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ABSTRACT

Vascular aging plays a key role in morbidity and mortality in the elderly. With age, the vasculature undergoes 
changes characterized by endothelial dysfunction, wall thickening, decreased elongation, and arterial stiffness. The 
review focuses on the main cellular and molecular mechanisms of aging, including oxidative stress, endothelial 
dysfunction, inflammation, increased arterial stiffness, and molecular genetic aspects. Their role in the pathogenesis 
of diseases associated with aging is considered. Some of the molecular mechanisms underlying these processes 
include increased expression and activation of matrix metalloproteinases, activation of transforming growth factor 
β1 signaling, increased levels of C-reactive protein, interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)α, and 
N-terminal pro B-type natriuretic peptide (NT-pro-BNP), and activation of proinflammatory signaling pathways. 
These events can be caused by vasoactive agents, such as angiotensin II and endothelin-1, the levels of which 
increase with aging. For prevention of cardiovascular diseases, it is important to understand the mechanisms 
underlying age-related pathophysiological changes in the blood vessels.

Keywords: vascular aging, cardiovascular disease, oxidative stress, endothelial dysfunction

Conflict of interest. The authors declare the absence of obvious or potential conflict of interest related to the 
publication of this article.

Source of financing. The study was conducted within the budgetary theme under the state assignment No. ААА-
А-А17-117112850280-2 and within the Russian Science Foundation project No. 21-15-00022.

For citation: Stakhneva E.M., Kashtanova E.V., Polonskaya Ya.V., Shramko V.S., Ragino Yu.I. Mechanisms of 
vascular aging. Bulletin of Siberian Medicine. 2022;21(2):186–194. https://doi.org/10.20538/1682-0363-2022-2-
186-194.

__________________________

Механизмы сосудистого старения

Стахнёва Е.М., Каштанова Е.В., Полонская Я.В., Шрамко В.С., Рагино Ю.И.

Научно-исследовательский институт терапии и профилактической медицины – филиал Федерального  
исследовательского центра «Институт цитологии и генетики» Сибирского отделения Российской академии 
наук ((НИИТиПМ – ИЦиГ СО РАН) 
Россия, 630089, г. Новосибирск, ул. Б. Богаткова, 175/1

РЕЗЮМЕ 

Старение сосудистой системы играет ключевую роль в заболеваемости и смертности среди пожилых лю-
дей. С возрастом сосудистая сеть претерпевает изменения, характеризующиеся дисфункцией эндотелия, 
утолщением стенок, снижением растяжимости и артериальной жесткостью. В данном обзоре уделяется 
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внимание основным клеточным и молекулярным механизмам старения, включая окислительный стресс, 
эндотелиальную дисфункцию, воспаление, повышенную артериальную жесткость; молекулярно-генети-
ческим аспектам. Рассматривается их роль в патогенезе заболеваний, связанных со старением. Некоторые 
молекулярные механизмы, лежащие в основе этих процессов, включают повышенную экспрессию и акти-
вацию матричных металлопротеиназ, активацию передачи сигналов трансформирующего фактора роста 
β1, повышение концентрации С-реактивного протеина, интерлейкина-1, интерлейкина-6, фактора некроза 
опухоли α и натрийуретического пептида N-концевого про-B-типа, активацию провоспалительных сиг-
нальных путей. Эти события могут быть вызваны вазоактивными агентами, такими как ангиотензин II, 
эндотелин-1, концентрация которых увеличивается при старении. Для профилактики сердечно-сосудистых 
заболеваний важно понимание механизмов, лежащих в основе возрастных патофизиологических измене-
ний сосудов.

