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The increasing mean age of the population in
developed countries has turned out to be an economic
and social problem. Cardiovascular disease has long
been considered to be age related in terms of their onset
and progression. As such, we can say that the increase in
life expectancy goes in parallel with increased incidence
of cardiovascular disease. With age, a number of
changes occur in the vasculature altering the
homeostasis of the irrigated organs promoting target organ damage. While different adaptive
mechanisms to protect vessels against mild stress have been described, the aging process
induces a progressive failure of protective mechanisms, leading to vascular changes and higher
susceptibility to cardiovascular diseases. Indeed, vascular aging is exacerbated by coexisting
cardiovascular risk factors, such as hypertension, metabolic syndrome and diabetes.

Compelling evidence indicates that diminished endothelial relaxation and increase, decrease,
or no change in contractile responses to several agonists is associated with aging. There is an
increase of vasoconstrictor factors expression and a decrease of vasodilators. Morphologic
changes include lumen diameter enlargement, wall thickening and alterations of matrix
substances as increased collagen or decreased elastin deposition, ultimately leading to greater
arterial stiffening (reduced compliance). Importantly, arterial stiffness is an independent
predictor of cardiovascular morbidity and mortality. Cellular and molecular mechanisms have
also been documented. Senescence at the cellular level involves alterations in Ca2+ signaling
and down regulation of anti-aging proteins. Both endothelial and smooth muscle cells change
their number, morphology, function and their regenerative ability. Aging is also associated
with a gradual loss of antioxidant defense mechanisms, a proinflammatory shift in the
cytokine expression profile and a production of reactive oxygen species such as superoxide
(O2-) that promotes the breakdown of nitric oxide. Nitric oxide and O2- interact to form
peroxynitrite known to nitrosylate proteins affecting their physiological function. However,
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vascular wall proteins may also suffer from other potentially deleterious modifications as
glycation (Maillard reaction) and glyco-oxidative reactions with increasing age, which could
be linked to the age-associated changes in vascular function.

Various strategies have shown benefit in preventing, delaying or attenuating vascular aging.
For instance, a healthy lifestyle including low fat diet and/or exercise have a favorable effect.
Nevertheless, it yet remains to be fully demonstrated whether vascular aging can be
pharmacologically prevented. This Research Topic is intended to bring together research
efforts to understand the causes and consequences of vascular aging and propose new
therapeutic strategies for the management of vascular senescence.
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“Man is as old as his arteries.” This old aphorism has been widely
confirmed by epidemiological and observational studies estab-
lishing that cardiovascular diseases can be age-related in terms of
their onset and progression. Besides, with aging come a number of
physiological and morphological changes that alters cardiovascular
function and lead to subsequently increased risk of cardiovascular
disease, even in health asymptomatic individuals. Even though dif-
ferent adaptive mechanisms to protect blood vessels against mild
stress have been described, the aging process induces a progressive
failure of protective mechanisms, leading to vascular changes. The
outcomes of the aging-related modifications are the impairment
of homeostasis of the irrigated organs and resultant target organ
damage.

The increasing mean age of the population in industrialized
countries has turned out to be an economic and public health
problem, as the increase in life expectancy goes in parallel with high
incidence of several pathological conditions, despite unprecedented
advances in prevention, diagnostics, and treatment. Of all aging-
related illness, cardiovascular diseases remain the leading cause of
morbidity and mortality in the elderly, and thus it is imperative to
understand the mechanism underlying cardiovascular senescence.

This Research Topic presents a forum of comprehensive reviews
on distinct aspects of the pathophysiology of vascular aging to
provide insights into the causes and consequences of this complex
process and attempts to propose new therapeutic strategies for the
management of vascular senescence. Such as the idea proposed
by Ming et al. (2012) and discussed by Cau and Tostes (2012),
which suggests that targeting mTORC1-S6K1 signaling could be
a promising therapeutic modality to retard the aging process and
treat cardiovascular disease in the elderly.

Vascular aging could be simply described as a consequence of
natural physical stress and fatigue that could account for the major
physical changes seen in elderly: dilation (after fracture of load-
bearing material) and stiffening (by transfer of stress to the more
rigid collagenous component of the arterial wall). Although aging-
associated changes on vascular functioning are considered a set up
for cardiovascular disease, modifications on cardiac, and central
function could slow down or accelerate this set point. Therefore, it is
crucial to understand how aging and other pathophysiological states
affect the interaction between the heart and arterial network. The
article by Wojciechowska et al. (2012) provides information on the
changes with age in central and peripheral systolic blood pressure,
based on data collected from randomly recruited European and
Chinese subjects supporting a vicious circle between age-related
stiffness, increasing systolic blood pressure, and cardiovascular

complications. Chantler and Lakatta (2012) elegantly describe the
concept of arterial ventricular coupling and provide valuable infor-
mation on how aging, in the absence and presence of cardiovascular
disease, affects the coupling both at rest and during exercise, and
its pathophysiological consequences.

In addition, vascular aging has been largely associated with
senescence of the vascular endothelium. El Assar et al. (2012)
present a wide overview of the mechanisms that participate on
endothelial dysfunction that accompanies vascular aging, analyzing
the synergisms, and interactions between them, some of the cellular
mechanisms related to endothelial senescence as well as the preven-
tion or reversion of those mechanisms that produce endothelial
dysfunction. Cauetal. (2012) based on evidence from experimental
models review the contribution of NO synthase (NOS) isoform
alterations on aging-associated vascular dysfunctions, addressing
the potential prevention by some drugs that modulate the expres-
sion/activity of NOS. Finally, Blanco and Bernabéu (2012) sum-
marize data supporting the link between the splicing factor SRSF1
and endothelial cell senescence and suggest the existence of a com-
mon genetic program involving alternative splicing of a cluster of
genes, which contributes to a senescent environment in the vessels.
Nonetheless, aging-associated damage to the endothelium may not
simply be a consequence of the endothelial cell malfunctioning,
but also as a result of impaired maintenance repair systems by
endothelial progenitor cell (EPC). As discussed by Williamson et al.
(2012), a deterioration of endogenous EPC function with age may
culminate in a decreased capacity for neovascularization and/or
reduced re-endothelialization of vascular lesions, facilitating the
development, progression, and clinical sequelae of cardiovascular
disease.

Growing evidence show that the progress of vascular aging in
women follows a different chronology than in men. The gender-
associated difference in the pathophysiology of cardiovascular dis-
ease has generated heated discussion, although a general consensus
has validated a role of sex hormones in the modulation of vascular
function and dysfunction. This research topic covers two fronts in
this field: Novella et al. (2012) review clinical and experimental data
to clarify how menopause and aging contribute jointly to vascular
senescence and how estrogen modulates vascular response at dif-
ferent ages; Lopes et al. (2012) discuss the conflicting information
on the role of testosterone to the regulation of vascular function
in elder men and women.

Last but not least, as suggested by Gragasin et al. (2012) the
elderly is more frequently represented in common medical
procedures and surgeries. Thus, understanding the circulatory
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changes that accompany the aging process is therefore becoming
increasingly timely and relevant. These authors discuss aspects
of vascular control in aging that are particularly relevant in the
maintenance of intraoperative hemodynamic stability reviewing
the effect of certain notable anesthetic agents with respect to the
aging vasculature.

Given the growing clinical relevance of the subject, we are
pleased that our Research Topic has brought together basic and
clinical scientists to spotlight on one of the greatest enemies of
elder population: i.e., the vascular senescence. We hope that this
Research Topic also place a special call on the need of studies to
establish treatments and procedures to reduce the detrimental
effects of vascular aging. It has been a great pleasure to be involved
in this Research Topic and we would like to thank all of the authors,
reviewers, and Frontiers staff for helping to make this Research
Topic possible.
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The global population aging is accelerating and age-associated diseases including cardio-
vascular diseases become more challenging. The underlying mechanisms of aging and
age-associated cardiovascular dysfunction remain elusive. There are substantial evidences
demonstrating a pivotal role of the mammalian target of rapamycin complex 1 (mTORC1)
and its down-stream effector S6K1 signaling in mammalian lifespan regulation and age-
related diseases such as type |l diabetes mellitus and cancer. The role of mMTORC1-S6K1 in
age-related cardiovascular diseases is, however, largely unknown and the available experi-
mental results are controversial. This review article primarily summarizes the most recent
advances toward understanding the role of mMTORC1-S6K1 in cardiovascular aging and dis-
cusses the future perspectives of targeting mTORC1-S6K1 signaling as a healthy lifespan
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INTRODUCTION

Global population aging is accelerating, which has been predicted
to be a great challenge for our society in the twenty-first century
(Christensen et al., 2009). This is due to the steady achievements
of medicine and public healthcare over the past century, having
resulted in an increased life expectancy, which is mainly attributed
to improvement of infant and childhood survival and reduction of
mortality in the elderly population (Christensen et al., 2008, 2009;
Rau et al., 2008). It has been predicted that the global propor-
tion above age 60 will increase from 10% of the total population
in 2000 to 21.8% in 2050 and 32.2% in 2100 (Lutz et al., 2008).
With the increased aging population, we are confronted with an
increase in age-associated diseases including cardiovascular dis-
ease, cancer, diabetes, and neurodegenerative disease (Christensen
et al., 2009). Although aging has been proven to be an prominent
independent risk factor for cardiovascular disease (Najjar et al.,
2005), the mechanisms of aging and age-associated cardiovascular
dysfunction are still elusive. There are substantial evidences sug-
gesting that oxidative stress plays a crucial role in cardiovascular
aging (Ungvari et al., 2010). However, several prospective clinical
trials with various combinations of antioxidants fail to show sig-
nificant effects on the incidence of major adverse cardiovascular
events (Vivekananthan et al., 2003; Sesso et al., 2008). The results
suggest that more thorough research on the mechanisms of aging
and age-associated cardiovascular diseases is required.

Research in the past years provides compelling evidences show-
ing a potential role of the target of rapamycin (TOR) signaling
pathway in lifespan regulation, which is remarkably conserved
across various species. In model systems such as yeast, nema-
todes, fruit flies, and also recently in mice, inhibition of TOR

extension modality in anti-aging and anti-cardiovascular aging.

Keywords: aging, endothelial senescence, eNOS, mTOR, S6K1, oxidative stress, rapamycin, resveratrol

signaling increases lifespan (Evans et al., 2011). A role of dereg-
ulated mammalian TOR (mTOR) signaling in mammalian aging
and age-related diseases such as type II diabetes mellitus and cancer
are demonstrated (Evansetal.,2011). The role of mTOR, especially
its down-stream effector S6K1 in age-related cardiovascular dis-
eases or cardiovascular aging is, however, largely unknown. The
primary emphasis of this review article is to discuss emerging
evidence and future perspectives for a role of mTOR and S6K1
signaling in mammalian aging and age-associated cardiovascular
diseases.

BRIEF BIOCHEMISTRY OF mTOR SIGNALING

mTOR is a serine/threonine protein kinase which serves as intra-
cellular sensor for energy, nutrients, and stress, regulating cellular
and organism growth and metabolism. Therefore, dysfunctional
mTOR signaling has been considered a central integral mecha-
nism linking aging, metabolic disorders, and cancer (Zoncu et al.,
2011). The detailed molecular signaling network and regulation
of mTOR signaling have been reviewed comprehensively in sev-
eral articles (Dann et al., 2007; Sengupta et al., 2010; Evans et al.,
2011; Zoncu et al,, 2011). A few important biochemical fea-
tures of mTOR signaling network are summarized in Figure 1.
mTOR, with other molecular components, forms two structurally
and functionally distinct complexes namely mTOR complex 1
(mTORCI1) and mTOR complex 2 (mTORC2). In these com-
plexes, mTOR functions as the catalytic subunit and its enzymatic
activity is regulated and distinguished by its unique accessory pro-
teins Raptor and Rictor, respectively. Raptor and Rictor function as
scaffold proteins for assembling mTORC1 and mTORC2 and also
for binding substrates and regulators in the respective complex.

www.frontiersin.org

January 2012 | Volume 3 | Article 5 | 7


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Vascular_Physiology/10.3389/fphys.2012.00005/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=40882&d=2&sname=Xiu_FenMing&name=Medicine
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=14756&d=1&sname=Jean_PierreMontani&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=18921&d=1&sname=ZhihongYang&name=Science
mailto:{xiu-fen.ming@unifr.ch}; {zhihong.yang@unifr.ch}
http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive

Ming et al.

S6K1 in cardiovascular aging

Nutrient Energy restriction

(amino acids) DNA damage Hypoxia  Growth factors
| | /
ERK1/2
Rag GTPase s \ipk  REDDI

\ /S
Gfmanap |

Rheb-GTP
Sensitive |——————
D,

QuBAqUAW [BWOSOSA] 0}
I1DYOLW djed0[SUBIL,

mTORC2 Rapamycm

lnsensmve

epto,

@
\VAR ﬁ? |

Lipogenesis 1

Protein
synthesis Autophagy
- Metabollsm
Stress response Cytoskeleton
‘ Apop organisation
Mitochondrial
biogenesis

FIGURE 1 | Major distinct characteristics of the two known mTOR
signaling complexes, mMTORC1 and mTORC2, in composition,
rapamycin sensitivity, upstream signals, substrates, and biological
functions. Adapted from Foster and Finger (2010) and from Zoncu et al.
(2011). 4E-BP1, elF4E-binding protein 1; AMPK, AMP kinase; Atg,
autophagy-related; FIP200, 200 kDa FAK family kinase-interacting protein;
FOXO, forkhead box protein O; PPARYy, peroxisome proliferator-activated
receptor-y; REDD1, regulated in development and DNA damage response
1; Rom2, Rho1 GDP-GTP exchange protein-2; SGK, serum- and
glucocorticoid-regulated kinase; SREBP sterol regulatory element-binding
protein; TSC, the tuberous sclerosis.

In addition to their different protein compositions, there are a
few major important biochemical characteristics which distin-
guish the two complexes: (1) sensitivity to the immunosuppressant
rapamycin: rapamycin inhibits mMTORCI but not mTORC2 activ-
ity, although prolonged treatment with rapamycin has been shown
to be capable of inhibiting mTORC2 in certain cell types (Sar-
bassov et al., 2006); (2) the upstream signals they integrate: while
mTORC?2 seems to be regulated only by growth factors, nTORC1
is regulated by many stimuli including growth factors, energy sta-
tus, stressors such as DNA damage, hypoxia, and nutrients. The
small GTPase protein Rheb has been identified to be the key end
point for mTORCI activation by stimulating kinase activity of
mTORCI. The TSC1-TSC2, a GTPase activating protein (GAP),
negatively modulates Rheb by converting the active form Rheb-
GTP into its inactive form Rheb-GDP through its GAP activity
and thus reduces mTORCI activity. Except nutrient amino acids,
all of the above mentioned stimuli inputs regulate mTORCI activ-
ity through modulation of TSC1-TSC2 activity. Growth factors
inactivate TSC1-TSC2 via Akt/ERK1/2, leading to formation of

Rheb-GTP and ultimately mTORCI activation, whereas energy
deficit, DNA damage, or hypoxia activate TSC1-TSC2 through
activation of AMPK or REDD1 (regulated in development and
DNA damage response 1), respectively, resulting in inactivation
of Rheb and thus inhibition of mTORC1. Amino acids activate
mTORCI independently of TSC1-TSC2, but through action of
Rag GTPases. In the presence of amino acids, Rag GTPases inter-
act with mTORCI and translocate the complex from cytoplasm
to lysosomal membranes where it is activated by Rheb. For more
detailed discussion about the regulatory mechanisms of mMTORC1
activation by various inputs, please refer to the review article by
Zoncu etal. (2011). In contrast to mTORCI, the regulatory mech-
anisms and functions of mTORC?2 signaling are less well charac-
terized; (3) the substrate they regulate and the biological processes
they control: mTORCI enhances protein synthesis through S6K1
and eIF4E-binding protein 1 (4E-BP1). Upon phosphorylation
by mTORCI, 4E-BP1 dissociates from eIF4E, relieving its sup-
pressing effect on mRNA translation, while S6K1, when phospho-
rylated by mTORC1, promotes mRNA translation. In addition,
mTORCI also induces lipogenesis in the liver through activat-
ing transcription factors SREBP1 and PPARY, inhibits autophagy
through phosphorylation of the ULK1-Atg13-FIP200 complex,
and promotes mitochondrial biogenesis by activating PGCla/YY1
(Zoncu et al., 2011). mTORC2 exerts its effects on metabolism,
stress responses, apoptosis, and cytoskeleton organization through
phosphorylation of many AGC kinases including Akt, serum-and
glucocorticoid-induced protein kinase (SGK), protein kinase C-a
(PKCua), and Rhol GDP-GTP exchange protein-2 (Rom2; Sar-
bassov et al., 2005; Frost and Lang, 2011). Since mTORC?2 activates
Akt that in turn enhances mTORCI activity through inactiva-
tion of TSC1-TSC2, mTORC2 is the upstream of mMTORC1 upon
stimulation by growth factors (see Figure 1).

EVIDENCE FOR A ROLE OF mTORC1-S6K1 IN REGULATION OF
LONGEVITY
The role of mTORCI1-S6K1 as a master determinant in longevity
control stems from experiments in almost all model organ-
isms including yeast, worms, flies, and mice. Genetic inactiva-
tion of TOR or core components of TOR signaling including
S6K1 or pharmacological inhibition of the signaling pathway with
rapamycin showed lifespan extension in yeast and invertebrates
and also recently in mice (Chen et al., 2009; Harrison et al., 2009;
Selman et al., 2009). These independent studies clearly verified the
important role of mMTORC1-S6K1 in mammalian aging. No data
is available, yet, whether mTORC?2 is also involved in regulation
of longevity. The lifespan extension experiments with rapamycin
may not fully exclude a possible role of mTORC2 in regulation of
longevity, since long-term rapamycin treatment is able to inhibit
mTORC2 in certain cell types (Sarbassov et al., 2006).
Furthermore, the effect of mTOR signaling inhibition on
longevity can be mimicked by caloric restriction, i.e., reduction
in calorie intake without malnutrition, across different species
(Pan et al., 2007; Evans et al., 2011; Shinmura et al., 2011). A
recent report demonstrating that caloric restriction also slows
aging in rhesus monkeys (Colman et al., 2009) may suggest that
caloric restriction could have anti-aging effects in humans (Kae-
berlein and Kennedy, 2009). Indeed, it has been reported that the
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Okinawan populations who consume 20% less calories compared
to the average caloric consumption of the Japanese population
live longer and display lower incidences of cancer and cardiovas-
cular diseases in the elderly. The healthier aging status disappears
in those who switched to Western diet (Kagawa, 1978; Willcox
et al., 2007). A small caloric restriction study in adult humans
over 6 years demonstrates less cardiovascular risk factors includ-
ing lower body mass index, body fat deposition, blood pressure,
fasting plasma levels of glucose and insulin, lower inflammation
markers, i.e., tumor necrosis factor-o and C-reactive protein, and
beneficial lipid profiles (Fontana et al., 2004) and shows better left
ventricular diastolic function than healthy age-and sex-matched
controls (Meyer et al., 2006). Also, caloric restriction improves
cardiac function in patients with type 2 diabetes (Hammer et al.,
2008). Whether the beneficial effects of caloric restriction in
humans are due to healthier diet and could be translated to lifes-
pan extension in healthy elderly subjects and improve survival
in patients requires further investigation. The underlying mecha-
nisms of caloric restriction on longevity may involve reduction of
mTORC-S6K1 signaling. In yeast and flies, when TOR is inacti-
vated, caloric restriction does not show further effects on lifespan
extension (Kapahi and Zid, 2004; Powers et al., 2006). Whether
this holds true also in humans needs to be confirmed.

Another piece of supporting evidence for mTORC1-S6K1 in
regulation of longevity derives from experiments showing that
down-regulation of insulin and insulin-like growth factor (IGF-1)
signaling in mouse models such as haploinsufficiency of IGF-
1 receptor and global deletion of insulin receptor substrate-1
(IRS-1) are associated with reduced mTORCI1-S6K1 signaling
and increased longevity in mice (Holzenberger et al., 2003; Sel-
man et al., 2008) as in yeast, nematodes, and fruit flies (Stanfel
et al., 2009). Moreover, caloric restriction prolongs lifespan in
animal models, which is associated with reduced mTORC1-S6K1
mediated by IGF-1 signaling pathway (Estep et al., 2009; Fontana
etal.,2010). These results further strengthen the role of mMTORC1-
S6K1 in lifespan regulation in mammals. The exact mechanisms
of reduced signaling of mTORC1-S6K1 and IGF-1 under caloric
restriction, however, remain elusive. It seems that AMPK and Sirt1,
whose activities are augmented by caloric restriction, are involved
in negative regulation of mTORCI1-S6K1 signaling and in turn
regulate aging process (Cohen et al., 2004; Canto et al., 2009;
Shackelford and Shaw, 2009; Figure 1), although direct evidence
for it in mammals is still lacking (Herranz and Serrano, 2010). It
is also noteworthy that loss of S6K1 in mice reciprocally results
in activation of AMPK which has been proposed to mediate the
lifespan extension (Selman et al., 2009). Intriguingly, persistent
activation of AMPK seems to play an important role in vascu-
lar endothelial cell senescence (Zu et al., 2010). A working model
of reciprocal regulatory effects of Sirtl and AMPK on cellular
senescence and aging is discussed by Wang et al. (2011). The mol-
ecular mechanisms of the reciprocal interplay between mTORC1—
S6K1 and AMPK and Sirtl are not clear. A mutual inhibition of
mTORCI1-S6K1 and AMPK has been reported (Lee et al., 2010).

Although the role of inhibition of mTORC1-S6K1 in lifespan
extension is consistently demonstrated in animal models, very
little information is available about the role of mTORCI1-S6K1
in cardiovascular aging or age-associated cardiovascular diseases.

mTORC1-S6K1 SIGNALING IN CARDIOVASCULAR AGING
CARDIAC AGING

Age-associated cardiovascular diseases are accompanied by struc-
tural and functional changes in heart and blood vessels. These
aging-associated changes in cardiovascular system are referred to
as cardiovascular aging phenotypes. Cardiac aging is manifested
by maladaptation to stress, cardiac dysfunction, and heart fail-
ure. Cardiac aging process involves cardiomyocytes and other
cell types in the heart, such as interstitial fibroblasts and vas-
cular cells. The morphological and functional changes of these
cells with aging lead to cardiac hypertrophy and dilation, car-
diac fibrosis due to chronic deposition, and remodeling of extra-
cellular matrix produced mainly by fibroblasts. Moreover, a
decreased regenerative capacity of cardiac stem cells, possibly due
to impaired cell division and accelerated cell senescence and an
increased cardiac myocyte death due to necrosis and apoptosis
with aging, may also contribute to cardiac dysfunction in elderly.
These pathological and clinical aspects of cardiac remodeling in
aging have been recently reviewed in great details (Shih et al,
2011).

There are compelling evidences demonstrating that mTORC1-
S6K1 signaling is involved in cardiac hypertrophy under vari-
ous pathological conditions including diabetes and hypertension
(Sadoshima and Izumo, 1995; Boluyt et al., 1997; Tu et al., 2002;
McMullen et al., 2004; Soesanto et al., 2009; Kurdi and Booz, 2011;
Sung et al., 2011). The underlying mechanisms have been pro-
posed to be attributed to both an increase in protein synthesis
upon stress stimulation and a decrease in protein degradation due
to inhibition of autophagy by mTORCI signaling (Hands et al.,
2009). However, evidence for this hypothesis needs to be demon-
strated. Inhibition of mTORCI1-S6K1 pathway by rapamycin or
activation of AMPK by 5-aminoimidazole-4-carboxamide ribo-
side (AICAR) to negatively regulate mTORCI1 signaling has been
shown to attenuate pressure overload-induced cardiac hypertro-
phy in vivo (Li et al., 2007). Conversely, deficiency in AMPK
enhances mTORCI1-S6K1 signaling and exacerbates myocardial
hypertrophy in response to pressure overload (Zhang et al,
2008).

Besides pressure overload, many hormonal factors, e.g.,
angiotensin-II, insulin, endothelin-1, catecholamine, etc., that are
elevated in plasma and/or tissues under various cardiovascular
pathologies and in aging, have been shown to stimulate n”TORC1-
S6K1 signaling in the cardiovascular system (Moschella et al,
2007; Muniyappa et al., 2007; Kim et al., 2012). Activation of
mTORCI1-S6K1 by the hormones, e.g., angiotensin-II and also by
overnutrition (Glazer et al., 2009) participates in cardiac hyper-
trophy and vascular remodeling, and causes insulin resistance, an
important cardiovascular risk (Reaven, 2011), through phospho-
rylation of IRS-1 at serine residues (Kim et al., 2012). Importantly,
under the condition of cardiovascular insulin resistance, there is
a selective inhibition of the metabolic pathway, i.e., Akt—-eNOS
in response to insulin, while the growth pathway, i.e., p44/p42ERKs
remains active (Muniyappa etal.,2007). This selective insulin resis-
tance may play an important role in decreased vascular relaxation
due to impaired eNOS activation and enhanced cardiovascu-
lar remodeling in metabolic disorders such as type II diabetes
(Muniyappa et al., 2007). mTORC1-S6K1 pathway is therefore
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considered as an important molecular link between metabolic
stress and cardiovascular abnormalities.

Despite the evidences for a role of mTORC1-S6K1 signaling
in agonist or pressure-induced cardiac hypertrophy, only little
information is available about the signaling of mTORC1-S6K1
in physiological process of aging heart. An early study using
microarray analyses reported that gene expression pattern asso-
ciated with mTOR is suppressed in aging heart of Fischer 344 rats
(Linford et al., 2007), while a recent study shows no difference
in mTORC1-S6K1 activity (measured by phosphorylated mTOR
and S6K1 levels) in the heart between 8 and 30 month old rats
of the same strain (Shinmura et al., 2011). There are two points
that should be considered for interpretation of the inconsistent
results. First, microarray has its limitation in elucidating signal-
ing pathways, because signaling molecules are mainly enzymes
whose activities could not be investigated with this experimen-
tal approach; second, aging-associated kinetics of mMTORC1-S6K1
signaling may exist, meaning an enhanced signaling with time fol-
lowed by a decreased signaling in old age. Indeed, a decreased
mTOR signaling has been shown to play a role in sarcopenia in
advanced age (Sakuma and Yamaguchi, 2010). Whether this also
occurs in the heart requires investigation. Nevertheless, caloric
restriction in the old rats showed improved diastolic function asso-
ciated with reduced cell senescence and mTORC1-S6K1 signaling
in the heart compared to the old animals fed ad libitum (Shin-
mura et al., 2011), suggesting that mTORC1-S6K1 is involved
in caloric restriction-induced improvement of heart function in
aging. It is also conceivable that the anti-cellular senescence effect
and reduced mTORC1-S6K1 signaling contribute to the benefi-
cial effects of caloric restriction on human heart function (Meyer
et al., 2006; Hammer et al., 2008).

VASCULAR AGING

Endothelial dysfunction and inflammatory activation

In the vasculature, increased arterial wall thickening and gen-
eralized vascular stiffness occur with aging. This vascular aging
phenotype is attributed to vascular calcification, increased colla-
gen content and elastin breakdown, and elevated levels of advanced
glycation end products. Vascular inflammation, oxidative stress,
endothelial dysfunction, endothelial progenitor cell dysfunction,
vascular cell apoptosis all intertwine with each other to affect vas-
cular aging process, which accelerates coronary heart disease, heart
failure, stroke, and dementia (Ungvari et al., 2010).

In the past decades, much attention has been devoted to
endothelial dysfunction in aging. Evidence demonstrates that
besides the enhanced production of endothelium-derived vaso-
constrictor prostanoids, which is due to augmented expression
and/or activity of cyclo-oxygenases in endothelial cells during
aging (Vanhoutte et al., 2009), decreased endothelial nitric oxide
(NO) bioavailability is a major characteristic of vascular aging,
which is independent of other cardiovascular risk factors (Lakatta,
2001). Endothelial NO causes vascular relaxation, inhibits platelet
aggregation, and leukocyte adhesion (Yang and Ming, 2006). Clin-
ical studies provide evidence that endothelial dysfunction is not
only highly associated with cardiovascular disease, it also predicts
future cardiac events (Schachinger et al., 2000; Halcox et al., 2002;
Bugiardini et al., 2004; Huang et al., 2007). eNOS dysfunction

seems causally involved in cardiovascular aging, since eNOS—/—
male mice have a significantly shorter lifespan than their wild
type controls and exhibit accelerated cardiac dysfunction with age
(Wei, 2004). Endothelial cells with dysfunctional eNOS in aging are
also more vulnerable to apoptotic stimuli (Hoffmann et al., 2001;
Csiszar et al., 2004). There is increasing evidence suggesting that
the number and regenerative capacity of circulating endothelial
progenitor cells which play a role in reendothelialization and repair
after vascular injury are decreased in patients with cardiovascular
diseases and risk factors including aging (Vasa et al., 2001; Hill et al.,
2003; Rauscher et al., 2003; Werner et al., 2005). The underlying
mechanisms of eNOS dysfunction in aging are multifactorial and
have not been fully understood, yet. Decreased eNOS gene expres-
sion (Csiszar et al., 2002; Tanabe et al., 2003) or increased eNOS
gene expression with impaired enzymatic activity due to oxidative
stress are important mechanisms (Stockklauser-Farber et al., 2000,
van der Loo et al., 2000; Ming et al., 2004; Desrois et al., 2010). The
up-regulation of eNOS gene in aging and also in other vascular
disease may represent a compensatory mechanism counteract-
ing oxidative stress (Drummond et al., 2000; Stockklauser-Farber
et al., 2000; Hink et al., 2001).

Oxidative stress has been proposed as the culminant mecha-
nism impairing endothelial function via quenching of NO, i.e.,
inactivation of NO by increased production of O, which leads to
formation of peroxynitrite, a strong oxidant that can further dam-
age endothelial cells in aging (van der Loo et al., 2000; Brandes
et al., 2005). Among other sources, eNOS itself produces signifi-
cant amount of O; in endothelial cells, when “eNOS uncoupling”
occurs — that is, eNOS generates O, instead of NO (Landmesser
etal.,2003; Forstermann and Munzel, 2006; Rajapakse et al.,2011).
It seems that normal function of eNOS requires homodimeriza-
tion of the enzyme which is stabilized by the cofactor BHy. The
eNOS reductase domain generates electron flow from NADPH
through FAD and FMN flavins, which are then transferred to the
oxidase domain of other monomers in which L-arginine is metab-
olized to NO at the heme group in the active site (Forstermann and
Munzel, 2006). In the absence of BH4 due to oxidative inactivation,
eNOS dimer/monomer ratio is decreased and the catalytic activity
becomes uncoupled — that is — uncoupling of NADPH oxidation
and NO synthesis, with oxygen instead of rL-arginine as termi-
nal electron acceptor, resulting in O; generation (Forstermann
and Munzel, 2006). In addition, limited specific pool of intracel-
lular L-arginine bioavailability due to enhanced arginase activity
(Csiszar et al., 2002; Berkowitz et al., 2003; Tanabe et al., 2003) or
production of endogenous eNOS inhibitor asymmetric dimethy-
larginine (ADMA; Sydow and Munzel, 2003; Antoniades et al.,
2009) have been also reported to contribute to endothelial dys-
function in aging. The finding that eNOS enzymatic dysfunction
is the major mechanism for endothelial dysfunction in aging indi-
cates that one should therapeutically focus on improving eNOS
enzymatic function instead of increasing eNOS gene expression
in blood vessels. Indeed, over-expression of eNOS under disease
conditions for example in atherosclerosis prone ApoE™/~ mice
has been shown to accelerate atherosclerosis (Ozaki et al., 2002).
Endothelial specific eNOS transgenic mice have enhanced O, gen-
eration which can be inhibited by the eNOS inhibitor L-NAME or
by endothelial-targeted GTP cyclohydrolase 1 over-expression to
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increase BHy production (Bendall et al., 2005). The results fur-
ther implicate that too much eNOS under pathological conditions
where the enzyme is uncoupled, is detrimental. A recent study
reveals that oxidative stress causes cysteine S-glutathionylation
of the reductase domain of eNOS, resulting eNOS uncoupling
(Chenetal.,2010). The eNOS S-glutathionylation level is increased
in spontaneously hypertensive rats as compared to normoten-
sive animals accompanied with impaired endothelium-dependent
relaxations that can be reversed after the S-glutathionylation of
eNOS is removed by thiol-specific reducing agents (Chen et al.,
2010). Whether S-glutathionylation of eNOS also plays a role in
endothelial dysfunction in aging requires further investigation.

Another important feature of endothelial aging is enhanced
expression of inflammatory adhesion molecules such as ICAM-1
and VCAM-1 (Gorgoulis et al., 2003; Zhou et al., 2006; Ung-
vari et al., 2010), which leads to enhanced monocyte—endothelial
interaction and accelerated atherogenesis. There are considerable
evidences suggesting that oxidative stress is a major mechanism
for promoting eNOS dysfunction as well as vascular inflamma-
tion which causes further endothelial dysfunction and aging in
a positive-feedback manner (Herrera et al., 2010). However, evi-
dence for a causal role of oxidative stress in vascular aging is still
lacking, although there is no doubt that oxidative stress contributes
to aging-associated vascular dysfunctions. Some authors suggest
that mTOR signaling instead of oxidative stress might be the
more powerful driving force for organismal aging (Blagosklonny,
2008).

Causal role of nTORC1-S6K1 signaling in endothelial aging
Although evidence for a role of mTOR-S6K1 signaling in regu-
lation of organism lifespan has been well demonstrated (Evans
etal.,2011; Zoncu et al., 2011), it is, however, not known, whether
mTORC1-S6K1 signaling pathway participates in vascular aging.
In contrast to the aging heart, an increased basal activity of
mTORCI-S6K1 has been demonstrated in aortas of old Fischer
344xBrown Norway F1 hybrid rats (Rice et al., 2005), which impli-
cates a potential role of mTORCI-S6K1 signaling in vascular
aging. However, a study reported that inhibition of mTORC1-
S6K1 by rapamycin and everolimus induces endothelial cellular
senescence in culture (Ota et al., 2009), which does not support the
role of mMTORCI1-S6K1 in endothelial aging. One has to take into
account that the former study shows correlation between increased
mTORCI1-S6K1 signaling and vascular aging, while the latter used
pharmacological inhibitors in young endothelial cells. The drugs
may exert some non-specific effects which could interfere with
the interpretation. Moreover, the function of mMTORC1-S6K1 in
young and old cells or organisms might be different. A regulated
function of mTORC1-S6K1 signaling is necessary for organism
development, while a persistent non-regulated mTORCI-S6K1
signaling is detrimental.

