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Vascular diseases of the elderly are a topic of enormous interest in clinical practice, as they have great epidemiological
significance and lead to ever-increasing healthcare expenditures. The mechanisms underlying these pathologies have
been increasingly characterized. It has emerged that endothelial dysfunction and chronic inflammation play a diriment role
among the most relevant pathophysiological mechanisms. As one can easily imagine, various processes occur during
aging, and several pathways undergo irreversible alterations that can promote the decline and aberrations that trigger the
diseases above. Endothelial dysfunction and aging of circulating and resident cells are the main characteristics of the
aged organism; they represent the framework within which an enormous array of molecular abnormalities occur and
contribute to accelerating and perpetuating the decline of organs and tissues.
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| 1. Introduction

The pathologies with the most significant epidemiological impact nowadays, not least because of longer life spans and a
rise in the average age, are vascular diseases that affect elderly individuals. Therefore, the characterization of the
physiopathological mechanisms underlying them is of primary importance, intending to slow down and, where possible,
counteract the onset of these illnesses, which is why scientific research, in recent decades, has increasingly attempted to
recognize the predisposing and precipitating factors of age-related pathologies: among these, endothelial dysfunction and
chronic age-related inflammation certainly stand out.

The work reviews scientific literature and delves into the most exciting aspects of vascular diseases in the elderly.
Researchers focused, mainly, on those mechanisms that are the object of study for the development of effective
therapies. These represent the only weapon to counter the inexorable decline of the human body, trying to increase the
quality of life as well as the quantity, and preventing many of those adverse outcomes linked to cardio and
cerebrovascular accidents.

Before discussing its dysfunction and the consequent alterations, it is necessary to digress into the structural and
functional characteristics of the endothelium, formerly known as the “cellophane wrapper”, of the vascular system,
consisting of a monolayer of specialized endothelial cells which line the luminal surface of the whole circulatory system &I,

Beyond its well-known role as a physical barrier between blood and tissues, it is regarded as a dynamic and
multifunctional endocrine organ . It plays pivotal functions in maintaining homeostasis, such as blood filtration, blood
vessel tone modulation, hemostasis, immune response regulation, angiogenesis, and hormone trafficking !,

Specifically, the endothelium is a crucial player in orchestrating vascular function; consequently, endothelial dysfunction
represents the first step in vascular alteration. The latter is characterized by well-defined phenotypic alterations, including
a vasoconstrictive, prothrombotic, and proinflammatory state, as well as changes in the extracellular matrix influencing
vascular stability [4IEI6],

The impaired endothelial vasodilatation is mainly the result of the reduced activity of endothelial oxide nitric synthase
(eNOS), leading to reduce levels of oxide nitric (NO), which represents the most important regulator of vasodilatation. It
also exerts vasoprotective and cardioprotective effects. Robust evidence on the fundamental role of NO in cardiovascular
protection is derived from experimental studies on eNOS knock-out mice that develop premature aging phenotypes,
leading to early mortality (6],

The progressive decline of endothelial cells is a hallmark of physiological ageing. Several animal and human experimental
studies showed that inflammation is one of the essential pathological processes underpinning endothelial dysfunction .
In addition, a chronic low-grade inflammation, termed “inflamm-ageing”, is, in fact, another feature of ageing [IE] |nflamm-



ageing is defined as a sterile and non-resolving inflammation that progressively increases with biological aging. It was
initially thought to result from “continuous antigenic load and stress”, but in the last decades, much evidence has
contributed to depicting a complex phenomenon involving several mechanisms which researchers will characterize in this
work.

Certain mechanisms involved in the physiological aging of the organism, and thus in vascular aging, such as telomere
shortening, loss of proteostasis, accumulation of mutations to mitochondrial DNA, and alteration of nuclear DNA damage
repair mechanisms, are also responsible, under specific circumstances, for the onset of pathologies characterized by
premature aging like progeroid syndromes, in which the pathophysiological trigger is represented by an alteration that
results in a premature defect in the functioning of the mechanisms mentioned above. All this suggests that aging is
promoted by a modification of molecular processes at different levels, the accumulation of such alterations promotes its
rapid progression, and the resulting inflammation deteriorates organs and tissues the more rapidly the more it is
represented &,