Ключевые слова: сосудистое старение, сердечно-сосудистые заболевания, окислительный стресс, 
эндотелиальная дисфункция
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INTRODUCTION
Cardiovascular diseases are the most common 

cause of death worldwide. At the same time, vascu-
lar aging is the main and irreversible risk factor for 
disease development [1–4]. Obviously, aging leads to 
certain changes that make cardiovascular system pre-
disposed to diseases even in the absence of traditional 
risk factors, such as hypertension, diabetes mellitus, 
smoking, etc. [5]. Although aging is inevitable, gain-
ing knowledge about the mechanisms underlying this 
process in the cardiovascular system has changed the 
perception of vascular aging as a modifiable risk fac-
tor [6]. At the molecular and cellular levels, aging is 
associated with structural, mechanical, and functional 
changes in blood vessels, characterized by increased 
arterial stiffness, decreased nitric oxide production, 
increased production of reactive oxygen species (oxi-
dative stress), and endothelial dysfunction.

Cardiovascular aging reduces the contractile 
and mechanical efficiency of blood vessels. Specific 
changes include increased smooth muscle tone, in-
creased collagenolytic and elastolytic activity, and 
arterial wall thickening. These changes contribute to 
an increase in systolic blood pressure, an increase in 
cardiac load, and systemic vascular resistance [7]. 

Progressive hypertrophy of cardiomyocytes, inflam-
mation, and gradual development of cardiac fibrosis 
are signs of cardiac aging [8]. Age-related arterial wall 
remodeling contributes to the pathogenesis of vascu-
lar diseases leading to an increase in morbidity and 
mortality. 

Thus, arterial aging is the main factor contributing 
to an increase in the incidence and prevalence of car-
diovascular diseases, mainly due to chronic inflamma-
tion of arteries. Inflammatory signaling driven by the 
angiotensin II cascade causes unfavorable age-related 
structural and functional remodeling of arteries [9].

In order to prevent an increase in mortality from 
cardiovascular diseases in aging population, it is 
necessary to understand the mechanisms underlying 
age-related pathophysiological changes in blood ves-
sels, including oxidative stress, mitochondrial dys-
function, and chronic inflammation.

ENDOTHELIAL DYSFUNCTION IN AGING

Vascular endothelium is a dynamic structure that 
performs many vital functions. The vascular endo-
thelium must constantly maintain a balance between 
oxidants and antioxidants, vasodilators and vasocon-
strictors, pro- and anti-inflammatory molecules, and 
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pro- and antithrombotic signals. Endothelial function 
in young people is regulated by traditional risk fac-
tors for cardiovascular diseases, but old age is inde-
pendently associated with the development of vascu-
lar endothelial dysfunction [10]. Increased prevalence 
of cardiovascular diseases in aging is caused by ag-
ing of vascular endothelial cells and the associated 
vascular dysfunction. Aging of endothelial cells is a 
pathophysiological process involving functional and 
structural changes, such as dysregulation of vascu-
lar tone, increased endothelial permeability, arterial 
stiffness, impaired angiogenesis and vascular repair, 
and decreased mitochondrial biogenesis in endothelial 
cells [11]. 

Among various mechanisms leading to vascular 
dysfunction, endothelial dysfunction is one of the ear-
liest and most important events. Impaired endothelial 
vasodilation is an early sign of vascular aging, preced-
ing clinical manifestations of vascular dysfunction. It 
is also the first step toward cardiovascular diseases. [6]. 
Many pathophysiological changes in the endothelium 
contribute to vascular dysfunction associated with ag-
ing, such as decreased nitric oxide (NO) production 
and activation of calcium signaling (Ca2+), increased 
endothelial permeability, impaired angiogenesis and 
vascular repair, and decreased mitochondrial biogen-
esis in endothelial cells. Thus, cell cycle regulation, 
oxidative stress, altered Ca2+ signaling, and vascular 
inflammation are involved in the pathophysiological 
process [11]. In addition, the accumulation of genet-
ic damage changes normal expression and activity of 
genes, which leads to cellular senescence and vascular 
dysfunction [11]. Both macrovascular and microvas-
cular endothelial dysfunction are the key markers of 
endothelial health and independent predictors of car-
diovascular risk in the elderly [12]. 

