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A B S T R A C T

Aging results in functional and structural changes in the cardiovascular system, translating into a progressive
increase of mechanical vessel stiffness, due to a combination of changes in micro-RNA expression patterns,
autophagy, arterial calcification, smooth muscle cell migration and proliferation. The two pivotal mechanisms of
aging-related endothelial dysfunction are oxidative stress and inflammation, even in the absence of clinical
disease. A comprehensive understanding of the aging process is emerging as a primary concern in literature, as
vascular aging has recently become a target for prevention and treatment of cardiovascular disease. Change of
life-style, diet, antioxidant regimens, anti-inflammatory treatments, senolytic drugs counteract the pro-aging
pathways or target senescent cells modulating their detrimental effects. Such therapies aim to reduce the in-
eluctable burden of age and contrast aging-associated cardiovascular dysfunction. This narrative review intends
to summarize the macrovascular and microvascular changes related with aging, as a better understanding of the
pathways leading to arterial aging may contribute to design new mechanism-based therapeutic approaches to
attenuate the features of vascular senescence and its clinical impact on the cardiovascular system.

Age represents the strongest independent correlate of endothelial
dysfunction, as well as being an important non-modifiable risk factor
for cardiovascular disease (CVD) (Grundy, 1999; Camici et al., 2009).

Since the beginning of the 20th century life expectancy in humans has
doubled to more than 80 years and the global population is expected to
continue to increase over the next decades, due to a raised longevity
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and changes in birth rate (Gerland et al., 2014). In 2030, the world
population is expected to grow by 23% compared to 2015, whereas the
population over 65 years is projected to raise by 57% (Temple and
McDonald, 2017). According to World Health Organization, between
2015 and 2050, the proportion of the world's population over 60 years
will double from 12% (900 million) to 22% (2 billion), with 80% of
older people living in low- and middle-income countries. The financial
implications of the aging process are extremely relevant, as individuals
aged 65 and over consume most of the health care resources; also, care
for patients aged 85 or more costing, on average, twice as much as
health care for the younger old (Rich and Adams, 2015; Zolotor and
Tippett, 2018). A national economic analysis showed that in 2012 the
cost of health care for state residents aged 65 and over was $25 billion,
and projections for 2037 show a total cost of care of $69 billion, with an
increase of 180% (Zolotor and Tippett, 2018).

Therefore, despite being ineluctable, aging should be considered a
process or a problem? A detailed understanding of the aging process is
emerging as a primary concern in literature, and vascular aging has
become a target for preventive strategy and treatment of CVD therapy
(Liu and Chen, 2012). New approaches and the identification of ther-
apeutic targets are needed to reduce the burden of age and contrast
aging-associated cardiovascular dysfunction. This narrative review
aims to summarize age-associated changes of the coronary arteries and
cardiac circulation and the implications of new therapies to prevent
organ damage related to vascular dysfunction, trying to enlighten new
avenues for future researches.

1. From microvascular to macrovascular changes

Aging is a natural process which develops during our whole life,
influenced and modified by both environmental and genetic factors.
Aging is linked to significant changes in the morphological structure of
the coronary vascular wall, that can be seen at the macroscopic and
microscopic level, even in individuals without cardiovascular risk fac-
tors (Wang and Bennett, 2012; Kane and Howlett, 2018). Aging affects
primarily vascular smooth muscle cells (SMCs) and the endothelial

cells, resulting in arterial stiffness and calcifications, that impairs blood
flow autoregulation and collateral circulation, ultimately leading to a
proatherogenic and ischemic environment. Age-related changes in
homeostasis could make human vessels also more susceptible to pa-
thological conditions such as hypertension, diabetes and atherosclerotic
disease. Aging causes functional and structural changes in CV system,
resulting in a progressive increase of mechanical vessel rigidity and
stiffness, due to changes in micro-RNA expression patterns, autophagy,
arterial calcification, smooth muscle cell migration and proliferation
(Tesauro et al., 2017). These modifications reduce the ability of arteries
to dilate and tolerate blood pressure fluctuations (Kotsis et al., 2011),
this results in decreased cardiac output and increased pulmonary artery
pressure during exercise, which developed as the consequence of both
increased pulmonary vasculature resistance and higher left ventricular
filling pressures (van Empel et al., 2014). Therefore, forces acting on
the arterial wall determine an adaptive response consisting in vascular
smooth muscle cells phenotype modification, ultimately resulting in
intimal thickening. A condition of intimal thickening is associated with
enhanced endothelial permeability, and could represent the substrate
on which low-level atherosclerotic stimuli could encourage the progress
of atherosclerotic lesions (Tesauro et al., 2017; Roberts and Berry,
2017; Roberts, 2018). It has been noticed an increase of endothelial
shear stress with aging (Cuhlmann et al., 2011; Xiao et al., 2013), that
leads to endothelial cell death, increased platelet and macrophage ad-
hesion to the arterial wall, thereby resulting in a chronic low-grade
inflammation (Franceschi et al., 2000). Arterial stiffening caused by
excessive fibrosis, reduced elasticity, increased elastin fiber degenera-
tion with associated increased collagen deposition, laminar medial
necrosis, growth of the interstitial space, results in increased vasomotor
tone and altered tissue perfusion (Harvey et al., 2016), and all those
factors eventually lead to tissue and organ damage (Fig. 1). Markers of
coronary aging are summarized in Table 1.

1.1. SMCs changes

From the second decade of life, “intimal thickening” (IT) occurs on

Fig. 1. Aging of the coronary system: from microvascular to macrovascular changes.
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the arterial wall as a physiological response to forces acting on the wall.
This thickening contains various layers of SMCs (intimal SMCs and
medial layer SMCs, with different phenotype and function) divided
from collagen and elastic fibers; in the coronaries IT has an eccentric
development, while a concentric one in the aorta (Movat et al., 1958;
Stary, 1987; Virmani et al., 2000). IT is characterized by an increased
permeability, demonstrated by the presence of phospholipids and

cholesterol in the subendothelial space starting from the third decade of
life (Virmani et al., 2000). In this situation of increased permeability,
low-level atherogenic factors (such as mild hypertension or diabetes)
could favor the growth of an advanced atherosclerotic plaque. Ac-
cordingly, Spagnoli and al. proved a raised susceptibility of the aged
arterial wall to hypercholesterolemia: older rats, when fed with hyper-
lipemic diet, presented more extensive and severe atherosclerotic

Table 1
Markers of coronary aging.

Marker Relevance score Effect

Smooth muscle cells and intima Lipid accumulation, altered ECM production, calcification of
arterial wall, rupture of fibrous cap of atherosclerotic disease

- intimal thickening ***
- phenotype switch from contractile to secretory ***
- apoptosis (dysfunctional eNOS/NO signaling) *
Endothelial dysfunction Protein inactivation, severe vasomotor dysfunction, decreased

function of EPCs promoting endothelial dysfunction
- ROS enzymatic imbalance (activation of cyclooxygenase, NADPH oxidase and

mitochondrial electron transport; inactivation of GPx, SOD and catalase) with
elevated oxidative stress