Confirming the above, studies in animal models have revealed that vascular aging is earlier the more some of the
mechanisms that regulate the response to vasomodulating substances are altered: in knockout animals for some genes
involved in nuclear DNA damage repair mechanisms of vascular smooth muscle cells, nonatherosclerotic decay was seen
due to altered endothelial responses L1,

Endothelial dysfunction and inflamm-ageing, as mentioned above, represent two critical mutually linked mechanisms
underlying vascular alterations leading to age-related diseases. In the 17th century, the physician Thomas Sydenham,
called the “English Hippocrates”, stated that “a man is as old as his arteries” 12, Indeed, vascular alterations play a crucial
causal role in cardio- and cerebrovascular diseases, including stroke, atherosclerosis, and coronary artery disease,
representing the leading causes of disability and mortality among older individuals. Additionally, vascular alterations
significantly contribute to the development of common age-related disorders, including erectile dysfunction, renal
dysfunction, Alzheimer’s disease, circadian cycle alterations, Myocardial Infarction With Nonobstructive Coronary Arteries
(MINOCA), HFpEF, and osteoporosis 2.

| 2. Endothelial Dysfunction and Impaired Angiogenesis in the Elderly

Age-related endothelial dysfunction is associated with the structural impairment of the circulatory system. Microvascular
homeostasis results from the dynamic balance between pro-angiogenic and anti-angiogenic factors. Accumulating
evidence suggests that aging is characterized by altered angiogenic processes leading to a progressive deterioration of
microvascular homeostasis and thus is predisposed to the development of cardiovascular diseases, such as
hypertension, diabetes, atherosclerosis, and cerebrovascular diseases.

Angiogenesis, defined as forming new vessels from pre-existing functional vessels, is necessary for physiological and
pathological conditions. It is essential during embryogenesis, cardiovascular maturation, and tissue development and
repair 28l It also involves many pathological processes, such as tumor progression and chronic inflammation.
Angiogenesis is a dynamic, complex mechanism involving several actors, such as endothelial cells, pericytes, and growth
factors; it occurs in tiny capillaries and implicates the sprouting of existing endothelial cells. Specifically, the driving
mechanism is the arrangement of endothelial cells in tip and stalk cells. Tip cells make up filopodia, which invade the
surrounding tissue guiding the formation of new vessels 14l This process is regulated by the interplay between the
Vascular Endothelial Growth Factor (VEGF) and Notch signaling X5, Tip cells abundantly express receptors for VEGF
(VEGFR), and the activation of the VEGF pathway leads to filopodia formation, conferring the sprouting phenotype to tip
cells. However, the VEGF pathway also induces the activation of the Notch signaling in the neighbouring stalk cells, which
inhibits the VEGFR expression, conferring them the non-sprouting phenotype 8. Thus, tip cells are characterized by high
VEGF and low Notch expression, while the stalk cells have low VEGF and high Notch expression. Notch also has a
pivotal role in lumen morphogenesis and the acquisition of barrier characteristics. Under physiological conditions, the
balance between VEGF and Notch signaling is strictly regulated, forming organized structures. Beyond VEGF and Notch
pathways, several factors, directly or indirectly, control endothelial proliferation, sprouting, and maturation. Among these,
the most important are Ang-Tie, BMP/TGF-B, EphrinB2-EphB4, Cxcr4-Cxcl12, and Wnt 4,

Pericytes also represent important players in angiogenesis by modulating endothelial cell proliferation and migration 28!,
Additionally, they have a crucial role in regulating endothelial dynamics and capillary function.

Noteworthy, the angiogenic function is progressively lost during aging, as evidenced in animal trials and clinical studies.
For example, experimental models showed that old animals have a reduced capability for collateral vessel development in



response to ischemia 2. Similarly, older patients with coronary artery disease (especially arterial obstructive vascular
disease) and consequent congestive heart failure have a reduced capacity to form collateral arteries 29,

Additionally, in vitro studies showed that endothelial cells from old mice have reduced proliferating and migrating capacity
(210 Another exciting piece of evidence is that, although cancer incidence increases with age, the progression is slowed
down in older individuals compared to younger individuals. This could be partly explained by the impairment of
angiogenesis, which represents the driving process for tumor growth and metastasis, as confirmed in experimental
studies.