OXIDATIVE STRESS IN AGING
Oxidative stress is involved in the pathology of 

many human diseases. Oxidative stress is recognized 
as a major factor in the pathophysiology and patho-
genesis of such age-related diseases as metabolic 
syndrome, atherosclerosis, osteoporosis, obesity, 
dementia, diabetes, cancer, and arthritis [7, 13, 14]. 
Сonstant formation of free radicals, mainly reactive 
oxygen species (ROS), is the main characteristic of all 
living systems that use oxygen for their metabolism. 
The most common ROS are superoxide radical (O2−) 
and hydrogen peroxide (H2O2), which can stimulate 
sequential reactions causing further free radical pro-
duction and associated oxidative damage to cellular 

components. Oxidative stress and inflammation in-
duce endothelial dysfunction resulting from decreased 
NO bioavailability [10]. Oxidative stress is involved 
in the pathogenesis of arterial stiffness, since oxidative 
damage can lead to increased vascular inflammation 
and cell proliferation, which can subsequently result 
in impaired arterial elasticity [15]. Oxidative stress in 
endothelial cells increases with age. It is caused by in-
creased production of intracellular enzymes (NADPH 
oxidase and endothelial NO synthase (eNOS)), as well 
as by mitochondrial respiration in the absence of a 
corresponding increase in antioxidant defense regulat-
ed by appropriate transcription factors [10].

VASCULAR INFLAMMATION AND 
MARKERS OF INFLAMMATION IN AGING

Aging is associated with chronic low-grade in-
flammation (sterile inflammation), i.e. a type of in-
flammation caused by mechanical trauma, ischemia, 
and stress. Chronic inflammation is associated with 
many pathological conditions related to aging, for 
example, atherosclerosis, Alzheimer’s disease, etc. 
[16]. Inflammation is characterized by increased ex-
pression of inflammatory cytokines, adhesion mole-
cules, and endothelial cell chemokines. Aging is asso-
ciated with increased levels of circulating cytokines 
and proinflammatory markers. Age-related changes 
in the immune system, known as immune aging, and 
increased secretion of cytokines by adipose tissue 
are the main causes of chronic inflammation [17]. 
Chronic inflammation is thought to be related to dys-
function of immune cells, such as cell migration and 
signaling of pattern recognition receptors (PRRs), 
which are necessary to respond to pathogens. This 
immune dysregulation can affect conditions asso-
ciated with chronic inflammation (atherosclerosis 
and Alzheimer’s disease). The mechanisms under-
lying this inflammation seem to include changes in 
the number and function of innate immune cells and 
PRR activation by endogenous ligands which leads 
to cytokine secretion [18]. 

In addition, a proinflammatory response is associat-
ed with activation of nuclear factor-kappa B (NF-κB) 
signaling, which is an important nuclear transcription 
factor that promotes expression of inflammatory cy-
tokines in endothelial dysfunction and cardiovascular 
diseases [10]. Alarmins mediating sterile inflamma-
tion contribute to aging. At the same time, activation 
of metalloproteinase-2 (MMP-2) is worth noting. It is 
responsible for S100A9 alarmin degradation, which 
limits signals that cause inflammation [16].
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An age-related increase in such inflammatory pep-
tide biomarkers as interleukin (IL)-6, IL-1, tumor ne-
crosis factor (TNF)-α, and C-reactive protein (CRP) 
[19] is one the most studied markers of aging. Higher 
plasma concentrations of such inflammatory factors 
as IL-6 and TNF-α were associated with lower mus-
cle mass and lower muscle strength (smaller muscle 
area, lower appendicular muscle mass with lower grip 
strength). It demonstrated a relationship between im-
mune and functional status in the body of an elderly 
person [20]. CRP was associated with all causes and 
mortality, and IL-6 was found to be a predictor of 
mortality [21, 22]. However, when studying markers 
of inflammation, it turned out that centenarians have 
fewer signs of inflammation [23, 24]. Inflammatory 
peptides are either absent or lower in centenarians 
compared with younger cohorts, while the levels of 
anti-inflammatory cytokines, such as IL-10 and trans-
forming growth factor (TGF)-β, are increased [25]. 