By pharmacological and genetic approaches, we demonstrate
a hyperactive S6K1 activity in two aging model systems, i.e.,
in cultured senescent endothelial cells and in aortas of natu-
rally aging rats as compared to young cells and young animals
(Rajapakse et al., 2011). A persistent activation of mMTORC1-S6K1
signaling is also shown to be associated with hematopoietic stem
cells in old mice, which is responsible for decreased regenerative

capacity of the stem cells in aging (Chen et al., 2009). Inhibition
of mTORC1-S6K1 pathway either with rapamycin or with S6K1
silencing improves NO production and inhibits O, production
in senescent cells and old rat aortas. The enhanced O, produc-
tion in senescent cells and old rat aortas can be eliminated by
the eNOS inhibitor L-NAME, demonstrating eNOS uncoupling
in aging (Rajapakse et al., 2011). Conversely, over-expression of a
S6K1 active mutant in young endothelial cells causes eNOS uncou-
pling and endothelial senescence, which provides the first evidence
for a causative role of S6K1 in eNOS uncoupling and endothe-
lial aging. How S6K1 drives endothelial senescence or aging and
causes eNOS uncoupling, and whether S6K1 causes endothelial
aging through eNOS uncoupling remain to be investigated.
Endothelial aging is also associated with increased expression
of the coagulation factor tissue factor (TF) as well as adhesion
molecules ICAM-1 and VCAM-1 (Csiszar et al., 2008), which may
promote thrombosis and vascular inflammation in elderly sub-
jects. Numerous studies including our own report the inhibitory
effect of mTORC1 on TF expression based on the observation
that rapamycin or silencing mTOR enhances TF expression in
endothelial cells (Camici et al., 2010; Ming et al., 2010). How-
ever, silencing S6K1 reduces TF protein level in endothelial cells
stimulated with thrombin or TNFa without affecting TF mRNA
expression. Conversely, over-expression of a constitutively active
S6K1 mutant enhances TF protein level even in the mTOR-silenced
cells (Mingetal.,2010). The results reveal an unexpected opposing
effect of mTOR and S6K1 on endothelial TF expression and are
best explained by the mechanisms that the markedly enhanced TF
mRNA expression under the condition of mTORCI inhibition is
translated by S6K1-independent pathways such as RhoA, NF-kB,
and p38mapk (Ming et al., 2010), since blockade of RhoA, NF-
kB, and p38mapk either pharmacologically or genetically is able
to reduce the up-regulation of TF protein level (Figure 2). The
uncoupling effect of mTOR and S6K1 has also been reported in
skeletal muscle cells (Cunningham et al., 2007a). These findings
may have potential clinical implications. TF is highly expressed in
cells within atherosclerotic plaques (Hatakeyama et al., 1997). It
has been reported that vascular injury after coronary intervention
increases circulating TF activity in patients (Tutar et al., 2003),
which favors thrombus formation after coronary intervention.
With rapamycin (sirolimus)-eluting stents, TF expression in the
vasculature and release from vascular cells including endothelial
cells, smooth muscle cells, and macrophages might be exaggerated
because of the stimulating effect of TF expression by the drug.
This effect of rapamycin, may increase thrombotic risk, despite its
property of preventing vascular restenosis in patients with coro-
nary artery disease (Luscher et al., 2007), although inhibition of
endothelial regeneration and in turn endothelialization of stent
surface by drug-eluting stents may play a more prominent role
in stent thrombosis (Inoue et al., 2011). It would be interesting
to test whether inhibition of S6K1 alone, rather than mTORC1
as achieved by rapamycin, proves sufficient to prevent vascular
restenosis and be superior in reducing thrombotic propensity
by developing specific S6K1 inhibitors. The same consideration
may be applied for anti-aging therapy. Moreover, silencing S6K1
in endothelial cells is able to prevent up-regulation of E-selectin
induced by TNFa (Ming et al., 2009), implicating a possible role of
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FIGURE 2 | mTORC1-S6K1 signaling in cardiovascular aging. Aging
accelerating factors cause persistent activation of the
Akt-mTORC1-S6K1 signaling. The hyperactive S6K1 has pleiotropic
effects in cardiovascular system. In heart, it causes cardiomyocytes
hypertrophy leading to cardiac maladaptation. In endothelium, it induces
eNOS uncoupling, endothelial senescence, and adhesion molecule
expression as well as TF protein expression. All of these effects
contribute to age-associated cardiovascular diseases such as heart
failure, atherosclerotic vascular disease. Thus inhibiting S6K1 with
resveratrol or mTORC1 inhibitor rapamycin may have beneficial effect in

treatment of age-associated cardiovascular diseases in clinic. It is
important to recognize that there are some uncoupled biological
function(s) of MTORC1 and S6K1 as reported for their opposing effect in
regulation of TF expression. While mTOR suppresses endothelial TF
mRNA expression, S6K1 is required for TF protein translation, which
works in concert with other signaling pathways such as RhoA, p38mapk,
and NF«B. Given this finding, drugs more specifically inhibiting S6K1
rather than mTORC1 should be developed and the effects of targeting
mTORC1 or S6K1 on aging-related cardiovascular diseases and
cardiovascular aging and beyond should be investigated.

S6K1 in regulation of endothelial-leukocyte interaction. Whether
S6K1 is involved in TF as well as adhesion molecule expression in
aged endothelial cells and blood vessels warrants further investi-
gation. The effects of mMTORC1-S6K1 on cardiovascular functions
are illustrated in Figure 2.

Resveratrol inhibits mTORC1-S6K1 and prevents endothelial aging
It is well demonstrated that resveratrol, a naturally occurring
polyphenol, slows aging process and exerts protective effects on
aging-associated pathologies including vascular diseases, type II
diabetes in animal models (Baur et al., 2006; Lagouge et al,
2006; Barger et al., 2008; Pearson et al., 2008; Miller et al., 2011).
Numerous studies including ours demonstrate that resveratrol
inhibits ICAM-1 and VCAM-1 expression in endothelial cells in
response to high glucose and TNFa (Csiszar et al., 2006; Park
et al., 2009; Rajapakse et al., 2009). Interestingly, resveratrol is
capable of recoupling eNOS, leading to inhibition of superoxide
generation and increase in endothelial NO production in senescent
endothelial cells and in aged rat aortas partly through inhibition
of mTORCI1-S6K1 signaling (Rajapakse et al., 2011), since NO
production stimulated by acetylcholine is only partly restored by
resveratrol and rapamycin in old rats. Additional defects in eNOS
dysfunction as discussed must be present.

It also remains to be investigated whether resvera-
trol’s inhibitory effect on mTORC1-S6K1-eNOS-uncoupling is

mediated through activation of the NAD'-dependent deacety-
lase Sirtl (Lagouge et al., 2006; Zang et al., 2006; Baur, 2010),
whose activation has been shown to exhibit protection against
age-associated diseases including diabetes and atherosclerosis
(Lagouge et al., 2006; Zang et al., 2006; Pearson et al., 2008),
although current studies do not show life extending effect in
mammals (Lagouge et al., 2006; Barger et al., 2008; Pearson et al.,
2008; Miller et al., 2011). Recent studies provide evidence showing
that resveratrol also exerts pleiotrophic effects independently of
Sirtl (Zhang, 2006; Pirola and Frojdo, 2008; Kitada et al., 2011).
It has also been shown that resveratrol may indirectly activate
Sirtl through AMPK, which has been demonstrated to inhibit
mTORC1-S6K1 pathway in different cell types (Ruderman et al.,
2010). The underlying mechanisms by which resveratrol inhibits
mTORCI1-S6K1 in aging endothelial cells are not clear, yet. Since
the hyperactive Akt, an upstream signaling of mTORC1-S6K1
pathway, is observed in senescent endothelial cells and is inhib-
ited by resveratrol (Rajapakse et al., 2011), it seems that resveratrol
negatively regulates mTORC1-S6K1 pathway through inhibition
of mMTORC2. The persistent activation of Akt—-mTORC1-S6K1 sig-
naling in endothelial aging observed in our study is consistent with
the finding that a hyperactive Akt plays a role in endothelial cell
senescence (Miyauchi et al., 2004). Further studies need to estab-
lish a role of mMTORC?2 in endothelial senescence and in regulation
of longevity.
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RAPAMYCIN AND RESVERATROL AS ANTI-AGING AND
ANTI-CARDIOVASCULAR AGING DRUGS IN HUMANS?
Although caloric restriction seems the most promising approach
to slow aging and onset of age-related diseases in humans with
almost no recognizable adverse effects (Fontana et al., 2010), it is
difficult to implement as a routine and long-term preventive or
treatment modality in humans. The primary target of anti-aging
strategy should focus on treatment of age-related diseases and not
longevity, i.e., improvement of “healthy” lifespan. By treatment of
age-related diseases, healthy lifespan extension, and improvement
of life quality in elderly are expected.

In animal models, rapamycin is able to extend lifespan and pre-
vents many age-related diseases such as cancer (Hudes et al., 2007),
obesity (Um et al., 2004), cardiovascular diseases (Sadoshima and
Izumo, 1995; Elloso et al., 2003; Waksman et al., 2003; McMullen
etal., 2004; Pakala et al., 2005; Adelman, 2010). Moreover, a recent
study reports that in cultured fibroblasts isolated from patients suf-
fering Hutchinson—Gilford Progeria Syndrome (HGPS), a lethal
genetic disease characterized by premature aging and death in ado-
lescence or the teen years, rapamycin postpones cell senescence by
activating autophagy, a process by which cells clear junk protein
and trashed organelles and is inhibited by hyperactive mTORC1-
S6K1 (Cao et al,, 2011). These findings suggest an additional
mechanism for the beneficial effects of rapamycin on aging.

Interestingly, many of the beneficial effects of rapamycin have
been shared with resveratrol (Jang et al., 1997; Baur et al.,
2006; Zang et al., 2006; Chan et al., 2008; Smoliga et al., 2011),
although the lifespan extending effect could be demonstrated
with rapamycin but not with resveratrol in mice (Pearson et al,,
2008; Harrison et al., 2009; Miller et al., 2011). Both rapamycin
and resveratrol inhibit hyperactive mTORCI1-S6K1 signaling,
improve endothelial function in senescent cells and aging rat aortas
(Rajapakse et al., 2011), and also improve bone marrow-derived
progenitor cell function and senescence (Chen et al., 2009; Huang
etal, 2010). All the results suggest that rapamycin and resveratrol
may be used as anti-aging therapeutics in humans. Rapamycin
and analogs are indeed used in patients with organ transplanta-
tion and cancer and show clinical benefits (Kauffman et al., 2005;
Law, 2005; Stallone et al., 2005; Zmonarski et al., 2005; Campistol
et al., 2006). However, there is concern about some undesirable
effects of rapamycin which may limit its systemic use as anti-
aging or anti-cardiovascular aging drug. In contrast to the initial
major concern about immunosuppressive effects, rapamycin has
been shown to improve immune function and regenerative capac-
ity of bone marrow stem cells in old mice (Chen et al., 2009).
However, early studies in animal models treated with rapamycin
reported multiple adverse effects including deregulated glucose
homeostasis, hyperlipidemia (Cunningham et al., 2007b; Chang
et al., 2009). In humans, rapamycin increases blood triglyceride
and cholesterol resulting from lipolysis (Morrisett et al., 2002;
Ribes et al., 2005), which may have negative impact on cardiovas-
cular functions and metabolic homeostasis, although rapamycin
has been shown to reduce atherosclerosis in mouse models (Basso
et al., 2003; Elloso et al., 2003; Waksman et al., 2003; Pakala et al.,
2005). The different effects of rapamycin in mice may be related
to when the rapamycin therapy is initiated (early or late in life)
or how long the therapy persists, or whether chronic persistent

or pulsed therapy is instrumented. Finally, it may depend on
whether young or old, healthy or diseased animals are treated
with the drug. It is important to point out that rapamycin may
be beneficial under the condition when mTORC1-S6K1 signal-
ing is inappropriately consistently elevated, for example in aging,
but detrimental if its activity under physiological conditions is
abolished. Furthermore, taking into account that an opposing and
uncoupling effect of mTORC1 and S6K1 has been demonstrated
such as in regulation of endothelial TF expression (Ming et al.,
2010), and that both rapamycin and resveratrol inhibit mTORC1
at the level and upstream of mTORCI, respectively (Figure 2), it
would be worth to test whether targeting S6K1 directly would
be a better approach than targeting mTORCI as achieved by
rapamycin or resveratrol. For this purpose, specific inhibitor of
S6K1 should be developed. At the molecular level, since off-target
effects of the drugs could not be excluded, more specific experi-
mental approaches such as mutants (active or dominant negative),
RNA interference, or targeted gene disruption of mTORC1-S6K1
signaling should be applied to evaluate their roles in cardiovascular
systems.

So far, almost no undesirable effects of resveratrol have been
reported, which might be due to the fact that this drug is newly
investigated as compared to rapamycin. The first recently pub-
lished human study with resveratrol confirmed metabolic benefi-
cial effects which were previously observed in animals (Timmers
et al., 2011). The study showed that treatment of healthy, obese
men with 150 mg/day resveratrol for 30 days mimicked the effects
of calorie restriction, significantly improved metabolic profiles on
circulating glucose, triglycerides, liver lipid content, and decreased
inflammation markers and systolic blood pressure (Timmers et al.,
2011). The effects of resveratrol on cardiovascular diseases in
patients remain to be demonstrated. Further, dosage dependent
side effects of resveratrol should be investigated, especially for the
newly developed derivatives which show much stronger effects
than resveratrol on Sirt1 activity (Milne et al., 2007). The potency
of a drug is usually associated with toxicity due to non-specific
off-target effects.

CONCLUSION AND PERSPECTIVES

Emerging evidence demonstrates that targeting mTORC1-S6K1
signaling could be a promising therapeutic modality to slow aging
process and treat cardiovascular disease in aging. Future work
should further elucidate the mechanisms of persistent hyperac-
tive mTORC-S6K1 and the mechanisms of cardiovascular aging
driven by mTORC1-S6K1. Since mTORCI1-S6K1 signaling is
also essential for normal development and skeletal muscle mass
growth, undesirable side effects of targeting mTOCRI1-S6K1
may be avoided by short treatment instead long-term treat-
ment. In addition, drugs more specifically inhibiting S6K1 rather
than mTORCI should be developed and the effects of targeting
mTORCI or S6K1 on aging-related cardiovascular diseases and
cardiovascular aging and beyond should be investigated.
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Perspectives of targeting mTORC1-S6K1 in
cardiovascular aging
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The mammalian target of rapamycin
(mTOR) is a serine/threonine kinase
that senses nutritional and cellular
energy status and regulates cell growth,
proliferation, and survival. Rapamycin
(sirolimus), a naturally occurring anti-
fungal macrolide isolated from the bac-
terium Streptomyces hygroscopicusin a soil
sample from Easter Island of the Pacific
Ocean (or Rapa Nui in the native lan-
guage; Vezina et al., 1975),inhibits mTOR
interaction with other molecular compo-
nents (Brown et al., 1994). Rapamycin was
shown to extend life span in mice, even
when administered late in life (Harrison
etal., 2009), suggesting that inhibition of
the mTOR pathway may prolong human
life span.

In this review, Ming et al. (2012)
address the role of mTOR complex 1 and
its downstream effector S6K1 (mTORCI1-
S6K1) signaling pathway in aging and age-
associated diseases. The authors discuss the
important new concept that augmented
mTORCI-S6K1 signaling is not only
critical in aging-related processes, but also
provides a link between aging and cardio-
vascular disturbances, such as vascular and
cardiac remodeling seen, e.g., in diabetes,
arterial hypertension, atherosclerosis, and
heart failure.

It has been hypothesized that some
dietary regimes, like caloric restriction and
methionine restriction, extends lifespan by
decreasing mTOR activity (Kaeberlein et al.,
2005). Accordingly, a comparison between
the beneficial effects of pharmacological
intervention with rapamycin and life style
modification (caloric restriction) is also
provided by the authors. One should keep
in mind that the effects produced by caloric
restriction and inhibition mTOR signaling
are not straightforward correlated. Unlike
caloric restriction, rapamycin treatment does
not reduce animal size (Harrison et al., 2009)
and caloric restriction fails to extend life span
when initiated late in life (Masoro, 2005).

Mammalian target of rapamycin—S6K1
signaling and its specific inhibition emerge
as a promising “treatment for aging,” mainly
through the prevention or reversion of car-
diovascular aging. However, only intense
research will clarify whether potential
adverse side effects of mTOR inhibitors, such
as suppression of the immune system (Weir
et al., 2010), impairment of glucose toler-
ance (Houde et al., 2010), can be overcome
by the beneficial effects in the treatment of
age-related diseases (especially if they are to
be used as a prophylactic treatment). Future
research targeting mTOR downstream pro-
teins, which would exhibit more specific
actions, will also clarify the relevance of
mTOR inhibition for the prophylactic treat-
ment of aging or age-related diseases.

REFERENCES

Brown, E.J., Albers, M. W.,, Shin, T. B., Ichikawa, K., Keith,
C.T., Lane,W.S.,and Schreiber, S. L. (1994). A mam-
malian protein targeted by Gl-arresting rapamycin-
receptor complex. Nature 369, 756—758.

Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. E,
Astle, C. M., Flurkey, K., Nadon, N. L., Wilkinson, J.
E., Frenkel, K., Carter, C. S., Pahor, M., Javors, M. A.,
Fernandez, E.,and Miller, R. A. (2009). Rapamycin fed
late in life extends lifespan in genetically heterogene-
ous mice. Nature 460, 392-395.

Houde, V. P, Brule, S., Festuccia, W. T., Blanchard,
P. G., Bellmann, K., Deshaies, Y., and Marette, A.
(2010). Chronic rapamycin treatment causes glu-
cose intolerance and hyperlipidemia by upregu-
lating hepatic gluconeogenesis and impairing
lipid deposition in adipose tissue. Diabetes 59,
1338-1348.

Kaeberlein, M., Powers, R. W. 11, Steffen, K. K., Westman,
E. A, Hu, D., Dang, N., Kerr, E. O,, Kirkland, K. T.,
Fields, S., and Kennedy, B. K. (2005). Regulation of
yeast replicative life span by TOR and Sch9 in response
to nutrients. Science 310, 1193—-1196.

Masoro, E. J. (2005). Overview of caloric restriction and
ageing. Mech. Ageing Dev. 126, 913-922.

Ming, X.-F.,, Montani, J.-P., and Yang, Z. (2012).
Perspectives of targeting mTORC1-S6K1 in car-
diovascular aging. Front. Physiol. 3:5. doi: 10.3389/
fphys.2012.00005

Vezina, C., Kudelski, A., and Sehgal, S. N. (1975).
Rapamycin (AY-22,989), a new antifungal antibi-
otic. I. Taxonomy of the producing streptomycete
and isolation of the active principle. J. Antibiot. 28,
721-726.

Weir, M. R, Diekmann, E, Flechner, S. M., Lebranchu,
Y., Mandelbrot, D. A., Oberbauer, R., and Kahan, B.
D. (2010). mTOR inhibition: the learning curve in
kidney transplantation. Transpl. Int. 23, 447-460.

Received: 11 January 2012; accepted: 06 February 2012;
published online: 22 February 2012.

Citation: Cau SBA and Tostes RC (2012) mTOR inhibi-
tion: a promise for a young heart. Front. Physio. 3:31. doi:
10.3389/fphys.2012.00031

This article was submitted to Frontiers in Vascular
Physiology, a specialty of Frontiers in Physiology.
Copyright © 2012 Cau and Tostes. This is an open-access
article distributed under the terms of the Creative Commons
Attribution Non Commercial License, which permits non-
commercial use, distribution, and reproduction in other
forums, provided the original authors and source are
credited.

www.frontiersin.org

February 2012 | Volume 3 | Article 31 | 18


http://www.frontiersin.org/Physiology/
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/vascular_physiology/10.3389/fphys.2012.00005/abstract
http://www.frontiersin.org/vascular_physiology/10.3389/fphys.2012.00005/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=45499&sname=st%C3%Aafanycau
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=44111&sname=ritatostes
http://www.frontiersin.org/
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/vascular_physiology/10.3389/fphys.2012.00031/full
http://creativecommons.org/licenses/by-nc/3.0/.
http://www.frontiersin.org/vascular_physiology/archive

{frontiers in
PHYSIOLOGY

MINI REVIEW ARTICLE
published: 15 June 2012
doi: 10.3389/fphys.2012.00209

=

Cross-sectional and longitudinal assessment of arterial
stiffening with age in European and Chinese populations

Wiktoria Wojciechowska’, Yan Li?, Katarzyna Stolarz-Skrzypek', Kalina Kawecka-Jaszcz',
Jan A. Staessen®*#*, Ji-Guang Wang? and on behalf of the European Project on Genes in Hypertension
and the JingNing Study Investigators

" The First Department of Cardiology and Hypertension, Jagiellonian University Medical College, Krakéw, Poland

2 Center for Epidemiologic Studies and Clinical Trials and Center for Vascular Evaluations, Shanghai Key Laboratory of Vascular Biology, Shanghai Institute of
Hypertension, Ruijin Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China

? Division of Hypertension and Cardiovascular Rehabilitation, Department of Cardiovascular Diseases, Studies Coordinating Centre, University of Leuven, Leuven,

Belgium

4 Department of Epidemiology, Maastricht University, Maastricht, Netherlands

Edited by:
Steffen-Sebastian Bolz, University of
Toronto, Canada

Reviewed by:

Alun Hughes, Imperial College
London, UK

Giovanni E. Mann, King's College
London, UK

*Correspondence:

Jan A. Staessen, Laboratory of
Hypertension, Studies Coordinating
Centre, Campus Sint Rafaél,
Kapucijnenvoer 35, Block D, Box
7001, BE-3000 Leuven, Belgium.
e-mail: jan.staessen@

As arteries become stiffer with aging, reflected waves move faster and augment late sys-
tolic pressure. Few studies have described the age-related changes in both peripheral
and central systolic blood pressures in populations. We investigated the age dependency
of peripheral (pSBP) and central (cSBP) systolic pressure and pressure amplification (i.e.,
difference between peripheral and central SBP) in randomly selected participants from
European and Chinese populations. Data were collected in 1420 Europeans (mean age,
41.7 years) and 2044 (mean age, 45.1years) Chinese. In cross-sectional analyses of the
population samples cSBP consistently increased more with age than pSBP with the age-
related increases being greater in women than men. Repeat assessment of pSBP and
cSBP in 398 Europeans and 699 Chinese at a median interval approximately 4 years of
follow-up confirmed that also within subjects cSBP rose steeper with aging than pSBP
In conclusion, with aging, pSBP approximates to cSBP. This might explain why in older
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INTRODUCTION
Systolic blood pressure substantially rises with aging across the
full human life span. However, because arteries stiffen with higher
age and because of differences in wave travel distance and wave
reflections, the age-related increase in systolic blood pressure does
not occur uniformly across the whole arterial tree (O’Rourke and
Kelly, 1993). Indeed, during systole, the heart generates a for-
ward running pressure wave, which is reflected at various sites
in the peripheral arterial system (O’Rourke and Kelly, 1993). As
the arteries become stiffer with advancing age, the reflected waves
may cause an augmentation of late systolic pressure. In addition
geometric changes of the aorta with aging may also contribute to
age-related increase in systolic blood pressure (Redheuil et al,
2011). Additionally aortic reservoir function and other elastic
changes markedly with aging, which accounts for the age-related
changes in the aortic pressure waveform (Davies et al., 2010). Thus
augmentation of systolic blood pressure in the central arteries
increases with advancing age. Because of this phenomenon, there
might be differences in the age dependency of peripheral systolic
blood pressure, as measured at the brachial artery, and central sys-
tolic blood pressure, as estimated non-invasively by pulse wave
analysis.

Systolic augmentation is now a generally accepted physiological
concept. However, the initial evidence supporting the principle of

subjects pSBP becomes the main predictor of cardiovascular complications.

Keywords: aging, central blood pressure, peripheral blood pressure, cardiovascular disease, risk factors, epidemi-

the age dependency of the amplification of the central blood pres-
sure came from animal experiments (O’Rourke, 1994) and invasive
studies in selected subjects (Murgo et al., 1980; O’'Rourke, 1994).
Among the published population studies on the age dependency
of arterial stiffness (Avolio et al., 1983, 1985; Wilkinson et al.,
2001; Mitchell et al., 2004; McEniery et al., 2005; Li et al., 2008),
most focused on pulse wave velocity (Avolio et al., 1983, 1985;
Mitchell et al., 2004; McEniery et al., 2005), the ratio of pulse pres-
sure in peripheral vs. central arteries (Wilkinson et al., 2001), or
the augmentation index (McEniery et al., 2005; Li et al., 2008)
in selected healthy subjects (Wilkinson et al., 2001; Mitchell et al.,
2004; McEniery etal.,2005; Li et al., 2008) and patients at increased
cardiovascular risk (McEniery et al., 2008). The predictive value
of central pressure (both measured invasively and non-invasively)
was proved in several studies (Roman et al., 2007; Jankowski et al.,
2008). We previously reported reference values for the central
and peripheral pulse pressures and augmentation indexes by age
in healthy European (Wojciechowska et al., 2006) and Chinese
(Li et al., 2008) reference populations. In the present review, we
focused on the changes with age in central and peripheral systolic
blood pressures, based on data collected from randomly recruited
European (Wojciechowska etal.,2012) and Chinese (Lietal.,2012)
subjects. These age-related changes were assessed cross-sectionally
and in a subsample also longitudinally. Only participants without
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antihypertensive drug treatment were included in all analyses to
avoid confounding by blood pressure lowering medications.

CROSS-SECTIONAL STUDIES

Peripheral and central blood pressures were assessed among 1420
participants [731 women (51.5%) and 278 (19.6%) hypertensive
patients] in Europe and 2044 [1066 women (52.2%) and 556
(27.2%) hypertensive patients] in China (Wojciechowska et al.,
2012; Li et al., 2012).

In cross-sectional analyses of both populations, the periph-
eral and central systolic blood pressures increased with age (p for
trend < 0.01; Figure 1 for Europe; Wojciechowska et al., 2012). In
single regression analysis, the cross-sectionally assessed age-related
increase in central systolic blood pressure was larger than that in
peripheral systolic pressure both in women and in men. Addi-
tionally, in a subanalysis of the Chinese sample, systolic blood
increased more with age in the central than peripheral arteries in
women below age 50 (1.21 vs. 1.01 mm Hg per year; p < 0.001) and
in men below age 60 (0.73 vs. 0.48 mm Hg per year; p < 0.001),
whereas in older women (0.64 vs. 0.58 mmHg per year; p =0.27)
and older men (0.45 vs. 0.44 mm Hg per year; p = 0.79), the slopes
of central and peripheral systolic blood pressures on age were
similar (Li et al., 2012).

Our cross-sectional observations are in agreement with known
physiologic concepts and also in line with several previously pub-
lished cross-sectional population studies (Wilkinson et al., 2001;
McEniery et al., 2005; Mitchell et al., 2010), including the Anglo-
Cardiff Collaborative Trial (ACCT; McEniery et al., 2005). McE-
niery et al. (2005) studied 4001 healthy, normotensive individuals,
aged 18-90 years. In both women and men, central systolic pres-
sure increased more with age than did peripheral systolic blood
pressure (p < 0.001). As in our current cross-sectional analyses, the
increase in central systolic pressure was more prominent in women
than men (p = 0.01). These consistent results were obtained based
on White European populations with a western life style, high
prevalence of obesity, and relatively high cholesterol levels. We
cannot simply extrapolate them to other ethnicities or populations
with different lifestyles. However, our findings were similar in lean
Asian people, who generally have lower serum cholesterol levels.

Stiffening of the large arteries underlies the age-related increase
in systolic blood pressure (Staessen et al., 1990). The loss of arterial
elasticity over a person’s life time is partly due to cyclic stress on
the arterial wall with each heart beat (O'Rourke and Hashimoto,
2007). Over time, this causes fracture of elastin fibers, so that
stress is transferred to the more rigid collagenous components of
the arterial wall. At a young age, the aorta and proximal arter-
ies dilate by approximately 10% with each heart beat, whereas
the more distal muscular arteries dilate by only 2-3% with each
heart beat (Boutouyrie et al., 1992). Atherosclerosis and inflamma-
tion thicken the arterial wall and contribute to arterial stiffening
over and beyond the mechanical stress. To differentiate natural
degeneration of the arterial wall from aging from disease, Avo-
lio et al. (1983) highlighted the interest of studies of arterial
properties in population studies with low cholesterol and low
prevalence of atherosclerosis, such as Chinese. Avolio et al. (1985)
contrasted the Chinese living in areas with low and high prevalence
of hypertension, Guangzhou (4.9%) and Beijing (15.6%),

respectively. In Guangzhou subjects, pulse wave velocity was con-
sistently lower in the aorta, arm, and leg, and increased to a lesser
degree with age, compared with Beijing subjects (Avolio et al.,
1985). The contemporary cholesterol levels were 4.34 mmol1~!
in Guangzhou subjects and 4.49 mmol1~! in Beijing subjects. In
our Chinese population, cholesterol levels were of similar mag-
nitude (4.73 mmol1~!), but the prevalence of hypertension was
much higher (27.2%). Our current observations strengthen Avo-
lio’s hypothesis (Avolio et al., 1983, 1985) that slowly progressing
degeneration of the arterial wall through cyclic stress is the main
cause of the age-related increase in systolic blood pressure.

The slopes of peripheral and central systolic blood pressures
on age were consistently steeper (p <0.001) in women than in
men in both studied populations (Li et al., 2012; Wojciechowska
etal.,2012). In the young and middle-aged subjects, the age-related
increase in systolic blood pressure ran a steeper course in women
than men. At all ages, women have a higher heart rate than men
(Smulyan et al., 2001). The smaller height of women may be a
cardiovascular risk factor, because of the early return of reflected
waves to the central aorta in systole. The shorter stature of women
also implies reduced length of the arterial tree, a factor believed to
be responsible for the faster heart rate, a shorter diastolic period,
a shorter diastolic time constant, and at the same peripheral resis-
tance, lower arterial compliance (Smulyan et al., 2001). In older
women, menopause might contribute to the continuing rise in
systolic blood pressure, although it is difficult to differentiate the
effects of aging from those of estrogen deprivation (Casiglia et al.,
2008).

LONGITUDINAL ASSESSMENT OF AGE-DEPENDENT
CHANGES IN ARTERIAL TREE

In European study 208 women (24.4%) and 190 men (27.6%),
underwent a repeat arterial examination at a median interval
of 4.79 years (5th—95th percentile interval, 3.96-5.98 years (Woj-
ciechowska et al., 2012). In the Chinese study 369 women (34.6%)
and 330 men (33.7%) underwent a repeat assessment of periph-
eral and central systolic blood pressure at a median interval of
3.60 years (5th—-95th percentile interval, 3.56-3.96 years; Li et al.,
2012). In the longitudinal analyses, all changes from baseline to
follow-up were significant (p <0.039). In the Caucasian popu-
lations, the annual increases in the peripheral and central systolic
blood pressures averaged 0.91 and 1.06 mmHg in women, and 1.24
and 1.47 mmHg in men. The p-values for the sex differences were
0.12 and 0.08, respectively (Wojciechowska et al.,2012). In Chinese
population peripheral systolic pressure increased more (p < 0.025)
than the central systolic pressure both in women (2.35 vs. 2.12 mm
Hg) and in men (1.37 vs. 1.16 mm Hg). On a relative scale, the per-
centage increases in peripheral and central systolic blood pressure
from baseline to follow-up were similar in women (2.14 vs. 2.16%
per year; p=0.76), as well as in men (1.33 vs. 1.34% per year;
p=0.96;). In sensitivity analyses stratified by quartiles of the age
distribution, the increase in peripheral systolic blood pressure was
larger than that in central systolic blood pressure (p < 0.02) above
median age in women and above the 75th percentile of age in men,
whereas in all other sex—age subgroups, the increases of peripheral
and central systolic pressures were similar (p > 0.08; Figure 2; Li
etal., 2012).

Frontiers in Physiology | Vascular Physiology

June 2012 | Volume 3 | Article 209 | 20


http://www.frontiersin.org/Vascular_Physiology
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Vascular_Physiology/archive

Wojciechowska et al. Age-related arterial stiffening

Women (n = 731) Men (n = 689)
A B
150 - 150
— W Periphera W Peripheral
:E’ O Periphera non-augmented O Periphera non-augmented
E 140 1 o cenra 140 1 ¢ Centa
E O Central non-augmented O Cenftrd non-augmented
-
@ 130 130
8
o
B
8 120 1 120
m
)
o
2 110 4 110
2
%)
100 100
90 90
C D
20 A Pressure amplification 204 t + A Pressure amplification
=)
:IE: 15 4 15
E
c
Q
T
2
£ 10 4 10 1
E
<
S
?
L 5 - 5 q
o
0 0
E F
25 7 ¥ 25 1
4 Periphera 4 Periphera
= O Cental O Cental
2 20 20
£
E
S 15 1 15
B
£
E 10 1 10 1
=
<
Lo
S 54 5
|74
>
1)
0 1 01
n =43 154 156 147 143 66 22 n=36 158 143 127 127 70 28
-5 -5
12.0-20 20-30 30-40 40-50 50-60 60-70 70-80.8 12.6-20  20-30 30-40 40-50 50-60 60-70 70-89.5
Age (years) Age (years)
FIGURE 1 | European population. Association with age of peripheral and obtained by subtracting the first systolic peak from systolic blood pressure.
central systolic blood pressures (A,B), peripheral, and central non-augmented Pressure amplification is peripheral minus central systolic blood pressure.
systolic blood pressures (A,B), pressure amplification (C,D), and peripheral Plotted values are means for each age group. Numbers indicate the subjects
and central systolic augmentation (E,F) in women (A,C,E) and men (B,D,F). contributing to the group means. All p-values for trend with age were
Peripheral systolic blood pressure was the average of three blood pressure statistically significant (p < 0.0001). Significance of the difference with zero:
readings at the brachial artery. Central systolic blood pressure was the *p <0.05 and "p < 0.001. Reproduced with permission from Blood Pressure
maximum pressure of the central waveform. Systolic augmentation was Journal.

www.frontiersin.org June 2012 | Volume 3 | Article 209 | 21


http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive

Wojciechowska et al.

Age-related arterial stiffening

A Women (n=369) B Men (n=330)
150 W Peripheral at baseline 150 M Peripheral at baseline
O Peripheral at follow-up O Peripheral at follow-up *
@ Central at baseline * @ Central at baseline =
- O Central at follow-up ‘_,—E' O Central at follow-up e
D 140 140+ ’
I
£
E
130 130
e
>
€N
]
i 120 120
o
e}
Le)
o 1104 110
L0
ke
2 100
%) 100
90 90
20 30 40 50 60 70 20 30 40 50 60 70
Age (years) Age (years)
FIGURE 2 | Chinese population. Peripheral and central SBPs at baseline and  Significance of the difference between baseline and follow-up: *p < 0.05,
follow-up by quartiles of the age distribution in 369 women (A) and 330 men ‘p<0.01, and 'p < 0.001. Reproduced with permission from Hypertension
(B). All p-values for trend with age were statistically significant (p < 0.0001). Research Journal.