Several mechanisms have been hypothesized to underpin the age-related impairment of angiogenesis. First, the
senescence of endothelial cells is associated with significant changes in gene expression, cellular replication, and
morphological phenotypes, compromising the endothelium integrity and, consequently, the angiogenesis. The molecular
mechanisms underlying endothelial cell senescence have yet to be fully understood. However, cell cycle deregulation,
oxidative stress, impaired calcium signaling, and inflammation could be involved. Robust evidence highlights a prominent
role, specifically in oxidative stress. It is defined as the consequence of the imbalance between the production and
removal of reactive oxygen and nitrogen species (ROS and RNS, respectively) 22, Much evidence has confirmed that
free radicals are dangerous, and many mechanisms have been proposed to elucidate the relationship between oxidative
stress and aging (23, ROS and RNS include unstable free radicals, such as hydroxyl (OH"), superoxide anions (O,), nitric
oxide (NO7) radicals, and non-free radicals, such as hydrogen peroxide (H,O,). They are highly reactive, unstable species
and can modify several substrates, including DNA, proteins, and lipids. The primary source of ROS is mitochondria, but
peroxisomes, microsomes, and immune system cells also contribute to their production. Under physiological conditions,
ROS plays an essential biological function within different cellular processes. However, the increase in their
concentrations has several adverse effects when inducing impaired cell structure and functions, resulting in senescence
(241 The increase in ROS is generally neutralized by antioxidants, which can be classified as enzymatic, such as
superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT), and thioredoxin (Trx), and non-enzymatic,
such as carotenoids, ubiquinol, and flavonoids. The imbalance between ROS and antioxidants leads to oxidative stress.

Another important mechanism involved in age-related impaired angiogenesis is the alteration of growth factors.
Experimental studies showed that old mice had reduced levels of VEGF and capillary-to-fiber perimeter exchange than
young mice 23, The restoration of VEGF signaling in aged animals by transfecting the VEGF121 gene could rescue the
age-dependent decline in angiogenesis [28. Overall, cumulating literature evidence shows that aging is characterized by
the reduction of VEGF levels, which could be due to the impaired activation of the transcription factor for VEGF, namely
hypoxia-inducible factor-1a 25,

Interestingly, pericytes could also contribute to the impairment of angiogenesis. During aging, pericytes undergo
ultrastructural changes that could compromise their function 22, Some authors also described a reduction in pericytes in
aged monkeys and rats. In contrast, others reported increased pericytes or no changes 128 Thus, findings on the
possible role of pericytes in age-related endothelial and angiogenic dysfunction are still controversial, and further studies
are required to elucidate them.

The decrease of nitric oxide (NO) is another hallmark of aging, with a pivotal role in endothelial dysfunction and
angiogenic alteration. NO is a crucial regulator of endothelial homeostasis and has multiple biological functions, including
stimulating VEGF secretion from endothelial cells and macrophages 2. Chin et al., in in vivo murine models, showed that
the inhibition of endothelial nitric oxide synthase (eNOS) was associated with the impairment of angiogenesis not because
of aging per se but because of all the mechanisms (including endothelial dysfunction, smooth muscle cell disruption,
increased oxidative stress, and DNA damage) that mark it BUB1. Although eNOS represents the primary source of NO in
the vascular endothelium, neuronal NOS (nNOS) also contributes to endothelial cells-derived NO. Indeed, the constitutive
expression of NNOS has also been described in vascular endothelial cells B2B3l Similarly to eNOS, nNOS decreases
during aging, contributing to the age-related reduction of NO.

In summary, several mechanisms have been proposed to explain the relationship among endothelial dysfunction,
impaired angiogenesis, and aging, but there is a long way to go. The discovery of mechanisms underpinnings age-related
angiogenesis impairment is hampered by the difficulty in obtaining reliable in vivo and in vitro that can reflect the authentic
setting of the elderly 4l Indeed, there is no gold standard for angiogenic models in the field of aging research. Many
guestions remain to be answered, as brilliantly described in the review by Hodges et al.