***

- reduced eNOS expression and activity (PI3K/Ras/Akt/MAPK pathway) **
- impaired NO activity (by radicals) **
- impaired NO activity (by PDE5) **
- formation of peroxynitrite **
Endothelin Impaired vasodilation, platelet activation
- loss of type B receptor on SMCs *
- increased effects of type A receptor *
Bradykinin Accelerated endothelial senescence, reduction of bradykinin-

mediated vasodilation
- reduced response to circulating levels *
- downregulation of type 2 receptor (BK-2R) (signal cascade for prostacyclin and NO) **
Endothelium dependent hyperpolarization Impaired vasodilation in response to neurohumoral molecules and

blood flow
- inhibition, associated with reduced NO production **
Endothelial progenitor cells Progression of endothelial dysfunction
- reduction, with impaired turnover of endothelial cells **
Predisposition to thrombosis Increased thrombosis and platelet aggregation
- raised COX-1 and COX-2 levels *
- increased PGH2-TxA interaction **
- increased production of TxA by endothelial cells *
- reduction of PGI2 **
- increased level of vWF and factor VIII *
- decreased function of ADAMTS13 **
Inflammation Enhanced inflammation, pro-atherogenic environment with

production of growth factors and cytokines favoring SMCs changes
- accumulation of macrophages in the intima ***
- accumulation of fibrinogen and fibrin in vascular wall ***
- increased plasma concentration of inflammatory molecules (IL-6, TNFα, MCP-1 *
Elastocalcinosis Arterial stiffness, increased circumferential stress on fibrous cap,

changes in vascular ECM
- osteoblastic differentiation of SMCs by elastin-derived peptides ***
- calcium inclusions ***
- impaired MMP activity **
- deposition of advanced glycation end-products *
Collateral circulation Reduced collateral-dependent flow recovery, impaired collateral

remodeling, collateral rarefaction
- reduced VEGF expression *
- reduced HIF1 expression *
- indirect effect on SMCs (favoring apoptosis) **
- reduced homing of progenitor cells *
- reduced clearance of waste products **
Micro RNAs Apoptosis, inhibition of endothelial cells’ reproduction
- increased mRNA-29 **
- increased mRNA-34 **
Genetic changes Impaired antioxidant function, raised NADPH oxidase activity,

enhanced stress-induced apoptosis, reduced NO levels, apoptosis,
autophagy

- reduced sirtuins activity: SIRT1 (regulates JNK phosphorylation, p53 acetylation, eNOS
activity and expression, MMP expression)

**

- telomeres dysfunction (shortening and uncapping) **
- reduced Nrf2 levels (regulatory for antioxidant genes as GPx-1, GPx-2, G6PD and CAT) *
- increased NCX1 activity *

See text for abbreviations. Relevance score is a semiquantitative evaluation, considering the evidences of the literature, and ranges from 1(*) (indicating a weaker
effect) to 3 (***) (indicating a stronger effect).
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lesions compared with younger rats, with no differences in serum
parameters (Spagnoli et al., 1992, 1991). Moreover, in the advanced
age, vascular SMCs modify their phenotype, from “contractile” to “se-
cretory” (Bennett et al., 2016; Iyemere et al., 2006); in normal condi-
tion, they exhibit a “contractile phenotype”, characterized by high ex-
pression of genes which encode proteins involved in holding
myofilament structure and function (including Smooth Muscle Protein
22-Alpha / Transgelin variant 1 (SM22α /tagln), Smooth muscle cell
myosin heavy chain (MYH11), Smooth muscle cell action (ACTA2), and
other) (Shanahan and Weissberg, 1999). On the other hand, intimal
SMCs exhibit lower levels of contractile proteins and contain fewer
myofilaments compared with SMCs of medial layer; moreover, intimal
SMCs are similar to immature and dedifferentiated SMCs (Shanahan
et al., 1994; Shanahan and Weissberg, 1998; Shanahan et al., 1993).
Campbell et al. demonstrated that adult contractile SMCs, isolated from
vessels and cultured in vitro, spontaneously develop a phenotypic
change and assume several features of intimal SMCs. Thus, the authors
established that SMCs of medial layer may dedifferentiate from a con-
tractile phenotype into a synthetic one when they migrate into the in-
tima (after an injury, or in vitro settings, or in atherosclerosis), whereas
the opposite transition (from a “secretory” phenotype into a “con-
tractile” phenotype) occurs during vascular development (Chamley-
Campbell et al., 1981, 1979). Furthermore, in vitro settings, SMCs ac-
quired macrophage properties and markers and showed a raised capa-
city for migration, proliferation and secretion of several cytokines and
extracellular matrix proteins (Alexander and Owens, 2012). Several
studies on human vascular SMCs showed that phenotypic change is also
characterized by the acquisition of features of different mesenchymal
lineages, including chondrocytic, osteoblastic and adipocytic
(Shanahan et al., 1999; Tyson et al., 2003; Davies et al., 2005; Tintut
et al., 2003).

These phenotype changes due to vascular aging may contribute to
lipid accumulation, altered matrix production and calcification of ar-
terial wall (Roberts, 1986). Significantly, the resultant of some of these
phenotypes is SMCs senescence or death, which may lead to a failure of
repair causing weakening and potential rupture of the fibrous cap
present in stable atherosclerotic lesions (Shanahan and Weissberg,
1999).

Finally, old SMCs exhibit raised susceptibility to apoptosis, an effect
mediated by an aging-related dysfunctional eNOS/NO signaling.
Interestingly, levels of phosphodiesterase 5 (PDE5) were increased in
cells derived from old mice; furthermore, the effect is attenuated pre-
incubating the cells with tadalafil (a PDE-5 inhibitor) (Wang et al.,
2011).

1.2. Endothelial dysfunction

Several evidences have shown that aging is related to a progressive
reduction in endothelial function both in rats as in humans (Donato
et al., 2007; Egashira et al., 1993), even in the absence of cardiovas-
cular risk factors. Furthermore, this endothelial dysfunction appears to
occur a decade earlier in men compared to women. In women a fast
decline begins at around the time of the menopause: this proves a
protective effect of estrogens on the arterial wall (Celermajer et al.,
1994).

1.2.1. Reactive oxygen species (ROS) and reactive nitrogen species (RNS)
Several studies have proved that age-related decline in endothelial

vasomotor reactivity is linked to altered reactive-oxygen species (ROS)
endothelial signaling mechanisms: particularly, impaired nitric oxide
(NO) activity and production (Csiszar et al., 2002; LeBlanc et al., 2008)
and elevated oxidative stress (Donato et al., 2007; Egashira et al., 1993;
Celermajer et al., 1994; LeBlanc et al., 2008; Cooke and Davidge, 2003)
- first of all, caused by an ineffective buffering of superoxide (O2−)
(Csiszar et al., 2002; Kang et al., 2009). NO is a very important factor
which ensures vasodilation, and which shows antioxidant and anti-

apoptotic effects. Its synthesis begins from arginine, converted in ci-
trulline and NO through endothelial nitric oxide synthase (eNOS) en-
zyme on the endothelium. In this setting, tetrahydrobiopterin (BH4) is a
useful cofactor, which is needed for the right synthesis of the dimeric
form of eNOS. Of note, one of the first hits of impaired endothelial
function is exactly the oxidation of BH4 due to oxidative stress; in this
way, the function of the monomeric form of eNOS is compromised,
encouraging the formation of free radicals of oxygen. Moreover, aging-
related changes cause a raised ROS production and decreased ROS
degradation through different mechanisms. Aging activates cycloox-
ygenase, xanthine oxidase nicotinamide-adenine dinucleotide phos-
phate (NADPH) oxidase and mitochondrial electron transport; on the
other hand, it inactivates the antioxidant system, including glutathione
peroxidase (GPx), superoxide dismutase (SOD) and catalase. ROS in-
activate NO and activate the PI3K/Ras/Akt/MAPK pathway, leading to
the inhibition of eNOS expression and activity (Higashi et al., 2012).

Equally interesting is the role of PDE5: this enzyme deletes NO from
circulation and its expression is very high in the endothelial cells of
elderly subjects (Wang et al., 2011). Raised PDE5 activity may result in
lower levels of cGMP, an important product of NO signaling that pre-
vents apoptosis, promoted vasodilation and decreased oxidative stress.
Thus, high levels of PDE5 could lead to increased oxidative stress and
higher sensitivity to apoptosis. PDE5 inhibitors, actually used for
erectile dysfunction and pulmonary hypertension, may also have a role
in delaying eNOS impairment and guarantee vessel’s health (Epstein
et al., 2012). Furthermore, as Csiszar and al. showed, the reduction of
NO-mediated vasodilation and the augmentation in ROS production
leads to a raised formation of superoxide (O2−) (Csiszar et al., 2002). In
the presence of the O2− scavenger superoxide dismutase (SOD), O2− is
converted to hydrogen peroxide (H2O2). Miura et al. proved that en-
dothelial H2O2 causes a flow-induced vasodilation of coronary arter-
ioles, that is abolished by H2O2 scavenger catalase and age-related
changes in endogenous scavenging processes, breaking the O2/H2O2
system, cause an impaired coronary reaction to flow-induced vasodi-
lation (Miura et al., 2003). Furthermore, the overproduction of O2-
soon inactivates NO, forming the highly reactive and toxic peroxynitrite
(ONOO), which soon irreversibly inactivates protein and other mole-
cules in endothelial cells (Quijano et al., 2007). ONOO formation rises
with aging, leading to vasomotor dysfunction (Sun et al., 2004).