Adipokines, such as adiponectin, leptin, and visfa-
tin, are regulators of inflammation [26]. It is interest-
ing that adiponectin concentration changes with age 
and is associated with age-related health effects [27]. 
In the study including healthy elderly people aged 
69–79 years, higher adiponectin levels were associat-
ed with an increased risk of overall and cardiovascular 
mortality [28].

Traditionally, N-terminal pro B-type natriuretic 
peptide (NT-pro-BNP) and troponin have been asso-
ciated with myocardial injury and heart failure. NT-
pro-BNP measurements provide predictive informa-
tion about mortality and serious cardiovascular events 
in addition to traditional risk factors. NT-pro-BNP 
was a stronger biomarker of cardiovascular diseases 
and death risk than CRP in non-hospitalized individ-
uals aged 50–89 years [29]. The study of 4,979 re-
spondents (2,567 men and 2,412 women) who were 
divided into six age groups concluded that age over 
70 years and male sex were associated with increased 
levels of NT-pro-BNP (> 400 pg / ml) (odds ratio 
(OR) 1.41; 95% confidence interval (CI) 1.20–1.65 
for males) [30]. Despite their reliability as predictors 
of cardiac damage and cardiovascular diseases, both 
NT-pro-BNP and troponin increase with age, which 
successfully characterizes them as biomarkers of hu-
man aging [31].

INCREASED ARTERIAL STIFFNESS IN AGING
Increased arterial stiffness is an independent pre-

dictor of cardiovascular diseases that does not depend 
on blood pressure. Blood vessels undergo structural 

and functional changes characterized by remodeling 
(thickening) of the arteries, vascular fibrosis, and stiff-
ness, which are manifested in aging and hypertension. 
Arterial stiffness is common and occurs in over 60% 
of people over 70 years of age and is a major indepen-
dent predictor of serious cardiovascular events [32].

Arterial stiffness is assessed by pulse wave veloci-
ty measurement, pulse wave analysis, arterial stiffness 
analysis using 24-hour ambulatory blood pressure 
monitoring, and endothelial function assessment. Aor-
tic stiffness causes an increase in pulse wave velocity 
and early reflection of waves with increased central 
hemodynamic load, which leads to damage to small 
arteries [33]. Patients with early vascular aging are at 
an increased risk of developing cardiovascular diseas-
es. Its main component is arterial stiffness measured by 
an increased carotid-femoral pulse wave velocity [34].

Profibrotic processes play a significant role in the 
development of vascular stiffness. Fibrosis occurs in 
both large and small arteries. In large vessels, arterial 
stiffness leads to hemodynamic damage to peripheral 
tissues, which results in impaired endothelial function 
and increased vasomotor tone [32].

At the molecular and cellular levels, vascular aging 
and vascular changes are associated with increased ex-
pression and activation of matrix metalloproteinases 
(MMP), activation of transforming growth factor-b1 
signaling, activation of galectin-3, and activation of 
proinflammatory and profibrotic signaling pathways. 
These events can be caused by such vasoactive agents 
as angiotensin II, endothelin-1 (ET-1), and aldoste-
rone, the number of which increases with age [32].

THE ROLE OF MATRIX 
METALLOPROTEINASES IN VASCULAR 
REMODELING

In healthy vessels, deposition and exchange of 
extracellular matrix proteins are regulated, and the 
collagen / elastin ratio remains relatively constant. 
The imbalance of these processes leads to excessive 
deposition of extracellular matrix proteins, especially 
collagen and fibronectin, which contributes to vascu-
lar fibrosis and arterial stiffness in aging [32]. Extra-
cellular matrix proteins are regulated with the help 
of metalloproteinases. In turn, they are activated by 
many factors associated with aging, such as interleuk-
ins, growth factors, and vasoactive agents.