2.1. Endothelial Dysfunction in Hypertension

Arterial hypertension, defined as a persistent increase in arterial pressure, represents a leading modifiable risk factor for
cardiovascular diseases and premature death worldwide. Furthermore, the global burden of hypertension is growing due
to population aging, which is expected to affect one-third of the population worldwide by 2025 23],

Hypertension is a multifactorial disease, and the pathogenesis results from the interaction have genetic, epigenetic, and
environmental factors: among these, age is the most critical risk factor. Epidemiological studies revealed that the
prevalence of hypertension increases from 27% in patients younger than sixty years old to 74% in those older than eighty
years old B8, Ground-breaking discoveries on the molecular mechanisms of ageing have unveiled several mechanisms
involved in age-related hypertension: endothelial dysfunction has a key mechanistic role in initiating and maintaining
arterial hypertension.

The endothelial function is mainly regulated by molecular mediators, such as NO and prostaglandins, and mechanical
stimuli, such as fluid shear stress (FSS). Although they have been less investigated, mechanical stimuli have a
fundamental role in modulating the delicate equilibrium between endothelial function and dysfunction. FSS varies greatly
based on the magnitude, direction, and flow speed. Accordingly, FSS can be distinguished in steady laminar, disturbed
laminar, oscillatory, and turbulent B4, Endothelial cells are critical sensors of FSS, and they undergo morpho-functional
modifications as a physiological response. However, turbulent FSS can stimulate pathological endothelial remodeling,
leading to an increased risk of developing cardiovascular diseases, such as atherosclerotic plaque formation and
hypertension 28],

Aging is associated with significant structural and mechanical alterations of vascular endothelium, including the increase
of intimal-to-media thickness, aortic length and circumference, and stiffness as well as the reduction of elasticity and
distensibility and endothelial capacity to respond to mechanical stresses. All these mechanisms contribute to age-related
hypertension. Chala et al., in an in vitro model of endothelial senescence, showed that endothelial cells have a reduced
capacity to adapt to the local hemodynamic conditions B2 functionally. Interestingly, recent experimental studies showed
that disturbed flow induces endothelial senescence. Thus, vascular FSS could be a critical determinant in regulating
vascular senescence 20,

Causative Mechanisms of Endothelial Alterations in Hypertension

Several molecular pathways underpinning the structural and functional endothelial alterations have been described in
age-related hypertension, including Sirtuins, oxidative stress, and the renin-angiotensin-aldosterone system (RAAS).

Sirtuins are a family of proteins with mono-ADP-ribosyltransferase and deacetylase activity, initially described as class 11l
histone deacetylases 1. It consists of seven members with different cellular localization and functions. Sirtuins have a
protective effect against the decline in cell function. Specifically, SIRT1 is highly expressed in the endothelial cells of
arteries, veins, and capillaries, and plays a critical role in preventing endothelial dysfunction 2. It has been shown that
the SIRT1 gene is downregulated during aging. In vivo and in vitro studies showed that the overexpression of SIRT1
slows down endothelial senescence 43I,

As stated above, oxidative stress is a hallmark of aging and plays a prominent role in orchestrating age-related endothelial
dysfunction. The primary source of ROS is mitochondrial oxidases, NADPH oxidases (NOX), and eNOS. Data from in vivo
and in vitro indicate a leading role of NOX 44l45] NOX is a family of transmembrane enzymes consisting of seven
members. Among these, Nox1, Nox2, Nox4, and Nox5 are mainly expressed in the vascular system. The increase in NOX
activity has been described in the experimental model of ageing 48], Noteworthy, the age-dependent increase of NOX is
accompanied by the alteration of several molecular pathways, including the improved activation of RAAS, which
represents a key regulator of blood pressure. Despite their undiscussed importance in physiological and pathological
vascular function, a few studies explored mechanistic insight into the role of NOX in aging. Age-related oxidative stress
results from the imbalance between ROS production and degradation. Indeed, aging promotes ROS production while
inhibiting antioxidant systems with the net increase of ROS levels. ROS stimulates cellular pathways, leading to aberrant
cell signaling and post-translation modifications, such as phosphorylation and oxidation, which impair fundamental cellular
processes [44. The reversible post-translational modifications are critical for regulating protein function (activation or
inactivation). Specifically, ROS activate molecular pathways, leading to vascular remodeling, inflammation, and
hypertension.