1.2.2. Endothelin (ET)
ET plays its role through two different receptors: ETA on SMCs

(vasoconstriction) and ETB on the endothelium and SMCs (vasodilation
and vasoconstriction respectively). In young people, endothelin guides
normal blood flow in coronary arteries and regulates basal tone of
vessels; in elderly ones, there is a loss of ETB receptors on SMCs (al-
ready reduced in number) and consequently a lower vasodilation (Van
Guilder et al., 2007).

1.2.3. Bradykinin
The vasodilation conducted by bradykinin works through signaling

molecules such as NO and prostanoids. Studies have demonstrated a
progressively reduced response to bradykinin in elderly patients (over
65 years old), without relevant changes in local reaction. Moreover, NO
inhibition reduces critically bradykinin-mediated vasodilation (Feher
et al., 2014). Several studies have demonstrated cardioprotective effects
of bradykinin type 2 receptor (BK-2R) (Li et al., 2007; Venema, 2002):
BK-2R and its second messengers (prostacyclin and NO) support heart
function while loss of BK-2R is linked to different CV disorders (Kakoki
et al., 2006); (Maestri et al., 2003); (Emanueli et al., 1999). Nurmi and
al. (Nurmi et al., 2012) showed that aging is associated with down-
regulation of BK-2R expression in endothelial cells, leading to ac-
celerated endothelial senescence.

1.2.4. Endothelium-dependent hyperpolarization
The vascular tone is regulated by the endothelium not only through
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several vasoactive molecules but also through the so called “en-
dothelium-dependent hyperpolarization” (EDH), a pathway related to
the hyperpolarization of both endothelial and vascular SMCs (Feletou
and Vanhoutte, 1988; Busse et al., 2002). From a biochemical point of
view, this pathway involves a raised intracellular Ca 2+ concentration
obtained through the activation of transient receptor potential channels
(Filosa et al., 2013; Burnham et al., 2002). EDH is especially observed
in resistance arteries and helps the regulation of vascular tone, con-
tributing to maintain CV homeostasis and normal blood pressure; in-
deed, this pathway is activated in response to shear stress by neuro-
humoral molecules and flowing blood (Feletou, 2016). Alterations in
this pathway could lead to the endothelial dysfunction observed in
several CV diseases or reversely compensate for the loss in NO bioa-
vailability (Feletou, 2016). In aged rats, several studies observed a re-
duced EDH together with a progressive decreased release of NO and an
increased production of contracting factors (Fujii et al., 1993; Mantelli
et al., 1995; Nakashima and Vanhoutte, 1993). Furthermore, aging
causes also an important inhibition of EDH in coronary and peripheral
arteries (Urakami-Harasawa et al., 1997) and alters conducted dilation
in coronary arterioles (Feher et al., 2014).

1.2.5. Endothelial progenitor cells
Endothelial progenitor cells (EPCs) have a significant role in en-

dothelial function. In the early phase of endothelial dysfunction, da-
maged endothelial cells should be replaced by bone-marrow-derived
EPCs; thus, a reduction of EPCs in bone marrow or their decreased
mobilization could lead to the progression of endothelial dysfunction
(Higashi et al., 2012). A relationship between EPCs and endothelial
function exists both in normal subjects and in patients with CVD (Hill
et al., 2003; Umemura et al., 2008), suggesting that the number of
circulating EPCs could be considered as a predictor of CV events
(Werner et al., 2005). The increased oxidative stress seen in aging leads
to a reduced NO bioavailability and a decreased function of EPCs: this
could produce a vicious circle that promotes endothelial dysfunction in
aging (Murasawa et al., 2002; Ballard and Edelberg, 2007).

1.2.6. Predisposition to thrombosis
Aging impairs several mechanisms related to hemostasis, such as

coagulation, platelet function and fibrinolysis, favoring thrombosis
development. Aging is associated to raised COX-1 and COX-2 levels
(Tang and Vanhoutte, 2008; Wong et al., 2009), thus increasing un-
transformed PGH2, which interacts with thromboxane A (TxA) and
induces platelet aggregation. Moreover, with aging, TxA, mainly pro-
duced by platelets, is also secreted by endothelial cells (Tang and
Vanhoutte, 2008). On the other hand, aging causes a reduction of
plasmatic levels of PGI2 (Gotoh et al., 1983, 1982), one of the main
molecules by which the endothelium negatively modulates platelets.
The final effect is an imbalance between PGI and TxA pathway that
promotes thrombosis in the elderly. Furthermore, plasmatic levels of
vWF and factor VIII increase with aging, inducing an hypercoagulative
state (Conlan et al., 1993; Favaloro et al., 2005). The function of
ADAMTS13, the enzyme necessary for cleaving vWF, is also reduced in
elderly, leading to an accumulation of high molecular weight multimers
of VWF, that are pro-thrombotic and able to link higher amount of
platelets (Coppola et al., 2003; Shim et al., 2008). Endothelial NO in-
hibits platelets aggregation and their adhesion to endothelium
(Radomski et al., 1987). As seen in previous sections, aging is char-
acterized by an impaired NO activity and production, thus predisposing
to platelet activation and thrombosis. Endothelin 1 (ET-1) is a molecule
with pleiotropic effects, including implications in the regulation of
hemostasis. In particular, ET-1 activates platelets when linked to en-
dothelin receptor A (ETA) while inhibits them interacting with en-
dothelin receptors B (ETB) (Dockrell et al., 1996; Labonte et al., 2001).
In aging, as above mentioned, ETB activity is reduced while ETA-re-
lated effects are increased (Van Guilder et al., 2007).

1.2.7. Cardiac effects of endothelial dysfunction
The macroscopic counterpart of endothelial dysfunction is the re-

duced coronary flow reserve (CFR) (LeBlanc and Hoying, 2016). The
myocardium is characterized by a very limited anaerobic tolerance and
it needs a continuous supply of oxygen from the coronaries. In normal
condition, an immediate increase in coronary flow is possible due to
local metabolic feedback, especially releasing or constricting or dilating
factors. Endothelial products (such as prostacyclin, NO and endothelin)
promote dilation or constriction of SMCs. As previously described,
aging-related changes produce endothelial dysfunction, that leads to
reduced flow reserve while maintaining baseline flow capacity analo-
gous to young levels (Hachamovitch et al., 1989). Differently, after a
vascular insult, such as an ischemic event, both baseline and maximum
coronary flow decrease, resulting in at least 50% decline in coronary
reserve (Karam et al., 1990; Leblanc et al., 2012). CFR is related to LV
systolic, diastolic function (Logstrup et al., 2010) and myocardial via-
bility (Ragosta et al., 2001). Indeed, Czemin and al demonstrated that,
in old humans, the impairment in CFR increases the risk for heart
failure (Czernin et al., 1993).