In an early Framingham report, Kannel and Gordan (1978)
noticed that the age-related increase in systolic blood pressure was
steeper on cross-sectional than longitudinal assessment in women,
whereas the opposite was the case in men. The reasons for the
difference in BP trends obtained cross-sectionally and longitudi-
nally in the same Framingham cohort were not clear. One possible
explanation is that subjects at the higher end of the distribution
of systolic blood pressure are more likely to experience cardio-
vascular complications or die, and therefore to disappear from
follow-up. The unmeasured attrition in our populations available
for cross-sectional analysis might have contributed to the larger
estimates of the age-related increase in systolic blood pressure in
the longitudinal analyses.
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INTRODUCTION

Age is the dominant risk factor for cardiovascular diseases. Understanding the coupling
between the left ventricle (LV) and arterial system, termed arterial-ventricular coupling
(Ea/ELv), provides important mechanistic insights into the complex cardiovascular system
and its changes with aging in the absence and presence of disease. Ea/E|y can be indexed
by the ratio of effective arterial elastance (Ea; a measure of the net arterial load exerted
on the LV) to left ventricular end-systolic elastance (E\y; a load-independent measure of
left ventricular chamber performance). Age-associated alterations in arterial structure and
function, including diameter, wall thickness, wall stiffness, and endothelial dysfunction, con-
tribute to a gradual increase in resting Ea with age. Remarkably there is a corresponding
increase in resting Epy with age, due to alterations to LV remodeling (loss in myocyte num-
ber, increased collagen) and function. These age-adaptations at rest likely occur, at least, in
response to the age-associated increase in Ex and ensure that Eo/E|y is closely maintained
within a narrow range, allowing for optimal energetic efficiency at the expense of mechan-
ical efficacy. This optimal coupling at rest is also maintained when aging is accompanied by
the presence of hypertension, and obesity, despite further increases in Ex and E|y in these
conditions. In contrast, in heart failure patients with either reduced or preserved ejection
fraction, Ea/E|y at rest is impaired. During dynamic exercise, Ea/E|y decreases, due to an
acute mismatch between the arterial and ventricular systems as E,y increases dispropor
tionate compared to Ep (200 vs. 40%), to ensure that sufficient cardiac performance is
achieved to meet the increased energetic requirements of the body. However, with advanc-
ing age the reduction in Ea/E|y during acute maximal exercise is blunted, due to a blunted
increase Ey. This impaired Ea/E|y is further amplified in the presence of disease, and may
explain, in part, the reduced cardiovascular functional capacity with age and disease. Thus,
although increased stiffness of the arteries itself has important physiological and clinical
relevance, such changes also have major implications on the heart, and vice versa, and the
manner in the way they interact has important ramifications on cardiovascular function both
at rest and during exercise. Examination of the alterations in arterial-ventricular coupling
with aging and disease can yield mechanistic insights into the pathophysiology of these
conditions and increase the effectiveness of current therapeutic interventions.

Keywords: left ventricular function, arterial system, exercise, aging, disease

Understanding the performance (pressure and flow output) of

The population in the Western world is aging; by 2030, there
will be 71 million individuals in the United States over 65 years
of age, representing ~20% of the U.S. population. Aging signifi-
cantly increases cardiovascular morbidity even in the absence of
other risk factors (e.g., hypertension, obesity, diabetes, hyperc-
holesterolemia). Thus, the risk of death from heart disease is
~60-fold greater in individuals in the eighth decade compared
to individuals in the 4th decade of life. Not only does clinically
overt cardiovascular disease increase dramatically with aging, but
so do subclinical or occult diseases, such as silent coronary ath-
erosclerosis. Therefore, the aging of the U.S. population is one of
the major public health challenges that we face in the twenty-first
century.

The cardiovascular system is modulated to provide sufficient
pressure and flow to the tissues at rest and during exercise.

the left ventricle (LV) requires not only examining the proper-
ties of the LV itself (power and stroke capacity of the heart),
but also investigating the modulating effects of the arterial sys-
tem on left ventricular performance. These modulating effects of
the vasculature include the capacitance and inertial properties
of the aorta, along with the resistance capacity of the micro-
circulation. The interaction of the LV with the arterial system,
termed arterial-ventricular coupling (E5/Ery), is a central deter-
minant of cardiovascular performance and cardiac energetics.
Ea/Ery can be indexed by the ratio of effective arterial elastance
(Ea) to left ventricular end-systolic elastance (Epy) and is best
displayed in the pressure—volume plane (Figure 1). This review
will describe the concept of arterial ventricular coupling and
how aging, in the absence and presence of cardiovascular dis-
ease, affects the coupling both at rest and during exercise, and
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FIGURE 1 | Ventricular pressure-volume diagram from which effective
arterial elastance (E,) and left ventricular (LV) end-systolic elastance
(E,v) are derived. E, represents the negative slope of the line joining the
end-diastolic volume (EDV) and the end-systolic pressure (ESP) points. Ey
represents the slope of the ESP-volume relationship passing through the
volume intercept (V0). The shaded area represents the cardiac stroke work,
and the hatched area represents the potential energy. LV ESP is the LV
pressure at the end of systole. EDV is the LV volume at the end of diastole.
End-systolic volume (ESV) is the LV volume at the end of systole. Stroke
volume (SV) is the volume of blood ejected by the LV with each beat and is
obtained from subtracting ESV from EDV. From Chantler et al. (2008a) with
permission.

its physiological consequences. Further, we will discuss potential
therapeutic interventions to restore the coupling between the heart
and arteries.

ARTERIAL-VENTRICULAR COUPLING

The gold standard to assess the arterial afterload that opposes
left ventricular ejection independent of left ventricular function is
through aortic input impedance derived from the Fourier analysis
of aortic pressure and flow (Murgo et al., 1980). However, aortic
input impedance is described in the frequency domain, whereas
measures of left ventricular contraction are best described in the
time domain; consequently making direct comparisons between
arterial and left ventricular function difficult. The pioneering work
from Sunagawa et al. (1983) conceived a measure of arterial load
(Ea) that could be directly compared to a measure of left ven-
tricular contraction (Epy) in the same units (elastance; change in
pressure for a given change in volume). Rather than specific arterial
properties, E4 simplifies the arterial load into an integrative index
that incorporates the principal elements of arterial load, including
peripheral vascular resistance (which is determined, in large part,
by the small arteries), total arterial compliance (which is deter-
mined, in large part, by the central elastic arteries), characteristic
impedance, and systolic and diastolic time intervals (Sunagawa

etal, 1983). Indeed E, is directly related to heart rate and periph-
eral resistance, and is inversely related to compliance (Chemla
et al., 2003). Ep can, therefore, be considered a measure of the
net arterial load that is imposed on the LV. Further, Ex measured
invasively as end-systolic pressure/stroke volume closely approx-
imates the arterial load obtained from aortic input impedance
and arterial compliance data based on a three-element Wind-
kessel model (Kelly et al., 1992b). Invasively E5 is determined
from pressure—volume loops as the negative slope of the line
joining the end-diastolic volume and end-systolic pressure points
(Figure 1).

The contractile function of the LV can also be expressed from
the slope of the end-systolic pressure—volume relationship (Ery;
Figure 1), which can be obtained from a series of pressure—volume
loops recorded while the preload of the heart is altered. Eyy reflects
a relatively (within normal physiological limits) load-independent
measure of left ventricular contraction (chamber stiffness at end
systole). An increase in contractility is depicted by an increase in
the slope and a shift in the end-systolic pressure—volume relation-
ship to theleft, which allows the ventricle to generate more pressure
for a given left ventricular volume. However, in addition to the
inotropic state, Ery is also influenced by the geometric (structural
remodeling) and biochemical properties (i.e., stiffness or compli-
ance of myocytes, composition of muscle, fibrosis, collagen, etc.,
in the LV wall) that underlie end-systolic stiffness (Borlaug and
Kass, 2008). Whereby a “stiffer” LV due to remodeling leads to
a higher Epy. Thus, caution should be exercised in interpreting
the significance of an elevated Eyy, particularly when other mea-
sures of left ventricular systolic function are normal. Eyy should,
therefore, be considered an integrated measure of left ventricu-
lar chamber performance that can be related to an integrated
measure of arterial load (i.e., E4). Importantly, E4 shares com-
mon units with Ery, and their ratio Eo/Ery is a measure of the
interaction between the heart and the arterial system and pro-
vides information about how blood pressure and flow change
due to different loading conditions. See Chantler et al. (2008a)
for a more detailed review of the methods to measure E5 and
Erv.

At rest, in healthy individuals the properties of the heart and
arteries are closely matched so that near maximal cardiac work,
power, and chamber efficiency are achieved (Little and Cheng,
1991; De Tombe et al., 1993). Values obtained in isolated canine
hearts show the efficiency and stroke work of the heart to be opti-
mal over an Ej/Epy ratio ranging 0.3-1.3 (Figure 2). Whereas,
in healthy humans the optimal range of E5/Ery to cardiac effi-
ciency and stroke work are generally ranging from 0.7 to 1.0
(Asanoi et al., 1992; Najjar et al., 2004, Redfield et al., 2005).
During exercise, an acute mismatch between the arterial and
ventricular systems occurs due to a disproportionate increase in
Epy vs. Ex (Najjar et al., 2004). As a result Ep/Ery decreases to
ensure that sufficient cardiac performance is achieved to meet the
increased energetic requirements of the body. In the next section,
we will review the alterations in Ep/Ery at rest and during exer-
cise due to aging and illustrate how the age—disease interaction
accentuates the changes in Eo/Ery. We will also discuss thera-
peutic interventions aimed to restore the relationship between
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FIGURE 2 | Average normalized SW and SW/MVO?2 (efficiency; EFF) as
a function of arterial-ventricular coupling ratio. Both parameters reach
optimal values between E./Es (Ecs = Ey\) ratios spanning 0.3-1.3. From De
Tombe et al. (1993) with permission.

Ep and Epy, including the physiological meaning behind the
adaptations.

HEALTHY AGING AND ARTERIAL VENTRICULAR COUPLING
AT REST

Numerous studies have documented a gradual increase in E5 with
advancing age (Cohen-Solal et al., 1996; Chen et al., 1998, Red-
field et al., 2005). Two small clinical cohort studies calculated Ep
from invasive methods of flow and pressure and reported a sig-
nificant rise in E5 (44-73%, p <001) from ~20 to 70years of
age (Cohen-Solal et al., 1996; Chen et al., 1998). Although the
strength of these data lies in the invasive assessment of E,, the
small sample size (Cohen-Solal et al., 1996; Chen et al., 1998),
and the inclusion of patients with coronary artery disease, and
individuals on chronic medications (Chen et al., 1998), provides
limited insight into the influence of healthy aging on Eo. Non-
invasive studies of Ex have also reported an increase in E5 with
age. In a larger epidemiological study consisting of 623 individu-
als from Olmsted County, Minnesota study, Redfield et al. (2005)
observed an age-associated increase in Epl (Ex normalized for
body surface area) in both men (r=0.18, p <0.01) and women
(r=0.13, p=10.02). Inclusion of individuals with existing cardio-
vascular disease further increased the age-associated change in E5I
inboth men (r =0.28, p < 0.001) and women (r = 0.28, p < 0.001;
Figure 3A).

The specific mechanisms for the increased E4 with age reflect
the age-associated changes in the arterial properties of individuals.
Ea is a lumped parameter incorporating mean resistance and pul-
satile properties of the arterial load, and is therefore influenced
by changes in arterial compliance, wave reflection, and char-
acteristic impedance (Kelly et al., 1992a). During the past two
decades, we have characterized the effects of aging on multiple
aspects of arterial structure and function in a single study pop-
ulation in the Baltimore Longitudinal Study on Aging (BLSA)
who are rigorously screened to exclude both clinical and occult
cardiovascular disease. Although at rest, peripheral resistance is
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FIGURE 3 | The association between age and E, indexed to body
surface area (E,l) (A) and E,, (E.. =E,y) (B) in men (solid line) and
women (dashed line) at rest. Pearson correlation coefficients and
probability values for each association are shown. With advancing age,
both E4l and E increase. However, the increase in E., with age is
significantly greater in women than men. Furthermore, E,l and E., are
higher in women vs. men at all ages. Modified from Redfield et al
(2005) with permission.

the dominant factor affecting E5 (Chemla et al., 2003) the age-
associated actions of peripheral resistance are heterogeneous to
the extent that only an age-associated increase in resting periph-
eral resistance is noted in healthy women but not men (Fleg et al.,
1995). Indeed, the increase in E4 with age noted by Redfield et al.
(2005) is not attributed to an increase in peripheral resistance
as no relationship between age and peripheral resistance existed.
Ej is also altered by arterial stiffening and blood pressure pul-
satility increases with age (Franklin et al., 1997) thus raising the
end-systolic pressure required to eject blood thereby increasing
Ea. Findings from the BLSA indicate that healthy aging is asso-
ciated with an increase in aortic root diameter, an increase in
carotid wall intimal media thickness, and an overall stiffening
of the large elastic arteries (Najjar et al., 2005). Redfield et al.
(2005) proposed the increase in E with age is attributable to an
increase in arterial stiffness, manifested by an increase in pulse
pressure (a surrogate measure of arterial stiffening). Thus, the
age-associated increase in E, is largely attributed to an increase
arterial stiffness.
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The heart seems to respond to an increase in Ey with a cor-
responding increase in Ery with age (Cohen-Solal et al., 1996;
Chen et al., 1998, Redfield et al., 2005). Cohen-Solal et al. (1996)
noted a 28% higher Epy in men ~60 vs. 30years of age. In
the Olmsted County, Minnesota study, Redfield et al. (2005)
noted a 10% (r=0.16, p <0.001) and 15% (r =23, p < 0.0001)
increase in Ejy in men and women without cardiovascular dis-
ease, respectively (Figure 3B). These results would suggest that
Ery increases to compensate for the increase in Ej ensuring
that their ratio, Ea/Eyry, is matched for maximal efficiency at
rest. Indeed, significant relationships exist between Ej and Epy
ranging from correlations of 0.50 to 0.73 (Chen et al.,, 1998;
Borlaug et al., 2009) suggesting that a change in E5 accounts
for a ~25% change in Epy (Figure 4). This small percentage is
not surprising given that both components have multiple differ-
ent determinants. Nevertheless, older individuals with increased
arterial stiffness (Eo) are more likely to have an increased left
ventricular stiffness (Ery), i.e., a stiffer heart coupled to a stiffer
vascular system. A consequence of the age-associated increase in
ELy, along with an increase in E4, essentially permits the Eo/Epy
ratio to remain relatively matched (coupled; Cohen-Solal et al.,
1996; Chen et al., 1998, Redfield et al., 2005). However, Redfield
et al. (2005) did note a slight sex difference in E5/Ery with age
whereby healthy women demonstrated a slight decline in Eo/Ery
with age, reflecting a disproportionate increase in Epy compared
with E4. This suggests a greater impact of aging on ventricular
vs. arterial properties in women compared to men, as indicated in
Figure 4.

Given that Epy is as a load-independent index of left ven-
tricular contractility (Sagawa, 1978), one might suggest that an
increase in Epy with age (and more so in women) reflects enhanced
contractility. This is unlikely given that other measures of left
ventricular function do not increase with age (Lakatta, 1993).
Thus, what does the increase in Epy likely reflect? Ery is also
influenced by the structural/geometric and biochemical proper-
ties (i.e., stiffness or compliance of myocytes, composition of
muscle, fibrosis, collagen, etc., in the heart wall) that underlie
left ventricular end-systolic stiffness (Borlaug and Kass, 2008;
Chantler et al.,, 2008a). Advancing age is also associated with
alterations in left ventricular structure. Most notably, there is a
reduction in myocyte number, and there is an increase in left
ventricular wall thickness and collagen deposition in the heart
(Olivetti et al., 1995; Lakatta, 2003). Thus, the increase in Epy
with age could represent differences in left ventricular geome-
try and/or structure between young and older individuals. For
example, concentric remodeling leads to a higher Ery (Borlaug
et al., 2009). However, the increase in Ejy noted in Redfield et al.
(2005) are unlikely to be due to differences in LV chamber size,
as similar results are obtained when Ery is normalized to end-
diastolic volume (a crude estimate of chamber size). An increase
in the amount (focal increases) and a change in the physical
properties of collagen (purportedly due to non-enzymatic cross-
linking) also occur within the myocardium with aging (Lakatta
and Levy, 2003). Thus, the increase in Epy with age is likely
attributed to a combination of left ventricular remodeling but
more so due to a loss of myocyte number and an increase
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FIGURE 4 | Relationship between arterial (Exl) and left ventricular (El)
elastance indexed to body surface area in healthy men (A) and women
(B) from the Baltimore longitudinal Study of Aging. Note the linear
relationship between E,l and El irrespective of age and gender (Chantler
and Lakatta, unpublished data).

in myocardial collagen content, thereby increasing myocardial
stiffness.

DURING EXERCISE

During exercise E4 has been shown to increase (Najjar et al,
2004; Otsuki et al., 2006), decline (Asanoi et al., 1992), or remain
unchanged (Cohen-Solal et al., 1998). The response of Ej dur-
ing exercise is dependent on the changes in its components and
has important consequences on the Frank-Starling mechanism
(Chantler et al., 2011). Ep is linearly related to heart rate and
peripheral resistance, and inversely related to compliance (Segers
et al., 2002; Chemla et al., 2003, Otsuki et al., 2006; Chantler et al.,
2011). Both resistance and compliance usually decrease during
exercise (reflecting less resistance to blood flow in the microcir-
culation, but increased stiffness of the conduit arteries) and the
relative contribution of the pulsatile component (compliance) to
Ex increases, so that by 80% of peak exercise the resistive and the
pulsatile components provide nearly equal contributions to Ep
(Otsuki et al., 2006). With advancing age, the ability to increase
heart rate, and lower resistance during exercise is blunted. In addi-
tion the reduction in compliance (due to a greater increase in pulse
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pressure) is also limited during exercise (Lakatta, 1993; Fleg et al.,
1995). Although the blunted maximum cardiovascular responses
with age are, in part, due to older individuals achieving a lower
maximal workload, similar cardiovascular deficits are also evi-
dent at submaximal workloads (Lakatta, 1993; Fleg et al., 1995).
The only study to directly examine the age-associated change in
Ea/Ery in the absence of cardiovascular disease reported that E4,
in general, increases during exercise and that Ey does not differ
between young and older subjects (Najjar et al., 2004). Perhaps
the blunted changes in resistance, compliance, and heart rate are
compensated for by the greater increase in blood pressure during
exercise in older vs. younger healthy individuals (Ogawa et al.,
1992). Indeed, some of the components of the changes in E5
seem to be related to each other (Chantler et al., 2012). That is,
greater preservation of compliance during exercise is associated
with a greater reduction in resistance (and a smaller increase in
mean and pulse pressure). This suggests that the tandem changes
in resistance and compliance appear to be linked, and raises the
possibility of a crosstalk between central and peripheral arter-
ies. Further, the change in Ep during exercise is also linked to
a specific pattern of change in ventricular volumes and func-
tion. The change in E, is inversely related to the recruitment
of end-diastolic volume, and the enhancement of stroke volume
and cardiac output with exercise. Indeed individuals expressing
a large increase in Ej during exercise demonstrate a blunted uti-
lization of the Frank—Starling mechanism, irrespective of age, sex,
and body size (Chantler et al., 2012). The cardiovascular system
responds to exercise by increasing cardiac output predominately
through an increase in heart rate, and in the upright position
stroke volume is increased. The perfusion of the tissues depends
both on the ability of the LV to produce flow and sustain per-
fusion pressure. Thus, the speed and force of left ventricular
contraction increases during exercise and this is reflected by an
increase in Epy during exercise (Little and Cheng, 1993). Unlike
Epa, aging impairs the increase in Epy during exercise. Najjar
et al. (2004) reports that the blunted increase in Ery with aging
begins to appear at 50% of maximal workload and that at max-
imal exercise older men and women (>60 years) have ~40-55%
smaller Ejy compared to men and women <40 years of age. A
consequence of the blunted increase in Ery during exercise in
older healthy individuals is a corresponding blunted reduction
in Eo/Ery (Najjar et al., 2004). Furthermore, the altered cou-
pling noted at peak exercise with age is also associated with a
blunted increase in ejection fraction. Indeed, Eo/Epy is inversely
related to ejection fraction [Ea/Ery ~ (1/ejection fraction) — 1;
Cohen-Solal et al., 1994]. The advantage of Ex/Ery over ejec-
tion fraction is that examining the components of E5/Ery permits
evaluation of whether alterations in Ex/Ery are due to alterations
in arterial properties, left ventricular properties, or both. Conse-
quently, advancing age is associated with a smaller E/Epy (and
ejection fraction) reserve (EpAI/Ery] peak — Ep/Ery rest) and Epy
reserve (Epy peak — Epy rest; Najjar et al., 2004). Unlike at rest
when an increase in Epy could represent enhanced left ventric-
ular contraction, decreased left ventricular mass (or concentric
remodeling), or increased myocardial stiffness (due to alterations
in biochemical properties), an increase in Ery during exercise likely
reflects an increase in inotropy. This would suggest a decrease

in left ventricular contraction during exercise with increasing
age.

AGING-CV DISEASE INTERACTIONS AFFECT ARTERIAL
VENTRICULAR COUPLING

Unfortunately in today’s society, for the most part, aging is highly
linked to the occurrence of cardiovascular diseases. Further, car-
diovascular disease risk factors (obesity, hypercholesterolemia,
diabetes, and hypertension) often co-vary in number or sever-
ity with increasing age. Although measuring the age-associated
changes in cardiovascular structure and function in a “healthy”
aging population is important to provide insights into the normal
aging process, the generalizability of these findings are sometimes
limited. The age and disease interaction has important conse-
quences on arterial ventricular coupling both at rest and during
exercise as outlined below.

HYPERTENSION

The prevalence of hypertension markedly increases with advanc-
ing age, such that the relative risk of acquiring hypertension is
~90% of individuals over 40years of age (Lloyd-Jones et al,
2009; Figure 5). Age-associated changes in arterial and left ven-
tricular structure and function are accelerated in the presence
of hypertension. Hypertensive patients exhibit greater carotid
wall thickness (Arnett et al., 1996), central arterial wall stiffness
(Amar et al., 2001), and reflected waves (Nichols et al., 1992)
than normotensive subjects, even after adjusting for age. Fur-
thermore, hypertension is associated with left ventricular remod-
eling and fibrosis (Mayet and Hughes, 2003). As such, Ey and
Ery are reported to be increased, between 15-60 and 16-95%,
respectively, in hypertensive patients compared with normoten-
sive controls (Cohen-Solal et al., 1994; Saba et al., 1999, Lam
et al., 2007). As with aging, however, the coupling ratio (Ex/Ery)
remains matched (coupled) between normotensives and hyper-
tensives (Cohen-Solal et al., 1994; Saba et al., 1999). We found
similar results (matched E5/Ery due to tandem increase in E4 and
Ery) when comparing men with predominantly systolic hyper-
tension to normotensive men. In contrast, women with predom-
inantly systolic hypertension, have a 23% lower resting Ex/Ery
than normotensive women, a finding that persisted even after
adjusting for age (Chantler et al., 2008b). The lower E5/Ery in
women with systolic hypertension is due to a disproportion-
ate increase in Epy compared with E5 (45 vs. 16%), suggesting
an adaptation by these women to limit the impact of systolic
hypertension on the vasculature or, alternatively, a more pro-
nounced impact of systolic hypertension on ventricular vs. arterial
elastance.

There are a limited number of studies that have examined the
coupling response during dynamic exercise in hypertensive indi-
viduals. Borlaug et al. (2010) showed that hypertensive individuals
express similar changes in Ea, Ery and E5/E1y at submaximal and
maximal exercise compared to normotensive individuals matched
by age and sex. In contrast, Chantler et al. (2008b) reported that
the effects of predominantly systolic hypertension on the changes
in Ep/Epy are similar between normotensive men and systolic
hypertensive men and women at 50% of maximal workload and
at peak upright bicycle exercise. In men, this is because E5 and
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Ery are proportionally higher at peak exercise in systolic hyper-
tensive compared with normotensive individuals. In women, this
is because E4 and Epy are similar at peak exercise between sys-
tolic hypertensive and normotensive women. Thus, Ep/Epy reserve
is similar between systolic hypertensive and normotensive men,
but 61% lower in systolic hypertensive vs. normotensive women
because of the uncoupling in E5/Epy at rest in these systolic
hypertensive women.

OBESITY

About one-third of U.S. adults (33.8%) are obese and the preva-
lence of overweight/obesity increases with advancing age. Obesity-
related conditions include heart disease, stroke, type 2 diabetes,
and certain types of cancer, some of the leading causes of death
(Flegal et al., 2010). The physiological changes that occur with
obesity are similar to those in hypertension, and often hyper-
tension and obesity co-exist in a given individual complicating
interpretations due to obesity alone (Stamler et al., 1978, 1991).
Indeed, Zebekakis et al. (2005) identified that obese individuals
(14% on antihypertensive medications) have increased carotid,
brachial, and femoral diameter with age, which remained sig-
nificant after adjusting for differences in BP, medications, and
smoking status. Further, increasing body mass index is associated
with a reduced arterial distensibility (Zebekakis et al., 2005) and
increased arterial stiffness (Toto-Moukouo et al., 1986; Zebekakis
et al., 2005). In individuals with uncomplicated obesity (with-
out the presence of cardiovascular disease), an increase in body
mass index (45+5 vs. 21+£2) is associated with an increase
in left ventricular mass (irrespective of normalized to height
or body surface area), and end-diastolic volume (unadjusted or
indexed to height; Rider et al., 2011). Although such alterations
in arterial and left ventricular structure/function increase rest-
ing Ex and Epy in obese vs. non-obese controls, their coupling
(Ea/Erv), however, remains matched, irrespective of body size.

Rider et al. (2011) noted a similar resting ejection fraction, which
is inversely related to Ea/Ery, between individuals of various
body mass index categories. However, whether the increase in
Ep and Epy noted in obese individuals represents the patho-
logic effects of excess adipose tissue on cardiovascular function,
or the normal physiological relationship between body size and
cardiovascular function is important to decipher. In order to
have meaningful clinical and scientific comparisons, differences
in body size must be accounted for (Chantler et al., 2005; Chantler
and Lakatta, 2009). Indeed, in the unadjusted form, resting Ex
and Epy are slightly reduced (4 and 3%, respectively) in obese
vs. healthy non-obese controls (Chirinos et al., 2009). In con-
trast, when Ep and Ery are scaled either ratiometrically or allo-
metrically to body surface area, Ep and Epy are between 16-20
and 18-19% higher (p <0.001) in obese vs. controls. Irrespec-
tive of the scaling technique employed there was no relationship
between obesity and Ex/Ery (Chirinos et al., 2009). Unfortunately,
the changes in Ej and Ery, and subsequently Ex/Ery have not
been reported during dynamic exercise in obese vs. non-obese
individuals.

HEART FAILURE

Heart failure (HF) is a syndrome that is characterized by an inabil-
ity of the heart to pump a sufficient amount of blood to meet
the demands of the metabolizing tissues, or can do so only at
the expense of elevated filling pressures (Adams et al., 2006). The
inability to meet the tissues’ demands is attributed to the ability,
or lack thereof, for the LV to fill (diastolic properties) or to eject
(systolic properties) blood. Although there is considerable confu-
sion as to the pathological mechanisms that describes individuals
with systolic (HF with reduced ejection fraction), or diastolic
(HF with preserved ejection fraction) the coupling between the
heart and arteries does seem to be impacted differently by the
type of HE.
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HF WITH A REDUCED EF

Heart failure patients with systolic dysfunction are characterized
by a diminished resting ejection fraction and left ventricular con-
tractility (Asanoi et al., 1989). Patients with HF and a reduced
ejection faction have a downward and rightward shift of the end-
systolic pressure—volume relationship, reflecting a reduced Ery
(range 0.6-2.6 mran-mlf1 .m~2; Asanoi et al., 1989). Patients
with HF and a reduced ejection faction have an augmented Ep
(range 1.7-3.7 mmHg-ml~'-m~2) due to a decrease in stroke vol-
ume and increases in heart rate and peripheral resistance (Asanoi
et al., 1989). The increase in Ep and decrease in Epy result in
a three to fourfold increase in Ez/Epy (range 1.3—4.3; Asanoi
etal., 1989; Sasayama and Asanoi, 1991). This suboptimal coupling
reflects diminished cardiovascular performance and efficiency of
the failing heart.

During exercise, the traditional reduction in E5/Ery due to a
substantial increase in Ery vs. any change in E, are virtually absent
in HF patients with a reduced ejection fraction (Cohen-Solal et al.,
1998). Thus the limited capacity of systolic HF patients to augment
their cardiovascular function during times of stress (such as exer-
cise) involve marked deficits in both left ventricular and arterial
elastance reserves.

HF WITH A PRESERVED EF

Heart failure patients with a preserved ejection fraction (>50%)
represent ~40% of patients with HF (Owan et al., 2006). HF with
a preserved ejection fraction is more prevalent with advancing age,
in women, and in individuals with systolic hypertension (Klapholz
etal., 2004). Recent interest has refocused attention on examining
the coupling between the heart (systolic and diastolic properties)
and arterial system in order to gain further insights into the patho-
physiological mechanisms that underlies HF with a preserved
ejection fraction. Some of the pathophysiological adaptations that
occur in HF with a preserved ejection fraction can be attributed
to normal adaptations evident with aging. Indeed the relative risk
(controlled for gender, race, medical history, and admission char-
acteristics) of developing HF with a preserved ejection fraction is
~10-27% between 65 and 90 years of age (Masoudi et al., 2003).
However, aging alone does not account for all the physiologi-
cal changes noted in HF with a preserved ejection fraction. For
example, compared to age-matched normotensive controls, HF
patients with a preserved ejection fraction typically have an Ep
that is ~40% higher and an Epy that is approximately twofold
greater, and thus a lower Eo/Eyy is noted in HF patients with a
preserved ejection fraction vs. healthy controls (Kawaguchi et al.,
2003). However, when comparing HF patients with a preserved
ejection fraction with age, and hypertensive matched controls
without HF E5/Ery is similar because of a tandem rise in both
Ea (*40%) and Ery (*50%) in HF patients with a preserved ejec-
tion fraction (Kawaguchi et al., 2003). In larger epidemiological
studies in whom E5/Epy is examined non-invasively, HF patients
with a preserved ejection fraction have matched increases in Ex
and Ery (and thus similar E5/Ery) compared to non-hypertensive
controls without HF (Lam et al., 2007; Borlaug et al., 2009). Fur-
ther, no differences in E4 and Epy, or Eo/Ery are found between
individuals with hypertension without HF and HF patients with
a preserved ejection fraction (Lam et al., 2007; Borlaug et al,,

2009). Also the increase in Ejy in HF patients with a preserved
ejection fraction compared to non-hypertensive controls is not
due to differences in left ventricular remodeling but more likely
due to an increased passive myocardial stiffening (Borlaug et al.,
2009). However, the vast majority of HF patients with a preserved
ejection fraction in these epidemiological studies are hyperten-
sive (>95%), which may contribute to the matched increases in
Ea and Epy. Indeed, some patients with HF patients with a pre-
served ejection fraction who are normotensive have values of Ep
and Epy that are similar to those of healthy normotensive con-
trols (Maurer et al., 2005). These findings highlight the difficulty
in understanding the pathophysiological mechanisms that are evi-
dent in a disease that is comprised of a very heterogeneous group
of individuals.

Recent studies have highlighted the importance of altered
arterial-ventricular interactions during exercise. HF patients with
a preserved ejection fraction who have increased Ex and Epy at
rest exhibited a marked hypertensive response and elevated dias-
tolic pressures to sustained handgrip exercise (Kawaguchi et al.,
2003). Further, during upright cycle ergometry exercise at maxi-
mal effort, HF patients with a preserved ejection fraction have a
threefold smaller increase in Ery and a reduced ability to lower
their peripheral resistance and increase their heart rate during
exercise compared with hypertensive controls with left ventricular
hypertrophy (Borlaug et al., 2006). Some of the peak cardiovas-
cular deficits noted between HF patients with a preserved ejec-
tion fraction and hypertensive controls could be related to the
fact that the HF patients with a preserved ejection fraction are
unable to attain the same level of exercise workload compared
to controls. In other words, are the peak cardiovascular deficits a
mechanism or consequence of exercise limitation? However, sim-
ilar deficits are also noted between HF patients with a preserved
ejection fraction and hypertensive controls at matched submax-
imal workloads (Borlaug et al., 2010). Thus, HF patients with
a preserved ejection fraction are characterized by a diminished
increase in Ery and a smaller reduction in Ex/Epy compared to
controls without hypertension, and to those with hypertension
but without HF, both at submaximal exercise workloads (20 W)
and at maximum exercise (Borlaug et al., 2010). In addition,
the depressed reserve responses correlated with reduced exercise
capacity and greater subjective symptoms at low-level workloads.
Since female sex, systolic hypertension, and older age are risk fac-
tors for HF with a preserved ejection fraction (Klapholz et al,,
2004), and as the pathophysiology of HF with a preserved ejec-
tion fraction involves a limited cardiovascular reserve (Kitzman
etal., 1991), the diminished EA/Eyy reserve observed in older sys-
tolic hypertensive women without HF (Chantler et al., 2008b)
suggests that they may be exhibiting signs of subclinical (Stage
B) HE. This raises the possibility that they may be on a trajec-
tory to progressive exercise intolerance and perhaps functional
limitations.

In summary, the pathophysiological mechanisms that con-
tribute to HF with a preserved ejection fraction are due to
the accumulation of multiple cardiovascular impairments that
are expressed during exercise, reflecting impaired inotropic,
chronotropic, lusitropic, and vasodilatory responses that impair
Ea/Ery (Kawaguchi et al., 2003; Borlaug et al., 2010).

www.frontiersin.org

May 2012 | Volume 3 | Article 90 | 30


http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive

Chantler and Lakatta

Aging and cardiovascular performance

CONSEQUENCES OF ALTERATIONS IN Ea/Ery WITH AGING,
HYPERTENSION, OR HEART FAILURE

In a young, healthy individual the coupling between the arteries
and heart are well matched to: (1) maintain an optimal trans-
fer of blood from heart to periphery without excessive changes
in blood pressure and; (2) provide optimal cardiovascular flow
reserve without compromising arterial pressures (Kass, 2005).
However, the increased stiffness noted in both the arteries and
heart with age, which is further exacerbated in the presence of
disease (hypertension, HE, etc.) reflects a coupling disease (Kass,
2005). That is the stiff arteries and LV interact to limit the cardio-
vascular response to stress (reduced performance) and generates
clinical symptoms (Kass, 2005).