Additionally, ROS can block the Sirtl function and reduce NO concentration by increased quenching and eNOS inhibition.
Overall, all these mechanisms contribute to endothelial dysfunction and related hypertension.



A mutualistic relationship between oxidative stress and RAAS has been described 48], RAAS is the critical regulator of
blood pressure and consists of three main components: renin, angiotensin I, and aldosterone 49 Furthermore, in vitro
studies showed that angiotensin Il stimulates the production of superoxide anions, while the inhibition of RAAS is
associated with a reduction of oxidative stress BY. Thus, robust evidence supports a strict relationship between RAAS and
oxidative stress, underpinning age-related hypertension.

In the last decade, a role for endothelial progenitor cells (EPC) has emerged 2. EPCs are a heterogeneous cellular
population originating and residing in different organs and tissues, including vascular endothelium. After an injury, they are
involved in vascular remodeling by replacing the dysfunctional endothelial cells. It has been shown that aging and
hypertension are independently associated with reducing EPCs 22, Furthermore, cumulating literature evidence shows
that oxidative stress induces the reduction of EPCs number. Thus, the interplay among oxidative stress reduced NO
bioavailability and decreased EPCs number creates a vicious circle, boosting endothelial dysfunction.

Beyond the well-known role of hypertension in the increased risk of stroke, coronary heart disease, sudden death, heart
failure, and peripheral artery disease, age-related hypertension predisposes the onset of cognitive and functional decline,
resulting in dementia and physical frailty, respectively. It should be noted that hypertension is commonly underdiagnosed
in patients older than 80 years. Indeed, the evaluation of such clinical conditions in the elderly is hampered by several
factors, including the poor compliance of the patient and the presence of multiple comorbidities which could hide
hypertension B3l Thus, there is an urgent need to appropriately manage hypertension in the elderly, from diagnosis to
treatment.

2.2. Endothelial Dysfunction in Diabetes

Type 2 diabetes mellitus (T2D) is a metabolic disease characterized by reduced insulin sensitivity by target organs or
reduced insulin production by pancreatic beta cells. Whatever the initial pathophysiologic features, the reduction in insulin
sensitivity leads over time to an increase in insulin production to cope, and subsequently to depletion and reduction in
pancreatic beta-cell stock due to exhaustion, resulting in hyperglycemia. Certainly, given the pleiotropic effects of insulin,
because of the altered glucose metabolism and the effects on lipid metabolism (insulin is an anabolic hormone), T2D is
often associated with obesity. However, this association is not always present: there is the nondiabetic obese patient, and
there are diabetic subjects who remain at an average weight throughout their life 24,

Undoubtedly, aging promotes the onset of metabolic disorders, and this is the fundamental reason why both T2D and
obesity are more frequent in the aging population and why the two diseases often occur together: the senescence that
affects other cells in the body does not spare pancreatic beta cells, which become less efficient and more likely to fail as
the time passes.

In addition to this, several studies have documented the presence of senescent beta cells in the pancreatic islets of
donors with T2D and subjects with high BMI, further demonstrating that several factors, including dysmetabolism, play a
crucial role in aging 251,

Hyperglycemia constitutes a harmful condition for the homeostasis of cells, including endothelial cells, and consequently
represents the characteristic trigger of diabetes on vascular pathologies. In addition, high serum glucose levels cause
functional and metabolic changes through reduced nitric oxide bioavailability, increased oxidative stress, and induction
and acceleration of cellular senescence through direct action on the NF-kB pathway.

Under hyperglycemic conditions, the induction of transcription of the gene for the NF-kB factor appears to depend on the
activation of molecules of the guanosine triphosphate (GTP)-ases family, which in turn promotes the induction of
transcription of inflammatory mediator genes such as IL-1 B, TNF-a, protein kinase C, and adhesion molecules of the
cellular adhesion molecule (CAM) family, which facilitate the binding of circulating cells (namely monocytes and T
lymphocytes) to endothelial cells.