1.3. Inflammation

Aging increases inflammation within the vascular wall (Wang and
Bennett, 2012). Macrophages are the most important cell type in this
process; indeed, inflammation in aged arteries is characterized by an
exorbitant accumulation of macrophages in the intima of the arterial
wall, and this happens both in the presence as in absence of lipid-rich
lesions (Orlandi et al., 2006; Lakatta, 2003). Rodriguez-Menocal et al
(Rodriguez-Menocal et al., 2014) showed that, after an injury, arteries
of old rats contain more macrophages than those of young animals.
They demonstrated raised fibrinogen levels in the arterial wall of aged
rats in response to injury; this may reflect an excessive deposition of
plasma fibrinogen and an increased local secretion of fibrinogen by
platelets. Increased levels of fibrinogen/fibrin could promote rolling,
adhesion and infiltration of leukocytes into the vascular wall (Kamath
and Lip, 2003), which, in turn, produce growth factors and proin-
flammatory cytokines favoring an increased proliferation and migration
of vascular SMCs (Spinetti et al., 2004). Vascular alterations caused by
advanced age create a proatherogenic environment negatively influ-
encing destabilization and progression of atherosclerotic stable plaques.
Therefore, histological composition of the plaque and local in-
flammatory response are influenced by aging (Franceschi et al., 2000;
Csiszar et al., 1985); age-related oxidative stress promotes local in-
flammation, resulting in an increased plasma concentration of in-
flammatory proteins (including IL-6, TNFα and monocyte chemoat-
tractant protein-1 MCP-1), and thus in the modification of the
atherosclerotic plaque (Csiszar et al., 1985; El Assar et al., 2013;
Ungvari et al., 2010).

1.4. Elastocalcinosis and arterial stiffness

One of the main feature of vascular aging is a raised arterial stiff-
ness, described as an increased resistance of the vascular wall to dila-
tion (Gavish and Izzo, 2016). Different structural changes are im-
plicated in the age-related stiffness (Cecelja and Chowienczyk, 2016;
Hanna et al., 1985); all those mechanisms play towards an increase in
wall-to-lumen ratio, resulting in vascular enlargement and conse-
quently worsening blood distribution (Thijssen et al., 2016). First of all,
in older humans, calcification occurs in atherosclerotic plaque in the
intima and within the tunica media of arterial wall, around elastin fi-
bers (the so called “elastocalcinosis”), leading to a reduced elasticity of
the arterial wall (Demer and Tintut, 2008; Niederhoffer et al., 1997).
This is an active process in which SMCs go through osteoblastic dif-
ferentiation, expressing several proteins usually related to bone for-
mation (Demer, 2002) and delivering vesicles into the extracellular
matrix used for the storage of hydroxyapatite crystals (Kim, 1976;
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Reynolds et al., 2004). Calcific content of an atherosclerotic plaque
plays a main role in its destabilization, changing mechanical char-
acteristics of the plaque and promoting its rupture (Alexopoulos and
Raggi, 2009). The theoretical model proposed by Vengrenyuk and al
(Vengrenyuk et al., 2006) predicts that plaque calcium inclusions in-
tensify the circumferential stress of the fibrous cap and promote his
rupture. Several studies confirmed this hypothesis, showing that mi-
crocalcifications act as intensifier of the background stress in the cap
depending on number, location, alignment and spacing (Maldonado
et al., 2012; Cardoso et al., 2014; Kelly-Arnold et al., 2013; Rambhia
et al., 2012). Furthermore, as Mauriello and al. showed (Mauriello
et al., 2013), coronary calcification can be considered an indirect
plaque vulnerability factor, independently of grading of coronary ste-
nosis. Matrix metalloproteinases (MMPs) degrade elements of extra-
cellular matrix, including elastin; then, elastin derived peptides (elas-
tokines or matrikines) activate SMCs osteogenic differentiation,
promoting calcification and arterial stiffness (Duca et al., 2004; Yasmin
et al., 2006, 2005). Moreover, different studies suggested that age-re-
lated formation of advanced glycation end-products (AGEs) in the ar-
terial wall may also lead to increased vascular stiffness (Schwartz and
Reidy, 1987; Zieman and Kass, 2004). AGEs can link to collagen, pro-
ducing changes in the mechanical characteristics of the arterial wall
(Nenna et al., 2015). The non-enzymatic glycosylation of some proteins
in the vasculature and the inversion of the elastin/collagen ratio (with
an increased collagen and a decreased elastin production), enhance the
mechanical rigidity of the arterial wall (Sun et al., 2004; Aronson,
2003; Mauriello et al., 1992; Nilsson, 2014; Sell and Monnier, 2012).

The combined decrease in distensibility and elasticity of the arteries
induces their reduced compliance causing an increase in systolic and a
decrease in diastolic blood pressure. The increased systolic afterload
leads to left ventricle hypertrophy (LVH) and consequently to raised LV
oxygen requests. Furthermore, LVH enhances the systole’s duration and
decreases the diastole’s length. Thus, oxygen requirements start to be
not satisfied due to decreased diastolic pressure and reduced length of
diastole (Gavish and Izzo, 2016); myocardial ischemia occurs from
higher request and decreased coronary flow, independently of coronary
stenosis (Ferro et al., 1995).

1.5. Impairment in collateral circulation

Aging reduces collateral-dependent flow recovery after an acute
vascular occlusion, which results in more severe ischemic tissue injury
(Moriya and Minamino, 2017; Rivard et al., 1999). Aging causes en-
dothelial dysfunction (Bosch-Marce et al., 2007), damaging eNOS
pathways in collaterals (Dai and Faber, 2010), increasing oxidative
stress in arteries (Csiszar et al., 2002) and reducing the expression of
VEGF (vascular endothelial growth factor) and HIF-1 (hypoxia-in-
ducible factor-1) (Bosch-Marce et al., 2007). Also, aging increases en-
dothelial cells and SMCs susceptibility to apoptosis (Wang et al., 2011;
Hoffmann et al., 2001) contributing to impaired collateral remodeling
and collateral rarefaction. Furthermore, age-related changes compro-
mise mobilization and homing of mononuclear and progenitor cells
from bone marrow to the perivascular region of collaterals (Wang et al.,
2011; Xin et al., 2010); in this way, collateral are exposed to reduced
secreted growth factors and cytokines that normally contribute to their
remodeling. Finally, also the raised arterial stiffness, mediated by
changes in extracellular matrix and raised collagen deposition, could
impair collateral remodeling (Gavish and Izzo, 2016; Cecelja and
Chowienczyk, 2016). Faber and al. demonstrated that aging causes
collateral rarefaction and reduced collateral diameter, leading to in-
sufficiency and rarefaction of the collateral circulation (Faber et al.,
2011). These effects were related to a drop in collateral diameter,
number and remodeling. Moreover, also angiogenesis was impaired by
aging in this mice-model and rarefaction was related to altered eNOS/
NO signaling in the endothelium. Thus, these findings suggest that
aging may contribute significantly to an increased severity of ischemic

tissue injury (Faber et al., 2011).

2. Genetic bases of aging

MicroRNAs (mRNAs) are considered key elements in the patho-
genesis of several cardiovascular diseases and two of them, mRNA-29
and mRNA-34, are linked to cellular senescence and endothelial func-
tioning. The overexpression of mRNA-29 leads to cellular apoptosis;
similarly, mRNA-34 inhibits the endothelial cells’ reproduction, fa-
voring cellular death (Ghebre et al., 2016). Moreover, a recent clinical
study assessed a lower rate of coronary and Alzheimer’s diseases in an
80-year-old population. These patients did not suffer from any major
disease (cancer, myocardial infarction, diabetes, dementia) and they
were not taking any drug at the time of the study; however, their ge-
netic analysis showed an overexpression of FOXP3 gene and an un-
derexpression of ApoE-ε4 gene (Erikson et al., 2016).