Asillustrated in Figure 6, a stiffer heart-arterial system increases
load-sensitivity even if the coupling ratio is normal. That is, an
increased resting Ex and Epy means that systolic pressures are
much more sensitive to changes in left ventricular volume. This is
clearly observed in young vs. old individuals, whereby a decreased
preload in younger individual results in a modest drop in sys-
tolic pressure but in older individuals there is a much greater
change in systolic pressure (Chen et al., 1998). This exaggerated
systolic pressure response is also evident in hypertensives and HF
patients with a preserved ejection fraction compared to controls
(Kawaguchi et al., 2003). Consequently, the stroke work (myocar-
dial demand) required to perform this task is increased and can
potently influence systolic and diastolic function, including coro-
nary flow (i.e., greater dependence upon systolic pressure for
coronary flow; Kawaguchi et al., 2003). Thus, older individuals
are working at a higher setpoint regarding changes in pressure for
a given change in loading conditions and this disadvantage is fur-
ther exaggerated in hypertensives and HF patients with a preserved
ejection fraction.

In addition to enhanced load-sensitivity, the global (systolic
and diastolic) reserve capacity becomes blunted with arterial and
left ventricular stiffening. Increased Eyy at rest translates into less

® YOUNG
O ELDERLY
180

()

=

» 1501

[72]

(O]

S

0 1201

O

g 901

>

n

60 i
40 60 80 100 120
LV EDV

FIGURE 6 | Relationship between changes in systolic pressure to
alterations in ventricular diastolic volume (induced by balloon
obstruction of inferior vena caval inflow) in a young and in an elderly
patient. There is much greater sensitivity of systolic pressure to volume
changes in the elderly patient, indicated by the steeper slope. Modified
from Chen et al. (1998) with permission.

effective changes in Ery during exercise (or stress) thereby limiting
cardiovascular performance (Borlaug et al., 2010). For example,
individuals who start at a higher Ery have a limited capacity to
further increase stroke volume, and the limited stroke volume
response is further exacerbated when a stiff heart is connected
to a stiff artery (Chen et al., 1998; Kawaguchi et al., 2003). It is
therefore not surprising that a stiffer LV and arterial system are
linked to a reduced aerobic capacity (Borlaug et al., 2010). Fur-
ther, in an isolated canine heart model, Kass et al. (1989) reported,
larger reductions in Epy after a myocardial infarction in hearts
with a higher resting Ejy. This greater mechanical vulnerability
to an ischemic insult may help to explain why older individuals
may experience worse outcomes following a myocardial infarction
(Maggioni et al., 1993).

Another a major consequence of arterial stiffening is an
increased pulse pressure, which also increases cyclic changes of
arterial flow. As such, the microcirculation receives larger pul-
satile pressures which can damage the vascular beds and in turn,
cause damage to the end organs (such as the kidney and brain).
Indeed increased arterial stiffness is independently associated with
dementia (Hanon et al., 2005). Increased arterial stiffness can
also lead to endothelial dysfunction and an abnormal vasodilation
response to stress.

THERAPEUTIC INTERVENTIONS

Interventions related to improving arterial ventricular cou-
pling span from pharmacological to lifestyle (exercise and diet)
approaches. We will briefly highlight some important interven-
tions in this area. The abnormalities in combined arterial and
ventricular stiffening leading to a mismatch in their interaction,
as highlighted above, has important physiological consequences.
Numerous approaches have been taken to reverse the age and dis-
ease associated changes. By reducing the increase in arterial and left
ventricular systolic stiffness with age or disease we may improve
arterial-ventricular interactions and thus cardiovascular perfor-
mance by being more efficient blood pressure regulation for a given
volume of blood. For example, acute administration of sodium
nitroprusside, a balanced vasodilator, acutely reduces Ex (10%)
and increases Eyy (47%) at rest in older (70 & 8 years) individuals
(Chantler etal.,2011). Further, at peak exercise, sodium nitroprus-
side leads to an increase in Ery (68%) without a change in Ej and
consequently the normal reduction in E5/Epy during exercise is
enhanced (36%). Importantly, sodium nitroprusside acutely atten-
uates the age-associated deficits in Eo/Ery and Ery during exercise
(Chantler et al., 2011). Similarly, acute intravenous verapamil
(calcium-channel blocker) in healthy older (70 4 10 years) volun-
teers reduces resting arterial-ventricular stiffening and E5 during
exercise (though a decline in heart rate, pulsatile, and resistive
arterial load), and improves (13%) aerobic exercise performance
(Chen etal., 1999). These results in older persons highlight that, at
least acutely, the abnormalities in arterial-ventricular interactions
can be partly restored. Of note, verapamil also improved arterial
ventricular interactions and exercise capacity in HF patients with
a preserved ejection fraction and hypertrophic cardiomyopathy
(Brown et al., 1985; Setaro et al., 1990). However, whether the
acute effects of sodium nitroprusside or verapamil identified can
be maintained with chronic drug administration is unknown.
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Hypertensive patients on optimal brachial and central blood
pressure antihypertensive therapies shifts arterial-ventricular cou-
pling from blood flow maximization to left ventricular mechanical
efficiency optimization (Osranek et al., 2008). Further, the effects
of antihypertensive monotherapy on E5/Ery examined in 10,670
patients over a 6-month period indicated that angiotensin con-
verting enzyme inhibitors (ACEI), angiotensin II receptor block-
ers (AIIRA), and dihydropyridine calcium antagonists decrease
Ea/Ery, whereas diuretics, a-blockers, both B-blocker groups
(with and without intrinsic sympathomimetic activity), and non-
dihydropyridines significantly increase Eo/Ery compared to base-
line measurements (Figure 7; lakovou et al., 2004). Thus various
antihypertensive drugs have a differential effect on E5/Ery with
ACEI, AIIRA, and dihydropyridine calcium antagonists have the
most favorable effect on this index, likely through their actions
on causing vasodilatation and by actually inhibiting the vasocon-
strictive results of neurohormonal activation (Iakovou etal.,2004).
However, the effects of these drugs on the components of E5/Ery
are not reported.

Other therapies shown to improve Ep/Eyy are exercise training.
In healthy older men, 24-32 weeks of aerobic endurance exer-
cise training does not alter baseline ejection fraction (inverse
of Ea/Ery) or left ventricular contractility (systolic blood
pressure/end-systolic volume), but increases peak ejection frac-
tion, suggesting that Ex/Ery would have further decreased during
exercise, due to a greater peak left ventricular contractility (Schul-
man et al., 1996). In the same study, eight master athletes stopped
their endurance training for 12 weeks, which tended to decrease
peak ejection fraction and LV contractility (Schulman et al., 1996).
In patients with coronary artery disease, 12 months of aerobic
endurance exercise training did not alter resting E /Ery, or Epy, but
produced a slight 13% reduction in E, at rest (Rinder et al., 1999).

Further, exercise training led to a 37% increase in Ery and a 23%
decrease in Ep/Ery during handgrip exercise performed at 30% of
maximal voluntary contraction. However, the change in Ex during
handgrip exercise remained unaltered after the exercise training.
The results of this study suggest that long-term endurance exercise
training induces significant cardiovascular adaptations both in the
basal state and during an afterload stress in patients with coronary
artery disease.

One year of progressive and vigorous endurance training in
sedentary healthy older (70 & 3 years) individuals resulted in slight
reductions in Ea at rest (14%) and peak exercise (20%). This
coincided with an improvement in compliance at rest (Fujimoto
et al., 2010). However, the exercise training failed to reverse car-
diac stiffening. One possible reason for the lack of changes in
left ventricular stiffness with exercise training is the development
of cross-linked advanced glycation end products in the left ven-
tricular wall along with a loss in the number and the volume
of cardiac myocytes that occur with older age and which are
pathologically irreversible once formed (Aronson, 2003). Thus any
improvement in left ventricular function could have been con-
strained by cross-linked collagen. A phase II drug, alagebrium,
is a cross-link breaker and is known to improve left ventricular
and arterial stiffness in animals (Kass, 2003), and a clinical trial is
currently underway to examine the effects of exercise and alage-
brium combined on cardiovascular stiffening in the elderly (NIH
clinicaltrials.gov identifier NCT01014572). However, alagebrium
administered to patients with HF and systolic dysfunction does
not improve exercise tolerance or cardiac function (Hartog et al.,
2011). Whether HF patients with a preserved ejection fraction, in
whom the largest effect of alagebrium could be expected, would
benefit from an advanced glycation end products breaker therapy
remains unknown.
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CONCLUSION

Although increased stiffness of the arteries itself has important
physiological and clinical relevance, such changes also have major
implications on the heart, and vice versa, and the manner in the
way they interact has important ramifications on cardiovascu-
lar function both at rest and during exercise. Examination of the
alterations in arterial-ventricular coupling with aging and disease
can yield mechanistic insights into the pathophysiology of these
conditions and increase the effectiveness of current therapeutic
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Vascular aging is a key process determining health status of aged population. Aging is an
independent cardiovascular risk factor associated to an impairment of endothelial function,
which is a very early and important event leading to cardiovascular disease. Vascular aging,
formerly being considered an immutable and inexorable risk factor, is now viewed as a
target process for intervention in order to achieve a healthier old age. A further knowledge
of the mechanisms underlying the age-related vascular dysfunction is required to design
an adequate therapeutic strategy to prevent or restore this impairment of vascular func-
tionality. Among the proposed mechanisms that contribute to age-dependent endothelial
dysfunction, this review is focused on the following aspects occurring into the vascular
wall: (1) the reduction of nitric oxide (NO) bioavailability, caused by diminished NO synthe-
sis and/or by augmented NO scavenging due to oxidative stress, leading to peroxynitrite
formation (ONOQO™); (2) the possible sources involved in the enhancement of oxidative
stress; (3) the increased activity of vasoconstrictor factors; and (4) the development of a
low-grade pro-inflammatory environment. Synergisms and interactions between all these
pathways are also analyzed. Finally, a brief summary of some cellular mechanisms related
to endothelial cell senescence (including telomere and telomerase, stress-induced senes-
cence, as well as sirtuins) are implemented, as they are likely involved in the age-dependent
endothelial dysfunction, as well as in the lower vascular repairing capacity observed in the
elderly. Prevention or reversion of those mechanisms leading to endothelial dysfunction
through life style modifications or pharmacological interventions could markedly improve
cardiovascular health in older people.

Keywords: endothelial dysfunction, aging, cardiovascular disease, nitric oxide, oxidative stress, inflammation,
senescence

The concept that a man (or a woman) is as old as his arteries
are, coined by Georges Canabis and reformulated by Sir William
Osler more than 100 years ago, can be considered nowadays quite
a valid approximation. Vascular aging represents the process that
more importantly impacts on the health status of elderly people.
The aging process is the main risk factor for the development of
cardiovascular diseases (CVD), explaining 50% of clinical CVD
present in the elderly. In fact, aging is associated with complex
structural and functional changes in the vasculature independently
of other risk factors, such as hypertension, diabetes, or hypercho-
lesterolemia (Barodka et al.,2011). The old vision of vascular aging
considers it as an inevitable process generated through a series of
inexorable mechanisms. These thoughts have evolved to the cur-
rent position that assumes that the knowledge of the molecular
mechanisms involved in the age-related vascular dysfunction will
contribute to understand the extent and nature of these alterations.
Therefore, strategies to attenuate the effect of aging in the vascula-
ture could be potentially developed, preserving the quality of life,
and alleviating CVD in the elderly population (Najjar et al., 2005).
Furthermore, preservation of vascular function in aging should

not only reduce deaths and disabilities secondary to cardiovascu-
lar events but it also should influence other aspects of the aging
process that leads to loss of function and/or disability. In fact, loss
of cardiovascular health is associated to increased risk of defective
motor capacity and cognitive frailty (Panza et al., 2006; Kim et al.,
2011; Watson et al., 2011). Thus, it seems to be now quite clear that
robustness in advanced age cannot be achieved without preser-
vation of vascular function. Dominant aspects of vascular aging
include increased arterial stiffness, dilation of central elastic arter-
ies,and endothelial dysfunction (Kotsis etal.,2011), although there
is increasing evidence suggesting that all these processes are closely
related (van Bussel et al., 2011). The present work will briefly
review the most important mechanisms that have been related to
the development of the age-dependent endothelial dysfunction.

VASCULAR DYSFUNCTION ASSOCIATED TO THE AGING
PROCESS

Vascular aging is characterized by functional and structural
changes of the endothelium and smooth muscle cells that form the
vascular wall, as well as by alterations of the communication routes
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between these two cell layers. Functional disturbances, together
with other factors associated with aging, will contribute to the
development of structural alterations, which in turn contribute to
vascular stiffness and to an additional impairment of the endothe-
lial function. Moreover, since endothelial dysfunction is associated
with the major causes of morbidity and mortality, the maintenance
of a correct function of this vascular layer is thought to be an essen-
tial determinant of healthy aging (Virdis et al., 2010; Toda, 2012).
The evidence showing the presence of endothelial dysfunction in
the aged vasculature is very important since the late 1980s in ani-
mal models and since the middle 1990s in humans. In particular,
the reduction in the endothelium-dependent vasodilatations has
been consistently described both in vitro and in vivo in differ-
ent vascular beds from old animals and elderly humans (Matz
and Andriantsitohaina, 2003; Brandes et al., 2005; Rodriguez-
Manas et al., 2009; Toda, 2012). These evidences demonstrated
that aging is an independent factor associated with endothelial dys-
function even in the absence of other cardiovascular risk factors
(Rodriguez-Maiias et al., 2009). The impairment of endothelial
function is a progressive phenomenon starting in the middle age
and, at present, it is considered as one of the main mechanisms
by which aging increases the risk of CVD and the development
of atherosclerosis in humans. Therefore, those approaches aimed
to preserve or improve the endothelial function would be funda-
mental for the prevention of vascular diseases in the elderly. The
reported scientific evidences indicate that the pathogenesis of the
age-dependent endothelial dysfunction is clearly multifactorial,
with several pathophysiological mechanisms contributing to the
functional deterioration of vascular endothelial cells (Figure 1).
These pathways are briefly summarized as follows.

ALTERATION OF THE NITRIC OXIDE (NO) PATHWAY
NO is the main vasodilator produced by the endothelium and
exerts a protective role on the vessel wall. The reduction of
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FIGURE 1 | Mechanisms involved in the aging-induced impairment of
endothelial vasodilation.
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NO availability deeply disturbs the vascular homeostasis, being
involved in the development of hypertension, atherosclerosis, or
diabetic vasculopathy (Sagach et al.,, 2006). NO is synthesized
from L-arginine by the enzyme NO synthase (NOS). There are
three known NOS isoforms: the constitutive endothelial (eNOS)
and neuronal (nNOS) isoforms, producing regulated NO involved
in regulatory or signaling pathways, and the inducible (iNOS)
isoform, leading to massive NO synthesis and related with inflam-
matory responses. Aging is also associated with a reduction in
the NO bioavailability, which is the result of the dynamic balance
between its synthesis and degradation. Reduced NO production
may be due to: (1) a deficiency in NOS substrates and cofactors;
(2) the presence of endogenous eNOS inhibitors; and (3) a lower
expression and/or activity of eNOS. On the other hand, enhanced
NO degradation may be mostly due to excessive amounts of reac-
tive oxygen species (ROS), such as superoxide anions (O *) that
quench NO hampering its functional activities.

DECREASE IN L-ARGININE AVAILABILITY

The reduction of available concentration of L-arginine to be used
as eNOS substrate in aging was based on one study suggesting an
improvement in endothelial function in older subjects after oral
administration of L-arginine (Bode-Boger et al., 2003). However,
this has not been further confirmed, as no significant improve-
ment of the impaired flow-mediated dilation in the old subjects
group has been observed after the intra-braquial infusion of r-
arginine, despite a 23-fold increase of its plasmatic concentrations
(Gates et al., 2007). From a biochemical point of view, a reduction
in the availability of the substrate is difficult to sustain because the
plasmatic concentration of L-arginine is more than one order of
magnitude higher than the substrate concentration required for
the optimal function of the enzyme. Although a lower availability
could be explained by a reduction in the transport of L-arginine to
endothelial cell, there is evidence showing that age-related deteri-
oration of endothelial function is not associated to a change in the
transport of L-arginine (Ahlers et al., 2004). Other possible expla-
nation for the lower availability of r-arginine with aging could
be related to an increased expression and/or activity of arginase,
the enzyme that degrades L-arginine, leading to a decrease in
substrate availability for eNOS and the consequent reduction of
NO synthesis (Santhanam et al., 2008). In rats, an increase in the
arginase-1 activity related to age-related endothelial dysfunction
has also been proved by the use of arginase inhibitors, which restore
NO-mediated vasodilation (Santhanam et al., 2007). Recovering
of vasodilation after arginase inhibition in elderly subjects also
supports a role for this enzyme in the endothelial dysfunction
associated to human vascular aging (Holowatz et al., 2006).

THE ENDOGENOUS INHIBITOR OF NOS (ADMA)

The synthesis of NO is blocked by the inhibition of the NOS
active site with guanidine-substituted analogs of L-arginine such
as asymmetric dimethylarginine (ADMA). ADMA is a naturally
occurring amino acid found in plasma and various tissues (Yam-
agishi and Matsui, 2011). An enhanced production of ADMA has
been proposed to be a cardiovascular risk factor linked to different
pathologies involving vascular disease and hypertension (Cooke,
2005). A possible role for this compound has been proposed in
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the physiological process of aging, as a positive correlation has
been reported in healthy subjects between the plasmatic levels
of ADMA and age (Schulze et al., 2005). Moreover, it has been
described an ADMA accelerating effect of endothelial cells senes-
cence (Bode-Boger et al., 2005). However, other authors could
not find any relationship between the endothelial expression of
ADMA and the development of the age-related impairment of
endothelium-dependent vasodilations (Gates et al., 2007).

REDUCTION OF TETRAHYDROBIOPTERIN (BH;)

Tetrahydrobiopterin (BHy) is a cofactor essential for NOS activity.
Substantial evidence linked BHy deficiency as a condition lead-
ing eNOS to produce less NO with the consequent deterioration
of endothelial function (Vasquez-Vivar et al., 2003). In humans,
the participation of BHy deficiency in age-related endothelial dys-
function has been demonstrated, since the infusion of BHy4 restores
the impaired endothelium-dependent vasodilation (Higashi et al.,
2006).

ENDOTHELIAL NOS

There is no doubt about the existence of a deficit in the vascular NO
bioavailability associated with aging, but a high number of stud-
ies evaluating the expression of eNOS in different vascular beds
of aged animals have not displayed definitive results. While some
authors have not observed changes of eNOS expression in mesen-
teric arteries (Sun et al., 2004), others have reported significant
increases in the aorta (Cernadas et al., 1998) or the mesenteric
arteries from old rats (Briones et al., 2005). The analysis of the
eNOS mRNA levels has shown either an increase (Barton et al.,
1997) oradecrease (Tang and Vanhoutte, 2008) in the aorta of aged
rats. In the mesenteric microvessels from healthy young and old
humans, no age-dependent changes have been detected concern-
ing eNOS mRNA levels (Rodriguez-Manas et al., 2009). Moreover,
human endothelial cells from brachial artery and peripheral veins
do not differ significantly with age in the eNOS expression (Donato
et al., 2009).

In addition to transcriptional and translational regulations,
eNOS presents a significant regulation at post-translational level
involving PI3 kinase/Akt-dependent phosphorylation at Ser 1177,
resulting in increased activity of eNOS. Although reduced Akt-
dependent phosphorylation of eNOS in micro- and macro-
vasculature of aged animals has been demonstrated (Soucy et al.,
2006; LeBlanc et al., 2008), the involvement of reduced eNOS
phosphorylation in human vascular aging needs to be confirmed.

ENDOTHELIUM-DERIVED HYPERPOLARIZING FACTOR

Further to the release of NO and prostacyclin, the endothelium
controls vascular tone by causing hyperpolarization of under-
lying smooth muscle cells. This process is attributed to the
endothelium-derived hyperpolarizing factor (EDHF). However,
this generic term can refer to different mechanisms (with vascular
territory- and species-dependent variability) including arachido-
nate metabolites derived from COX, lipoxygenase, or cytochrome
P450 oxygenase activities, HyO,, CO, H;S, and several peptides
that can be released by endothelial cells. Furthermore, vasodilation
can be generated by Ca?*-induced hyperpolarization of endothe-
lial cell causing the opening of Ca?*-activated K*-channels (K¢,)

that produce hyperpolarization and relaxation of smooth muscle
through myo-endothelial gap junction-mediated electrical cou-
pling or by KT -efflux from the endothelial K¢, and subsequent
activation of inwardly rectifier K*-channels or Na*/K*-ATPase
in smooth muscle (Dora et al., 2008).

Contribution of EDHF to endothelial vasodilation of human
arteries has been demonstrated in different vascular regions such
as coronary arteries obtained from failing hearts at transplant
surgery (Nakashima et al., 1993), omental and subcutaneous
microvessels (Pascoal and Umans, 1996; MacKenzie et al., 2008),
and penile resistance arteries (Angulo et al., 2003). Impaired
EDHF-mediated vasodilation has been observed in mesenteric
(Goto et al., 2000) and renal arteries (Long et al., 2005) from aged
rats. In contrast, it has been reported that EDHF partially com-
pensates for the loss of NO- and prostacyclin-mediated cutaneous
vasodilation in old mice (Gaubert et al., 2007). These conflicting
results could reflect either species differences or regional hetero-
geneity of vascular regulation with aging. In human gastroepi-
ploic arteries, EDHF-induced relaxation inversely correlated with
the age of the patients from whom the arteries were obtained
(Urakami-Harasawa et al., 1997).

Age-induced decline in EDHF-mediated vasodilation seems to
be related to an up-regulated renin-angiotensin system (RAS)
since chronic angiotensin converting enzyme (ACE) inhibition,
as well as angiotensin-II type 1 (AT1) receptor blockade, recov-
ered EDHF-mediated responses in mesenteric arteries from old
rats (Goto et al., 2004). In this sense, the impairment of EDHF-
induced vasodilation in mesenteric arteries from middle aged
rats (46 weeks old) is associated with increased AT1 receptor
expression and reduced angiotensin-II type 2 (AT2) receptor and
ACE expression, which were prevented by antioxidant treatment
with red wine polyphenols (Idris Khodja et al., 2012). As occurs
in angiotensin II (Ang II)-induced hypertension (Hilgers and
Webb, 2007), age-related impairment of the EDHF component
of endothelial vasodilation is likely due to reduced expression of
small and intermediate conductance K¢, (SKc, and IKc,; Idris
Khodja et al., 2012). A decline on the responses mediated by large
conductance Kg, (BKc,) has been reported in coronary arter-
ies from aged rats which can be recovered by exercise training
(Albarwani et al., 2010).

CONTRACTILE FACTORS

COX PATHWAY ALTERATION

Cyclooxygenase (COX) plays an important role in the regula-
tion of vascular tone under normal conditions by the synthe-
sis of different vasoactive factors, which are particularly rele-
vant since both vasodilators (prostacyclin, PGI,) or vasocon-
strictors (thromboxane A2, TXA;) could be produced, those fac-
tors being in tight balance. During aging, a shift in the balance
in favor of increased contractile factors occurs and, therefore,
endothelium-dependent contractions increase. In humans, the
lack of prostaglandin (PGI,)-mediated vasodilatation has been
reported in vivo (Schrage et al., 2007) and in mesenteric microves-
sels in vitro (Rodriguez-Manas et al., 2009), while the existence
of COX-derived vasoconstrictor factors associated with aging has
been described in vivo by using plethysmographic studies (Tad-
dei et al., 1997; Vanhoutte et al., 2005) and in vitro studying
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isolated mesenteric arteries (Rodriguez-Manas et al., 2009). The
implication of the COX pathway in the endothelial dysfunction
associated with aging is reinforced by the improvement of the
impaired endothelium-dependent relaxations produced by TP-
receptor antagonists (Rodriguez-Manas et al., 2009). In humans,
the nature of the endothelium-dependent vasoconstrictor factor
is not entirely determined but thromboxane A; and prostaglandin
H, are clear candidates. In aged hamsters, endothelial-dependent
contractions are mediated by PGF,, produced by COX-2 (Wong
et al., 2009). A role for O;*® is also possible, as these ROSs have
been described as COX activity-derived endothelium-dependent
vasoconstrictors (Vanhoutte et al., 2005).

No consensus has so far been established regarding the COXiso-
form responsible for the age-related vasoconstrictions (Matz and
Andriantsitohaina, 2003). The pre-incubation with the selective
COX-1 inhibitor valeryl salicylate reduced the contractile response
observed in the femoral artery form old rats (Shi et al., 2008), while
the COX-2 inhibitor NS-398 improved endothelial dysfunction in
the aged rat aorta and mesenteric arteries (de Sotomayor et al.,
2005). However, other authors did not find an improvement of
endothelial dysfunction by this same compound in mesenteric
arteries from aged rats (Matz et al., 2000).

Controversial results have been also reported concerning the
COX protein expression in the vasculature of old animals (Heymes
et al., 2000; Stewart et al., 2000; Briones et al., 2005; Shi et al.,
2008). No differences related to age have been detected in the
expression of mRNA for COX-1 and COX-2 isoforms in human
mesenteric microvessels (Rodriguez-Manas et al., 2009). How-
ever, protein expression may be not the only factor accounting
for COX-mediated effects, as the existence of post-translational
changes in the activity of these enzymes cannot be ruled out.
Thus, there is an important regulation of COX activity by NO
and ONOO™ (Upmacis et al., 2006). Furthermore, a physiological
binding interaction between COX-2 and iNOS has recently been
reported, bringing NO or ONOO™to activate COX-2 in a syn-
ergistic molecular interactions between these two inflammatory
pathways (Kim et al., 2005).

THE RENIN-ANGIOTENSIN SYSTEM

The RAS is critical for cardiovascular control, impacting normal
physiology and disease pathogenesis. Its major actions are medi-
ated by AngII,acting through its AT1 and AT2 receptors (Stegbauer
and Coffman, 2011). At present, it is clear that both the increased
generation of cellular ROS and activation of redox-sensitive signal-
ing cascades are critical events involved in Ang II actions (Touyz,
2003). After binding to its AT1 receptors, Ang II triggers intracellu-
lar superoxide production by activating NAD(P)H (Kimura et al.,
2005) and uncoupling endothelial NOS (eNOS; Mollnau et al.,
2002). Under normal physiological conditions, Ang II-mediated
signaling pathways are closely regulated. However, increased renin-
angiotensin system activity is implicated in several vascular disor-
ders and there is evidence for increased vascular expression of Ang
ITand ACE with aging (Rajagopalan et al., 2002; Wang et al., 2003).
Furthermore a role for the angiotensin system in the vascular
aging-related endothelial dysfunction has been observed. Indeed
Ang Il is a potent inducer of endothelial dysfunction and vascular
oxidative stress (Idris Khodja et al., 2012). Moreover, treatment

of rats with either an ACE inhibitor or an AT1 receptor antago-
nist improved endothelial dysfunction (mediated by the NO and
the EDHF component) in aged blood vessels, in part, by decreas-
ing oxidative stress (Goto et al., 2000; Kansui et al., 2002; Mukai
etal.,2002). A recent study done by Benigni and associates showed
that mice lacking AT1A receptors had prolonged life span com-
pared to genetically matched wild-type controls; this enhanced
longevity was associated with improved cardiovascular morphol-
ogy, reduced ROS production, attenuated mitochondrial loss,
and enhanced levels of nicotinamide phosphoribosyltransferase
(Nampt) and sirtuin-3 (Sirt3; Benigni et al., 2009). However, losar-
tan, an AT1 receptor antagonist, had no effect on brachial flow-
mediated dilation in older adults, despite reducing blood pressure
and circulating inflammatory markers (Rajagopalan et al., 2002)
while other AT1 receptor antagonist, valsartan, improved vascular
compliance in healthy normotensive elderly individuals without
affecting flow-mediated dilation (Rajagopalan et al., 2006).

ENDOTHELIN-1

Endothelin-1 (ET-1) is the most potent vasoconstrictor protein
synthesized and released by endothelial cells (Yanagisawa et al.,
1988). ET-1 exerts vascular actions through activation of two dis-
tinct ET-1 receptor subtypes: ETy, localized exclusively in vascular
smooth muscle, and ETg which are expressed in smooth muscle as
well as endothelium (Masakietal., 1991). Both ET s and ETp recep-
tors are coupled to phospholipase C activation leading to increased
cytosolic calcium and myosin kinase phosphorylation that results
in long-lasting contraction of smooth muscle (Liischer and Bar-
ton, 2000) and vasoconstriction (Seo et al., 1994; Haynes et al,,
1995). Activation of ETp receptors by ET-1 would increase intra-
cellular calcium in endothelial cell promoting eNOS activation
and vasodilation (Tsukahara et al., 1994).

Increased contractile responsiveness to ET-1 has been demon-
strated in arteries from aged rats (Donato et al., 2005; Korzick
et al., 2005) while ETs blockade has been shown to reverse
the impairment of endothelium-dependent relaxation in carotid
arteries from old mice (Donato et al., 2009). Aging is also asso-
ciated with elevated plasma concentrations of ET-1 in humans
(Maeda et al., 2003; Donato et al., 2009). In humans, ETA/ETg
antagonists produced larger leg blood flow increases in healthy
sedentary old subjects than in young subjects, suggesting elevated
ET-1-mediated vasoconstrictor tone in peripheral arteries from
aged humans (Thijssen et al., 2007). Similarly, forearm vasocon-
striction induced by ET-1 was blunted in older sedentary subjects
while ETa blockade only increased resting forearm blood flow
in old sedentary subjects but not in young (Van Guilder et al.,
2007). Furthermore, endothelium-dependent forearm vasodila-
tion in older subjects negatively correlates with the expression
of ET-1 in endothelial cells (Donato et al., 2009). Interestingly,
exercise training decreases plasma ET-1 in old women (Maeda
et al., 2003) and reduces ET-1-mediated increase in vascular tone
in elderly subjects (Thijssen et al., 2007; Van Guilder et al., 2007).

OXIDATIVE STRESS

It is now clear that ROS are physiologically produced into the
vascular wall in a controlled regulated manner. Under normal con-
ditions, the endogenous antioxidant defense mechanisms, both
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enzymatic, such as the manganese and copper/zinc superoxide
dismutase (SOD), glutathione peroxidase (GP), catalase, and non-
enzymatic, vitamin C, vitamin E, uric acid, inactivate ROS and
repair the possible developed tissular damage. Indeed, together
with NO, physiological ROS function as cell signaling initiators
by their ability to introduce reversible post-translational protein
modifications (Valko et al., 2007). Nevertheless, under patho-
logical conditions, increased ROS levels lead to accumulation of
damaged/misfolded proteins, increased mutagenesis rate, inflam-
mation, and endothelial dysfunction (Malinin et al., 2011). This
enhanced oxidative stress can consequence of either an increased
ROS production and/or a reduction in the antioxidant defenses.

ROS AND VASCULAR DAMAGE

The implication of oxidative stress in the genesis of vascular dam-
age has been described in several pathologies, including diabetes
or hypertension, and also in aging process (Ungvari et al., 2008).
A large body of evidence indicates that oxidative stress and ROS
production are increased during the aging process (Ungvari et al.,
2010b). The results obtained from studies in which antioxidant
defense levels were determined were contradictory. While some
authors observed an age-related decrease in the SOD and GP
activities and a decline of plasma antioxidant capacity (Goraca,
2004), others found an increase in the plasma activity of SOD and
GP (Mecocci et al., 2000). The first consequence of the increase in
O; * levels is a decrease of the NO availability, leading to a decrease
in the endothelium-dependent relaxations (Pacher et al., 2007). In
human mesenteric microvessels, this age—related endothelial dys-
function is improved by scavenging O; *with SOD or TEMPOL,
which correlates with an increase in O; * levels in these same vessels
(Rodriguez-Maiias et al., 2009).

NO INACTIVATION

Accelerated degradation of NO by oxidative stress and especially by
O; * is one of the most widely accepted mechanisms involved in the
alteration of the NO pathway. The diffusion-controlled reaction
between NO and O * leads to the formation of the peroxyni-
trite anion (ONOQO™; Yang et al., 2009a). Thus, the NO produced
in vascular cells from eNOS or iNOS reacts rapidly with O, ® to
form ONOO™, which is termed as a reactive nitrogen specie (RNS)
because of its high reactivity with proteins, DNA, and lipids. Unlike
05 *, ONOO™ can easily penetrate into the cell causing oxida-
tive modifications of macromolecules, especially lipids, DNA, and
proteins via direct oxidative reactions through the nitrosylation
of tyrosine and cysteine residues or via indirect radical-mediated
mechanisms. These reactions trigger cellular responses ranging
from subtle modulations of cell signaling to overwhelming oxida-
tive injury, committing cells to necrosis or apoptosis. Indeed,
nitrotyrosine levels reflect the impact of ONOO™ on proteins
and constitute a cellular marker of oxidative stress. There are
convincing data showing a substantially enhanced cardiovascular
ONOO™ formation during aging process (Francia et al., 2004),
whereas increased nitrosative stress has been demonstrated in
arteries from aged animals (van der Loo et al., 2000). Higher lev-
els of nitrotyrosine have been found in endothelial cells obtained
from brachial artery from aged subjects, while nitrotyrosine lev-
els were inversely related to flow-mediated dilation (Donato et al.,

2007). In human mesenteric microvessels, an age-dependent for-
mation of nitrotyrosine has been reported, while the endothelial
dysfunction associated to elderly is partially restored by scavenging
ONOO™ with uric acid (Rodriguez-Manas et al., 2009). All these
evidences suggest that the relevant changes related to age that are
observed in the vascular wall are driven, at least partially, by these
highly reactive molecules.

SOURCES OF OXIDATIVE STRESS

There are several main systems proposed to be the sources for
the ROS increase production in the human vasculature, namely
NADPH oxidase, xanthine oxidase, uncoupled NO synthase, and
the mitochondrial respiratory chain (Cai and Harrison, 2000;
Loscalzo, 2000; Guzik et al., 2002; Brandes et al., 2005; Lassegue
and Griendling, 2010). Increased expression of the Nox-4 sub-
unit of NADPH oxidase has been demonstrated in mesenteric
microvessels from aged humans without other known cardio-
vascular risk factors; furthermore, the NADPH oxidase-derived
ROS produced in these arteries impact vascular function, since
the NADPH oxidase inhibitor apocynin improves the age-related
endothelial dysfunction (Rodriguez-Maiias et al., 2009). In the
aorta from aged rats, other authors noted that oxidative stress
associated with aging might be related to the increased activity
of the enzyme xanthine oxidase (Newaz et al., 2006). However,
the role of this enzyme as a source of oxidative stress in vascu-
lar aging has not been confirmed in humans; thus, its expression
in vascular endothelial cells from older subjects is not altered
while in vivo inhibition of this enzyme with allopurinol does not
improve aged-dependent endothelial dysfunction (Eskurza et al.,
2006).

