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Pathophysiology of Early Vascular Ageing-Opportunities for Treatment
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Abstract: The story of vascular ageing was first described in the seventeenth century when Thomas Sydenham wrote that
‘A man is as old as his arteries’. This aphorism was returned to publicity lately when Peter Nilsson reintroduced the con-
cept of early vascular ageing. As vascular ageing is described a gradual process involving biochemical, enzymatic, and
cellular changes of the vasculature and modification of the signals that modulate them. In susceptible individuals this
process appears to be accelerated, leading to features that comprise a condition characterized as early vascular aging
(EVA). Early vascular ageing represents the acceleration of the vascular ageing process.
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INTRODUCTION

The incidence of cardiovascular diseases such as stroke,
hypertension, and coronary heart disease is increasing over
the years and is more common in the elderly. The story of
vascular ageing was first described in the seventeenth cen-
tury when Thomas Sydenham wrote that ‘A man is as old as
his arteries’ [1]. This aphorism was returned to publicity
lately when Nilsson ef al. [2] reintroduced the concept of
early vascular ageing. Aging of the aorta and elastic arteries
causes arterial stiffening and leads to development of cardiac
failure and microvascular disease in highly perfused organs
such as the brain and kidneys and describe aspects of the so-
called cardiovascular ageing continuum [2,3]. It has also
been observed that vascular alterations that occur in appar-
ently otherwise healthy senior people, including an increase
in stiffness and thickness of large arteries as well as endothe-
lial dysfunction, seem to be more extensive in patients with
hypertension or atherosclerosis at an earlier age [4]. Based on
this research it seems that apart from age, important factors
of vascular ageing are the classical cardiovascular risk fac-
tors.

As vascular ageing is described a gradual process involv-
ing biochemical, enzymatic, and cellular changes of the vas-
culature and modification of the signals that modulate them
[5]. In susceptible individuals this process appears to be ac-
celerated, leading to features that comprise a condition char-
acterized as early vascular ageing (EVA). Early vascular
ageing represents the acceleration of the vascular ageing
process. Aspects of this premature process constitute the
increased arterial stiffness, increased intima-media thickness,
impaired dilation of central elastic arteries, and impaired
endothelial function. In this review we are going to analyze
possible pathophysiological mechanisms of early vascular
ageing and the relationship of arterial stiffness to cardiovas-
cular events. The improvement of cardiovascular risk
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through proper medication is also going to be discussed in
our effort to impose the normal ageing process acting against
knowing aggravating and accelerating factors.

PATHOPHYSIOLOGY OF VASCULAR AGEING
AND EARLY VASCULAR AGEING

Ageing and vascular ageing are thought to share common
underlying molecular and cellular mechanisms, including
those leading to oxidative damage of macromolecules and
organelles such as mitochondria, formation of advanced gly-
cation end products, telomere damage, depletion of vascular
progenitor cells and the accumulation of senescent in the
endothelial and vascular smooth muscle cells.

Specifically vascular ageing is characterized by endothe-
lial dysfunction (resulting primarily from a reduction in ni-
tric oxide bioavailability), diffuse intimal thickening, arterial
wall stiffening, vascular calcification and defective vascular
repair [6]. In susceptible individuals this process seem to be
accelerated in the presence of cardiovascular risk factors
leading to a number of features that are integrated in a condi-
tion characterized as EVA [7]. At first endothelial cell activ-
ity seems to play a significant role in regulating central arte-
rial stiffness possibly via intercellular adhesion molecule-1,
transforming growth factor (TGF)-b and nicotinamide ade-
nine dinucleotide phosphate-oxidase increase with parallel
decrease in vascular endothelial growth factor (VEGF) and
nitric oxide bioavailability. However, this hypothesis has
only been proved in animal models [8,9].

Another interesting hypothesis is the role of a shorter te-
lomere length on vascular aging. Studies have described that
increased chronological age is associated with a decrease in
telomerase reverse transcriptase in arterial endothelial cells.
This enzyme is responsible for restoring the decreased length
of telomeres at the end of every cellular replication. De-
creased transcriptase activity has been thought to be impor-
tant for increased vascular aging [10-14]. Cross-sectional
studies have also reported that subjects with increased arte-
rial stiffness have shorter telomeres [15]. Furthermore, athe-
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rosclerosis and its preclinical status of plaque formation and
intima—media thickening of the arterial wall have been
proven to have an exacerbating effect on the aging process
[16,17].