Activated MMPs are capable of destroying colla-
gen, elastin, and other extracellular matrix proteins, 
leading to aging and atherosclerotic effects in the 
arterial wall, for example, fibrosis, calcification, en-
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dothelial dysfunction, and increased intima – media 
thickness, which further affects vascular remodeling 
and arterial stiffness [35–37]. Arterial remodeling me-
diated by MMP activation is a histopathological fea-
ture of aging arteries, hypertension, and atherosclero-
sis [35]. An imbalance between the activity of MMPs 
and their endogenous tissue inhibitors (TIMPs), which 
are produced by various cell types, including fibro-
blasts and macrophages, is important for extracellular 
matrix remodeling and arterial stiffness [15]. MMP-1 
contributes to aging of endothelial cells through p53 
activation [38]. 

In ischemic cardiomyopathy with progressing heart 
failure, there are mainly processes of collagen destruc-
tion in the extracellular matrix. They are accompanied 
by an increased MMP-1 level [39]. MMP-2 plays a 
major role in degradation of the extracellular matrix, 
supporting both angiogenesis and apoptosis of endo-
thelial cells. An intermediate MMP-2 form supports 
survival and migration of the cells, while a fully active 
MMP-2 form leads to endothelial cell death. The p38 
apoptotic pathway enhances synthesis and activation 
of the intermediate MMP-2 form. Caspases enhance 
synthesis and complete activation of MMP-2, but de-
crease the intermediate MMP-2 form [40]. In addition, 
MMP-2 promotes platelet aggregation and thrombus 
formation in response to arterial damage, and inac-
tivation of the MMP-2 gene prevents thrombosis 
caused by weak stimuli in mice [41]. When studying 
age-related changes in MMP activity in animal mod-
els, a decrease in MMP-2 activity and an increase in 
MMP-9 activity with increasing age were found [42].

When studying the pathophysiology of aging in 
humans using the example of a healthy population of 
different ages, including centenarians (≥ 95 years), it 
was found that the MMP-2 serum activity is increased 
in centenarians compared with younger subjects. The 
authors suggested that the observed increase in MMP-
2 in old age may play a positive role in achieving lon-
gevity [43].

MMP-9 is a major mediator of increased stiffness 
in the aging left ventricle. Aging is associated with 
increased MMP-9 expression in the left ventricle and 
decreased cardiac function. [44]. Elevated blood lev-
els of MMP-9 and MCP-1 are positively correlated 
with an increase in end-diastolic volume, indicating 
that MCP-1 and MMP-9 are potential circulating bio-
markers of cardiac aging. Increased density of macro-
phages in the left ventricle and stable co-localization 
of MMP-9 in macrophages indicate that macrophages 
are the main source of MMP-9 in the left ventricle and 

that they might provide the main inflammatory mech-
anism of cardiac aging [45].

MOLECULAR GENETIC PREDICTORS OF 
AGING

Aging can be described as a multifactorial process 
involving complex interactions between biological 
and molecular mechanisms [2]. The ability to distin-
guish between normal biological aging and impaired 
health is important. There is little experimental evi-
dence in this area. Providing accurate indicators or 
predictors of ill health, as well as the ability to char-
acterize age-appropriate optimal health, remains an 
important goal [2].

Aging is a major risk factor for almost all non-
communicable diseases, including cardiovascular dis-
eases, cancer, diabetes, etc. Suggested mechanisms 
that contribute to aging and the development of these 
chronic age-related diseases include DNA damage, 
mitochondrial dysfunction, changes in gene expres-
sion and non-coding RNA, genotoxicity, oxidative 
stress, and telomere shortening [46–48]. It is known 
that the production of ROS by mitochondria accumu-
lates throughout life, which leads to a state of chronic 
oxidative stress in old age. Since the mechanisms of 
antioxidant defense and the ability to repair DNA in 
the elderly are apparently impaired, DNA damage is 
considered to be a consequence of aging [49].

Impaired DNA stability is closely associated with 
age-related diseases. At the age of 60, chromosome le-
sions cease to accumulate, but in people over 85 years, 
the frequency of such lesions decreases [50]. Telo-
meres are shortened due to cell division and oxidative 
stress and are lengthened due to telomerase and DNA 
exchange in mitosis. Longer telomeres and higher 
telomerase activity contribute to genome stability and 
DNA integrity. Short telomeres are an indicator of ox-
idative stress and a biomarker of aging [51].