NOS uncoupling is a possible source for O;° in vascular
aging (Cai and Harrison, 2000; Brandes et al., 2005), which
has been described after a decline in BH4 bioavailability that
is consequence of its oxidation to BH, by O;* or peroxyni-
trite (ONOQO™; Milstien and Katusic, 1999; Laursen et al., 2001;
Schiffrin, 2008). As BHy efficiently inhibits superoxide genera-
tion from the heme group at the oxygenase domain of eNOS, it
can act as O; a redox switch in the catalytic mechanism of the
enzyme, which may have important consequences in the phys-
iology of the endothelium (Vasquez-Vivar et al., 2003). High
O; * not only reduces NO bioavailability, but the ROS and RNS
also oxidize proteins and lead to eNOS uncoupling (Munzel
et al., 2005). Moreover, ONOO™ further uncouples eNOS by
oxidizing the zinc-thiolate complex (Zou et al., 2002). Mam-
malian target of rapamycin (mTOR)/SK61 signaling activation
has been demonstrated to cause eNOS uncoupling in HUVEC
and endothelial dysfunction in aged rats (Rajapakse et al., 2011).
Interestingly, although most reports point to eNOS as the iso-
form that can be uncoupled, producing O; (Brandes et al., 2005),
the inducible iNOS isoform can also serve as a source of in
the absence of sufficient substrate or BH4 (Loscalzo, 2000). In
addition, treatment of isolated mesenteric arteries from healthy
aged subjects with BH4 results in significant recovery of dysfunc-
tional endothelium-dependent relaxations, suggesting that the
enhancement of the intracellular levels of BH4 would prevent NOS
uncoupling and O; * production, in this case likely involving the
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inflammatory inducible iNOS isoform (Rodriguez-Manas et al.,
2009).

Another source for oxidative stress in the aging process is
mitochondria. Under physiological conditions, the mitochondria
continually produce large amounts of O; * and H, O, so that the
mitochondrial DNA (mtDNA) is particularly exposed to oxidative
damage. In aging there is a reduction in the number of mitochon-
dria and an increase in the generation of dysfunctional proteins,
which leads to a depletion in the energy supply and even to an
increase in the O * production (Pang et al., 2008). Whatever the
mechanism involved in the mitochondrial dysfunction, as it is the
case for insulin-resistance (Abbatecola et al., 2011), the decline
in mitochondrial dysfunction is able to enhance ROS production
and further damage the mtDNA (Cui et al., 2012). An additional
important link between mitochondrial oxidative stress and car-
diovascular aging is the induction of programmed cell death.
The available evidence suggests that age-associated increase in
oxidative stress causes an increased rate of endothelial apopto-
sis (Ungvari et al., 2010b). Furthermore, recent studies show that
mitochondria-derived ROS, in addition to causing oxidative dam-
age, play an important role in activating numerous redox-sensitive
transcription factors, including NF-kB and AP-1 (Ungvari et al.,
2010b).

ANTIOXIDANT THERAPY IN ELDERLY HUMANS

Although some conflicting results showing ineffectiveness of vit-
amin E ingestion to improve endothelial function in older adults
exist (Simons et al., 1999), more recent clinical evidences point
to beneficial effects of antioxidant therapy on endothelial dys-
function related to aging. A recent clinical trial has shown the
acute reversal of endothelial dysfunction in the elderly after oral
administration of an antioxidant cocktail (vitamin C 4+ vitamin
E + a-lipoic acid; Wray et al., 2012), confirming previous results
showing the recovery of exercise induced vasodilation of brachial
artery in elderly men after administration of the same antioxi-
dant cocktail (Donato et al., 2010). Administration of ascorbic
acid has been reported to reverse vasoconstriction and improve
resting leg blood in healthy older men (Jablonski et al., 2007)
as well as to augment reflex cutaneous vasodilation in aged sub-
jects (Holowatz et al., 2006). These clinical evidences demonstrate
that oxidative stress may be an important target for recovering
endothelial function in aging.

INFLAMMATION

In addition to oxidative stress, the development of the so-called
low-grade chronic inflammatory state is another phenomenon
linked to the aging process. This has been referred as “inflamm-
aging” that could be caused by a continuous antigenic load
and stress (Franceschi et al., 2000). Molecular inflammation is
described as an underlying mechanism of aging and age-related
diseases, which may constitute the link between normal aging and
age-related pathological processes. Normal aging (“usual aging”)
is associated with higher levels of cytokines, especially TNF-a,
IL-1B, and members of the super family of IL-6, as well as ele-
vations of C-reactive protein (CRP) and fibrinogen (Ferrucci
et al.,, 2005) that contribute to a pro-inflammatory microenvi-
ronment and facilitate the development of vascular dysfunction.

Interactions between inflammation and oxidative stress occurs, as
different redox-sensitive transcriptional factors such as AP-1 and
NF-kB are activated by ROS, increasing the gene expression of
cytokines (TNF-a, IL-1, and IL-6), adhesion molecules (ICAM,
VCAM), and pro-inflammatory enzymes (iNOS, COX-2; Yu and
Chung, 2006). Supporting the clinical relevance of these findings
in humans, epidemiological data suggest an association between
elevated inflammatory cytokines and mortality in the elderly peo-
ple (Harris et al., 1999; Volpato et al., 2001). Inflammatory cells
could also play a role in vascular dysfunction associated to aging.
In this sense, in healthy subjects older than 55 years, neutrophil,
eosinophil and monocyte count (within the normal ranges) as
well as myeloperoxidase activity inversely correlated with forearm
blood flow responses, which were improved after BH4 administra-
tion (Walker et al., 2010). This suggests that moderate increment
of inflammatory cells through myeloperoxidase activity would
reduce BH, availability compromising NO-mediated vasodilation.

In experimental models, there is clear evidence concerning the
relationship between age and vascular inflammation (Chung et al.,
2002; Csiszar et al., 2003; d’Alessio, 2004; Ungvari et al., 2004). An
age-related up-regulation in TNF-a has been described in coro-
nary arteries, increasing endothelial cells apoptosis and leading
to endothelial dysfunction (Csiszar et al., 2004). Many of the
characteristics of vascular aging, including endothelial dysfunc-
tion, oxidative stress, increased apoptosis, and pro-inflammatory
gene expression profile, can be mimicked by recombinant TNF-
o (Csiszar et al., 2007). Moreover, chronic TNF-a inhibition
improves flow-mediated arterial dilation in resistance arteries
of aged animals, while reduced ICAM-1 and iNOS expression
(Arenas et al., 2006).

The induction of the inflammatory iNOS isoform can be
also related to the endothelial dysfunction associated with aging.
Previous reports in rats suggest an age-dependent enhanced vas-
cular expression of iNOS (Cernadas et al., 1998; Csiszar et al.,
2002). Studies in human peritoneal mesothelial cells indicated an
age-dependent enhancement of iNOS expression (Nevado et al.,
2006), while in mesenteric microvessels from aged subjects there
is an increased expression of mRNA for iNOS (Rodriguez-Manas
et al., 2009). Furthermore, the selective inhibition of this iso-
form partially restored the age-dependent endothelial dysfunction
(Rodriguez-Manas et al., 2009). The iNOS isoform generates high
amounts of NO;j therefore, its rapid reaction with O;® generates
high levels of ONOO™. As the inducible iNOS isoform has much
higher catalytic activity than eNOS and consumes more substrate
and cofactors, this isoenzyme is also an important source of O;*
when uncoupled (Loscalzo, 2000).

During the last years, there is increasing evidence in humans
confirming the relation between age and low-grade inflamma-
tion. The expression and activity of the inflammatory tran-
scription nuclear factor-kB (NF-kB) is augmented in human
peritoneal mesothelial cells accordingly to age (Nevado et al,
2006). Moreover, a pro-inflammatory profile has been reported
in the grossly normal, aged, human aortic wall (Wang et al.,
2007). Aging is also associated with greater nuclear NF-kB, lower
IkBa, and increased expression of pro-inflammatory cytokines
in vascular endothelial cells from healthy humans, which cor-
relates with age-related endothelial dysfunction (Donato et al,
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2007, 2008, 2009). Furthermore, an in situ age-dependent NF-
kB activation has been demonstrated in the vascular wall of
human mesenteric microvessels from aged subjects by Southwest-
ern histochemistry techniques, which clearly correlates with the
development of endothelial dysfunction (Rodriguez-Manas et al.,
2009).

SENESCENCE AND ENDOTHELIAL DYSFUNCTION

REPLICATIVE SENESCENCE

In the early 1960s, Hayflick and Moorhead defined cellular senes-
cence as a condition where the cells lose its ability to proliferate,
although it can be metabolically active. The underlying mecha-
nism for this phenomenon is the telomere length shortening that
occurs during each cell division until a critical length is exceeded.
Without telomeres, genetic material would be lost every time a
cell divides. DNA polymerase requires a RNA primer with a 3’
hydroxyl donor group to initiate DNA replication, during which
the “end-replication problem” arises. Telomeres and telomerase
ameliorate this problem by providing a repetitive template for
enzymatic repair of the ends of chromosomes, thereby limiting
the loss of genetic information during mitosis. When the telom-
eres are too short, cell signaling is triggered for the arrest of cell
proliferation, senescence, and apoptosis. In addition to the lack of
cell replication, senescent cells acquire distinct phenotypic char-
acteristics associated to aging and age-related diseases (Ungvari
et al., 2010a). Some of these phenotypic changes are related to
the regenerative and angiogenic capacity of the vascular endothe-
lium and involved in the development of atherosclerosis during
aging (Erusalimsky, 2009). Indeed, more elastase and fibronectin
are observed in senescent vascular smooth muscle (Minamino and
Komuro, 2007).

Although senescence has been comprehensively characterized
in cell culture, there is increasing evidence of the senescent phe-
notype in vivo, and its relevant pathophysiological implications,
particularly in the cardiovascular system (Erusalimsky and Kurz,
2005). Thus, it has been described that telomere length is short-
ened in the endothelial cells from cadaveric samples of thoracic
and iliac arteries, as well as from abdominal aorta, accordingly to
the age of the patients (Aviv et al., 2001). On the other hand,
telomere length is an independent predictor of heart disease
related events, as its shortening is more pronounced in arteries
derived from elderly patients with coronary disease and associated
to endothelial dysfunction (Ogami et al., 2004; De Meyer et al.,
2011). Telomere dysfunction and vascular senescence are related
to enhanced ROS, decreased NO, and increased pro-inflammatory
molecules, such as adhesion molecules (Minamino et al., 2004;
Minamino and Komuro, 2007). In fact, ROS generation acceler-
ates telomere shortening and senescence in HUVEC (Kurz et al.,
2004).

In a search for biomarkers of CVD, the leukocyte telomere
length has been related to several physiological or pathological
conditions. Thus, cross sectional studies have shown that subjects
with increased arterial stiffness have shorter leukocyte telom-
eres, indicating this may be an indicator of biological vascular
aging in men (Benetos et al.,, 2001). It has been also reported
that the leukocyte telomere length is shorter in a population
of hypertensive patients than in the normotensive peers and

the patients with shorter telomeres were more likely to develop
atherosclerosis 5years after (Yang et al., 2009b). Moreover, the
rate of leukocyte telomere shortening predicts mortality from
CVD in elderly men (Epel et al., 2009). Some criticism still
exists, however, concerning the relations between telomere length
and CVDs, as not always adequate correlations are found, nei-
ther an accepted pathophysiological link (Calado and Young,
2009).

STRESS-INDUCED SENESCENCE

Stress-induced senescence of endothelial cells can be produced
as a result of various insults, including those causing intra-
cellular oxidative stress and inflammation (Calado and Young,
2009; Erusalimsky and Skene, 2009). ROS are potential candi-
dates responsible for senescence through varied actions but also
by compromising NO availability since NO inhibits senescence
in endothelial cells (Hayashi et al., 2006). In fact, ROS-induced
senescence of HUVEC is antagonized by interventions result-
ing in increased eNOS activity (Ota et al., 2007). It has been
suggested that inflammation may be a telomere-independent
mechanism producing vascular cell senescence in human ather-
osclerotic plaques (Minamino et al., 2004). Exposure to AGE-
modified proteins induces senescence of HUVEC without affect-
ing telomeres length or telomerase activity (Patschan and Golig-
orsky, 2008). This type of stress-induced senescence would be
secondary to ROS generation, lysosomal permeability and dys-
regulation of autophagy (Patschan et al., 2008). Oxidative stress
seems to be involved in the genesis of both replicative and high
glucose-induced senescence leading to dimethylaminohydrolase
inactivation and ADMA accumulation which inhibits NO pro-
duction (Scalera et al., 2008; Yuan et al., 2010). In addition,
activation of Akt/mTOR pathway has been reported to con-
tribute to vascular senescence associated to obesity (Wang et al.,
2009).

SENESCENCE OF EPCs

Special relevance deserves the senescence occurring in the
endothelial progenitor cells (EPCs), which are considered to
contribute to endothelial repair (Griese et al., 2003; Takamiya
et al., 2006; Kirton and Xu, 2010; Briasoulis et al., 2011), a
phenomenon that is less efficient in aging (Williamson et al.,
2012). However, although it is widely accepted the capacity
of EPCs to promote neovascularization, the role of EPCs in
regeneration of endothelial cells remains controversial (Pasquier
and Dias, 2010; Sanchez-Guijo et al., 2010; Resch et al., 2011).
Thus, advanced age is known to impair neovascularization, a
process known to depend on the function of highly prolifera-
tive EPCs. There are evidences clearly demonstrating that aging
impairs the function of ex vivo expanded EPCs (Keymel et al.,
2008). The loss of EPCs associated to aging may be mediated
by an imbalance between factors promoting growth, migration,
and survival against those enhancing oxidative stress and pro-
moting senescence (Chang et al., 2007). In this sense, hypoxia
inducible factor-la. (HIF-1a) induces the expression of stromal
cell-derived factor-1 (SDF-1) that enhances the recruitment of
EPCs in injured or ischemic tissues in mice (Karshovska et al.,
2007). There are evidences demonstrating that the levels or activity
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of HIF-1a decreases with aging and thereby leads to reduced lev-
els of SDF-1 (Hoenig et al., 2008). Telomere length declines with
age in EPCs from healthy men (Minamino et al., 2004; Kush-
ner et al., 2009). Moreover, EPCs senescence is accelerated in
both experimental hypertensive rats and patients with essential
hypertension (Imanishi et al., 2005b). There is also a prema-
ture senescence in EPCs from diabetic patients (Rosso et al.,
2006).

TELOMERASE

To avoid the attrition of telomeres, germinal cells and some
somatic cells produces telomerase, an enzyme that catalyze DNA
synthesis to maintain telomere length. Human endothelial cells
and vascular smooth muscle express telomerase activity, which is
activated by mitogen stimuli via PKC, this activity being reduced
with age (Minamino and Komuro, 2007). Introduction of telom-
erase into EPCs extends life span and improves vasculogenesis
of these cells (Minamino et al., 2004). It has been also described
that NO activates telomerase in endothelial cells, delaying senes-
cence (Vasa et al., 2000; Farsetti et al., 2009). Then, strategies
aimed to increase endothelial NO bioavailability could be con-
sidered as possible therapies to prevent endothelial cell senes-
cence associated with aging (Hayashi et al., 2008). By the con-
trary, angiotensin II-mediated oxidative stress (Imanishi et al.,
2005a; Morris, 2005) and pro-atherogenic factors, like TNFo (Bre-
itschopfetal.,2001),are major inducers for endothelial senescence,
by inducing telomerase inactivation through an Akt-dependent
mechanism. Antioxidants may prevent this telomerase inactiva-
tion by inhibiting the nuclear export of the catalytic subunit of the
telomerase (Haendeler et al., 2004 ). The inactivation of telomerase
induced by angiotensin II-mediated oxidative stress is related to
the presence of nitrotyrosine, suggesting the involvement of per-
oxynitrite (Imanishi et al., 2005a; Morris, 2005). Interestingly, the
endothelial cells senescence evoked by glycated collagen and the
premature vascular senescence observed in type 2 diabetic rats
can be prevented with peroxynitrite scavengers (Chen et al., 2002,
2007).

SIRTUINS

During the past decade, research on aging, based initially on
simple laboratory organisms, has identified important genes and
pathways that contribute to longevity. Among these is a family
of nicotinamide adenine dinucleotide (NAD)-dependent proteins
termed sirtuins, which can extend the life span in model organisms
and are important in mediating the beneficial effects of low-
calorie diets (Guarente, 2011). There are seven identified sirtuins
in mammals (Sirtl to Sirt7), which main function might be to
promote survival and stress resistance, resulting in longevity (Sed-
dingand Haendeler, 2007; Guarente, 2011). At present, endothelial
dysfunction in arteries from aged mice and humans is associ-
ated with a reduction of vascular expression of Sirtl (Donato
et al., 2011) and there is increasing evidence that the beneficial
effects produced by caloric restriction on endothelial function
in aged animals are related, at least in part, by up-regulation
of Sirtl (Rippe et al., 2010; Weiss and Fontana, 2011). In fact,
increased Sirt1 expression in cultured endothelial cells was driven
by serum from aged rats under restricted calorie intake (Csiszar

et al,, 2009). In human endothelial cells, over-expression of Sirtl
prevented oxidative stress-induced senescence, while its inhibi-
tion leads to premature senescence-like phenotype. Interestingly,
immunosuppressant drugs, like sirolimus and everolimus, induce
endothelial cellular senescence via Sirtl down-regulation (Ota
et al., 2009). By the contrary, moderate over-expression of Sirtl
in mice hearts confers stress resistance to the heart in vivo, retard-
ing aging phenotype (Alcendor et al., 2007). It has been suggested
that NO upregulate Sirtl in human endothelial cells, therefore
inhibiting oxidative stress-induced premature cell senescence (Ota
et al., 2008; Potente and Dimmeler, 2008). By the other hand,
Sirt1 inhibition in HUVEC results in reduced eNOS activity and
senescence-like phenotype while Sirtl induction increases eNOS
activity and prevents ROS-induced senescence (Ota et al., 2007).
Sirt1 plays an important role in endothelial homeostasis by regu-
lating eNOS activity; therefore, the Sirt1/eNOS axis may be quite
relevant as a potential target against vascular senescence, endothe-
lial dysfunction, and atherosclerosis (Ota et al., 2010). Moreover,
Sirtl enhancement inhibits the expression of AT1 receptors in
vascular smooth muscle cells (Miyazaki et al., 2008), reducing cell
hypertrophy and neointima formation following vascular injury
(Lietal.,2011a,b). All the available data suggest that sirtuins can be
a unique class of proteins exerting important effects on age-related
CVDs and a promising target for drug development (Guarente,
2011).

CONCLUSION

The better understanding of the molecular and cellular mech-
anisms involved in vascular aging, as well as their potential
interactions, provides a growing list of factors that can be tar-
gets for specific interventions aimed at preventing and delaying
the vascular aging. The NO pathway and endothelial dysfunc-
tion, oxidative stress, inflammation, telomerase, and sirtuins are
among the principal mechanisms likely involved in the vascular
aging process, both in healthy and pathological conditions. A bet-
ter comprehension of the complex interactions between them is
an important objective for future research. Changes in lifestyle,
dietary changes, loss of weight (if overweight), and particularly
aerobic exercise may prevent or delay the onset of endothe-
lial dysfunction. The pharmacological approaches could also be
important tools for intervention throughout the aging process,
either preventing endothelial dysfunction, or treating advanced
stages of endothelial dysfunction, or even acting on structural
alterations already evident in the vascular wall. Although we
need more data in human beings about the role of telomerase
and sirtuins in healthy aging and in disease, both may be new
promising targets, in addition to mechanisms already investigated,
including the activation of the NO pathway or the COX inhibi-
tion, or the interference with pro-oxidant and pro-inflammatory
pathways.
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Vascular aging is the term that describes the structural and functional disturbances of
the vasculature with advancing aging. The molecular mechanisms of aging-associated
endothelial dysfunction are complex, but reduced nitric oxide (NO) bioavailability and altered
vascular expression and activity of NO synthase (NOS) enzymes have been implicated
as major players. Impaired vascular relaxation in aging has been attributed to reduced
endothelial NOS (eNOS)-derived NO, while increased inducible NOS (iNOS) expression
seems to account for nitrosative stress and disrupted vascular homeostasis. Although
eNOS is considered the main source of NO in the vascular endothelium, neuronal NOS
(nNNOS) also contributes to endothelial cells-derived NO, a mechanism that is reduced in
aging. Pharmacological modulation of NO generation and expression/activity of NOS iso-
forms may represent a therapeutic alternative to prevent the progression of cardiovascular
diseases. Accordingly, this review will focus on drugs that modulate NO bioavailability,
such as nitrite anions and NO-releasing non-steroidal anti-inflammatory drugs, hormones
(dehydroepiandrosterone and estrogen), statins, resveratrol, and folic acid, since they may
be useful to treat/to prevent aging-associated vascular dysfunction. The impact of these
therapies on life quality in elderly and longevity will be discussed.

Keywords: aging, endothelial dysfunction, nitric oxide, nitric oxide synthases, uncoupled eNOS, statin, resveratrol,

folic acid

INTRODUCTION

Many disorders emerge with advancing aging, and cardiovascular
diseases (CVD) are a major cause of morbidity and mortality in the
elderly! (Lakatta and Levy, 2003). The term vascular aging encom-
passes all the structural and functional alterations in the blood
vessels with progressive aging (Herrera et al., 2010). Both smooth
muscle cells and intima layers are affected. These vascular changes
lead to endothelial dysfunction, arterial stiffness in consequence
of intense remodeling and calcification, impaired angiogenesis,
greater susceptibility to vascular injury and atherosclerotic lesions
(Lakatta and Levy, 2003; Herrera et al., 2010).

The mechanisms underlying vascular aging are complex and
involve multiple pathways and factors, and a comprehensive
description of all mechanisms is beyond the scope of this review.
Excellent and very recent reviews on the topic are available

'According to the Department of Health Statistics and Health
Information Systems, World Health Organization (WHO),
(http://www.who.int/healthinfo/survey/ageingdefnolder/en/index.html), ~ “Most
developed world countries have accepted the chronological age of 65 years as a
definition of “elderly” or older person,” although this concept does not adapt well
to every country or population. Chronological or “official” definitions of aging
can differ widely from traditional or community definitions of when a person
is older. In many parts of the developing world, chronological time has little or
no importance in the meaning of old age, which is seen to begin at the point
when active contribution is no longer possible. Since in this review the aging
process is being looked from a biological perspective, which has its own dynamic,
largely beyond human control, the chronological aging definition may seem more
appropriate.

(Herrera et al., 2010; Seals et al., 2011; Toda, 2011). In this
complex scenario, vascular function depends on the balanced
production/bioavailability of nitric oxide (NO), which is main-
tained by the normal activity of endothelial nitric oxide synthase
(eNOS). On the other hand, excessive amount of NO produced
by inducible nitric oxide synthase (iNOS) up-regulation con-
tributes to vascular dysfunction. Evidence obtained from exper-
imental models indicates that decreased NO bioavailability as
well as increased reactive nitrogen species (RNS) production con-
tributes to aging-associated vascular dysfunction. These effects
have been attributed to abnormal expression and activity of vas-
cular NO synthase (NOS) isoforms. Accordingly, in this review,
a very brief overview on NO signaling in cardiovascular aging is
provided. The role of each NOS isoform on aging-associated vas-
cular dysfunction is then discussed. The use of drugs that affect
NO generation or modulate NOS expression/activity, includ-
ing nitrite anions, NO-releasing non-steroidal anti-inflammatory
drugs, statins, hormones (estrogen and dehydroepiandrosterone),
resveratrol, and folic acid to prevent vascular dysfunction in elderly
is also addressed.

BRIEF BIOCHEMISTRY OF NO SIGNALING

NO is a highly reactive signaling molecule, produced from the oxi-
dation of the essential amino acid L-arginine by the NOS family
(Figure 1). The eNOS and neuronal nitric oxide synthase (nNOS)
isoforms are constitutively expressed in many tissues, including
vessels and neurons (Melikian et al., 2009; Villanueva and Giulivi,
2010). Conversely, iNOS is expressed by vascular cells in response
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FIGURE 1 | Role of nitric oxide synthase (NOS) enzymes in endothelial
function and aging-associated endothelial dysfunction. Endothelial
(e)-NOS isoform converts l-arginine to nitric oxide (NO). eNOS activity is
determined by intracellular calcium concentration [i(Ca?*)] and/or its
phosphorylation (P) state at different sites (e.g., eNOS is positively and
negatively modulated by phosphorylation of serine 1177 (S"”7) and threonine
494 (T%%), respectively). In addition, eNOS activity is inhibited by its
interaction with caveolin-1 and by O-GIcNAc modification, while eNOS
association with heat shock protein 90 (hsp90) favors its activation. In
endothelial aging, NO synthesis is compromised because eNOS activity is
decreased due to increased expression and interaction with caveolin, reduced
expression and association with hsp90, reduced phosphorylation of S'”7 and

Vascular dysfunction

increased phosphorylation of T***. In addition, reduced availability of l-arginine
and tetrahydrobiopterin (BH,) induces eNOS uncoupling or changes the
enzyme to a state that favors superoxide anion (eO,) generation. In aged
endothelial cells, up-regulated iINOS, which may be associated with
NF-kB-induced vascular inflammation, produces high levels of NO. NO reacts
with cysteine residues of proteins (arginase in this example), forming
S-nitrosothiol (-SNO)-arginase, which increases arginase activity and
l-arginine consumption. NO directly reacts with ¢O, produced by uncoupled
eNOS, and other vascular sources, generating the harmful reactive nitrogen
specie peroxynitrite (ONOO~-), which contributes to vascular dysfunction. The
aging-associated NOS alterations are depicted in red. ACh, acetylcholine; Bk,
bradykinin; Pl;K, phosphoinositide-3-kinase.

to chemokines and invading microorganisms (Hecker et al., 1999).
eNOS and nNOS are calcium (Ca®*)-dependent, while iNOS is
Ca’*-independent. Activation of specific receptors on endothelial
cells (e.g., by bradykinin) increases the intracellular levels of Ca®*+
which in turn, promotes eNOS activation and NO generation in
the vascular system (Figure 1). NO production is also increased as
a consequence of mechanical distension (shear stress) caused by
blood flow on the vascular wall. NO generated by nNOS and iNOS
is classically described as a neurotransmitter and a reactive mol-
ecule involved in bacterial killing, respectively. However, recent
advances highlight the role of nNOS and iNOS in cardiovascular
(dys)function (Melikian et al., 2009; Tsutsui et al., 2009) as well as
in aging, as discussed later.

Nitrite and nitrate anions are known as end products of NO oxi-
dation and reflect endogenous NOS activity (Dejam et al., 2004;
Moncada and Higgs, 2006). However, nitrite can be reduced to
NO by either hypoxia, tissue acidosis conditions, or by a num-
ber of enzymes. This makes nitrite an important complementary
reservoir of NO in physiological conditions (Dejam et al., 2004).

NOS-produced NO reacts rapidly with amino acids residues,
ions, and superoxide anion (eOy ), a reactive oxygen species (ROS;
Moncada and Higgs, 2006). The latter reaction is particularly
important since, as a O, scavenger, NO becomes an antioxi-
dant molecule at the same time that its bioavailability is reduced
in the presence of high O levels. Under conditions of L-arginine

or tetrahydrobiopterin (BHy4) deficiency, NOS becomes a radical
generating enzyme, a phenomenon referred as NOS uncoupling.

EVIDENCE FOR A ROLE OF NO IN THE REGULATION OF
LONGEVITY

NO seems to be a key molecule to longevity and cardiovas-
cular health. This concept was partially derived from stud-
ies addressing the cardiovascular function in mice that do not
express at least one, a combination of two, or all NOS isozymes
genes (ANOS™/—;iINOS™/~;eNOS™/~; n/iNOSs~/~; n/eNOSs ~/~;
i/eNOSs™/~; n/i/feNOSs~/~; Tsutsui et al., 2009). Accordingly, the
survival rate of 10 month-old triple NOS knockout mice is reduced
by ~80%, mainly as a consequence of spontaneous myocardial
infarction, coronary arteriosclerosis and mast cell infiltration in
the coronary artery adventitia (Tsutsui et al., 2009). The role of
each NOS is well established in some CVD. For instance, studies in
mice models of atherogenesis demonstrated that eNOS and nNOS
play protective roles, whereas iNOS is pro-atherosclerotic (Tsut-
sui et al., 2009). On the other hand, in particular conditions such
as myocardial ischemia, iINOS up-regulation represents a com-
pensatory molecular mechanism that protects myocardial cells
from damage (Bolli, 2001). However, few studies have addressed
whether chronic ablation of a specific NOS isoform affects lifespan.
A role for eNOS in lifespan and spatial memory was suggested by a
report showing that the survival rate of eNOS knockout mice was
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reduced by 50%. Those mice also exhibit decreased exploratory
behavior at 18-22 weeks of age when compared to age-matched
controls (Dere et al., 2002). In addition, it has been reported
that caloric restriction extends lifespan. However, this effect was
strongly attenuated in eNOS knockout mice (Nisoli et al., 2005).
This implicates eNOS-derived NO as one of the mechanisms by
which caloric restriction extends lifespan.

In humans, an iNOS polymorphism is significantly more fre-
quent in elderly hypertensive patients, indicating that abnormal
iNOS-mediated NO formation may affect longevity in patients
with moderate to severe hypertension (Glenn et al., 1999). In addi-
tion, cardiac overexpression of iNOS in mice leads to increased
mortality, which is associated with gross ventricular dilation and
hypertrophy, and sudden cardiac death due to bradyarrhythmia
(Mungrue et al., 2002). Taken together, these data suggest that
altered patterns of NO generation/turnover contribute to greater
susceptibility to cardiovascular disorders in elderly, and that its
regulation may decrease the risk of aging-associated diseases.

NO GENERATION IN CARDIOVASCULAR AGING

eNOS-derived NO is a fundamental mediator of vascular home-
ostasis (Moncada and Higgs, 2006). NO mediates vasodilation,
inhibits leukocytes adhesion, and has antithrombotic and anti-
apoptotic effects. Several studies in human and animal models
have shown that endothelium-dependent vasodilatation, a marker
of endothelial function, progressively declines with age (Gerhard
et al., 1996; Taddei et al., 2001; Muller-Delp et al., 2002; Blackwell
et al., 2004; Sun et al., 2004; Delp et al., 2008; Rodriguez-Manas
et al.,, 2009). Age-associated infirmities such as arterial hyperten-
sion, atherosclerosis, heart failure, and neurodegenerative diseases
have endothelial dysfunction as a common vascular component.
Reduced NO bioavailability in aging is a consistent feature in
experimental and clinical studies. Vascular aging is accompanied
by reduced eNOS expression/activity or augmented breakdown
of NO by ROS. In addition, senescent endothelial cells pheno-
type shifts toward an inflammatory state, with up-regulation of
adhesion molecules, cytokines, and chemokines (Ungvari et al.,
2004). This phenotype favors platelet aggregation and inflamma-
tory cell adhesion, which may progress to thrombotic and ather-
osclerotic events. The expression of pro-inflammatory enzymes,
such as cyclooxygenase-2 (COX-2) and iNOS is induced by aging-
associated endothelial dysfunction (Ungvari et al., 2004). COX-2-
derived lipid mediators can contribute to enhanced reactivity to
vasoconstrictors (Briones et al., 2005; Novella et al., 2011). In addi-
tion, iINOS-derived high levels of NO can induce post-translational
modification of proteins or react with ROS to produce RNS, which
increases vasoconstrictor tonus in aged arteries.

The major molecular mechanisms of age-related endothelial
dysfunction involve at least three NO-associated events: NO con-
sumption by ¢O; overproduction, reduced vascular antioxidant
ability, and altered NOS enzymes expression/activity. Vascular
oxidative stress also interferes with the actions of endothelial cell-
derived NO on vascular smooth muscle cells. Treatment of old
animals with antioxidants or the exposure of arteries isolated
from old mice to antioxidants restores endothelium-dependent
dilation (Blackwell et al., 2004; Fleenor et al., 2011). The main
vascular sources of ROS have been identified in aging: detaching

mitochondria (Ungvari et al., 2010) and nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidase (NOx; Hamilton et al.,
2001; Fleenor et al., 2011). As will be discussed, NOS can also act as
a eO; generator. Antioxidant enzymes such as superoxide dismu-
tase, glutathione, and catalase are also down-regulated or exhibit
decreased activity with aging (Sun et al., 2004; Lund et al., 2009;
Denniss et al., 2011; Fleenor et al., 2011). The final consequence
is an unbalanced ROS production and NO depletion in detriment
of the antioxidant capacity.

Identifying the changes that each NOS isoform undergoes in
vascular aging not only may help us to understand the natural
adaptations of the NO pathways in the cardiovascular system
with progressive aging, but may also provide novel targets for the
treatment of aging-associated CVD.

EFFECTS OF AGING ON VASCULAR NOS ISOFORMS

EFFECTS OF AGING ON eNOS

The role of aging on eNOS expression is controversial. Vascu-
lar eNOS expression with advancing aging has been shown to
be either unchanged (Sun et al., 2004; Rodriguez-Manas et al.,
2009; Yang et al., 2009), decreased (Challah et al., 1997; Yoon et al.,
2010), or increased (Cernadas et al., 1998; Matz et al., 2000; van
der Loo et al., 2000; Goettsch et al., 2001). Although data on
eNOS expression are contradictory, it is well accepted that the
activity of eNOS is reduced in aging (Cernadas et al., 1998; Chou
et al., 1998; Smith et al., 2006a,b; Yoon et al., 2010). Particularly,
eNOS activity is decreased by deficient availability of substrates or
cofactors, subcellular location, protein—protein interactions, and
post-translational modifications such as acylation, nitrosylation,
O-GlcNAcylation, and phosphorylation (Dudzinski and Michel,
2007; Villanueva and Giulivi, 2010).

Plasma membrane-associated eNOS represents an immediately
available agonist-sensitive pool of the enzyme (Dudzinski and
Michel, 2007; Villanueva and Giulivi, 2010). In old rats, the amount
of eNOS localized in the endothelial cell plasma membrane is
reduced (Smith et al., 2006b). In addition, senescent endothe-
lial cells in vitro display reduced NO synthesis accompanied by
increased eNOS linkage with caveolin-1 (Yoon et al., 2010), a pro-
tein whose interaction with eNOS keeps the enzyme inactivated in
aregion of the plasma membrane named caveolae (Dudzinski and
Michel, 2007). eNOS activity is extended by protein—protein asso-
ciation with heat shock protein 90 (hsp90), a chaperone involved
in protein trafficking and folding (Dudzinski and Michel, 2007).
Hsp90 expression and binding to eNOS is reduced in old endothe-
lial cells (Smith et al., 2006b; Yoon et al., 2010). Together, these
may partially explain the decreased eNOS activity and the reduced
NO-dependent vascular relaxation in elderly, as summarized in
Figure 1.