Moreover, sirtuins, NAD+ related histone-deacethylase enzymes,
have been recently defined as “the fountain of youth”, controlling and
preventing aging-related diseases. Sirtuins are involved in different
metabolic processes, such as fatty acids oxidation, urea cycle, gluco-
neogenesis and oxidative phosphorylation. Indeed, sirtuins play an
important role in adaptation to stress, energy management and cell
plasticity (Cencioni et al., 2015). In human species, seven sirtuins fa-
milies have been described, distributed in mitochondria, endothelial
cells and nucleus. SIRT1 is a regulator gene which provides an anti-
oxidant function and reduces stress-induced apoptosis. Specifically, it
regulates Jun NH2-terminal kinase (JNK) phosphorylation, p53 acet-
ylation and eNOS activity and expression, attenuating endothelial se-
nescence and alterations (Ota et al., 2007). Indeed, acetylation of p53
favors DNA’s stabilization and leads to transactivation of several genes
(p21, BAX and ICAM1), inducing cell growth arrest (Tang et al., 2008).
Moreover, the reduction in SIRT1 activity during aging promotes an
increased acetylation of eNOS and a raised NADPH oxidase activity,
resulting reduced levels of NO that leads to endothelial dysfunction
(Donato et al., 2011; Zarzuelo et al., 2013). Furthermore, SIRT1 de-
pletion may lead to a down-regulation of MMP-14, favoring a pro-fi-
brosing phenotype and vascular rarefaction (Vasko et al., 2014).

Telomeres’ dysfunction is another crucial factor involved in age-
related vascular dysfunction and cellular senescence. When telomeric
DNA becomes too short, the cell activates several pathways that lead to
apoptosis (Moyzis et al., 1988). Another crucial function of telomeres is
the formation of the t-loop at the chromosome’s end, creating a so-
called “capped” telomere; the T-loop structure preserves DNA from
damages by repair machinery. A breakdown of this structure, defined as
“uncapping”, could lead to a rapid DNA damage and consequent acti-
vation of apoptosis’ pathway (d’Adda di Fagagna et al., 2003). The
telomere uncapping seems to be more relevant than telomere short-
ening, from a biological point of view. In particular, markers of cellular
senescence (such as p-21 induced pathways) are linked to telomere
uncapping and not to telomere shortening (Morgan et al., 2018). In-
terestingly, telomere uncapping is greater in women compared with
men, suggesting a possible relation between aging and menopause
(Walker et al., 2016). Also, shortened leukocyte telomere length has
been associated with subclinical coronary artery atherosclerosis, as
expressed by coronary artery calcium (Hunt et al., 2015), and this as-
sociation might be reverted by a regular physical lifestyle (Diaz et al.,
2010); however, those new findings warrant further investigations.

As previously described, aging-related decline in endothelial vaso-
motor activity is linked to the accumulation of ROS and, consequently,
an increased oxidative stress. Cellular defense to reduce and balance
this increased oxidative stress involves several transcription factors and
signaling proteins which regulate the transcription on different genes
encoding anti-oxidants enzymes and proteins. Among these, a tran-
scription factor named nuclear erythroid-2-p45-related factor-2 (Nrf2)
regulates different antioxidant genes (such as GPx-1, GPx-2, G6PD and
CAT) (Osburn and Kensler, 2008). In normal oxidant condition, Nrf2
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binds to specific DNA sequences and promotes the transcription of
genes encoding anti-oxidant agents (Pickering et al., 2012), attenuating
oxidative stress and the related pathological processes. Zhou and al.
(Zhou et al., 2014) showed that the age-related decline in Nrf2 levels
could make the cardiovascular system more vulnerable to dysfunction
and to heart failure development.

NCX1 is a plasma membrane channel protein highly expressed in
heart, kidney and brain. Particularly, it could extrude Ca++ from the
cytosol, exchanging for Na+ as a forward, or vice-versa (Na+ out and
Ca++ in) as a reverse mode (Lytton, 2007). Several studies have shown
NCX1 works in a reverse mode in different pathological conditions,
including myocardial necrosis, cancer, diabetes and arrhythmias
(Antoons et al., 2012; Svensson et al., 2011). Osanai et al. Osanai et al.
(2018) demonstrated that NCX1 plays an important role in aging:
treatment with SN-6, a NCX1 inhibitor, leads to the reduction of the
expression of aging hallmarks (chromatin remodeling, histone mod-
ification, impairing autophagy). Furthermore, they discovered a new
gene named NM-026333 that bounds NCX1 suppressing its reverse
mode, suggesting it as a novel anti-aging gene Osanai et al. (2018).

3. From vascular to structural changes in the aging heart

Changes in coronary microvasculature are linked to both structural
and functional changes in the aging heart, that are intrinsically asso-
ciated with heart failure and arrhythmias (Kannel et al., 1987; Strait
and Lakatta, 2012). Structurally, the heart thickens and stiffens with
age resulting in the increased imposition of a number of functional
demands; functionally, a number of changes which assist the resting
heart to deal with the effects of aging cause significant functional def-
icits with exercise or stress, thereby lowering the cardiac reserve; ad-
ditionally, the aging heart has a reduced number of cardioprotective
mechanisms and repair process (Strait and Lakatta, 2012).

Cardiac fibroblasts and connectival ECM are considered crucial
mediators of fundamental biological processes occurring in the aging
heart. However, it is extremely difficult to discern whether those
changes reflect a direct effect of aging on cardiac structures (e.g. ECM)
or are the consequence of the aged vasculature supplying those tissues.
The dynamic profile and polyhedral properties of cardiac fibroblasts
account for their role in ECM remodeling, modulation of post-injury
tissue homeostasis, regulation of cardiomyocyte function and influence
in the normal activity of the conduction system (Nguyen et al., 2014).
While cardiac fibroblasts are responsible of deposition of altered ECM
components during pathophysiological states (Cieslik et al., 2014), it is
increasingly evident an inverse modulating action exerted by the ECM
itself on the fibroblasts, regulating their secretory activities or pheno-
type switches and eventually realizing a amphidromous circle
(Dobaczewski et al., 2012). Therefore, alterations of ECM function in
the elderly might exert a detrimental effect on the overall ventricular
function and cardiac performance with enormous reflexes on the clin-
ical scenario. The clinical picture of the aging ventricle is mainly
characterized by progressive increase in LV wall thickness with a ty-
pical pattern favoring the interventricular septum more than the free
wall (Kovacs et al., 2009). The result is a progressive shift in the overall
LV shape which abandons the typical elongated ellipsoid geometry to a
more spherical profile with significant implication on contractility ef-
ficiency (Hees et al., 2002). The spherical shape leads to an increased
wall stress: rather than systolic LV function, aging seems to pre-
dominantly affect the diastolic function. Echocardiographic and radio-
nuclide studies demonstrated that the typical early diastolic filling is
progressively retarded in aged population (Downes et al., 1989) and
that myocardial diastolic stiffness is augmented with prolonged iso-
volumic relaxation, also suggesting an age-related impairment of cal-
cium accumulation by the sarcoplasmic reticulum (Strait and Lakatta,
2012; Fleg and Strait, 2012). Increased wall thickness and augmented
ventricular stiffening also predispose to subendocardial ischemia, be-
cause of an increased distance between epicardial coronary arteries and

subendocardial myocardial cells, in association to augmented LV fibers
afterload and oxygen demand. To this extent, a mismatch between
oxygen demand and capillary growth has been demonstrated in older
hearts (Hachamovitch et al., 1989). In addition, the well-known in-
creased peripheral pressures, blunting the intramyocardial perfusion
pressure gradient. These age-related structural and functional changes
might overlay to the prolonged exposition of the elderly to cardiovas-
cular risk factors, hypertension, and susceptibility to atherosclerosis, so
that coronary events and heart failure become more common in this
subpopulation (Fleg and Strait, 2012). Occurrence of ischemic events
over this aged substrate is even more daunting in the clinical and sur-
gical scenario carrying increased rate of complications and mortality.
Dilated cardiomyopathy resulting from aging process and superimposed
ischemic disease are often requiring medical or surgical therapy and a
comprehensive knowledge on the biological alterations occurring in
these circumstances is fundamental to develop targeted and efficient
therapeutic strategies (Strait and Lakatta, 2012; Chantler and Lakatta,
2012).