Importantly, these processes are accentuated in the pres-
ence of classical cardiovascular risk factors and in vascular
pathologies. In particular, most of these molecular and/or
cellular events are exacerbated in the context of diabetes and
the metabolic syndrome, which in turn are also strongly as-
sociated with endothelial dysfunction and with vascular
stiffness and thickness [18]. However, even though the exis-
tence of these associations has been widely documented, the
relationships between risk factors (genetic and/or environ-
mental), molecular/cellular events, age-related vascular
changes and cardiovascular pathologies are not entirely un-
derstood. The classical risk factors only in part can explain
the vascular ageing process and why it is accelerated in some
patients. Moreover, animal studies have clearly shown that
an increased short-term blood pressure variability might in-
duce arteriosclerotic lesions in the arterial wall leading to a
reduced arterial distensibility [19,20]. Interestingly in hyper-
tensive humans increased systolic blood pressure is associ-
ated with increased intima-media thickness (IMT) of the
carotid arteries [21]. Recently a study from our group in a
population of young healthy volunteers showed that the vari-
ability of the 24-h systolic blood pressure was independently
associated with arterial stiffness and early vascular ageing
[22]. The increased shear stress of the large arteries such as
aorta even in a pulsate cyclic way seems to be important in
vascular ageing. Another possible mechanism through which
hypertension speeds up the arterial aging process is the acti-
vation of the renin—angiotensin system. Induction of Angio-
tensin II (Ang II) in endothelial cells promoted a growth ar-
rest with phenotypic characteristics of cell senescence, such
as enlarged cell shapes, increased senescence-associated
beta-galactosidase positive staining cell, and depressed cell
proliferation. Apoptotic changes were increased in senescent
cells, with a small subset of the senescent cells showing ab-
errant morphology such as pronounced nuclear fragmenta-
tion or multiple micronuclei [23]. Other possible mecha-
nisms of arterial stiffening in hypertension are the relation of
high blood pressure with increased sodium and the reduced
potassium intake. High plasma sodium levels block NO syn-
thesis and induce endothelial dysfunction through increased
aldosterone, while high plasma potassium levels activate NO
release [24].

A major characteristic of the immune system during ag-
ing is the up-regulation of the inflammatory responses which
appears to be detrimental for longevity. Recently studies
observed a progressive age-dependent increase of IL-2, IFN-
gamma, TNF-alpha, IL-4, IL-6, IL-10 positive CD8+ T-cells
[25]. Chronic low-grade inflammation can exaggerate the
normal ageing process regardless of age. These structural
changes of the arterial wall may also be influenced by mo-
lecular and genetic factors [25,26]. Moreover, smoking can
accelerate aging probably through the overproduction of the
reactive oxidative species (ROS) during mitochondrial meta-
bolic activity or by inhibiting the DNA repair function [2].

ARTERIAL STIFFNESS

Aging represents a major determinant of arterial stiffness.
Histological studies have shown extensive impairment to the
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medial elastin fiber network on central elastic arteries, such
as the proximal aorta and the carotid artery, while subtle
aging alterations have been found in distal muscular arteries
because of impaired distensibility [27]. Specifically arterial
stiffness is increased when elastic properties of the arterial
wall are reduced. Ageing is a procedure that causes structural
and functional modifications in the vasculature, resulting in
decreased arterial compliance and increased arterial stiffness
[28,29]. Arterial stiffness is an ongoing procedure starting
from the early years of life, advancing with age and modified
from different factors [30]. At this point it is interesting to
mention that arterial stiffness increases with age, hyperten-
sion, diabetes mellitus, atherosclerosis, and end-stage renal
disease [31-35].

Cell-matrix interaction is a key player in the regulation of
arterial stiffness [36]. This is supported by recent research in
which genetic markers of arterial stiffness, one being
Col4Al, associated with collagen synthesis on chromosome
13 [37], and another associated with a putative gene enhan-
cer in the VRKI1-BCL11B gene desert on chromosome 14
[38], are independent from the overall genetic architecture of
hypertension and blood pressure regulation [39].