In the presence of low intracellular Ca?T levels, eNOS activity
is maintained by phosphoinositide-3-kinase (PI3K)/Akt-mediated
phosphorylation of serine 1176 (S1176) or 1177 (S'177), in rat and
human, respectively (Dudzinski and Michel, 2007). In contrast,
phosphorylation of eNOS at threonine 494 (T***) negatively reg-
ulates its activity (Dudzinski and Michel, 2007). Reduced eNOS
phosphorylation at $'76/S!177 and enhanced phosphorylation at
T*%* have been reported in endothelial cells from aged rats (Smith
et al., 2006a) and senescent human endothelial cells in vitro (Yoon
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etal.,2010). Together, these data further support a role for reduced
eNOS-produced NO in aging-associated vascular dysfunction.

Glycosylation with O-linked-B-N-acetylglucosamine (O-
GleNAc) is a post-translational modification of nuclear and cyto-
plasmic proteins. O-GlcNAc modification of eNOS seems to
reduce eNOS phosphorylation at Ser!!”” and, consequently, eNOS
activity (Lima et al., 2009). The vascular content of O-GlcNAc-
modified proteins is augmented in the vasculature of old animals
(Fulop et al., 2008). Although the amount of vascular O-GlcNAc-
modified eNOS in old animals has not yet been determined, it is
possible that senescence-associated increased vascular O-GlcNAc
levels can also contribute to eNOS dysfunction in aging.

In addition to its reduced NO-releasing ability, eNOS seems to
play a deleterious role in aging. Accordingly, endothelium removal
reverses the increased vascular O, production associated with
aging (van der Loo et al., 2000). Furthermore, aging-associated
vascular oxidative stress is partially reversed by pharmacologi-
cal NOS inhibition (Kim et al., 2009; Yang et al., 2009), which
suggests that eNOS contributes to eO, generation. As already
mentioned, uncoupled eNOS is a source of O in the vasculature.
In fact, the ratio of monomeric eNOS is increased in mesen-
teric arteries from aged rats, indicating that eNOS uncoupling
is associated with increased #O; production (Yang et al., 2009).
In aging, eNOS uncoupling has been associated with reduced BHy4
availability (Delp et al., 2008; Yang et al., 2009) rather than defi-
ciency of L-arginine (Gates et al., 2007). Despite that, inhibition
of arginase, an enzyme that degrades L-arginine, restores eNOS
coupling in rat aortas (Kim et al., 2009). Moreover, addition of
sepiapterin, a BHy precursor, ameliorates vascular relaxation in
conduit and resistance arteries from aged animals (Blackwell et al.,
2004; Delp et al., 2008) and reverses eNOS uncoupling (Yang et al.,
2009).

EFFECT OF AGING ON iNOS

iNOS expression is consistently reported in aged vessels, mainly in
the intima layer (Cernadas et al., 1998; Chou et al., 1998; Goettsch
etal., 2001; Csiszar et al., 2002; Rodriguez-Manas et al., 2009; Tian
et al., 2010). Pharmacological selective inhibition of iNOS pre-
vented age-related decrease of cardiac function (Yang et al., 2004)
and reversed impaired endothelium-dependent vasorelaxation in
old rats (Tian et al,, 2010) and in elder subjects (Rodriguez-
Manas et al., 2009). These exciting data reveal a new patho-
logical mechanism involving iNOS in the abnormal constrictor
vascular tone associated with aging. This is also reinforced by a
recent report demonstrating iNOS up-regulation in microves-
sels of hypertensive subjects, and an impressive restoration of
endothelium-dependent vasodilation by a selective iNOS inhibitor
in hypertensive patients (Smith et al., 2011).

The mechanism of iNOS-induced vascular dysfunction in
aging is not completely elucidated. Aging-associated iNOS up-
regulation is accompanied by RNS peroxynitrite (ONOO™) pro-
duction (van der Loo et al., 2000), due to the reaction of NO
with O, which is facilitated in the pro-oxidant environment
of aged arteries. ONOO™ is a potent and harmful molecule to
cellular lipids, genetic material, and proteins (Peluffo and Radi,
2007). Intense immnunostaining for nitrotyrosine, a marker of
protein nitration by ONOO™ (Peluffo and Radi, 2007), is found

in aged vessels (Csiszar et al., 2002; Rodriguez-Manas et al,
2009; Tian et al., 2010). Furthermore, a pharmacological scav-
enger of ONOO™ reversed the reduced endothelium-dependent
dilation of arteries from old rats (van der Loo et al., 2000),
implicating ONOO™ in aging-associated endothelial dysfunction
(Figure 1).

The amount of NO produced by iNOS is substantially greater
than that produced by the constitutive isoforms, and NO itself
may act as a cytotoxic agent and induce tissue damage (Hecker
etal.,, 1999; Moncada and Higgs, 2006). The reaction between NO
with cysteine residues of target proteins forming S-nitrosothiol
(SNO) is denominated S-nitrosylation, and it modifies protein
function (Moncada and Higgs, 2006). Arginase is a target pro-
tein for S-nitrosylation, and this post-translational modifica-
tion increases the enzyme activity. Increased S-nitrosylation of
arginase has been implicated in the decreased NO production
and reduced endothelium-dependent relaxation in aortas from
old rats (Santhanam et al., 2007). Interestingly, pharmacolog-
ical inhibition of iNOS abrogated arginase S-nitrosylation and
restored endothelium-dependent vasodilation (Santhanam et al.,
2007), indicating that increased arginase activity depends on iNOS
(Figure 1).

EFFECTS OF AGING ON nNOS

Although the regulatory roles of eNOS and iNOS in vascular aging
have been studied, just a small amount of information on the
contribution of nNOS to aging-associated vascular dysfunction is
available. In addition, there is limited knowledge on how nNOS
modulates vascular tone (Melikian et al., 2009).

Electrical stimulation of endothelium-denuded small arter-
ies causes a-adrenergic vasoconstriction, which is attenuated by
nNOS. However, this negative modulatory effect by nNOS is signif-
icantly impaired in old rats (Ferrer and Balfagon, 2001). Further-
more, old hypertensive rats exhibit just a minor increase of vaso-
constriction after pre-incubation with a selective nNOS inhibitor
(Ferrer et al., 2003). These findings suggest that nNOS-derived
NO in perivascular nitrergic innervation modulates microvascu-
lar tone by reducing a-adrenergic vasoconstriction and that its
absence may account for the abnormal vasoconstrictor tone in
aged arterioles (Ferrer and Balfagon, 2001; Ferrer et al., 2003). Of
importance, more studies on nNOS function in the vasculature of
aged animals as well as in aging-associated vascular dysfunction
are necessary and expected.

DRUGS THAT AFFECT NO GENERATION/TURNOVER: A
TREATMENT FOR AGING-ASSOCIATED VASCULAR
DYSFUNCTION IN HUMANS?

Due to its protective role on vascular homeostasis, adequate NO
synthesis and signaling represents an important goal in the treat-
ment of vascular dysfunction. Therefore it is important to under-
stand the cellular and molecular mechanisms that control the func-
tion and expression of NOS isoforms as well as the implications
this may have for aging-associated vascular dysfunction. Unfor-
tunately, as specific NOS isoforms pharmacological inhibitors are
still limited for experimental interventions or local administration
in humans, the effects of selective NOS activity inhibition and/or
stimulation remains unknown.
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RESTORING NO LEVELS

Due to their ability to restore reduced NO bioavailability, NO-
donors represent a therapeutic strategy to treat aging-associated
CVD. Although acute administration of the NO-donor sodium
nitroprusside improved cardiovascular performance at rest and
during exercise in healthy older volunteers (Chantler et al., 2011),
inorganic and organic nitrates (e.g., nitroglycerin) are a class
of compounds with limited long-term therapeutic use due to
the induction of tolerance. Experimentally, NO-releasing non-
steroidal anti-inflammatory drugs (NO-NSAID), which are pro-
drugs that contain a NO-donor moiety chemically attached to a
parent NSAID, have shown promising anti-inflammatory activity
and NO-releasing properties (Fiorucci et al., 2001). NO-releasing-
aspirin, but not aspirin, reduced vascular smooth muscle cell
proliferation in response to vascular injury in old rats (Napoli et al.,
2002), an effect that may be clinically relevant in the treatment of
aging-associated vascular remodeling.

An emerging alternative to directly increase NO levels is rep-
resented by nitrite anions. Different schedules of inorganic nitrite
supplementation as well as nitrite-rich diets have been shown to
induce vascular relaxation and to reduce blood pressure (Cosby
etal.,2003; Larsen et al., 2006; Webb et al., 2008; Kapil et al., 2010).
A traditional Japanese diet, for a 10-day-period, increased plasma
levels of nitrite and lowered blood pressure in healthy volunteers
(Sobko et al., 2010). These results suggest that the higher longevity
in the Japanese population compared to the occidental population
may be associated with high levels of nitrites on their diet. There is
a general agreement that inorganic and dietary nitrites can be ther-
apeutically used to treat CVD and possibly, cardiovascular aging.
However, uncertainties about the safety of nitrites limit clinical
interventions. To our knowledge, there is just one report showing
an association between high nitrite consumption and increased
regional brain perfusion in elderly subjects (Presley et al., 2011).
Since cerebral hypoperfusion precedes and contributes to the onset
of clinical dementia, this finding has clinical relevance.

STATINS
Inhibitors of cholesterol synthesis, the statins, represent a thera-
peutic alternative to treat vascular aging. In addition to improve-
ment in lipid profile, these drugs increase NO bioavailability by
many mechanisms that include: increased eNOS expression due to
increased eNOS mRNA stability and post-transcriptional modifi-
cations (Laufs and Liao, 1998; Laufs et al., 1998), eNOS recoupling
(Wenzel et al., 2008; Sabrietal.,2011),and reduced NO breakdown
by ROS (Figure 2) (Wagner et al., 2000; Wenzel et al., 2008). Addi-
tionally, atorvastatin up-regulates nNOS expression in endothelial
cells in vitro, and about a quarter of the total NO production in
aortic rings were attributed to atorvastatin-induced nNOS expres-
sion (Nakata et al., 2007). These pleiotropic effects of statins help
to justify the huge number of clinical trials addressing the benefits
of statin treatment in CVD (revised by Baigent et al., 2005).
Experimentally, statins reverse impaired endothelium-
dependent vasodilation in old rats and increase vascular lev-
els of eNOS (de Sotomayor et al., 2005). Conversely, impaired
endothelium-dependent vasodilatation was not modified by ator-
vastatin treatment in elderly subjects without associated morbidi-
ties (Weverling-Rijnsburger et al., 2004). Although this finding

seems to be disappointing, observational studies reported that
statin treatment lowered the ratio of fatal outcomes in elderly with
CVD (Foodyetal.,2006; Gransbo et al.,2010). In the double-blind,
randomized, placebo-controlled multicenter study PROspective
Study of Pravastatin in the Elderly at Risk (PROSPER), pravas-
tatin was found to reduce death caused by coronary heart disease
and the risk for non-fatal myocardial infarction in the treated
elderly group (Shepherd et al., 2002), reinforcing the suggestion
that statins may prevent cardiovascular aging.

Transgenic mouse with endothelial-targeted overexpression of
guanosine triphosphate cyclohydrolase-1 (GTPCH-1), the rate-
limiting enzyme for de novo BHy synthesis, does not exhibit
diabetes-associated vascular abnormalities (Alp et al., 2003).
Whereas streptozotocin (STZ) increases vascular oxidative stress
and impairs NO-mediated endothelium-dependent vasodilata-
tion in control mice, STZ-treated transgenic GTPCH-1 mice
exhibit less superoxide production and normal NO-mediated
vasodilatation (Alp et al., 2003). Similarly, treatment of hyper-
tensive rats with simvastatin restored GTPCH-1 activity and the
BH,4/eNOS/NO pathway reversing the hypertension-associated
endothelial dysfunction (Zhang et al., 2012). In vitro, statins
rapidly increase BHy bioavailability and up-regulate GTPCH-1,
leading to eNOS recoupling and NO generation in endothelial
cells (Hattori et al., 2003; Aoki et al., 2012; Zhang et al., 2012).
Of importance, patients with coronary artery disease treated with
atorvastatin showed very early improvement of flow-mediated
dilation in the brachial artery and restored BHy levels in mam-
mary arteries compared with the placebo group (Antoniades et al.,
2011). Moreover, the incubation of human mammary arteries with
atorvastatin augmented GTPCH-1 expression (Antoniades et al.,
2011). Collectively, experimental findings indicate that statins pro-
duce beneficial vascular effects via actions in the GTPCH/BH4/NO
pathway and may be used for the treatment of vascular aging.

HORMONE THERAPIES: DEHYDROEPIANDROSTERONE (DHEA) AND
ESTROGEN

Therapy with hormones, mainly dehydroepiandrosterone (DHEA)
and estrogen, has been considered a “treatment for aging”
(Figure 2) (Lamberts et al., 1997). DHEA replacement ther-
apy improved endothelium-dependent dilation in normotensive
hypercholesterolemic men and post-menopause women (Kawano
et al., 2003; Williams et al., 2004). One potential explanation for
the above observations is based on experimental data on DHEA-
treated old rats. These animals showed increased aortic eNOS
expression and restored NO production, although the repercus-
sion on vascular function was not investigated (Wu et al., 2007).
Disappointingly, a set of clinical observations reported null effects
with DHEA supplementation in men with CVD (Traish et al.,
2011).

Despite of the controversy about the benefits of estrogen
replacement therapy in post-menopausal women, cardiovascu-
lar benefits of estrogen have been attributed to its modulatory
effects on NO generation by NOS isoforms (Xing et al., 2009).
Estrogen deficiency, induced by ovariectomy, further increased
aging-associated vasoconstriction and impaired NO signaling
(Stice et al., 2009; Novella et al., 2010). Estrogen replacement
also improved flow-induced vasodilation in coronary arterioles
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FIGURE 2 | Drugs that affect NO generation/turnover by
modulating NOS enzymes. The drugs that modulate NOS enzymes
and, consequently NO production, act by changing three important
aspects of NOS enzymes function: activity, expression and
transcription: (1) activity; estrogen induces eNOS phosphorylation at
(S"77) to increase enzyme activity; statins and folic acid may cause
eNOS recoupling to increase eNOS activity and NO production; (2)
expression; statins and DHEA increase eNOS expression and,
consequently, NO generation; (3) transcription; statins and resveratrol

act at the transcriptional level of eNOS increasing its mMRNA stability. In
addition, resveratrol activates the promoter gene of eNOS increasing
its transcription. Whereas eNOS enzyme function can be altered in
three different ways, nNOS and iNOS function can be modulated at the
transcriptional level by some of these drugs. Statins may directly
induce nNOS transcription and increase nNOS protein levels. On the
other hand, resveratrol indirectly decreases iNOS transcription by
inhibiting NF-«B. DHEA, dehydroepiandrosterone; ROS, reactive oxygen
species; NF«B, nuclear factor kappa B; mRNA, messenger RNA.

of aged and ovariectomized rats and restored eNOS phospho-
rylation (Ser!'7®), suggesting a positive regulation of estrogen
on eNOS activity in old females (LeBlanc et al., 2009). In addi-
tion, vascular dysfunction in aged female rats is associated with
both decreased levels of estrogen and an altered pattern of estro-
gen receptor-mediated NO-induced vascular relaxation (Novensa
et al., 2011). This provides a new insight for the refractoriness of
age-related vascular dysfunction to estrogen replacement therapy.

Beneficial and harmful effects of estrogen on the vasculature are
also associated to iNOS protein expression. Ovariectomized rats
exhibited greater vascular iNOS expression than intact animals and
estrogen replacement reduced iNOS expression in ovariectomized
rats (Tamura et al., 2000). Therefore, it is possible that vascular
dysfunction that accompanies estrogen withdrawal is related to
increased iNOS levels. However, estrogen replacement reversed
the vascular remodeling in injured arteries from ovariectomized
mice that do not express iNOS, suggesting that estrogen-associated
vascular protection is not only related to suppression of iNOS
expression/activity (Tolbert et al., 2001). Conversely, estrogen has

been shown to attenuate vasoconstriction by an estrogen receptor
beta-mediated increase in iNOS expression (Zhu et al., 2002). The
physiological significance of iNOS activation by estrogen on vas-
cular tonus remains uncertain, since the absence of either alpha
or beta estrogen receptors, which increases vascular iNOS, does
not affect vascular sensitivity to vasoconstrictors (Liang et al.,
2003). The protective effect associated with estrogen-induced
iNOS expression may be related to a reduction in thrombotic
events, since the gender-associated protection against experimen-
tally induced thrombosis is lost in female mice that do not express
iNOS (Upmacis et al., 2011). These data suggest that basal levels
of estrogen can actively produce NO via iNOS and inhibit throm-
bus formation in females. Although yet untested, it is unlikely
that estrogen replacement therapy elicits this effect, since a meta-
analysis of observational studies reported a statistically increase in
the risk for thromboembolic events among estrogen users (Nelson
et al., 2002).

With regard to nNOS, it was demonstrated that endothelium-
dependent relaxation of resistance arteries by estrogen is nNOS-
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dependent in female, whereas it is eNOS-dependent in males
(Lekontseva et al., 2011). Although the results of estrogen-induced
relaxation via nNOS are extremely encouraging, the physiological
significance of these findings has yet to be determined. Addi-
tionally, the effects of aging and estrogen replacement therapy
in this phenomenon are poorly understood and more studies
are needed. Finally, it must be considered that hormone replace-
ment therapy in women is usually prescribed as a combination
of estrogen and progestin (a synthetic analog of progesterone).
The estrogen/progestin association may cause differential vascu-
lar effects than those produced by estrogen alone (Qiao et al,
2008).

RESVERATROL

Accumulating evidence support that resveratrol, a natural occur-
ring polyphenol derived from plants such as grapes, exerts anti-
aging effects. There are several genes and proteins known to
influence longevity, such as the mammalian target of rapamycin
(mTOR) — see a recent review and also a comment on topic (Cau
and Tostes, 2012; Ming et al., 2012) —and sirtuin families pathways,
which have been involved in the anti-aging properties of resver-
atrol (Pallas et al., 2010). Whereas resveratrol extends lifespan in
yeast and nematode, the polyphenol has been shown to increase
survival rate in mice on a high-calorie diet. Resveratrol increased
insulin sensitivity and improved motor function in these animals
(Baur et al., 2006). In addition, resveratrol has been shown to
inhibit gene expression profiles associated with cardiac and skeletal
muscle aging, and prevent age-related cardiac dysfunction (Barger
et al., 2008). Of special interest, resveratrol prevents vascular cell
senescence by mechanisms that involve increased NO production
by eNOS via multifaceted signaling pathways (Schmitt et al.,2010).
Resveratrol not only restores eNOS activity, but it induces eNOS
transcription via direct activation of the eNOS gene promoter and
by increasing the stability of eNOS mRNA (Figure 2) (Wallerath
et al., 2002).

Due to these various effects, resveratrol treatment has been
experimentally tested and considered for a wide variety of CVD,
including hypertension, atherosclerosis, diabetes and metabolic
syndrome (Li et al., 2012). In general, there is a growing body of
evidence to support the benefits of red wine consumption (a rich
dietary source of resveratrol) to reduce CVD risk in obesity (Tim-
mers et al., 2011; Wong et al.,, 2011), diabetes (Kar et al., 2009;
Brasnyo et al., 2011), and coronary artery disease (Whelan et al,,
2004; Lekakis et al., 2005). A pilot study in older adults treated with
resveratrol reported a trend toward improved endothelial function
(Crandall et al., 2012); however, larger studies in elderly are still
awaited.

Although resveratrol-induced dilation of isolated small mesen-
teric arteries is similar in young and aged rats, treatment with
resveratrol reduces aging-associated vascular ¢O, production and
inflammation (Labinskyy et al., 2006). Resveratrol also reversed
eNOS uncoupling, reduced NO synthesis, and increased ¢O;
production in senescent endothelial cells in vitro as well as in
aortas of aged rats (Rajapakse et al., 2011). Similarly, vascular
and cardiac eNOS recoupling was reported in resveratrol-treated
spontaneously hypertensive rats (Bhatt et al., 2011) and in a
mouse model of atherogenesis (Xia et al., 2010), respectively.

In addition, endothelium-dependent vasodilation was restored in
resveratrol-treated old rats (Rajapakse et al., 2011).

The anti-inflammatory properties of resveratrol are related
to its regulatory effects on the activity of transcription factors,
particularly NF-kappaB (NF-kB; Labinskyy et al., 2006). NF-
kB-induced expression of pro-inflammatory genes is involved
in aging-associated vascular dysfunction (Donato et al., 2009).
Therefore, inhibition of NF-kB by resveratrol may reverse the
increased iNOS expression in aged arterioles, and consequently
improve vascular function (Labinskyy et al., 2006). However, this
effect has not been experimentally demonstrated.

AGENTS TO REVERSE eNOS UNCOUPLING

Reversing eNOS uncoupling represents a therapeutic option to
treat CVD (Forstermann and Li, 2011; Zhang et al., 2011). While
most interventions are experimentally restricted, eNOS cofactor
BH, potentially leads to eNOS recoupling in the human vascula-
ture (Forstermann and Li, 2011; Zhang et al., 2011). Infusion of
BH,4 has been shown to recover eNOS bioactivity in hypercho-
lesterolemic patients, hypertensive subjects, and smokers (revised
by Forstermann and Li, 2011; Zhang et al., 2011). Importantly,
improved endothelium-dependent vasodilation associated to BHy
infusion was significantly more pronounced in elderly than in
young subjects (Higashi et al., 2006). A recent study showed
that an oral dose of BHy increased carotid artery compliance
and brachial artery flow-mediated dilation in post-menopausal
women (Moreau et al., 2012). The authors also addressed whether
BH4 and estrogen co-administration would bring additional
improvement in vascular function, but no further effects were
observed (Moreau et al., 2012). It is important to highlight that
these studies were performed with acute doses of BH4 and,
although promising, BH4 supplementation potentially leads to
excessive and tissue unspecific NO production and toxicity (Moens
and Kass, 2006).

Interactions of 5-methyltetrahydrofolate (5-MTHF), the active
metabolite of folic acid, with eNOS protein have been described
(Moens et al., 2008). Likewise, 5-MTHEF restores the bioavailabil-
ity of BHy by increasing the binding affinity of BH, to eNOS, by
chemically stabilizing BHy, and by enhancing the regeneration of
BH, from its inactive form BH; (Figure 2) (Moens et al., 2008).
5-MTHEF reversed eNOS uncoupling and restored NO-mediated
vasodilation and reduced vascular superoxide, both ex vivo and
in vivo (Antoniades et al., 2006). Interestingly, this study was
performed in early elderly subjects (67.2 +0.97 years old) with
coronary artery disease (Antoniades et al., 2006). Similarly, the
treatment of hypertensive mice with folic acid prevented aneurism
formation and promotes eNOS recoupling (Gao et al., 2012).

At least two limitations on folic acid enrichment must be
pointed out. First, high levels of folic acid can mask the diag-
nosis of pernicious anemia (deficiency of vitamin By;) and allow
the neuropathy to progress undiagnosed. This could be particu-
larly limiting for the elderly, where substantial ratio of plasmatic
levels of non-metabolized folic acid was found after supplementa-
tion (Obeid et al., 2011). However, this can be easily corrected
by co-supplementation with vitamin Bj, which further ame-
liorates coronary flow parameters (Kurt et al., 2010). Second,
the significance of folic acid supplementation to prevent major
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cardiovascular events was recently questioned in a systematic revi-
sion of clinical studies (Zhou et al., 2011), and whether this mech-
anism on eNOS recoupling occurs in old people treated with folic
acid and represents a rational therapeutic target remains unclear.

CONCLUSION AND PERSPECTIVES

The mechanisms by which NOS enzymes promote vascular dys-
function in aging are specific for each enzyme isoform. eNOS
expression and activity are decreased in aging, resulting in
reduced NO synthesis. Advancing aging is also accompanied by
eNOS uncoupling, which contributes to vascular oxidative stress.
iNOS expression is augmented in elderly, leading to reduced
endothelium-dependent vasodilation and increased damage via
formation of the reactive specie peroxynitrite. Possibly, an impair-
ment of perivascular nNOS-released NO increases vasoconstrictor
tone. These data suggest a differential regulation of the NOS family
isoforms in the process of vascular aging, which is associated with
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Aging is the major risk factor per se for the development of cardiovascular diseases. The
senescence of the endothelial cells (ECs) that line the lumen of blood vessels is the cel-
lular basis for these age-dependent vascular pathologies, including atherosclerosis and
hypertension. During their lifespan, ECs may reach a stage of senescence by two different
pathways; a replicative one derived from their preprogrammed finite number of cell divi-
sions; and one induced by stress stimuli. Also, certain physiological stimuli, such as trans-
forming growth factor, are able to modulate cellular senescence. Currently, the cellular
aging process is being widely studied to identify novel molecular markers whose changes
correlate with senescence. This review focuses on the regulation of alternative splicing
mediated by the serine-arginine splicing factor 1 (SRSF1, or ASF/SF2) during endothe-
lial senescence, a process that is associated with a differential subcellular localization of
SRSF1, which typically exhibits a scattered distribution throughout the cytoplasm. Based
on its senescence-dependent involvement in alternative splicing, we postulate that SRSF1
is a key marker of EC senescence, regulating the expression of alternative isoforms of
target genes such as endoglin (ENG), vascular endothelial growth factor A (VEGFA), tissue
factor (T3), or lamin A (LMNA) that integrate in a common molecular senescence program.

Keywords: alternative splicing, endothelial senescence, SRSF1, endoglin, progerin, VEGF, tissue factor

INTRODUCTION

It is well established that vascular physiology declines with aging
due to the impairment of endothelial functions. This endothelial
dysfunction is fairly evidenced by the stiffening of blood vessels
that fail to control the dilatory responses associated with hyperten-
sion (Versari et al., 2009), and by a pro-inflammatory state of the
endothelial microenvironment that favors the development of ath-
erosclerosis (Erusalimsky, 2009). Hence the biology of endothelial
cells (ECs) is a key element for elucidating and understanding
the cellular and molecular basis of vascular pathologies associated
with age.

Endothelial cells form a thin monolayer that lines the blood ves-
sels and is in direct contact with the blood flow. During embryonic
development, processes including vasculogenesis and angiogene-
sis require repeated division of ECs, but in adults these cells are
in a quiescent state and divide only occasionally (Conway and
Carmeliet, 2004; Semenza, 2007; Carmeliet and Jain, 2011). How-
ever, at this latter stage ECs remain highly responsive to mechanical
stimuli, such as shear stress and injuries, as well as to chemical
signals, including hypoxia, cytokines, and growth factors, among
others. Thus, during vascular remodeling or upon angiogenic
stimulation, ECs actively proliferate, but progressively lose their
capacity to divide, reaching the stage of replicative senescence.
This process involves telomere shortening until the cells reach the
so-called Hayflick’s limit (Brandes et al., 2005), that renders cell
division impossible, constituting a mechanism to prevent genomic
instability and the development of cancer (Shay and Wright,

2007). Endothelial senescence can also be triggered by telomere-
independent events, including chemotherapy, proto-oncogene-
induced senescence, alterations in nuclear lamina, and stress stim-
uli that usually involve DNA damage. In this sense, oxidative stress
and ultraviolet radiation are major stimuli for the induction of
this type of senescence; both ultimately generate reactive oxy-
gen species (ROS; Debacq-Chainiaux et al., 2005; Erusalimsky and
Skene, 2009; Collins and Tzima, 2011) and activate retinoblastoma
protein family pathways, the final effectors of the senescence pro-
gram (Campisi and d’Adda di Fagagna, 2007; Erusalimsky, 2009).

There is a growing body of evidence that vascular aging and
senescence of ECs are the basis of the endothelial dysfunction asso-
ciated with vascular pathologies. For example, it is well known that
aging is associated with decreased angiogenesis (Brandes et al,,
2005; Erusalimsky, 2009), and that senescent ECs are unable to
form neoangiogenic networks in matrigel assays (Chang et al.,
2005). In this regard, certain physiological regulators of angio-
genesis, such as transforming growth factor-p (TGF-f), are able
to modulate cellular senescence of ECs (Santibanez et al., 2011;
Blanco and Bernabeu, 2012; Doetschman et al., 2012; Krieglstein
et al., 2012).

Recently, growing interest has focused on the role of alterna-
tive processing of certain precursor mRNA transcripts during EC
senescence (Meshorer and Soreq, 2002; Harries et al., 2011). Alter-
native splicing represents an advantageous mechanism by which
cells enrich their transcriptome in order to synthesize a specialized
proteome for a particular stage or process. An early link between
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the role of alternative splicing and aging was described in the late
1980s, when it was reported that alternative isoforms from the
elastin gene (ELN) could contribute to aging and pathological sit-
uations in the cardiovascular and pulmonary systems (Indik et al.,
1989). Since then, numerous papers have confirmed this idea, not
only in senescent ECs, but also in other cell types (Meshorer and
Soreq, 2002).

Currently, active investigations are focused on the molecu-
lar components that orchestrate the modulation of alternative
splicing events in aging. Briefly, splicing is carried out by the
spliceosome, a complex molecular machinery integrated by a core
of small nuclear ribonucleoproteins (snRNPs) plus a great vari-
ety of essential and accessory splicing factors, or trans-elements.
These splicing factors recognize short consensus sequences in a
precursor mRNA, or cis-elements, thereby modulating its activ-
ity. Thus, it is assumed that the splicing changes observed during
aging are part of a genetically programmed mechanism which is
not necessarily associated with deleterious mutations, but with the
splicing factors that play a critical role affecting the expression of
target genes.

SPLICING FACTORS INVOLVED IN ENDOTHELIAL
SENESCENCE

Analyses of the splicing factors SNEV and serine—arginine splic-
ing factor 1 (SRSF1) have demonstrated their role in EC senes-
cence. Thus, upon replicative senescence of human umbilical vein
endothelial cells (HUVECs), a down-regulation of SNEV was
observed (Voglauer et al., 2006). This event takes places concomi-
tantly with down-regulation of the catalytic subunit of the telom-
erase, hTERT, the classic cellular senescent marker. Conversely,
overexpression of SNEV provokes extension of the replicative
lifespan in these cells. In addition to being involved in spliceo-
some assembly and stabilization, SNEV regulates proteasome
function due to its U3-ligase activity, and is involved in DNA
repair (Grillarietal.,2010). Furthermore, the haploinsufficiency of
SNEV has been demonstrated using a heterozygous mouse model,
which showed that the proliferative and repopulating capacity of
hematopoietic stem cells from these mice was clearly compromised
(Schraml et al., 2008).

The splicing factor SRSF1, or ASF/SF2, is the prototypical mem-
ber of the highly conserved family of serine/arginine-rich proteins
(SR proteins). Structurally, these SR proteins are composed of one
or two RNA recognition motifs plus a C-terminal serine/arginine-
rich domain involved in protein—protein interactions (Figure 1).
During the past decade, the role of SR proteins has been extended
to include a diverse set of cellular processes, including mRNA
nuclear export, mRNA stability and quality control, translation,
maintenance of genomic stability, and oncogenic transformation
(Manley and Krainer, 2010). Within this family, SRSF1 partici-
pates in constitutive and alternative splicing, and in a plethora of
biological processes, including viral infections and cancer (San-
ford et al., 2005; Biamonti and Caceres, 2009). Recently, the role of
SRSF1 in senescence, regulating the expression of the short isoform
of endoglin, has been described (Blanco and Bernabeu, 2011). In
ECs, SRSF1 promotes retention of the last intron of the endoglin
gene (ENG) by binding to an intronic cis-element that overlaps
with the branch point consensus sequence, interfering with intron

removal (Blanco and Bernabeu, 2011). This retained intron shifts
the open reading frame, incorporating an early stop codon that
produces an alternate cytoplasmic domain shorter than the one
present in the predominantly expressed L-endoglin (Bellon et al.,
1993). This process has been associated with aging, contributing to
the development of vascular pathologies including hypertension
and atherosclerosis (Blanco etal., 2008). The involvement of SRSF1
in senescence has also been studied using mouse embryonic fibrob-
lasts as a cellular model (Verduci et al., 2010). These authors found
that two microRNAs, miR-28 and miR-505, are induced during
senescence and negatively modulate SRSF1 expression, promoting
cell cycle arrest and/or apoptosis.

SPLICED GENES REGULATED BY SRSF1 AND VASCULAR
AGING

The role of SRSF1 in the endothelial context has been addressed
by analyzing the expression of alternative isoforms of the vascular
endothelial growth factor A (VEGFA) gene. VEGF is expressed as
a disulfide-linked homodimer that specifically acts on ECs. Some
of its biological effects include an increase in vascular permeabil-
ity, induction of growth and migration of ECs (vasculogenesis
and angiogenesis), and inhibition of apoptosis. Of note, VEGFA
encodes two families of isoforms that are generated by alternate
splice-site selection in its terminal exon #8. Thus, selection of the
proximal splice-site (PSS) results in pro-angiogenic VEGF iso-
forms, whereas selection of the distal splice-site (DSS) leads to
anti-angiogenic VEGFb isoforms (Neufeld et al., 1999). Inter-
estingly, SRSF1 is a key regulator in the selection of the PSS,
an event induced by IGF-1 treatment and abolished by TGF-8
stimulus (Nowak et al., 2008; Figure 2A). Also, selection of the
pro-angiogenic PSS by SRSF1 is prompted by changes in the cel-
lular microenvironment such as those that occur in solid tumors,
including a decrease in pH, among others (Elias and Dias, 2008).
Because upon stimulation, SRPK1/2 kinases activate and translo-
cate SRSF1 into the nucleus, it is not surprising to find that
inhibition of SRPK1/2 reduced angiogenesis in a mouse model of
retinal neovascularization, launching the potential involvement of
alternative splicing regulation as a therapeutic target in angiogenic
disorders (Nowak et al., 2010; Carter et al., 2011).

In addition to being involved in the selection of splice-sites,
SRSF1 also participates in the skipping of particular exonic
sequences, as in the case of the tissue factor (TF) gene (73), the
primary initiator of blood coagulation. TF is mainly expressed by
ECs, usually as a transmembrane glycoprotein, but is also occasion-
ally produced as a soluble form in response to pro-inflammatory
cytokines (Szotowski et al., 2005). The activation and overexpres-
sion of SRSF1, as well as other SR proteins, in ECs favor skipping
exon #5 of TE. Consequently, exon #4 is spliced directly to exon #6,
producing a translational frameshift that leads to the generation
of a soluble variant that contributes to thrombus growth, thus ini-
tiating and propagating the coagulation process (Bogdanov et al.,
2003; Figure 2B).