Considering the electrical side of the heart, it is known that aging is
associated with a generalized increase in elastic and collagenous tissue
which result in fat accumulation around the sinoatrial node (Strait and
Lakatta, 2012). Also, the increased LV wall thickness and left atrial size
alter ECM deposition and increase left atrial volume, and this is asso-
ciated with increased incidence of arrhythmias (Spadaccio et al., 2015).
In addition, aging is associated with enhanced sodium/calcium (Na/Ca)
exchanger function that results in cytosolic Ca2+ overload (Hakim and
Shen, 2014). Atrial fibrillation (AF) is found in approximately 5% of
subjects over age 60 years, a rate 10-fold higher than the general adult
population, and its incidence is known to increase with age (Strait and
Lakatta, 2012; Lin et al., 2018); (Andrade et al., 2014); (Rahman et al.,
2014). Approximately 70% of patients with AF are between 65 and 85
years old, and it is projected that by 2050 most of patients with AF will
be aged 80 or more (Hakim and Shen, 2014; da Silva, 2015). Improved
recognition of the underlying mechanisms leading to AF appears to be
crucial to develop improved methods for AF prevention and manage-
ment in the elderly (Andrade et al., 2014; Morin et al., 2016), as many
clinically relevant issues are known to complicate AF treatment in such
fragile patients (comorbidities, organ dysfunction, drug interactions,
side effects, poor compliance to medications) (Hakim and Shen, 2014).

4. Implications for clinical practice and translational research

For the above considerations, it appears how important is to ensure
a healthy advanced age among other social and economic issues.
Molecular mechanisms underlying aging may be candidate for targeting
by interventions to prevent and delay the arteries’ aging (Tesauro et al.,
2017). Therapeutic strategies focused on multi-target interventions
(Fig. 2) rather than single target therapy could provide greater potential
to reduce atherosclerosis and vascular aging (Liu and Chen, 2012). An
appropriate control of aging process represents the main target and may
explain the efficacy of many approaches (both pharmacological and
nutritional) currently used in clinical practice (Scioli et al., 2014).
Therapeutic strategies to delay coronary aging are summarized in
Table 2.

4.1. Aerobic exercise

The term “modifiable molecular mediators” (MMM) (Barton, 2014)
identifies biological factors, like ET-1 or Angiotensin II, that could be
targeted either by drugs or also by other interventions, in order to slow
down or even reverse the pathological process. Regular physical ex-
ercise is one of the most powerful means to increase the bioactivity of
nitric oxide (NO), which is an important inhibitor of ET-1 production
and activity; additionally, exercise training normalizes the age-asso-
ciated shift in redox balance (Camici et al., 2015). Results from several
randomized trials indicate that regular aerobic exercise training
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improve both the function and structural health of the arterial walls
(Fontana, 2018; Nowak et al., 2018). Exercise actualizes its beneficial
effects on endothelium through different mechanisms: provisional in-
creases in shear stress, raised systemic metabolism, anti-inflammatory
actions (such as suppression of TNFα), protection against TNFα-in-
duced vascular impairment (Ungvari et al., 2008). Interestingly, phy-
sical training increases the activity of SIRT-1 by enhancing nicotina-
mide phospho-ribosyl-transferase and thereby the production of sirtuin-
fueling NAD+ (Camici et al., 2015). Physical activity, regularly prac-
ticed at any age, may restore both mechanical and functional capacity
of the vascular SMCs of coronary arteries, promoting a better dis-
tribution of coronary blood flow and oxygen supply in the endocardial
and epicardial regions (Hanna et al., 1985). Moreover, prolonged
aerobic exercise has been established to enhance coronary blood flow
reserve to adenosine infusion and coronary blood flow responses to
intracoronary administration of acetylcholine, with larger benefits in
populations with cardiometabolic disorders (Ashor et al., 2015;
Laughlin et al., 2012). The results of a clinical study (Riordan et al.,
2008) enrolling nonobese, middle-aged people of both sexes without
clinical evidence of cardiovascular disease have showed that en-
durance-exercise-induced and caloric restriction-induced weight loss
improve diastolic function, as suggested by the decrease in isovolumic
relaxation time. Therefore, the improvements in diastolic function that
occurred in response to exercise and caloric restriction weight loss, may
be considered as the restoration of a more youthful cardiac phenotype
(Fontana, 2018; Leibowitz et al., 2016; Abou et al., 2017).

No male/female differences have been found after a 3-months
walking aerobic exercise training (Moreau et al., 2003; Tanaka et al.,
2000), and the articles that specifically examined the gender effect in
response to more intense aerobic exercise confirmed no significant
differences (Nowak et al., 2018; Whipple et al., 2018). Individual habits
and functional capacities are emerging as new determinants of exercise
program, as a high interindividual variability in response of maximal

oxygen consumption to aerobic exercise was prevalent among older
adults, ranging from 2% to more than 60% (Whipple et al., 2018). Age,
sex, race, and body mass index are unrelated with non-response to
aerobic exercise (Whipple et al., 2018). Therefore, future aerobic pro-
grams should be tailored to assist older adults in achieving optimal
benefit from exercise programs through a personalization of the phy-
sical activities taking into account individual capacity (Fontana, 2018).

4.2. Caloric restriction

Data indicate that intermittent fasting and adjusted diurnal rhythm
of feeding, lowered intake of protein and specific amino acids, and
nutritional modulation of the microbiome can also be important to
prevent senescence (Fontana and Partridge, 2015). The anti-aging ac-
tion of caloric restriction seems to be linked to the attenuation of the
age-associated increase in oxidative stress (Bevilacqua et al., 2005;
Sohal and Weindruch, 1996) and to enhanced NO bioavailability
(Jablonski et al., 2013). The specific mechanisms by which caloric re-
striction promotes a youthful endothelial phenotype involve a plethora
of metabolic pathways (Ungvari et al., 2010); first of all, it improves
upregulation and activation of eNOS, with subsequent increased bioa-
vailability of NO. In addition, caloric restriction increases insulin sen-
sitivity, decreasing the activation of receptor for advanced glycation
end products (Fontana, 2018; Weiss et al., 2006), reduces oxidative
stress-induced DNA damage (Fontana, 2018; Hofer et al., 2008) and
enhances adipokine and cytokine production, acting on dyslipidemia
and chronic inflammation (Fontana et al., 2004; Meydani et al., 2016).
Interestingly, dietary restriction of AGEs was evaluated as an effective
and easy-to-use method to reduce the overall amount of AGEs (Nenna
et al., 2015), with potential benefits in cardiovascular complications by
reducing glycation and oxidation of LDL (Cai et al., 2004).

Dietary sodium restriction represents an important public health
strategy to maintain or restore healthy vascular aging. Also, dietary

Fig. 2. Clinical practice: multi-target interventions and their effects.
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sodium restriction rapidly improves carotid artery compliance, an im-
portant index of arterial stiffness, in middle aged and older adults with
moderate hypertension (Nowak et al., 2018). Long-term caloric re-
striction results in profound and sustained beneficial effects on the
major risk factors for cardiovascular disease, and was associated with
improved diastolic function and improved heart rate variability, in-
dicating that caloric restriction might retard the age-associated changes
in cardiovascular function (Fontana, 2018). The traditional Mediterra-
nean diet, which is characterized by a low consumption of animal
products and high intake of vegetables, minimally processed grains,
fruits, extra-virgin olive oil, and a small intake of red wine, is very high
in antioxidant and anti-inflammatory compounds. In the new analysis
of the PREDIMED trial, patients with Mediterranean diet supplemented
with olive oil, compared with a control diet, had a significant reduction
in circulating oxidized-LDL and inflammatory markers, notably asso-
ciated with a 30% reduction in the incidence of major cardiovascular
events over a median follow-up of 5 years (Estruch et al., 2018). Based
on a theoretic ideal intake of 1800–2000 for women and
2000–2200 kcal for men, some dietary recommendations were made
(Estruch et al., 2018; Katz and Meller, 2014): fresh fruits and vegetables
should for 2 or more servings per day, fish and legumes for 3 or more
servings per week, white meat instead of red meat which should be
limited to 1 serving each other day. Soda drinks, spread fats and
commercial bakery goods or sweets should be limited.