Atherosclerosis in the diabetic subject is therefore strongly catalyzed by hyperglycemia: on the one hand, inflammation
worsens plaque formation as it encourages the oxidation of low-density lipoproteins, and on the other, the reduction in
nitric oxide bioavailability, due to sustained endothelial damage, causes hemodynamic alterations and increased shear
stress, which are the foundations of vascular pathologies.

In healthy subjects, vasoregulation results from a delicate balance between the vasoactive substances produced by the
endothelium and the shear forces exerted by the blood flow. Thanks to continuous feedback, the mechanotransduction of
these shear forces allows the endothelium to produce vasodilating substances such as nitric oxide or prostacyclin (PGI2),



or vasoconstrictive substances such as endothelin (ET) as required. Sulistyowati et al. documented that hyperglycemia
impairs this mechanism, as it disrupts the functioning of endothelial cells by reducing endothelial nitric oxide synthase

(eNOS) activity and disrupting mechanotransduction activity, generating the hemodynamic abnormalities discussed above
Is6]

Concerning nitric oxide, its production in endothelial cells depends on the phosphorylation of the enzyme eNOS by
serine/threonine kinases acting coordinately in the insulin signaling pathway; hyperglycemia alters the binding and

activation of the insulin receptor, thus leading to an impairment of this molecular mechanism and a reduction of nitroxide
[57]

Hyperglycemia impairs endothelial function through a variety of mechanisms: through induction of advanced glycation end
products (AGEs) formation, increased expression of receptors for AGEs (RAGE), increased polyol production, and
hyperactivation of the hexosamine pathway [28l,

The genesis of AGEs causes structural and functional alterations and results in receptor recognition abnormalities of
matrix components. In addition, the interaction between ligand (AGE) and its receptor (RAGE) results in increased
superoxide anion production that promotes macrophage-mediated inflammatory vascular damage 2160,

Moreover, the increase in AGEs in the bloodstream reduces nitric oxide synthesis by endothelial cells by reducing the
expression of the enzyme eNOS and, consequently, the bioavailability of this vasodilation mediator, conversely facilitating
the synthesis of endothelin-1, which mediates vasoconstriction (Figure 1) [61162],
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Figure 1. Pathophysiological elements of vascular damage in T2D, with a focus on the dysregulation of the balance
between factors regulating vasoconstriction and vasodilation. Endothelial nitric oxide synthase (eNOS), advanced
glycation end products (AGESs), protein kinase C (PKC), nitric oxide (NO), and nuclear factor kappa B (NF-kB).

Regarding polyols and the hexosamine pathway, it should be remembered that hyperglycemia alters glucose metabolism
by glycolysis. Therefore, an excess of this metabolite causes the activation of alternative metabolic pathways, such as
those mentioned above €3],

In addition, the oxidative stress caused by hyperglycemia induces DNA damage. It promotes the production of ADP-ribose
polymer through the activation of nuclear polymerase (PARP), resulting in reduced activity of glyceraldehyde-3-phosphate
dehydrogenase, a key enzyme in glucose metabolism, through the cells’ preferred metabolic pathway. This increases the
levels of all upstream glycolytic intermediates that trigger the damage mechanisms mentioned above. Oxidative stress,
therefore, results from many metabolic alterations that, although established as a result of different preconditions, end up
triggering the same abnormalities and cellular damage 28!,

The glucose excess and glucotoxicity expressed so far represent part of the determinants of vascular damage, as
diabetes mellitus is a dysmetabolic disease “par excellence” and leads to alterations in lipid metabolism: the excess of
free fatty acids (FFAs) due to excessive release from adipose tissue and reduced utilization by skeletal striated muscle
induces lipotoxicity by molecular mechanisms similar to those already discussed. FFAs induce ROS production by
vascular tissue by increasing the expression of the enzyme NADPH oxidase and mitochondrial uncoupling €41,

The increase in the bioavailability of superoxide anion leads to the inactivation of important enzymes with antiatherogenic
action, such as eNOS, favoring persistent vasoconstriction; moreover, the consequence of the increase in ROS is a
reduction in intracellular glutathione, which constitutes a protective factor of the cell against oxidative damage, so that its
reduction is both cause and consequence of oxidative stress itself. Undoubtedly, lipotoxicity has, as a consequence, the
activation of the inflammatory cascade and the increase in NF-kB gene transcription, resulting in an increase in
inflammation mediators that impacts the vascular district (63,



All the conditions described so far constitute the cornerstone for understanding the relevance of diabetes mellitus as a
vascular pathology: metabolic alterations, oxidative stress, and the increased inflammatory response are the pivot and the
tip of the iceberg in the pathophysiological cascade of vascular pathologies in the elderly, but the trigger of damage and its
perpetuation as an expression of dysmetabolism is the submerged part of the enormous glacier, the element on which to
reflect in order to introduce therapies aimed at correcting individual pathways to have a formidable impact on
cardiovascular pathology downstream.