Recently, the involvement of SRSF1 in alternative splicing of
the lamin A gene (LMNA) has been described (Lopez-Mejia
et al.,, 2011). LMNA encodes lamins A and C, which are major
components of the nuclear lamina in the inner membrane of
the nuclear envelope. These proteins are involved in essential
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FIGURE 1 | The SR protein family. (A) Scheme representing the level of
homology among human SR proteins (Manley and Krainer, 2010), based on
the result of a multiple sequence alignment using ClustalW2. Alternate
names are in parentheses. Both RS and RRMs are modular domains, which
means that RRMs can be exchanged between SR proteins, and may still bind
to RNA in the absence of the RS domain. The RS domain can bind to a
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heterologous RNA-binding domain and be still functional. The asterisk
indicates the SRSF1 member. (B) Structural scheme of SRSF1 showing two
RRM domains (blue) separated by a glycine-rich sequence (dark gray), where
three arginine residues are susceptible to methylation (white dots). The
sequence of the RS domain (violet) is indicated. RRM, RNA recognition motif;
RS, arginine/serine-rich.
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FIGURE 2 | Endothelial target genes of SRSF1. (A) Selection of the
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respectively. (B) The skipping of exon #5 in the tissue factor (T3) gene
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accumulates in the nucleus. (D) Retention of the final intron in the ENG
gene alters the reading frame and generates the anti-angiogenic,
pro-fibrotic isoform S-endoglin.
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functions, including DNA replication, transcription, chromatin
organization, and dis/assembly of the nucleus during cell divi-
sion (Worman et al., 2009). Sporadically, a de novo germline
mutation in exon #11 promotes the reinforcement of a weak 5
splice-site that generates a truncated and pathological version of
lamin A named progerin, which accumulates in cell nuclei in a
tissue-specific manner (Figure 2C). Interestingly, SRSF1 is crit-
ically involved in the control of the lamin A/progerin splicing
switch. Thus, specific knock-down of SRSF1 leads to a reduction
in progerin expression, resulting in an important impact on the
lifespan of the animal (Lopez-Mejia et al., 2011). Mutations in
LMNA, that give rise to progerin, are responsible for Hutchinson—
Gilford progeria syndrome, a rare disorder characterized by seg-
mental premature aging and death (Gerhard-Herman etal., 2012).
Progerin accumulates primarily in vascular cells, suggesting its
direct involvement in vascular disease (McClintock et al., 2006), in
agreement with the cardiovascular defects, including accelerated
atherosclerosis, myocardial infarction, and stroke characteristic of
Hutchinson—Gilford progeria syndrome (Trigueros-Motos et al.,
2011; Gerhard-Herman et al., 2012).

The role of SRSF1 in intron retention by the endoglin gene
(ENG) that leads to formation of the senescence-associated S-
endoglin isoform has been demonstrated (Blanco and Bernabeu,
2011). Endoglin is an auxiliary co-receptor for TGF-f expressed
in ECs that plays a critical role in vascular remodeling and angio-
genesis, as illustrated by the fact that mutations in ENG lead to
hereditary hemorrhagic telangiectasia Type 1, a disease charac-
terized by vascular malformations (Lopez-Novoa and Bernabeu,
20105 Shovlin, 2010). While endoglin is predominantly expressed
as the long isoform (L-endoglin) which shows a pro-angiogenic
role, expression during senescence of the alternatively spliced
S-endoglin significantly affects the behavior of ECs, promoting
anti-angiogenic and pro-fibrotic phenotypes, and compromising
vasodilator responses (Perez-Gomez et al., 2005; Blanco et al.,
2008; Velasco et al., 2008). In this context, S-endoglin tilts the
TGF-B signaling pathway toward its pro-fibrotic side, via Smad3
signaling, inducing expression of plasminogen activator inhibitor
(PAI)-1, a key regulator of synthesis and deposition of the extra-
cellular matrix in tissue homeostasis (Ghosh and Vaughan, 2012).
Moreover, the TGF-B/S-endoglin signaling pathway represses the
expression of Id1 factor, which is essential for cellular prolifera-
tion (Tang et al., 2002; Blanco et al., 2008). Compatible with this
finding, elevated levels of TGF-f have been reported in aging vari-
cose veins; these likely favor the fibrotic process and subsequent
venous insufficiency (Pascual et al.,2007). Because TGF-B-induced
Smad3 is able to interact with transcription factor c-myc, thus
repressing the promoter of the hTERT gene that encodes the cat-
alytic subunit of telomerase, up-regulation of S-endoglin would
be predicted to contribute to endothelial senescence by compro-
mising telomere integrity and arresting the cell cycle (Li and Liu,
2007). It has been postulated that the S-endoglin mRNA, which
bears the last intron, may escape from the activity of the major
spliceosome in the nucleus. Under normal conditions, this intron
would typically be removed by the minor spliceosome in the
cytoplasm, giving rise to the predominant isoform L-endoglin.
However, during senescence, SRSF1 translocates to the cytoplasm,
binding to the consensus SRSF1 cis-element within the branch

point of the S-endoglin mRNA, interfering with the activity of
the minor spliceosome and leading to an increase in the level of
S-endoglin (Figure 2D).

EFFECT OF SENESCENCE-ASSOCIATED STRESS SIGNALS ON
THE ROLE OF SRSF1

Precursor mRNA splicing is one target of several environmental
stress factors, including oxidative stress and ultraviolet radiation,
that frequently cause DNA damage (Biamonti and Caceres, 2009).
Depending on the intensity of the stress signal, cells may react by
activating the check-point pathway mediated by p53 and entering
into cell cycle arrest, which, in turn, prompts senescence (Borras
et al., 2011). Many of these stress stimuli induce the cytoplasmic
accumulation of several splicing factors, including SRSF1 (Bia-
monti and Caceres, 2009), hnRNP A1l (Guil et al., 2006), Slu7
(Shomron et al., 2005), and PTB (Xie et al., 2003). Furthermore,
SRSF1 translocates to the cytoplasm during replicative or stress-
induced senescence, suggesting that SRSF1 is a new senescence
target (Blanco and Bernabeu, 2011).

Serine—arginine splicing factor 1 is a shuttling factor that local-
izes either in the nucleus or the cytoplasm, depending on the
phosphorylation state of its RS domain (Cazalla et al., 2002; San-
ford et al., 2005) and/or the methylation of three arginine residues
between the RRM domains (Sinha et al., 2010; Figure 1B). The
kinase SRPK1 is a major contributor to SRSF1 phosphorylation
and translocation. Under normal conditions, SRPK1 is located
in the cytoplasm where this kinase continuously phosphorylates
SRSF1, favoring its transport to the nucleus. However, some stress
factors may alter the subcellular distribution of SRPK1, trigger-
ing the nuclear import of the kinase (Giannakouros et al., 2011).
Consequently, the cytoplasmic pool of SRSF1 is augmented by the
absence of SRPK1 in the cytoplasm, as well as by the nuclear phos-
phatase activity that facilitates the cytoplasmic export of SRSF1.
Thus, it can be postulated that the cytoplasmic localization of
SRSF1 that occurs during endothelial senescence, whether replica-
tive or induced by stress stimuli, may be due, at least in part, to
nuclear translocation of SRPK1.

Importantly, cytoplasmic SRSFI is able to modulate the alter-
native splicing of specific precursor mRNAs, as shown for ENG
in a process that involves the minor spliceosome (m-Sp) machin-
ery (Blanco and Bernabeu, 2011). This m-Sp, also known to be

(nuclear)

SRSF1

Senescence %

SRSF1

VEGF (165b) J Angiogenesis

_—* Endoglin (S-endoglin) MFibrosis

= Tissue factor (sol. TF)

- M Pro-thrombosis
(cytoplasmic)

Lamin A (Progerin) “MVasculopathies

FIGURE 3 | Summary of the role of SRSF1 in ECs. Several stimuli,
including senescence, induce translocation of SRSF1 to the cytoplasm.
SRSF1 is a key factor that modulates the expression of critical regulators of
vascular physiology, including VEGF, endoglin, tissue factor (TF), and

lamin A.
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U12-dependent, co-exists with the U2-dependent major spliceo-
some (m-Sp) in most organisms (Patel and Steitz, 2003). First
described as responsible for the removal of a rare class of introns
(U12-type), it is currently recognized that m-Sp is also involved in
the processing of standard introns (Sheth et al., 2006) and may be
localized in the cytoplasm (Konig et al., 2007). The m-Sp contains
four unique small nuclear ribonucleic acids (snRNAs): Ul1, U12,
Ud4atac, and U6atac, which are paralogs of the Ul, U2, U4, and
U6 snRNAs of the m-Sp, respectively, while U5 snRNA is shared
between the two spliceosomes. While m-Sp is able to splice and
remove the intron encoded in S-endoglin, the cytoplasmic local-
ization of SRSF1 during endothelial senescence interferes with this
splicing, promoting intron retention (Blanco and Bernabeu, 2011).
This is in agreement with the findings that: (i) depletion of pro-
tein components essential for m-Sp activity leads to cellular growth
arrest (Will et al., 2004); and (ii) during cell senescence, changes in
gene expression levels affect the composition and activity of m-Sp
(Meshorer and Soreq, 2002; Harries et al., 2011).

CONCLUSION

Numerous and increasing efforts are focused on aging research,
to try to elucidate its underlying molecular mechanisms. Aging is
one of the major risk factors for the development of cardiovascular

diseases, and is associated with cellular senescence of the vascular
endothelium. In this context, there is growing interest in the mol-
ecular components that orchestrate the modulation of alternative
splicing events in senescent ECs. Due to its senescence-induced
cytoplasmic localization, the splicing factor SRSF1 can be consid-
ered as a new marker for endothelial senescence. In addition, the
cytoplasmic SRSF1 regulates alternative splicing of the endoglin
pre-mRNA, leading to the senescence-associated S-endoglin iso-
form, which contributes to a senescent environment in the vessels.
The data summarized in this review support the link between
SRSF1 and senescence, and also suggest the existence of a com-
mon genetic program involving alternative splicing of a cluster of
genes, including ENG, VEGFA, T3, and LMNA, whose resulting
variants orchestrate vascular functions (Figure 3). Deciphering
this senescent program will shed light on new therapeutic targets
for cardiovascular diseases.
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Age is a significant risk factor for the development of vascular diseases, such as atheroscle-
rosis. Although pharmacological treatments, including statins and anti-hypertensive drugs,
have improved the prognosis for patients with cardiovascular disease, it remains a leading
cause of mortality in those aged 65 years and over. Furthermore, given the increased life
expectancy of the population in developed countries, there is a clear need for alternative
treatment strategies. Consequently, the relationship between aging and progenitor cell-
mediated repair is of great interest. Endothelial progenitor cells (EPCs) play an integral role
in the cellular repair mechanisms for endothelial regeneration and maintenance. However,
EPCs are subject to age-associated changes that diminish their number in circulation and
function, thereby enhancing vascular disease risk. A great deal of research is aimed at
developing strategies to harness the regenerative capacity of these cells. In this review,
we discuss the current understanding of the cells termed “EPCs,” examine the impact of
age on EPC-mediated repair and identify therapeutic targets with potential for attenuating
the age-related decline in vascular health via beneficial actions on EPCs.
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INTRODUCTION

Despite significant advances in cardiovascular medicine over the
past decade, cardiovascular disease (CVD) remains the leading
cause of morbidity and mortality throughout the developed world.
Aging is a major risk factor for the onset and progression of
CVD. The endothelium, which lines the lumen of all blood vessels,
plays a pivotal role in maintaining cardiovascular homeostasis.
This dynamic interface serves an enormous array of functions
including the regulation of coagulation, arterial tone, permeabil-
ity, vessel growth, and inflammation. As such, maintaining the
functional integrity of the endothelial monolayer is of crucial
importance for the prevention of CVDs, such as atherosclerosis.
However, a characteristic of the aging process is the development
of endothelial dysfunction, rendering the vasculature susceptible
to the development of atherosclerosis and subsequent cardiovas-
cular events. Although the mechanism of age-related impaired
endothelial function remains unclear, an imbalance between the
magnitude of vascular injury and the capacity for repair appears
to play a role. Accumulating evidence suggests that bone-marrow
derived circulating endothelial progenitor cells (EPCs) contribute
to vascular repair and regeneration. In settings of tissue ischemia
or endothelial damage, EPCs are mobilized from the bone mar-
row into the circulation and home to sites of vascular injury where
they are able to contribute to new blood vessel formation and aid
recovery. A deterioration of endogenous EPC function with age
may culminate in a decreased capacity for neovascularization of
ischemic tissues and/or reduced re-endothelialization of vascu-
lar lesions, facilitating the development, progression, and clinical
sequelae of atherosclerotic disease.

THE DISCOVERY OF CIRCULATING EPCs
Asahara et al. (1997) published the first description of a candidate
EPC; CD34+ circulating cells capable of differentiating into cells

with endothelial characteristics and the ability to improve vascu-
larization in a mouse model of hind limb ischemia. This discovery
heralded a paradigm shift in vascular biology as it was recognized
that vasculogenesis, a process by which new blood vessels form de
novo through the differentiation of progenitor cells, and generally
accepted as being restricted to embryonic development, may con-
tribute to vascular repair and regeneration in adult life. The pos-
sibility of inducing new blood vessel formation and/or repairing
damaged vessels by delivering/recruiting EPCs is an attractive idea
that has stimulated much interest among the scientific community.

However, contradictory findings regarding the origin, identifi-
cation, and contribution of EPCs to the neoangiogenic process has
generated much debate within the field. The controversy is largely
due to differences in the methodology used to isolate and culture
EPCs. Consequently, the term EPC has encompassed a host of dif-
ferent cell types, which unsurprisingly, have demonstrated a mixed
ability to contribute to blood vessel formation and repair.

In general, three methods have been described to isolate and
expand EPCs from umbilical cord and peripheral blood mononu-
clear cells (MNCs; Figure 1; reviewed in Hirschi et al., 2008).
The first method, originally described by Asahara et al. (1997)
involves the plating of MNCs on fibronectin-coated tissue cul-
ture surfaces and re-plating the non-adherent cells after 48 h.
Colonies form after 4-9 days and have been termed early EPCs.
It is accepted that these are myeloid-derived cells that have a lim-
ited proliferative capacity and fail to form tube-like structures
in vitro. The ability of these cells to augment new blood vessel
formation appears to be through the production of angiogenic
growth factors, chemokines, and cytokines without direct incor-
poration into vascular networks (Hur et al., 2004). The second
approach involves plating MNCs on fibronectin-coated dishes for
4 days, but this time keeping the adherent cells which give rise to a
heterogenous collection of cells termed circulating angiogenic cells
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non-adherent cells o o

Early EPCs

FIGURE 1 | Methods of endothelial progenitor cell (EPC) isolation. (A)
Method 1: culture of early EPCs. Non-adherent MNCs are plated on
fibronectin-coated tissue surfaces and form colonies after 4-9 days. These
colonies have been termed early EPCs and are comprised of round cells
surrounded by spindle-shaped cells. Image courtesy of Sahena Haque
(x40 magnification). (B) Method 2: culture of circulating angiogenic cells
(CACs). MNCs are plated on fibronectin-coated tissue surfaces for 4 days

ngiogenic
cells (CACs)
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0©0
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Discard non-adherent
cells daily

Collagen

!

C2

Colonies appear at d7-21

Outgrowth endothelial cells
(OECs)

after which the non-adherent cells are removed. The adherent cells have
been termed CACs and do not typically display colony formation. Image
courtesy of John Reynolds (x20 magnification). (C) Method 3: culture of
outgrowth endothelial cells (OECs). MNCs plated on collagen |-coated
surfaces form colonies, termed OECs, with a cobblestone morphology
after 7-21 days of culture (x20 magnification). Adapted from Hirschi et al.
(2008).

(CACs). As with early EPCs, CACs express endothelial cell surface
antigens (Vasa et al., 2001) but also retain monocytic characteris-
tics and have a low proliferative potential (Rehman et al., 2003).
The third method of EPC isolation involves a longer period of
culture of MNCs on type I collagen coated surfaces. A population
of cells originate from the adherent cells between 7 and 21 days,
and have been referred to as outgrowth endothelial cells “OECs”
(Lin et al., 2000; Gulati et al., 2003). OECs uniformly express
endothelial markers, such as cluster of differentiation (CD) 31,
vascular endothelial (VE)-cadherin, vascular endothelial growth
factor receptor-2 (VEGFR-2), and uptake of acetylated low density
lipoprotein (AcLDL), but of note, unlike early EPCs and CACs, this
cell type is negative for hematopoietic or monocyte/macrophage
cell surface antigens CD45, CD14, and CD115. OECs are capable
of high rates of proliferation in vitro and vessel-forming activ-
ity when implanted in collagen gels in vivo (Ingram et al., 2004;
Melero-Martin et al., 2007; Yoder et al., 2007; Au et al., 2008).

Considerable effort has been devoted to distinguishing these
different cell types so that a definitive classification of an EPC
phenotype can be established (Medina et al., 2010; Richardson
and Yoder, 2011). It is important to note, that to gain quantita-
tive data of putative circulating EPCs, flow cytometric analysis,
in which EPCs are identified by cell surface phenotype, has been
widely used. However, as the field has yet to reach agreement as
to the definitive phenotype(s) of an EPC, much debate surrounds
the choice of surface markers used in this approach. Indeed, many
studies reporting to quantify circulating EPCs have in fact quanti-
fied hematopoietic cells with angiogenic capabilities (reviewed by
Mund and Case, 2011).

EPCs AND REDUCED VASCULAR REPAIR WITH AGE

The mobilization of EPCs from their bone-marrow niche appears
to constitute an integral part of the vascular homeostatic response,
since acute ischemic events, such as myocardial infarction
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(Shintani etal.,2001; Massa et al., 2005), acute coronary syndrome
(George et al., 2004), and vascular injury secondary to burns or
surgery (Gill et al., 2001) are associated with a significant and
rapid increase in the levels of circulating EPCs. Consistent with
the notion that EPCs serve an integral role in cardiovascular repair
mechanisms, depletion of the circulating EPC pool has been shown
to be a marker of cardiovascular damage and an independent pre-
dictor of cardiovascular events and death (Schmidt-Lucke et al.,
2005; Werner et al., 2005). Whether the decrease in EPC number
and impairment of function contributes to a loss of vasculopro-
tection, and the progression of CVD with age, remains to be fully
elucidated. However, the link between age and EPC dysfunction is
supported by a number of studies. Heiss et al. compared the num-
ber and function of early EPCs isolated from the peripheral blood
of healthy young and old (average ages of 25 and 61 years respec-
tively) individuals. Whilst there were no significant differences in
the numbers of circulating EPCs (defined as CD341/KDR* or
CD133"/KDRY) between the two groups, early EPCs from the old
subjects were found to be significantly impaired in terms of prolif-
eration, migration, and survival (Heiss et al., 2005). Rauscher et al.
(2003) demonstrated that bone-marrow derived EPCs (defined as
CD31" CD457) from young non-atherosclerotic ApoE—/— mice
reduced atherosclerotic plaque size in ApoE—/— recipients despite
persistent hypercholesterolemia, an effect not detected when using
EPCs from old ApoE—/— mice, thus suggesting that the atheropro-
tective properties of EPCs are diminished with age. In addition,

transplantation of bone-marrow derived EPCs from young, but
not old donor mice, was seen to prevent a decline in the angiogenic
platelet-derived growth factor (PDGF)-B signaling and cardiac
angiogenesis in an aging murine model (Edelberg et al., 2002). It
is likely that the age-associated impairment of EPC number and
function is due to a variety of environmental changes that impair
EPC generation, mobilization from the bone marrow, homing,
and function, as well as intracellular alterations within the cells
that induce a senescent phenotype (Figure 2).

INCREASED EPC SENESCENCE WITH AGE

With advancing age most, if not all, mammalian cell types are
subject to internal alterations as well as environmental influences
that ultimately cause the cell to enter a state of irreversible growth
arrest, termed senescence. Internal changes include a reduction in
telomere length, a region of repetitive DNA sequences that serve
as the protective caps for chromosome ends. Telomere shortening
beyond a critical length leads to genomic instability and ultimately
cell cycle arrest. Decreased telomere length has been reported in
the leukocytes of patients with CVD, such as, chronic heart failure
(van der Harst et al., 2007), atherosclerosis (Samani et al., 2001),
and ventricular dysfunction (Collerton et al., 2007). A reduction
in telomere length with age has been shown in early EPCs of
healthy, sedentary men (Kushner et al., 2009) This is, in part, due
to an age-related decline in the expression of telomerase, a telom-
ere elongating reverse transcriptase enzyme. A 57% reduction in
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FIGURE 2 | Endothelial progenitor cells in the aging vasculature.
A wide range of environmental and internal cellular changes occur
with advancing age that impair EPC numbers in circulation and
function at the site of injury. The generation, mobilization, and survival
of circulating EPCs are dependent on the presence of various

Injured endothelium

pro-angiogenic factors, estrogen, and nitric oxide, all of which are
known to decline with increasing age. Furthermore, the angiogenic
capacity of EPCs is also impaired with age owing to an increase in
oxidative stress, inflammation and the induction of a senescent
phenotype.
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early EPC telomerase activity was found in older men as com-
pared to younger counterparts (Kushner et al., 2011) and this is
further modulated by oxidative stress. EPC senescence induced by
telomere shortening may contribute to numerical and functional
impairments of EPCs and thus diminished endothelial regenera-
tion in the aging vasculature. Interestingly, overexpression of the
human telomerase reverse transcriptase (hnTERT) gene in CACs
has been shown to conserve telomerase activity, delay cell senes-
cence, and enhance EPC reparative functions in a murine ischemic
hind limb model (Murasawa et al., 2002).

EPCs AND PRO-ANGIOGENIC FACTORS

An age-related decline in the expression of pro-angiogenic factors,
including growth factors, cytokines, and hormones, is likely to con-
tribute to impaired EPC generation, mobilization, migration, and
survival. The mobilization of EPCs from the bone marrow and
homing to sites of injury/neovascularization is dependent upon
a number of factors, including stromal derived factor-1 (SDF-1),
VEGE, granulocyte-colony stimulating factor (G-CSF), and estro-
gen. Decreased SDF-1 and VEGF expression in aged tissues has
been shown to impair EPC (Flk-17/CD11b™) trafficking to sites of
ischemia, and is related to depressed hypoxia-inducible factor-1a
(HIF-1a) signaling (Chang et al., 2007).

Premenopausal women have a lower risk of CVD than post-
menopausal women or age-matched men (Grady et al., 1992;
Grodstein etal., 1997). This s, in part, due to the dramatic decrease
in levels of the female reproductive hormone estrogen at the onset
of menopause. A number of studies have highlighted the role of
estrogen in EPC generation, mobilization from the bone marrow,
and incorporation at the sites of ischemia (Strehlow et al., 2003;
Hamada et al., 2006; Iwakura et al., 2006; Ruifrok et al., 2009).
Ovariectomy of young female mice was shown to significantly
decrease the levels of EPCs (Sca-11/Flk-1T) in the peripheral
blood and residing bone marrow, but this effect was prevented
by treatment with exogenous estrogen (Strehlow et al., 2003). In
addition to augmenting EPC generation and mobilization, estro-
gen has been shown to inhibit the senescence of CACs in vitro
by increasing telomerase activity, and also appears to promote
EPC proliferation and their incorporation into vascular networks
(Imanishi et al., 2005b).

The activity of a wide array of pro-angiogenic factors, includ-
ing VEGE, basic fibroblast growth factor (bFGF), and SDF-1 is
modulated by cell surface heparan sulfate (HS) proteoglycans
(Fuster and Wang, 2010). Work from our laboratory suggests
that age-associated changes of HS structure on the surface of
OEC:s correlates with a significant reduction in migratory function
(Williamson et al., 2011).

EPCs AND OXIDATIVE STRESS

The progressive accumulation of oxidative damage with age, due
to increased production of reactive oxygen species (ROS) and
decreased expression of antioxidant proteins, also promotes senes-
cent cell changes. ROS lead to inactivation of nitric oxide (NO),
cause damage to proteins, lipids, and DNA, and alter cellular
redox state. Oxidative stress promotes the development of vas-
cular pathologies (Higgins et al., 2011; Sugamura and Keaney,
2011). With increasing age, it is likely that oxidative cellular damage

accumulates in EPCs, diminishing function and enhancing vascu-
lar disease risk. Early EPCs, CACs, and OECs have been shown
to express high levels of antioxidant enzymes and as a result,
are more resistant to oxidative stress, as compared with human
umbilical vein endothelial cells (HUVECs) and adult microvascu-
lar endothelial cells (Dernbach et al., 2004; He et al., 2004, 2009;
Caietal., 2006). Such an enhanced antioxidant system may endow
EPCswith improved resistance to oxidative stress and thus the abil-
ity to promote vascular regeneration in settings of ischemic injury.
However, the antioxidant capacity of EPCs appears to be impaired
with age, for example, He et al. (2009) demonstrated that early
EPCs derived from old subjects had significantly reduced levels
and activity of the antioxidant enzyme glutathione peroxidase-
1 (GPx-1) and were more sensitive to oxidative stress-induced
apoptosis as compared to EPCs of younger subjects. Together,
these factors may reduce EPC survival capacity and their ability to
promote endothelial repair in the aging host. Aging is also asso-
ciated with an upregulation of proatherogenic stimuli including
angiotensin II (AngII) (Baylis et al., 1997; Wang et al., 2003), which
has been shown to enhance the production of ROS in early EPCs
and thereby accelerate cellular senescence (Imanishi et al., 2005a;
Endtmann et al., 2011). Moreover, treatment of coronary artery
disease patients with an Ang II type I receptor (AT1-R) antagonist
was found to significantly increase the number of circulating EPCs
(CD341/KDR™T) (Endtmann et al., 2011).

A DECREASE IN NITRIC OXIDE BIOAVAILABILITY IN EPCs
WITH AGE

A decline in EPC levels and function may be related to the reduced
capacity of the aging endothelium to generate nitric oxide (NO)
and the increased production of ROS with age. The importance
of endothelial nitric oxide synthase (eNOS) expression, and sub-
sequent NO production, for EPC mobilization, was documented
in eNOS null mice by Laufs and colleagues. Here, physical exer-
cise, which increases NO bioavailability, was found to significantly
increase EPC numbers (Sca-17/Flk-17) while this effect was atten-
uated in eNOS null mice and wild type mice treated with an
NOS inhibitor (Laufs et al., 2004). The accumulation of oxidized
low density lipoprotein (ox-LDL) with age may also contribute
to a reduction in the number of circulating EPCs. ox-LDL has
been shown to impair early EPC survival and function, due to its
inhibitory effect on EPC eNOS expression and activity (Ma et al.,
2006).

EPCs AND INFLAMMATION

Aging is known to be associated with the development of chronic
low grade inflammation, which renders the vasculature suscepti-
ble to the development of CVD (Csiszar et al., 2008). Among the
proinflammatory changes that occur with increasing age, dysreg-
ulation of the proinflammatory cytokine tumor necrosis factor-
alpha (TNF-a) has been well established (Csiszar et al., 2003,
2004, 2007). This multifunctional proinflammatory cytokine is a
key player in the pathogenesis of atherosclerosis. Indeed increased
circulating levels of TNF-a is associated with a high prevalence
of atherosclerosis in elderly patients (Bruunsgaard et al., 2000).
Chronic TNF-a treatment has been found to induce premature
senescence of highly proliferative OECs, which was related to an

Frontiers in Physiology | Vascular Physiology

February 2012 | Volume 3 | Article 30 | 69


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Vascular_Physiology
http://www.frontiersin.org/Vascular_Physiology/archive

Williamson et al.

EPCs in aging

increase in expression of the cell cycle inhibitor p16™&42 (Zhang
etal., 2009). Thus, the shift to a proinflammatory state in the aged
vasculature may contribute to EPC dysfunction and a reduced
regenerative potential.

CONCLUDING REMARKS

Although age-related CVD may have multifactorial etiologies,
a common element appears to be the deterioration of endoge-
nous EPC function. Understanding EPC biology and identifying
strategies to restore the factors that are depleted or impaired
with age may provide a protective benefit to the cardiovascu-
lar system and limit vascular disease progression in the aging
population. Indeed, pharmacological treatments including statins
(Landmesser et al., 2004), estrogen (Iwakura et al., 2003, 2006),
and peroxisome proliferator-activated receptor gamma agonists
(Redondo et al., 2007; Werner et al., 2007) have been shown to
augment EPC number and function, by increasing NO bioavail-
ability in EPCs, among other mechanisms of action. Treatment
with angiotensin receptor antagonists have been shown to reduce
oxidative stress in EPCs and augment function by blocking the
effect of Angll (Bahlmann et al., 2005). Other pharmacological

strategies to reverse age-related EPC dysfunction include growth
hormone treatment to increase insulin-like growth factor-1 (IGF-
1) levels, the synthesis of which is attenuated with aging (Thum
et al., 2007). Lifestyle modifications, such as regular aerobic exer-
cise or cessation of smoking, are known to promote vascular health
in the aging population and have direct effects on EPC number
and function. Reports suggest that physical exercise increases the
number and re-endothelialization capacity of EPCs in previously
sedentary older men (Hoetzer et al., 2007; Xia et al.,, 2011; Yang
et al., 2011), while smoking cessation has been found to induce
rapid restoration of EPC levels (Kondo et al., 2004). Although
long term follow up is necessary, these findings suggest that it is
possible to increase EPC number and function in the aging host by
restoring the pathways that govern EPC generation, mobilization,
and homing. Such approaches have potential for attenuating the
age-related decline in vascular health and improving the outcomes
for older individuals with CVD. However, further work is needed
to overcome the challenges associated with engraftment of these
cells to the damaged tissue and the resulting cross-talk with the
host endothelium and medial cells that will ultimately result in the
repair of the damaged tissue.
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Aging is associated with structural and functional changes in the vasculature, including
endothelial dysfunction, arterial stiffening and remodeling, impaired angiogenesis, and
defective vascular repair, and with increased prevalence of atherosclerosis. Cardiovas-
cular risk is similar for older men and women, but lower in women during their fertile
years. This age- and sex-related difference points to estrogen as a protective factor because
menopause is marked by the loss of endogenous estrogen production. Experimental and
some clinical studies have attributed most of the protective effects of estrogen to its
modulatory action on vascular endothelium. Estrogen promotes endothelial-derived NO
production through increased expression and activity of endothelial nitric oxide synthase,
and modulates prostacyclin and thromboxane A, release. The thromboxane Ay pathway
is key to regulating vascular tone in females. Despite all the experimental evidence,
some clinical trials have reported no cardiovascular benefit from estrogen replacement
therapy in older postmenopausal women. The “Timing Hypothesis,” which states that
estrogen-mediated vascular benefits occur only before the detrimental effects of aging
are established in the vasculature, offers a possible explanation for these discrepancies.
Nevertheless, a gap remains in current knowledge of cardiovascular aging mechanisms
in women. This review comprises clinical and experimental data on the effects of aging,
estrogens, and hormone replacement therapy on vascular function of females. We aim to
clarify how menopause and aging contribute jointly to vascular aging and how estrogen

modulates vascular response at different ages.

Keywords: endothelium, menopause, estradiol, nitric oxide, vascular protection

INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of mortality
in both men and women in developed countries. Nonetheless,
sex-associated differences regarding the age of CVD onset and its
progression are observed worldwide. Incidence of CVD in pre-
menopausal women is markedly lower than age-matched men in
epidemiological studies (Messerli et al., 1987; Bairey Merz et al.,
2006; Shaw et al., 2006). After menopause, however, the incidence
is comparable or even higher in women than in men (Lerner and
Kannel, 1986; Eaker et al., 1993), making CVD the primary cause of
death in postmenopausal women (55 versus 43% in men), exceed-
ing all cancer deaths (Rosamond et al., 2008). The lower CVD
risk among fertile women is often attributed to the protective role
of estrogens at the vascular level. According to epidemiological
observations and extensive basic research, estrogen and other sex
steroids have direct cardiovascular benefits. Estrogen modulates
a myriad of molecular pathways that improve vascular function,
whether at the physiological level or when administered as hor-
mone replacement therapy (HRT; Grodstein et al., 2000, 2001;
Miller and Duckles, 2008).

Nevertheless, some clinical studies have questioned the pro-
tective value of HRT against vascular disease. Two randomized
clinical trials, the Women’s Health Initiative (WHI; Rossouw et al.,

2002) and the Heart and Estrogen/Progestin Replacement Study
(HERS I and II; Gambacciani et al., 2002), indicate that HRT
may increase CVD risk and events in postmenopausal women.
The reason for this paradox could be attributable to many patient
characteristics, including age.

Although aging occurs progressively in both men and women,
the onset of menopause marks a sudden increase in the appearance
of aging-associated signs in women, and more specifically in the
progress of vascular aging. Information about the role of age and
menopause in the development of CVD in women is scarce. This
review of clinical and experimental data on the effects of aging,
estrogens, and HRT on vascular function of females aims to clarify
how menopause and aging contribute jointly to vascular aging and
how estrogen modulates vascular response at different ages.

HOW DO ESTROGENS AFFECT VASCULAR FUNCTION?

The numerous vascular effects of estrogens are triggered by com-
plex genomic and non-genomic mechanisms. They include mod-
ulation of vascular function and inflammatory response as well
as metabolic and hemodynamic effects. Estradiol, the most abun-
dant and potent estrogen in humans, mainly binds and activates
estrogen receptors (ERs). Vascular estrogen signaling involves at
least three ERs identified in both vascular smooth muscle and
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endothelium, reinforcing the idea that estrogen has a key role in
controlling vascular function. The classical subtypes ERa (Soloff
and Szego, 1969) and ERP (Kuiper et al., 1996) vary not only in
their tissue distributions, but also in their agonist/antagonist pro-
file with respect to several compounds (Cano and Hermenegildo,
2000). These ER subtypes belong to the intracellular receptors
classically defined as nuclear ligand-activated transcription fac-
tors. Activation of these receptors by the corresponding hormones
affects gene expression by acting on estrogen-response elements
in the target genes and modulating transcriptional events (Beato
et al., 1995). Estrogen binding to ERa and ERP regulates gene
expression in a time- and tissue-dependent manner, generating
controversy about the type of receptor involved in vascular pro-
tection (Murphy, 2011). In the cardiovascular system, both ERa
and ERP have been identified in the endothelium, smooth mus-
cle cells, adventitia, and adrenergic nerve endings of arteries from
various territories and several species, including humans (Karas
et al., 1994; Kim-Schulze et al., 1996; Venkov et al., 1996; Register
and Adams, 1998). Although it has been reported that cultured
endothelial cells do not express ERa (Toth et al., 2009), other
investigators have demonstrated the presence of both ERa and
ERB mRNA in endothelium (Wagner et al., 2001) and data from
our group demonstrate the protein expression of both ERa and
ERB in HUVEC (Sobrino et al., 2009, 2010).