Carotid—femoral pulse wave velocity (PWV) has been
considered as a direct measurement of arterial stiffness.
Pulse wave velocity is the speed at which the pressure wave-
forms travel along the aorta and large arteries during each
cardiac cycle. PWV has a better predictive value than classi-
cal cardiovascular risk factors possibly because it depicts the
cumulative effect of both known and non-identified
cardiovascular risk factors on the large arteries [40], whereas
BP, glucose and lipid levels may not, as they vary from
period to period. Therefore, it represents a useful spectrum
through which the EVA process could be thoroughly yet
non-invasively  investigated. ~Thus, arterial stiffness
measurement can quantify the arterial impairment and clas-
sify a patient at higher risk level. Indeed, a strong and graded
association between PWYV and coronary heart disecase and
stroke has been found [41]. Also aortic PWV is a powerful
independent predictor of mortality in both diabetes and
impaired glucose tolerance population samples [42].

ARTERIAL STIFFNESS AND EVA IN PARTICULAR
MEDICAL INCIDENTS

Typical examples of early vascular ageing are the follow-
ing pathological conditions. Carotid stiffness significantly
increased in patients with chronic kidney disease [43]. Pa-
tients with rheumatoid arthritis also reported to have in-
creased arterial stiffness. The risk of acute myocardial infarc-
tion in rtheumatoid arthritis patient corresponding to the risk
seen in a patient 10 years older. These patients usually suffer
from cardiovascular events at a younger age and with a
higher mortality rate [44]. Moreover it has been recently
suggested that an inflammatory process is likely, generated
by neoantigens activating T cells. This initial response might
lead to entry of effector-like T cells into the perivascular fat
with consequent release of cytokines and other inflammatory
mediators, which in concert with the direct effects of angio-
tensin II and catecholamines cause vascular damage and re-
modeling [45]. It is also noteworthy that the reduction of
inflammation through anti-TNF a medical therapy can im-
prove arterial stiffness [43].
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Blood pressure is the most important explanatory vari-
able of arterial stiffening. Asmar et al. [46] showed that am-
bulatory blood pressure monitoring might provide a sensitive
approach for evaluating the relationship between dysfunction
of the large arteries and blood pressure in smokers. The
study provided evidence that, in spite of similar casual blood
pressure levels among smokers and non-smokers, smokers
have a higher systolic and pulse pressure during exclusively
during the activity daytime period suggesting a possible role
of cyclic stress in the deterioration in the structure of the
hypertensive arterial wall. 24h pulse pressure and variability
were also increased in subjects with carotid endarterectomy
[47]. Pulse pressure is the difference between systolic and
diastolic blood pressure. Age increases systolic blood pres-
sure, while diastolic blood pressure is reduced in the elderly
causing an increased pulse pressure. Increased pulse pressure
is in many cases synonymous with increased arterial stiff-
ness. Central pulse pressure is determined by the left ven-
tricular ejection rate, the arterial distensibility and the arterial
wave reflections [48,49]. Age reduces the compliance of the
arterial tree and the reflected waves in the periphery return
early in the systole in the aorta causing an increase in central
systolic and pulse pressure.

EARLY VASCULAR AGEING: A SUBSTRATE FOR
CARDIOVASCULAR DISEASE

Aortic stiffness expressed as aortic PWYV is a strong pre-
dictor of future CV events and all-cause mortality. The
predictive ability of arterial stiffness is higher in subjects
with a higher baseline CV risk [50]. The concept of early
vascular ageing is now widely accepted as inappropriate for
age aortic stiffness, suggesting an increased risk for cardio-
vascular events independent of chronological age. For the
moment, the only tools that are provided to estimate cardio-
vascular risk are based on integration of conventional
risk factors [6]. However, it has been found that carotid-
femoral PWV provides additional information for risk pre-
diction of cardiovascular events [51]; therefore its use could
be helpful for clinical screening of patients with early vascu-
lar ageing and re-stratification of cardiovascular risk beyond
classical scores.