2.3. Endothelial Dysfunction in Cerebrovascular Diseases

Endothelial dysfunction is considered to be one of the most relevant pathogenetic factors for vascular diseases, and it
certainly is for cerebrovascular diseases. Indeed, atherosclerotic vascular diseases of the brain district are a paradigmatic
example of this.

The mechanisms that cause the development of the cerebrovascular disease have similar characteristics to those in other
districts: oxidative stress due to increased production of reactive oxygen species, low-density lipoprotein (LDL) oxidation
and the evolution of incipient atherosclerotic lesion, chronic inflammation, and alterations in vascular tone play a crucial
role. Nevertheless, a morbid condition involving and damaging small cerebral vessels is of recent interest. This condition
recognizes endothelial dysfunction as one of its most significant causative factors: age-related cerebral small vessel
disease (ArCSVD). Cellular senescence and chronic inflammation are crucial elements in the ageing of the organism and
are certainly so in cerebral damage; the deterioration of the central nervous system is continuous and progressive in the
elderly, and the decline of the cerebral vascular circulation constitutes an essential element of this disease.

Several factors contribute to the genesis of brain damage in the elderly subject, among them immunosenescence and
chronic inflammation. However, at the cellular level, the dysfunctional endothelial cells determine the beginning of those
abnormalities that will catalyze neurodegeneration.

Senescent endothelium plays a part in regulating vascular tone, remodeling, and the consequent abnormal activation of
the coagulation cascade that characterizes ischemic brain damage €€,

The loss of vascular flow regulation occurs as a consequence of inflammatory damage and excessive oxidative stress,
which are critical actors of the ageing organism. Furthermore, there is a reduction in the bioavailability of nitric oxide
because various factors (such as arterial hypertension and increased levels of angiotensin Il) induce transcriptional and
post-transcriptional modifications of the eNOS enzyme by reducing its biological activity; all of this favors an imbalance
towards permanent vasoconstriction and thus induces a loss of self-regulation of the cerebral circulation, which is
fundamental for brain homeostasis (€7,

Additionally, in the brain district, chronic inflammation causes the overexpression of inflammatory mediators such as IL-1
B, IL-6, and TNF-a due to the increased expression of the NF-kB gene, leading to the promotion of oxidative stress and
the resulting cellular damage: the accentuated oxidative stress further reduces the expression of the eNOS enzyme and
the bioavailability of NO, triggering a vicious circle that worsens and amplifies the cerebral hemodynamic alterations 58],

The macroscopic consequence of what has been said so far is the rarefaction of the cerebral vascular tree. Therefore, the
reduction in the perfusion of some regions of the cerebral parenchyma is responsible for the increase in perivascular
spaces and the genesis of lacunar infarcts that lead to those ischemic abnormalities that result from vascular remodeling.

In the context of cerebral vascular pathologies, endothelial dysfunction plays another fundamental role: the endotheliocyte
is a constituent of the blood-brain barrier (BBB), and the structural and functional damage to this cell results in irreversible
damage to the BBB and thus to cerebral homeostasis 9,

Indeed, the pathogenesis of BBB disruption is complex. However, some studies have documented that chronic exposure
of the endotheliocyte to increased shear stress, in subjects with hypertension, can result in a loosening of tight junctions
and thus an increase in barrier permeability by cells of the bloodstream, especially cells of the immune system (which are
also senescent) that can infiltrate the brain and trigger and prolong that state of chronic inflammation that can promote
vascular remodeling by the mechanisms described above, since increased permeability allows the passage of antigens
and harmful stimuli that should not typically reach the brain district 22241,
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