and

atherogenesis . Furthermore, clinical data have highlighted the association of telomere length with arterial

stiffness and atherosclerotic burden across different age and cardiovascular risk populations but also healthy

individuals; hence, shorter telomeres have been associated with increased aortic pulse wave velocity , pulse

pressure  and carotid IMT . In addition, leukocyte telomere length is decreased in patients with various

cardiovascular disease phenotypes including heart failure, myocardial infarction  and atherosclerotic

hypertensive disease . More importantly, telomere length has been closely correlated with cardiovascular risk in

several large cohorts and meta-analyses

7. Cellular Senescence 

Cellular senescence is a state of a durable, irreversible cell-cycle arrest of previously replication-competent cells

 which plays a dual role in physiology and disease . Senescence has been recognized as a central hallmark

of aging since most of its stimuli including telomere attrition, mitochondrial dysfunction, oncogene activation, and

DNA damage, are primary drivers of the process. Importantly, senescence is also by itself a key driver of vascular

dysfunction and aging by mediating endothelial dysfunction, inflammation, and atherosclerosis . More
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miR-155

Promotion of atherosclerosis through repression of macrophage BCL6 expression 

Endothelial dysfunction and vasoconstriction through downregulation of eNOS and

sGCβ1 expression 

miR-217
Acceleration of EC senescence, endothelial dysfunction and development of

atherosclerosis through Sirt1 downregulation 

BCL6: B-cell lymphoma 6 protein; BP: blood pressure; EC: endothelial cell; eNOS: endothelial nitric oxide synthase; KLF4:
Krüppel-like factor 4; sGCβ1: soluble guanylyl cyclase β1; VCAM-1: vascular cell adhesion molecule-1; VEGF: vascular
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specifically, early in vitro observations have shown that induction of senescence in human aortic ECs reduces

levels of NO and increases expression ICAM-1 . 

Τhe senescence-associated secretory phenotype (SASP) consists of a plethora of factors produced by the

senescent cells including pro-inammatory cytokines and chemokines, growth modulators, angiogenic factors, and

MMPs that can induce inflammation, stem cell dysfunction, immunity activation, apoptosis and further trigger

senescence in neighboring cells . The net result is a state of persistent chronic inflammation, known as

inflammaging which is tightly associated with multiple age-related phenotypes . In close association with this,

experimental data have documented considerable accumulation of senescent VSMCs and ECs in human

atherosclerotic lesions that persistently express key SASP factors ; hence installing a highly inflammatory and

pro-atherogenic environment which contributes to the progression of atherosclerosis .

Additionally, strong evidence advocating the contribution of senescence to vascular aging comes from preclinical

studies investigating pharmacologic agents which lead to the ‘‘senolytic’’ clearance of senescent cells and

attenuation of inflammation . Finally, alternative pharmacologic approaches have emerged including drugs that

prevent the progression of cell senescence without inducing the death of senescent cells (senomorphic drugs)

such as SASP inhibitors .

8. Autophagy

Autophagy is a highly selective physiological process by which cells encapsulate and deliver their macromolecular

components such as proteins and organelles to lysosomes for subsequent degradation . Importantly, with aging,

there is a progressive reduction in the autophagic activity across several species and model systems , which

has been further associated vascular dysfunction, accelerated aging, and several age-related vascular diseases

. 

Data from aged mice and human subjects have shown that compromised autophagy of ECs is associated with a

markedly blunted endothelial-dependent vasodilative response . Coincident with this effect, it has been

demonstrated that loss of autophagy promotes an increase in endothelial ROS and inflammatory cytokines, hence

suggesting that autophagy may regulate vascular homeostasis, in part, through a NO-dependent pathway .

Contrary to the harmful effects of impaired autophagy, several lines of evidence have corroborated that induction of

autophagy has a protective effect on vascular homeostasis. The lifestyle modification of caloric restriction, which is

the most effective strategy to induce autophagy so far, has been shown to improve vascular function in both rodent

models and human subjects by intervening in crucial regulatory pathways including the deacetylase Sirt1, the AMP-

activated protein kinase (AMPK), and the mammalian target of rapamycin (mTOR) .Regarding vascular aging, it

has been shown that long-term caloric restriction in mice prevents the age-related declines in endothelial function

and increases in large elastic artery stiffness and these effects are related to reduced oxidative stress .

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

1617724.
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