A study has shown that increased PWV values were sig-
nificantly associated with cardiovascular disease mortality in
a Japanese male population. Those patients who had PWV
values >9.0 m/s had a higher risk of mortality from all causes
of death, as well as cardiovascular-related death [52]. These
results are reinforced by the Rotterdam Study with 2835 par-
ticipating subjects. During follow-up, 101 subjects devel-
oped coronary heart disease (mean follow-up period, 4.1
years), and 63 subjects developed a stroke (mean follow-up
period, 3.2 years). The risk of cardiovascular disease in-
creased with increasing aortic pulse wave velocity index.
The study indicates that aortic pulse wave velocity is an in-
dependent predictor of coronary heart disease and stroke in
apparently healthy subjects [41]. Moreover, in patients with
end-stage renal disease, increased aortic stiffness determined
by measurement of aortic PWV is a strong independent pre-
dictor of all-cause and mainly cardiovascular mortality [53].
Also, another study in 397 diabetic patients reported that the
patients who died were significantly older, smoked more,
had increased PWVs by 2.6 m/sec and increased mean sys-
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tolic pressures by 10 mm Hg than those who survived. Then
PWYV and systolic pressure were compared. Those who died
had higher baseline PWVs on average for any level of base-
line systolic pressure levels [42].

TREATMENT OF EVA

Because of the inability of science to prevent natural ag-
ing we should put our hopes in therapeutic strategies de-
signed to reverse the factors that affect and cause EVA. Life-
style intervention is still the key-point for intervention di-
rected toward EVA and cardiovascular risk. Non-
pharmacological treatments are able to reduce arterial stiff-
ness and have been detailed in several reviews and include
additional dietary changes such as low salt diet, moderate
alcohol consumption, as well as increased intake of garlic
powder, a-linoleic acid, fish oil, green tea, and dark choco-
late [54]. EVA patients could benefit for an early and non-
expensive intervention on vascular ageing based on physical
exercise [55].

Pharmacological intervention can also reduce early vas-
cular ageing. Several studies, provided evidence that anti-
hypertensive agents may decrease early vascular ageing.
Renin—angiotensin—aldosterone system blockers are effective
agents in reducing arterial stiffness through inhibition of the
vasoconstrictive effect of angiotensin II and improvement of
endothelial function. Aldosterone blockers may also act
similarly. Nitro-vasodilators reduce blood pressure and wave
reflections because their arterial dilation actions. Nitroglyc-
erin reduces left ventricular afterload through arterial dilation
as well as preload through venous dilation [56,57]. Also the
bradycardia caused by systemic b-blockade increases the
absolute duration of systole allowing the reflected wave to
return sooner to the aorta and to boost central systolic pres-
sure [58]. New antidiabetes drugs, such as incretin-acting
drugs and the SGLT2 inhibitors promoting glucosuria. An
interesting feature of the incretin drugs is their effect on the
cardiovascular system, for example, a lowering of both of-
fice and ambulatory BP, a reduction in office BP being ob-
served also following treatment with a SGLT2 inhibitor.
This potential vascular protection could be of great impor-
tance in patients with features of EVA [59,60]. Treatment
with statins is possible to reduce EVA in patients with
dyslipidaemia.

PERSPECTIVE

Vascular ageing is one of the most important cardiovas-
cular risk factors. More research is needed into the patho-
physiology of premature vascular ageing. This includes de-
tection of the role of molecular mechanisms in the aetiology
of vascular stiffness and vascular calcification. It is impor-
tant to establish non-invasive techniques (including imaging
techniques) to study the process of vascular ageing. The de-
velopment of selective biomarkers for vascular ageing with
high predictive value (as opposed to systemic biomarkers,
markers of inflammation, circulating bone marrow- derived
progenitors, leukocyte telomere length) is an important field
of future research. Furthermore, while the role of hyperten-
sion is clear, vascular ageing require more research in diabe-
tes mellitus and the metabolic syndrome. The connection
between vascular ageing to ageing of other organs such as
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the skin, the kidneys, and the brain is desirable to be studied.
It is also necessary to study the interplay between physical
activity, nutrition and vascular ageing. Finally, it must be
given more importance of the treatment of early vascular
ageing independently from all the other cardio-metabolic
parameters.
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