Several genetic pathways are involved in aging. 
A large number of microRNAs (miRs) are expressed 
differently during aging [52]. MiRs are found to be 
stable molecules even in blood serum; therefore, they 
are considered as promising markers in the clinical set-
ting. Moreover, age and gender can influence the pat-
tern of circulating miRs. [53]. MiRs are also important 
post-transcriptional regulators of gene expression in 
skeletal muscle and are associated with aging. MiRs 
play an important role in age-related changes in mass, 
composition, and function of skeletal muscles [54, 55]. 

Blood level of miR-126-3p significantly increas-
es with age. It was significantly higher in the oldest 
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subjects compared with the youngest healthy subjects 
(<45 versus >75 years; relative expression: 0.27 ± 0.29 
versus 0.48 ± 0.39, p = 0.047) [56]. Moreover, some 
miRs can serve as circulating prognostic biomarkers 
of cardiovascular aging [57].

PROTEOMIC STUDIES IN VASCULAR AGING
Structural and functional changes occur in aging 

vessels. They are reflected in the proteome of con-
stituent cell types. Advances in proteomics technol-
ogies have made it possible to analyze the amount 
of proteins associated with the natural history of 
aortic aging. These changes reflect the molecular 
and cellular mechanisms of aging and may provide 
an opportunity to predict vascular health [58]. The 
characteristics of age-related arterial remodeling in-
clude thickening of the aortic wall, increased vas-
cular stiffness, endothelial dysfunction, increased 
proliferation (invasion and / or secretion of vascular 
smooth muscle cells), fragmentation of elastic fibers, 
and collagen deposition.

Proinflammatory arterial remodeling develops with 
age in both humans and animals. Remodeling leads 
to changes in the levels of key regulatory proteins 
involved in pathophysiological processes. The angio-
tensin II signaling pathway is central in this process. 
Numerous protein molecules in the angiotensin II sig-
naling pathway are activated and influence vascular 
remodeling in aging and associated diseases [58].

To identify biomarkers associated with aging, 
blood samples from 1,890 people aged 18–82 years 
were analyzed (1,136 men and 754 women) using 
MALDI-TOF mass spectrometry. The study identi-
fied 44 peptides the concentration of which differed in 
different age groups. The concentration of apolipopro-
tein A-I (ApoA1) gradually increased between 18 and 
50 years of age, the levels of fibrinogen α decreased 
during the same age period, while albumin significant-
ly degraded in middle-aged people. In addition, the 
levels of fibrinogen, albumin, and ApoA1 are closely 
correlated with age [1].

Comparison of young and old rats resulted in the 
identification of 18 peptides, whose levels vary signifi-
cantly with age. Analysis of transcription and transla-
tion showed that the levels of mRNA and MFG-E8 
protein (Milk Fat Globule Protein-Epidermal Growth 
Factor-8) in the aorta increase with age. Dual immu-
nolabeling shows that MFG-E8 colocalizes with both 
angiotensin II and monocytic chemoattractant pro-
tein-1 in vascular smooth muscle cells of the thick-
ened and aging aortic wall [59].

CONCLUSION
It is known that cardiovascular diseases associat-

ed with atherosclerosis are the main cause of morbid-
ity, disability, and mortality in developed countries. 
Steady aging of the population is considered to be one 
of the causes of morbidity. The accumulated data in-
dicate that arterial stiffness, arterial wall remodeling, 
and endothelial dysfunction are independent risk fac-
tors for cardiovascular diseases in the elderly. Tradi-
tional cardiovascular risk factors, such as high blood 
pressure, dyslipidemia, obesity, diabetes mellitus, 
smoking, etc., interact with age-related changes and 
contribute to the activation of atherosclerotic process. 
Therefore, in order to prevent the development and 
growth of cardiovascular diseases in the elderly pop-
ulation, it is necessary to understand the mechanisms 
underlying age-related pathophysiological changes in 
blood vessels.
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