4.3. Current pharmacologic approaches

4.3.1. Anti-hypertensive drugs
The evidence suggests that antihypertensive drugs improve en-

dothelial function, mean arterial blood pressure, vessel tone, and re-
duce structural remodeling. Angiotensin-converting enzyme (ACE)-in-
hibitors improve smooth muscle hypertrophy (Jani and Rajkumar,
2006), reduce arterial wall fibrosis, decrease accumulation and acti-
vation of inflammatory cells. ACE-inhibitors improve endothelial
function in epicardial, brachial, renal and subcutaneous circulation
(Virdis et al., 2011). Angiotensin II type I receptor (AT1R), expressed in
the vascular cells, is a mediator of vascular aging and its vascular effects
may be reduced by chronic AT1R blockage (ARB) (Papakatsika et al.,
2016). Inhibition of endothelial ACE is able to reverse complex phe-
notype of activated pro-thrombotic, pro-inflammatory endothelium
towards healthy quiescent phenotype, and this contributes significantly
to their clinical benefits, such as decrease in mortality from myocardial
infarction and stroke (Kampoli et al., 2012). Several studies showed
beneficial effects of Ace inhibitors on endothelial dysfunction and, in
particular, ACEi with a sulfhydryl (SH) group allow an improved en-
dothelial function (Buikema et al., 2000; Pasini et al., 2007); indeed,
the SH-groups are released in the vascular wall, stabilizing NO and
preventing its breakdown by circulating free radicals.

Table 2
Therapeutic strategies to delay coronary aging.

Strategy Microvascular effect Macrovascular effect

Aerobic exercise increased NO bioactivity increased blood flow reserve
optimized redox balance improved diastolic function
optimized endothelial function (suppression of TNFα,
expression of SIRT-1)

Caloric restriction attenuated oxidative stress improved diastolic function
enhanced upregulation and activation of eNOS improved heart rate variability
increased NO bioavailability reduced arterial stiffness
increased insulin-sensitivity optimization of blood pressure
reduced activation of receptor for AGEs
reduced oxidative stress-induced DNA damage

Anti-hypertensive drugs (ACEi or ARB) improved endothelial function reduced mean arterial pressure
reduced structural adverse remodeling improved vascular reactivity
reduced arterial wall fibrosis decreased mortality from myocardial

infarction
reduced accumulation and activation of inflammatory cells

Statins reduced LDL plasmatic level improved renal and cardiovascular function
improved endothelial function
improved NO bioavailability
reduced vascular inflammation
reduced progression of intimal thickening
stabilization of atherosclerotic plaque
reduced endothelin-1, increased prostacyclin
inhibited AGEs-induced RAGE expression
inhibition of ROS and ROS-mediated telomere shortening
inhibition of SMCs apoptosis
protection against DNA damage (via inhibition of
prenylation)

Anti-diabetic drugs (metformin) decreased insulin levels promotes weight loss
decreased IGF-1 signaling
reduced ROS production and DNA damage

Arginase inhibitors increased NO bioavailability needs further validation for specific effect
Antioxidant agents (resveratrol) activation of SIRT-1 needs further validation for specific effect

inhibition of NF-kB
upregulation of eNOS and antioxidant enzymes
prevention of ROS-induced apoptosis
improved insulin sensitivity

Senolytic drugs (e.g. dasatinib) increased NO bioavailability (?) needs further validation for specific effect
senescence delaying activity (?)

Telomerase senescence delaying activity (?) needs further validation for specific effect
Anti TNF-α reduced apoptosis (?) needs further validation for specific effect

downregulation of NADPH oxidase activity (?)
Epigenetic therapy (e.g. FATp300 inhibitors, HDACi, specific

miRNA inhibitors)
reduced fibrosis (?) needs further validation for specific effect

See text for abbreviations.
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4.3.2. Statins
Statins are HMG-CoA reductase competitive inhibitors, able to in-

duce a reduction of HMG- CoA conversion into mevalonate and sub-
sequently into cholesterol (Istvan and Deisenhofer, 2001), resulting in a
significant reduction of hepatic cholesterol synthesis and enhanced
local expression of LDL receptors. Thus, statins improve removal of
circulating LDL lowering their plasmatic levels (Biasucci et al., 2010).
Statins also improve endothelial function, reduce vascular inflamma-
tion, reduce progression of intimal thickness in coronary arteries and
stabilize atherosclerotic plaque (Jani and Rajkumar, 2006). Statins re-
duce the levels of endothelin-1 by decreasing the mRNA of its precursor
pre-proendothelin-1, increase the production of the vasodilator pros-
tacyclin, reduce LDL oxidation and reduce inflammatory mediators,
such as C-Reactive Protein (Ghaffari et al., 2011; Mason et al., 2004).
They represent the pleiotropic drugs for excellence (Nenna et al., 2015),
improving renal and cardiovascular function also in diabetic patients
(Akira et al., 2006). Moreover, statins dose-dependently inhibit AGEs-
induced RAGE expression, ROS and apoptosis via PPAR-alfa in-
dependent mechanisms (Ishibashi et al., 2012). Other potentially im-
plicated pathways targeted by statins are: modulation of smooth muscle
tone by increasing NO bioavailability (Wang et al., 2012); reduction of
intracellular reactive oxygen species (ROS) generation (Hong et al.,
2006; Manfredini et al., 2010); immuno-modulatory actions
(Hakamada-Taguchi et al., 2003; Kwak et al., 2000); stimulation of the
angiogenic process (Shen et al., 2011). Recently, statins have been also
demonstrated to reduce cholesterol levels in erythrocyte membranes,
considered a marker of clinical instability in patients with coronary
artery disease (Tziakas et al., 2009). They improve mobilization, dif-
ferentiation and prevention of cellular senescence, reducing of apop-
tosis of different vascular cell types (Assmus et al., 2003; Satoh et al.,
2009). Furthermore, statins may protect against DNA damage (Olivieri
et al., 2012), by inhibition of protein prenylation involved in inducing
DNA damage, inhibition of downstream signaling from damaged DNA
and acceleration of repairing damaged DNA (Mahmoudi et al., 2008;
Wassmann et al., 2002). Statin treatment contributes to minimizing
telomere shortening by inhibition of ROS production (Chen et al., 2010;
Puccetti et al., 2011).

4.4. Anti-diabetic drugs

Untreated diabetic patients have anticipated manifestations of
aging, such as vascular damage (Anisimov, 2013). In this settings,
metformin has been demonstrated to have relevant pleiotropic effects,
although the exact mechanisms of action remains unclear (Barzilai
et al., 2016). Metformin leads to decreased insulin levels, decreased
IGF-1 signaling (Liu et al., 2011), inhibition of mitochondrial complex 1
in the electron transport chain, reduction in endogenous production of
ROS (Batandier et al., 2006); (Bridges et al., 2014); (Zheng et al., 2012)
and DNA damage (Algire et al., 2012). Metformin may also modify
arterial stiffness and induce lower blood pressure by promoting weight
loss (Agarwal et al., 2010). Furthermore, this drug favorably influences
other metabolic and cellular processes closely associated with the de-
velopment of age-related conditions, such as inflammation (Saisho,
2015), autophagy (Song et al., 2015; Xie et al., 2011) and cellular se-
nescence (Jadhav et al., 2013; Moiseeva et al., 2013).

4.4.1. Arginase inhibitors
L-arginine is an aminoacid used as a substrate for endothelial nitric

oxide synthase for the synthesis of NO (Tentolouris et al., 2000;
Tousoulis et al., 2002). Increased arginase enzyme activity may lead to
local L-arginine deficiency in certain intracellular compartments and
subsequently decreased NO production (Kampoli et al., 2012). Thus,
arginase inhibitors may improve microvascular function and mitigate
myocardial injury following ischemia–reperfusion by increasing NO
bioavailability (Gronros et al., 2013), but this hypothesis should be
validated in clinical settings.

4.4.2. Antioxidant agents
The most important mechanism by which oxidative stress influence

endothelial function is the inactivation of nitric oxide by superoxide
anions and oxidized LDLs (Antoniades et al., 2004; Ohara et al., 1993);
thus, based on these findings, researchers tried to find a relation be-
tween several antioxidants and endothelial function (Kampoli et al.,
2012). Vitamin E was found to preserve endothelial vasomotor function
in patients with coronary atherosclerosis and its supplementation cor-
rects the oxidant/anti-oxidant balance in plasma; however, no direct
effect inside the atherosclerotic plaques was observed with the ad-
ministration of this molecule (Heart Protection Study Collaborative G,
2002). Acute ascorbic acid administration increases muscle blood flow
during dynamic exercise and this is associated with improved en-
dothelium-dependent vasodilation increasing the bioavailability of NO
derived from the NOS pathway (Kampoli et al., 2012). Some works
focused the attention on antioxidant agents (Armour et al., 1985) and
free radical scavengers such as N-acetyl-cysteine and propionyl-L-car-
nitine (Radomski et al., 1987; Brass et al., 2013), to prevent or reduce
the age progression of organ microvascular dysfunction and myocardial
remodeling. Resveratrol, a polyphenolic SIRT1-activating compound
found in grapes, wine, nuts and other plants source, has been demon-
strated to exert several beneficial effects on cardiovascular and cere-
brovascular diseases in animal and in vitro models performed on en-
dothelial cells (Camici et al., 2015). Resveratrol promotes
vasoprotection through different molecular mechanisms: direct inhibi-
tion of NF-κB, upregulation of eNOS and antioxidant enzymes, induc-
tion of mitochondrial biogenesis, prevention of oxidative stress–in-
duced apoptosis (Ungvari et al., 2010; Csiszar et al., 2009); (Csiszar
et al., 2008); (Ungvari et al., 2007). Moreover, it also improves insulin
sensitivity and induces lower plasma glucose levels (Banks et al., 2008;
Carrizzo et al., 2013).

4.5. Future perspectives

4.5.1. Senolytic drugs
Several pathologies derive from senescence of general population.

For this reason, it is useful to target therapies or prevention strategies
for delay diseases of elderly. A newer class of drugs with this aim is
represented by “senolytics”; these molecules, discovered in 2015, may
be used to inhibit and slow aging pathways involving in the develop-
ment of several pathologies (Zhu et al., 2015). Among these molecules,
Dasatinib, quercetin and navitoclax are directed toward BLC-2 apop-
totic pathway. Indeed, senolytic treatment resulted in significant re-
duction in senescent cell markers in an animal model of aging (Roos
et al., 2016). Moreover, senolytic treatment significantly improved
vasomotor function due to an important increase in NO bioavailability
in aged mice (Roos et al., 2016). Tocotrienols and quercetin, albeit
belonging to different phytochemical classes, display similar and pro-
mising effects "in vitro" when tested in normal and cancer cells. Both
compounds have been shown to induce senescence and promote
apoptosis in a multitude of cancer lines (Malavolta et al., 2016). Con-
versely, they demonstrate senescence delaying activity in primary cells
and rejuvenating effects in senescent cells. Using single or combination
of senolytic drugs should prolong lifespan and improve vascular re-
activity to acetylcholine and nitrates (Kirkland et al., 2017). Moreover,
some studies prove that mice with reduced “senescence burden”, when
treated with senolytic drugs, show better cardiac contractility and
consequently major ejection fraction. Other advantages of this phar-
macological class are reliability with short-cycle administration and
low side effects also if two drugs in combination are used (Kirkland and
Tchkonia, 2017).

4.5.2. Telomerase
Evidence suggests that cardiovascular repair systems become pro-

gressively impaired with age, due to reduced production of proangio-
genic factors and a decreased number and function of stem cells
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(Minamino and Komuro, 2008). Several studies have shown that so-
matic cells, including vascular cells, develop progressive telomere
shortening due to low telomerase activity. The introduction of telo-
merase in vitro into human endothelial cells may prevent progression of
senescence-related endothelial dysfunction, including the increase in
monocyte adhesion to endothelial cells and the decrease in endothelial
nitric oxide synthase activity (Matsushita et al., 2001; Minamino et al.,
2002), but further studies are warranted.

4.5.3. Anti TNF-α
Vascular aging is associated with deregulation of TNF-α expression

(Csiszar et al., 2002; Scioli et al., 2014), whose level increases with
aging and correlates with morbidity and mortality in the elderly pa-
tients (Bruunsgaard et al., 2000; Harris et al., 1999). Therefore, an anti-
TNF-α treatment may perform vasoprotective effects, with a reduction
of endothelial cell apoptosis and the downregulation of NAD(P)H oxi-
dases activity (Csiszar et al., 2007). Future studies will elucidate these
mechanisms and their clinical implications.

4.5.4. Epigenetic therapy
In the last 25 years, multiple studies have investigated the mole-

cular basis of organ fibrosis and highlighted its multi-factorial genetic,
epigenetic, and environmental regulation (Watson et al., 2016); (Zhang
et al., 2017); (Ghosh et al., 2017). Epigenetic changes, such as DNA
methylation, histone modifications, and miRNAs have been involved in
vascular aging (Zhang et al., 2017) and reverting such epigenetic
transformations might reduce age-associated myocardial fibrotic de-
generation. Demethylating agents, such as 5-aza-2′-deoxycytidine, 5-
azacytidine, some selective histone deacetylase inhibitors (including
mocetinostat, trichostatin A, and MPT0E01), have been shown to have
a direct action on important inducers of cardiac fibrosis (Watson et al.,
2016; Grimaldi et al., 2017). Targeting FATp300 might reduce patho-
logic profibrogenic signaling and organ fibrosis. Though few FATp300
inhibitors have been tested, exhaustive in vivo studies are needed to
determine their pharmacokinetics, safety and possible teratogenic ef-
fects. Additionally, while excessive levels of FATp300 are detrimental,
normal functioning of FATp300 is necessary for tissue homeostasis.
Hence, normalization of elevated FATp300 signaling— rather than
complete suppression—by safe, soluble, cell permeable inhibitors is an
attractive anti-fibrosis strategy. Based on in vitro and in vivo studies,
histone deacetylases inhibitors (HDACi) have also generated consider-
able interest as novel antifibrotic drugs. Although multiple HDAC in-
hibitors are being tested in clinical trials for cancer treatment, no
clinical trial utilizing HDAC inhibitors for cardiac fibrosis has been
published. It is important to highlight those HDACs whose alteration is
primarily dictated by the initiating stress and altered HDACs affect
multi-gene expression. Hence, it is necessary that only the disease-
mediating specific classes of HDACs are targeted to avoid any potential
adverse effects of pan-HDAC inhibition (Ghosh et al., 2017).

At present extensive studies on the altered expression profiles of
cardio-protective and cardio- pathologic microRNAs in hypertension- or
MI-induced myocardial fibrosis have been well documented. As in-
dividual miRNA can influence multiple pathways simultaneously in a
context dependent-manner, normalizing the levels of that altered
miRNA either by overexpression (antifibrogenic miRNA) or silencing
(profibrogenic miRNA) will normalize multiple pathways associated
with profibrogenic responses and prevent cardiac fibrogenesis.
Therefore, targeting specific microRNA may be a potential therapeutic
approach to halt the progression of cardiac fibrosis and improve cardiac
functions, but studies are lacking. Additionally, targeting any specific
microRNA to ameliorate cardiac fibrogenesis will be challenging as
each microRNA targets numerous mRNAs in a cell and signal specific
manner (Zhang et al., 2017; Ghosh et al., 2017).

5. Conclusion

Aging has never been so young and innovative in medical literature,
and the renovated interest for new approaches and new therapeutic
targets to reduce the burden of aging-associated cardiovascular dys-
function will have profound implications in the near future.
Microvascular changes obviously play a pivotal role for end-organ da-
mage related to vascular dysfunction. In an attempt to reduce the dis-
tance between the clinical side of the research on aging, mainly limited
to descriptive statistics, and its biological side, focused on the molecular
mechanisms, the possible points of cross-talking should be investigated
in future researches with “from bench to bedside” and “from bedside to
bench” approaches.
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