In addition to their classic nuclear location, ER can also tar-
get the plasma membrane, enabling estrogen activation of several
signaling pathways, including those involved in calcium mobiliza-
tion (Zhang et al., 1994; Nakajima et al., 1995; Prakash et al., 1999)
and the phosphatidylinositol-3-kinase (PI3K) pathway (Hisamoto
et al.,, 2001). A third type of ER, G-protein coupled, and mainly
located in the plasma membrane, was initially named GPR30
(Takada et al., 1997), then renamed GPER by the International
Union of Basic and Clinical Pharmacology, IUPHAR (Alexan-
der et al., 2008). GPER is expressed in both endothelial and
smooth muscle cells of human arteries and veins (Haas et al., 2007;
Deschamps and Murphy, 2009). After estrogen binding, GPER
activates rapid signaling cascades such as extracellular signal-
related kinase and PI3K (Meyer et al., 2011). Several rapid and
non-genomic estrogen effects formerly attributed to ERa have now
been described as GPER-mediated (Prossnitz and Barton, 2011).

The vascular protection conferred by estrogen may be medi-
ated indirectly by its influence on the metabolism of lipoproteins
or by a direct action on the modulation of molecular path-
ways in the vessel wall, and more specifically on endothelial cells
(Hermenegildo et al., 2002). Vascular endothelium not only reg-
ulates vascular tone through flow-mediated mechanisms, but also
confers antithrombotic and antiinflammatory properties to the
blood vessel. Nitric oxide (NO), the primary endothelial-derived
mediator, is involved in many physiological processes, including
vasodilation and inhibition of thrombosis, cell migration, and
proliferation (Dudzinski and Michel, 2007; Lamas et al., 2007;
Michel and Vanhoutte, 2010). Estrogen is known to increase NO
bioavailability by mechanisms that either directly increase NO
generation (Figure 1) or decrease superoxide anion (O ) con-
centration, thereby attenuating O -mediated NO inactivation.
Mechanisms involved in estrogen-induced increases in NO avail-
ability include: (1) transcriptional stimulation of endothelial NO

synthase (eNOS) gene expression (Huang et al., 1997; Sumi and
Ignarro, 2003); (2) non-genomic activation of enzyme activity via
a PI3K/phosphokinase B (PKB/AKT)-mediated signaling pathway
(Hisamoto et al., 2001); (3) increased intracellular free Ca?* con-
centration ([Ca2t]i) in endothelial cells (Rubio-Gayosso et al.,
2000); (4) decreased production of asymmetric dimethylarginine
(ADMA), the eNOS endogenous inhibitor (Monsalve et al., 2007);
and (5) attenuated O, concentrations (Wassmann et al., 2001;
Dantas et al., 2002; Ospina et al., 2002).

Estrogens such as 17B-estradiol, estrone, and estriol have been
described to act as reactive oxygen species (ROS) scavengers by
virtue of the hydrogen-donating capacity of their phenolic molec-
ular structure (Halliwell and Grootveld, 1987; Dubey and Jackson,
2001). However, in these studies the direct effect of estrogens as
scavengers can only be observed at concentrations above 1 uM
(Arnal et al,, 1996; Kim et al., 1996). Considering that plasma
concentrations of estrogen in physiological conditions are within
the nanomolar range, it is likely that direct scavenger action is
not estrogen’s main antioxidant mechanism. Estrogen modulates
ROS concentration through a mechanism that involves interac-
tion with its estrogenic nuclear receptors to decrease oxidative
proteins and/or increase antioxidant enzymes expression. Many
studies have associated changes in estrogen levels with altered
levels of antioxidant enzymes including glutathione peroxidase,
catalase, and superoxide dismutase (Capel et al., 1981; Robb and
Stuart, 2011; Sivritas et al., 2011). Moreover, estrogen modulates
NADH/NADPH oxidases and AT receptor gene expression, both
of which are major sources of O; production (Wassmann et al.,
2001; Dantas et al., 2002).

Estrogen also has a modulating effect on constrictive factors
and positively upregulates the production of endothelium-derived
relaxing factors such as PGI, (Sobrino et al., 2009, 2010) and
the endothelium-derived hyperpolarizing factors (Golding and
Kepler, 2001), both of which are important mediators of vas-
cular relaxation in resistance-sized arteries. The beneficial effects
of estrogen on the endothelium can be partially explained by an
inhibitory effect on the production or action of the cyclooxygenase
(COX)-derived vasoconstrictor agents prostaglandin H,, PGHa,
and thromboxane A;, TXA; (Davidge and Zhang, 1998; Dantas
etal., 1999; Novella et al., 2010), and of endothelin-1 (ET-1; David
etal., 2001).

Furthermore, estrogen can interfere with ion channels through
non-genomic actions. It regulates contractile responses by a direct
modulation of Ca** mobilization into the vascular smooth mus-
cle cells. Direct interaction of estradiol with voltage-gated Maxi-K
channel subunit beta, which confers higher Ca?* sensitivity, may
modulate vascular smooth muscle (Valverde et al., 1999). Estro-
gen does not inhibit Ca?T release from the intracellular stores
(Crews and Khalil, 1999; Murphy and Khalil, 1999). However,
supraphysiological concentrations of estrogen impede Ca?* influx
from the extracellular space (Han et al., 1995; Crews and Khalil,
1999; Murphy and Khalil, 1999) by inhibiting Ca?* entry through
voltage-gated Ca®* channels (Freay et al., 1997; Kitazawa et al.,
1997; Crews and Khalil, 1999; Murphy and Khalil, 1999). Expres-
sion of the L-type Ca?* channels in cardiac muscle is substantially
increased in ER-deficient mice (Johnson et al., 1997), suggesting
ER-mediated regulation of Ca?" mobilization.
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FIGURE 1 | Dual effects of estradiol (E2) on eNOS expression and
activity. Estradiol effects on eNOS-mediated nitric oxide (NO) production
include both genomic and non-genomic effects. Genomic effects include
the classical intracellular estrogen receptors (ER), which after binding of E2
interact with estrogen-response element (ERE) in DNA, resulting in an

increased eNOS expression. Moreover, E2 binding to GPER leads to
activation of different transcriptional factors such as cAMP response
element (CRE) which also induces eNOS expression. Among non-genomic
effects, ER and GPER regulate the E2-induced eNOS activity (modified
from Sobrino, 2011).

Estrogen also exerts direct modulation on the components of
the renin-angiotensin system (RAS), a key regulator of blood pres-
sure and smooth muscle cell growth. Production of angiotensin II
(Ang 1II), the active hormone of the RAS, is reduced by estrogen
inhibition of angiotensin-converting enzyme (ACE) expression.
In animal models of menopause and in postmenopausal women,
chronic estrogen replacement reduces ACE activity in the circu-
lation and in tissues including the kidney and aorta (Brosnihan
et al., 1999; Seely et al., 2004). Furthermore, estrogen attenuates
expression of and tissue response to type 1 angiotensin receptor
(AT)) in the aorta, heart, and kidney (Silva-Antonialli et al., 2000
Wu et al., 2003).

THE PROCESS OF VASCULAR AGING: HOW ARE FEMALES
AFFECTED?

Vascular aging is associated with endothelial dysfunction, arte-
rial stiffening and remodeling, impaired angiogenesis, defective
vascular repair, and an increasing prevalence of atherosclerosis
(Lakatta and Levy, 2003; Erusalimsky, 2009). Aging-associated
changes in structure and function of large elastic arteries are
seen even in the absence of clinical CVD (Moreau et al., 2003).
Although aging per se has detrimental effects in the vasculature,
the lack of estrogen due to menopause may add an aggravating
CVD risk factor in women, compared to arterial aging in men.

In middle-aged females, aging-associated vascular dysfunction is
potentiated by lack of estrogen due to menopause or ovariec-
tomy and improves with estrogen replacement (Harman, 2004;
Stice et al., 2009; Novella et al., 2010). Unfortunately, the onset
of menopause coincides with a time when aging-associated dam-
age may be noted, making it particularly difficult to distinguish
between the contributions of aging and the lack of estrogen.
Vascular aging is a natural phenomenon that could be simply
described as a consequence of physical stress, beginning early in
life. Arteries are elastic tissues, susceptible to fatigue, and frac-
ture over time as a consequence of extension-relaxation cycles
during heartbeats (Avolio et al., 1983). In cross-sectional stud-
ies, postmenopausal females taking HRT have less arterial stiffness
than their non-treated peers (Moreau et al., 2003; Sumino et al,,
2005, 2006). Radial artery distensibility fluctuates in accordance
with estrogen levels during menstrual cycles (Giannattasio et al.,
1999). Basic research using animal models of estrogen withdrawal
and aging suggests a modulatory role for estrogen in the mol-
ecular mechanisms to prevent arterial stiffening (Zhang et al.,
2000). A recent study reported that HRT improves arterial com-
pliance, an effect related in part to estrogen actions in the control
of endothelial-dependent vasodilatory tone (Moreau et al., 2012).
Collagen and elastin content of arterial walls is a key factor in
arterial thickening and stiffening. It is mostly regulated by matrix

www.frontiersin.org

June 2012 | Volume 3 | Article 165 | 75


http://www.frontiersin.org
http://www.frontiersin.org/Vascular_Physiology/archive

Novella et al.

Vascular aging in women

metalloproteinases (MMP), enzymes capable of degrading com-
ponents of the extracellular matrix. During aging, MMP activity
decreases markedly, collagen accumulates, and stiffening increases.
Estrogen replacement in ovariectomized rats increases MMP activ-
ity and restores aged arteries to structural properties similar to
those of younger animals studied (Zhang et al., 2000).

Aging is also associated with biochemical changes implicated in
CVD development and progression. Dysfunction of both endothe-
lial and smooth muscle molecular signaling appears during the
aging process and favors vasospasm, thrombosis, inflammation,
and abnormal cell migration and proliferation (Lakatta and Levy,
2003; Briones et al., 2005; Barton, 2010; Herrera et al., 2010).
Endothelial dysfunction in the elderly has been associated with
malfunctioning of vascular tissue, resulting in atherosclerosis,
hypertension, and coronary artery disease (Lakatta and Levy, 20035
Herreraetal.,2010), renal dysfunction (Schmidtetal.,2001; Erdely
et al., 2003), and Alzheimer disease (Price et al., 2004). In women,
aslight age-related decrease in endothelium-dependent relaxation
persists until middle age (around 50 years). After that, the declin-
ing response to the endothelium-dependent vasodilator hastens,
even exceeding the rate experienced by men (Taddei et al., 1996).

The mechanisms for age-associated endothelial dysfunction
are multiple, although most are associated with decreased NO
bioavailability (Hayashi et al., 2008; Santhanam et al., 2008; Erusal-
imsky, 2009; Kim et al., 2009). Reduced endothelium-dependent
and NO-mediated vasodilation has been described in both human
and animal models of aging (Kim et al., 2009; Virdis et al., 2010).
Lower NO production in the elderly may be based on decreased
NO synthesis or increased NO degradation. Suggested mecha-
nisms to explain reduced NO production include: (1) decreased
expression of eNOS (Briones et al., 2005; Yoon et al., 2010); (2) a
lack of NO precursor (rL-arginine; Santhanam et al., 2008) and
eNOS cofactor tetrahydrobiopterin (BHy; Yoshida et al., 20005
Eskurza et al., 2005; Meyer et al., 2011); and (3) increased endoge-
nous eNOS inhibitor ADMA (Xiong et al., 2001; Kielstein et al.,
2003). On the other hand, strong evidences support the hypothe-
sis that age-associated increase in oxidative stress and consequent
production of O; isa potent contributor to lower NO bioavailabil-
ity and increased endothelial dysfunction (Jacobson et al., 2007;
Rodriguez-Manas et al., 2009). There is little information to corre-
late the progression of aging with the production/degradation of
NO in women. Although several studies have described decreased
expression of eNOS in senile female rats and mice (Wynne et al.,
2004; Novensa et al., 2011), aging-associated effects on eNOS in
women can be easily confounded with the effects of lack of estro-
gen, since most of these studies grouped women into just two
time-points: premenopausal and menopausal groups.

Even though the decline in NO bioavailability could sufficiently
explain most of the changes in the functioning of vascular cells,
other molecules crucial to control of vascular function are also
modified by aging. In the regulation of vascular tone, COX-derived
factors are particularly important as they can induce both vascular
relaxation (PGI,) and contraction (TXA; and PGH,). Some stud-
ies have reported a prevalence in the production of relaxing COX
factors in the vasculature of young and healthy individuals (Tang
and Vanhoutte, 2008). With aging, COX-dependent vasoconstric-
tors production becomes evident, leading to increased vascular

contraction (Taddei et al., 1997; Rodriguez-Manas et al., 2009).
However, the COX isoform involved in the generation of contrac-
tile prostanoids remains unclear. In functional studies developed
in femoral arteries of aged rats, oxygen free radicals participate
in the augmented endothelium-dependent contractions mediated
by COX-derived prostanoids. Both the constitutive and inducible
isoforms of COX contribute to this endothelial dysfunction (Shi
etal., 2008). Molecular studies performed in endothelial cells from
aged rats showed an increase in mRNA levels of COX-1, COX-
2, and other enzymes involved in the synthesis of prostanoids
(Tang and Vanhoutte, 2008), demonstrating the importance of the
arachidonic acid—-COX cascade in the endothelial and vascular dys-
function associated with aging. Moreover, functional studies have
demonstrated an interaction between NO and prostanoids path-
ways. In aorta from aged female mice, NO bioavailability increases
when the COX pathway is inhibited; both gene and protein expres-
sion of COX-1 are increased (Novella et al., 2011). Furthermore,
activation of inflammatory pathways in the vascular wall plays a
central role in the process of vascular aging.

Even in the absence of traditional risk factors for atherosclero-
sis, an age-associated shift to a proinflammatory gene expression
profile, known as endothelial activation, induces upregulation
of cellular adhesion molecules and cytokines, which increases
endothelial-leukocyte interactions and permeability, mechanisms
considered crucial to initial steps in the development of athero-
sclerosis (Herrera et al., 2010; Seals et al., 2011). Accordingly, a
sex-associated difference in inflammatory responses during aging
has been proposed. Inflammatory atherosclerosis and associated
acute coronary heart disease develop earlier in life in men than in
women (Roger et al., 2011) and are associated with earlier death,
although men and women present the same overall plaque bur-
den (Frink, 2009). In animal models of atherosclerosis, male sex
contributes to a faster and more severe progression of lipid depo-
sition, remodeling, and aortic lesions (Pereira et al., 2010; Surra
et al., 2010).

COULD ESTROGEN DECREASE VASCULAR AGING IN
WOMEN?

With the wide-ranging data from experimental research, estro-
gens might appear to promise protection against the progression
of vascular aging and CVD in women. Epidemiological observa-
tional studies also suggest that postmenopausal women on HRT
are less likely to develop CVD than non-users at the same age
(Grodstein et al., 2000, 2001) Nevertheless, these studies contrast
with the large prospective clinical trials, HERS and WHI, which
failed to show reduced cardiovascular events in postmenopausal
women on HRT. In fact, WHI suggested that HRT was associated
with increased risk to the cardiovascular system (Rossouw et al.,
2002). Possible reasons for this discrepancy have been extensively
discussed and include the average age of women entering most
HRT clinical trials, 65 years and older, which results in a study
population with some degree of aging-associated vascular dam-
age. In addition, participants had been estrogen-deficient for an
average of 10 years before starting HRT, a relatively late start that
could modify the status of ERs and molecular signaling so as to
attenuate the benefits of estrogen. For instance, during aging ERs
can undergo posttranslational modifications such as methylation,

Frontiers in Physiology | Vascular Physiology

June 2012 | Volume 3 | Article 165 | 76


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Vascular_Physiology
http://www.frontiersin.org/Vascular_Physiology/archive

Novella et al.

Vascular aging in women

which decreases their expression and activity. We recently reported
that aging contributes to increased DNA methylation in female
mice aorta, which could be associated with the decrease in the
modulatory effects of estrogen (Novensa etal.,2011). A few clinical
studies also provide evidence for aging-associated dysregulation
of ER methylation and suggest that focal epigenetic changes in ER
could contribute to decreased estrogen activity and to the devel-
opment of atherosclerosis in elderly women (Post et al., 1999; Kim
et al., 2007).

Detailed examination of WHI data reveals that early initia-
tion of estrogen replacement produces more favorable results than
the later average initiation employed in the WHI studies over-
all (Grodstein et al., 2006; Rossouw et al., 2007; Prentice et al.,
2009). These findings, together with observational studies, have led
scientists to create the so-called “timing hypothesis” that estrogen-
mediated benefits to prevent CVD only occur when treatment is
initiated before the detrimental effects of aging are established
on vascular walls (Harman, 2006). These effects include endothe-
lial dysfunction and pathophysiological actions, such as increased
vascular calcification and generalized stiffening of the arterial tree
that increase the prevalence of hypertension and atherosclerosis
(Lakatta and Levy, 2003; Erusalimsky, 2009; Kovacic et al., 2011).

Little information is available on whether and how vascular
effects of estrogen are modified with aging in females. Aging has
been associated with significant reductions in the direct estrogen-
mediated mechanisms of vascular relaxation (Wynne et al., 2004;
LeBlanc et al., 2009; Lekontseva et al., 2010) and inflammation
(Pechenino et al., 2011). The lack of estrogen responses in these
animal studies was not related to age-associated changes in the
plasma levels of estrogen or activity of ER, but rather to possi-
ble age-related changes in estrogen-mediated signaling pathways
in the vasculature. Modifications in the ratio between ERa and
ERB in older female mice are associated with the lack of pro-
tective effects of estrogen on NO production and with a reversal
in its antioxidant effect to a pro-oxidant profile (Novensa et al.,
2011). Moreover, clinical studies have revealed that CVD risk fac-
tors in postmenopausal women were lower among women aged
50-59 years at HRT initiation (Manson et al.,2007; Sherwood et al.,
2007). These studies clearly establish the complexity of estrogen
effects, which may be influenced by pathophysiological conditions
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Androgen receptors are widely distributed in several tissues, including vascular endothe-
lial and smooth muscle cells. Through classic cytosolic androgen receptors or mem-
brane receptors, testosterone induces genomic and non-genomic effects, respectively.
Testosterone interferes with the vascular function by increasing the production of pro-
inflammatory cytokines and arterial thickness. Experimental evidence indicates that sex
steroid hormones, such as testosterone modulate the synthesis and bioavailability of NO
and, consequently, endothelial function, which is key for a healthy vasculature. Of inter
est, aging itself is accompanied by endothelial and vascular smooth muscle dysfunction.
Aging-associated decline of testosterone levels is accompanied by age-related diseases,
such as metabolic and cardiovascular diseases, indicating that very low levels of androgens
may contribute to cardiovascular dysfunction observed in these age-related disorders or,
in other words, that testosterone may have beneficial effects in the cardiovascular system.
However, testosterone seems to play a negative role in the severity of renal disease. In this
mini-review, we briefly comment on the interplay between aging and testosterone levels,
the vascular actions of testosterone and its implications for vascular aging. Renal effects
of testosterone and the use of testosterone to prevent vascular dysfunction in elderly are
also addressed.

Keywords: testosterone, aging, vascular function, cardiovascular disease

INTRODUCTION

Sex hormones, including testosterone, have important extrago-
nadal effects and experimental and clinical data point to important
effects of sex hormones on the cardiovascular system (Reckel-
hoff, 2005). There is intense debate on the role of testosterone
on cardiovascular function and cardiovascular disease (CVD).
Whereas high doses of testosterone have been associated with
sudden cardiac death and liver disease (Bagatell and Bremner,
1996), low levels are associated with the progression of ather-
osclerosis, production of pro-inflammatory cytokines, increased
arterial thickness, increased levels of glucose, total cholesterol, and
low-density lipoprotein, all important in CVD (Hak et al., 2002;
Miller et al., 2004; Francomano et al., 2010).

Although reduced testosterone levels in aging men are inti-
mately associated with several aspects of vascular injury, the
male sex!? is extensively mentioned as a risk factor for CVD,
with males having an earlier and higher prevalence of many

! According to the Department of Reproductive Health and Research, World Health
Organization (WHO), http://www.who.int/gender/whatisgender/en/), “Sex” refers
to the biological and physiological characteristics that define men and women; “Gen-
der” refers to the socially constructed roles, behaviors, activities, and attributes that
a given society considers appropriate for men and women.”

2As recently reviewed by Miller et al. (2011): “Sex,” a biological construct, refers
to biological differences defined by sex chromosomes (XX, XY) and the presence
of functional reproductive organs and sex steroids. “Gender;” a cultural construct,
refers to behaviors thought to be directed by specific stimuli or by psychosocial
expectations that result or accrue on the basis of assigned or perceived sex. Whereas
sex is considered a dichotomous variable; gender is a continuous variable as defined
by a range of characteristics that might vary with age, species (animals), or eth-
nicity (humans), geographical location, education, and culture. Most studies using

cardiovascular and metabolic-related diseases (Yang and Reckel-
hoff, 2011).

In this mini-review, we will briefly comment on the inter-
play between aging and testosterone levels, the vascular actions of
testosterone and its implications for vascular aging. Renal effects
of testosterone and the use of testosterone to prevent vascular
dysfunction in elderly are also addressed.

BRIEF BIOCHEMISTRY OF TESTOSTERONE SYNTHESIS AND
SIGNALING

More than 95% of testosterone, the principal male steroid hor-
mone from the androgens group, is produced by the testes and
secreted by the Leydig cells, after a series of enzymatic reac-
tions in the cholesterol molecule. Small amounts of testosterone
are also secreted by the zona reticularis of the adrenal glands
(Sa et al., 2009). In men, normal levels of testosterone range
from 10 to 30 nM, while much lower levels are found in women
(0.6-2.5nM; Burger, 2002). Testosterone plays a major role in
the development of male reproductive tissues and is found in
mammals, reptiles, birds, and other vertebrates. In men, testos-
terone also promotes secondary sexual characteristics, such as
increased muscle, bone mass, and the growth of body hair
(Mooradian et al., 1987). Although adult human males pro-
duce about 10 times more testosterone than the female coun-
terparts, females are very sensitive to the hormone. In women
testosterone is synthesized by the theca cells of the ovaries, by

animals categorized by anatomical features and chromosomes can be described as
studies of “sex” differences.
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the placenta, as well as by the adrenal cortex (Bassil et al,
2009).

In men, whereas around 7% of testosterone is reduced to
5a-dihydrotestosterone (DHT) by the cytochrome P450 enzyme
5a-reductase (an enzyme highly expressed in male accessory sex
organs and hair follicles), small amounts (around 0.5%) are
converted into estradiol by aromatase (CYP19Al, an enzyme
expressed in the brain, liver, adipose, and cardiovascular tissues).
DHT is more biologically active than testosterone since it binds to
the androgen receptor with a 15-fold higher affinity than testos-
terone (Thigpen et al., 1993; Randall, 1994; Meinhardt and Mullis,
2002; Askew et al., 2007).

Androgen receptors are widely distributed in several
cells/tissues, including vascular smooth muscle cells and endothe-
lial cells (Negro-Vilar, 1999). Through classic cytosolic androgen
receptors or membrane receptors, testosterone induces genomic
and non-genomic effects, respectively. The classical effects of
testosterone depends on its binding to the androgen receptor,
which acts as a transcription factor that upon association to the
androgen response element, modulates transcription, and pro-
tein synthesis. The non-genomic effects are rapidly produced, do
not require the association of androgen receptors to DNA and
therefore are insensitive to the inhibition of RNA and protein
synthesis, and involve the activation of various signaling path-
ways, including calcium-, protein kinase A-, protein kinase C-,
and mitogen-activated protein kinase (MAPK)-activated path-
ways (Bhasin and Jasuja, 2009). It is important to mention that
activation of androgen receptors may vary considering whether
naturally produced or commercially available hormones are being
used, as well as whether metabolic products of androgens are
being generated (e.g., testosterone, but not DHT, can be arom-
atized to 17B-estradiol) or whether androgen effects were tested
on tissues/cells derived from male or female animals (Elbaradie
et al., 2011; Toufexis and Wilson, 2012).

EVIDENCE FOR A ROLE OF TESTOSTERONE IN REGULATION
OF LONGEVITY

While the decrease in estrogen and progesterone occurs abruptly
in women, testosterone levels decline in men starts in the early
years of adulthood, with a 1-2% reduction per year, and persists
throughout life (Harman et al., 2001; Araujo and Wittert, 2011).
This reduction is often associated with CVD, metabolic syndrome,
insulin resistance, and atherosclerosis. The increased longevity has
also been accompanied by an increase in the number of men
with hypogonadism (Bassil et al., 2009). Commonly, testosterone
replacement improves cardiovascular and metabolic functions
(Ruige et al., 2011; Hyde et al., 2012). In addition, a prospective
observational study with men aged 70-96 years demonstrated that
low testosterone in men, independent of pre-existing health condi-
tions, and other risk factors, is associated with increased mortality
risk (Fukai et al., 2011).

Decreased expression of cardiac pl-adrenergic receptors is
involved in many models of decompensate hypertrophy and
heart failure (Bisognano et al., 2000). A study conducted in
male Sprague-Dawley rats showed that low levels of testosterone
reduced Bl-adrenoceptor mRNA, while testosterone replacement
produced a fourfold increase in Bl-adrenoceptor mRNA levels.

Testosterone replacement also increased mRNA levels of andro-
gen receptor, Na*/Ca>t exchanger, and L-type calcium channel
as well as heart weight (Golden et al., 2002). Therefore it is pos-
sible that aging-associated testosterone deficiency may contribute
to cardiovascular dysfunction in the elderly.

Although many studies indicate that low levels of testosterone
represent a risk factor for CVD, men have a higher prevalence
of CVD than women and this ratio narrows after menopause
(Lerner and Kannel, 1986). In general, explanations for the sex
differences in CVD point to a deleterious effect of testosterone
or the absence of the cardioprotective effects of estrogen in men
(Wu and von Eckardstein, 2003). As elegantly reviewed by Wu and
von Eckardstein (2003), a global evaluation of the relationship
between androgens and coronary heart disease (CAD) revealed
that the data are contradictory, and that is not yet possible to say
whether there is a direct association between levels of testosterone
or other androgens and CAD. In addition, although testosterone
levels in men are positively related to HDL and negatively to LDL,
in women this ratio is negative, suggesting that males and females
respond differently to androgens, and that some of the beneficial
effects of testosterone in men, may be deleterious in women.

Aging-associated CVDs are accompanied by structural and
functional changes in the heart and blood vessels. Cardiovascular
aging is manifested by maladaptation to stress, cardiac and vascu-
lar dysfunction, and heart failure. Aging-associated morphological
and functional changes of cardiac and vascular myocytes lead to
cardiac and vascular hypertrophy, fibrosis, decreased regenerative
capacity of cardiac stem cells/endothelial progenitor cells (EPCs),
increased myocyte death due to necrosis and apoptosis (Ungvari
etal., 20105 Shih et al., 2011). In the vasculature, increased arterial
wall thickening and generalized vascular stiffness are attributed
to vascular calcification, increased collagen content/elastin break-
down, and elevated levels of advanced glycation end products
(AGEs). In addition, endothelial dysfunction, vascular inflam-
mation, oxidative stress, vascular cell apoptosis also contribute
to aging-associated vascular dysfunction, which accelerates CAD,
heart failure, stroke, and dementia (Ungvari et al., 2010).

Aging is not only a prominent independent risk factor for
CVD, but it is also associated with decreased cognitive func-
tion. Of importance, there is strong evidence for a protective role
of testosterone in brain regions, including regions susceptible to
Alzheimer’s disease, such as the hippocampus (Pike et al., 2009).
Neuronal damage and apoptosis caused by oxidative stress, a hall-
mark in aging-associated cardiovascular dysfunction, can also be
inhibited by testosterone. Testosterone induces the activation of
extracellular-signal-regulated kinases (ERKs), which phosphory-
late the pro-apoptotic protein Bad, a member of the pro-apoptotic
Bcl-2 family, making it inactive, and increasing neuronal activ-
ity. It is known that regions like the hippocampus and cortical
regions have a large amount of androgen receptors (Simerly et al.,
1990). Interestingly, whereas testosterone inhibits oxidative stress
and apoptosis in the brain, our group has shown that testosterone
increases reactive oxygen species (ROS) generation (Chignalia
et al,, 2012) and activates apoptotic pathways (unpublished data)
in vascular smooth muscle cells.

Sexual health has also become more important with the increas-
ing longevity in men and women. Erectile dysfunction markedly
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increases with age and men with increased sexual activity have
a higher level of bioavailable testosterone than men with erectile
dysfunction. Although erectile dysfunction is not a life threatening
condition, it directly affects the well-being, self-steam, interper-
sonal relationship and overall quality of life. It has been suggested
that approximately 15-25% of men over the age of 50 years are
expected to have serum testosterone levels that fall below that of
the threshold considered normal in men between 20 and 40 years
of age (Jockenhovel, 2004). Testosterone improves a great num-
ber of androgen deficiency symptoms in the aging male (Giuliano
et al., 2004; Amar et al., 2005). Several studies have shown that
normal testosterone levels are important for sexual function, and
the correlation between hypogonadism and sexual dysfunction
is well documented (Shabsigh et al., 2006; Blute et al., 2009;
Buvat et al., 2010). For example, testosterone is important for
normal erectile function because it regulates nitric oxide (NO),
phosphodiesterase-5 (PDE5) levels, and it maintains penile mus-
cle cells (Blute et al., 2009). However, it is important to point
out that the main effects of testosterone are not to maintain an
erection per se. Conversely, testosterone is much more impor-
tant for the global aspects of sexual function including libido,
orgasm, ejaculatory volume, preserving the general function of
the cavernosum and the vasculature involved in the erectile process
(Lazarou and Morgentaler, 2005). Accordingly, clinical trials have
demonstrated that replacement of testosterone levels in hypogo-
nadal men improves overall sexual function and restores vascular
damage in the cavernosal tissue (Seftel et al., 2004; Bassil et al.,
2009; Romanelli et al., 2010). In addition, testosterone is essen-
tial for health and well-being (Bassil et al., 2009) as well as the
prevention of osteoporosis (Tuck and Francis, 2009).

TESTOSTERONE SIGNALING IN VASCULAR AGING
Experimental data demonstrate that testosterone induces relax-
ation of many vascular beds, including coronary, mesenteric, iliac,
renal, and femoral arteries in several animal species such as rab-
bit, dog, rat, pig, both in vivo and in vitro conditions. In general,
most studies indicate that the relaxation induced by testosterone
involves endothelium-independent mechanisms, potassium
channel-opening actions and calcium antagonistic effects (Yue
etal., 1995; Chou et al., 1996; Crews and Khalil, 1999; Murphy and
Khalil, 1999; English et al., 2000, 2002; Deenadayalu et al., 2001).
However, testosterone, as well as other sex steroid hormones
(e.g., estrogen) also modulate NO release and, consequently, influ-
ence endothelial function (Miller and Mulvagh, 2007). Physi-
ological concentrations of testosterone (and DHT) have been
shown to increase endothelial synthesis of NO via activation
of the extracellular-signal-regulated kinase (ERK) 1/2 and phos-
phatidylinositol 3-OH kinase (PI3K)/Akt cascades (Goglia et al.,
2010). Similarly, in rat aortic strips, testosterone significantly
increased NO production, via androgen receptor and calcium
influx (Campelo et al., 2012). Using endothelial cell cultures these
authors demonstrated that testosterone enhances NO production
by directly acting in the endothelial cells via PKC- and MAPK-
dependent pathways. Testosterone also significantly increased
DNA synthesis indicating that androgens may also modulate vas-
cular endothelial cell growth (Campelo et al., 2012). In addition,
testosterone, at physiological concentrations and via androgen

receptor activation, induces proliferation, migration, and colony
formation activity of EPCs (Foresta et al., 2008), indicating that the
release of EPCs by bone marrow may be an additional mechanism
by which testosterone modulates endothelial function (Foresta
et al., 2006).

A criticism to the studies reporting the relaxation effects of
testosterone in blood vessels is that generally the effects are
observed at supraphysiological doses/concentrations, and when
physiological concentrations of testosterone were used, the studies
were inconclusive, with some showing positive effects, and others
neutral or even deleterious effects of testosterone (Wu and von
Eckardstein, 2003). Furthermore, since most of the studies on the
effects of androgens on NO production have been conducted in
co-culture systems, it is necessary to assess the direct impact of
testosterone on endothelial cell growth and function.

Sader et al. (2001) observed that although low doses of testos-
terone per se induce vasodilation (brachial artery flow-mediated
dilatation, FMD) in healthy men, estradiol supplementation is
associated with enhanced arterial vasodilation. The mechanisms
by which testosterone and estrogen induce NO release are inter-
twined, since through the P450 aromatase, testosterone can be
converted to estrogen. An excellent review by Miller and Mul-
vagh (2007) has addressed the mechanisms by which testosterone
and estrogen modulate endothelial cells function and NO release.
As summarized in Figure 1, the mechanism of action of testos-
terone in endothelial cell includes classic steroid receptor activa-
tion via modulation of gene transcription (genomic), and also
membrane receptor activation coupled to fast intracellular sig-
naling (non-genomic). Activation of both estrogen and androgen
receptors modulates endothelial function by mechanisms involv-
ing activation of Akt, MAPK, tyrosine kinase, and Gja, culmi-
nating in NO synthase activation and release of NO. The aging-
associated decrease in testosterone levels may thus compromise
this important pathway in vascular tone control.

English and colleagues, in a study with arteries from young and
elderly male Wistar rats demonstrated that despite normal con-
tractile responses to prostaglandin F2a, vessels of elderly animals
were less sensitive to the vasodilatory effects of testosterone com-
pared to vessels from young animal. This was accompanied by
hypertrophy of vascular myocytes, and greater thickening of the
smooth muscle layer, in aged animals (English et al., 2000).

Yildiz et al. (2005) demonstrated that the relaxation induced by
testosterone in human internal mammary artery is dependent on
large conductance Ca?t-activated Kt channels (BK(,). This chan-
nel is key in the regulation of vascular tone and arterial diameter
and is target to various vasoconstrictor and vasodilator agents.
As shown in Figure 1, aging decreases the expression of BKc,
channels in coronary smooth muscle and increases endothelial
responses to vasoconstrictor agents, which can contribute to the
reduced vasodilator response to testosterone in elderly and also
increase the risk of vasospasm, myocardial ischemia, and infarction
in these individuals (Marijic et al., 2001).

Ripple et al. (1999) showed that, in androgen-sensitive human
prostate cancer (LNCaP), androgens increase mitochondrial dehy-
drogenase activity, levels of cellular peroxides and hydroxyl radicals
and the area fraction of mitochondria per cell. The oxidative stress
in LNCaP was abolished in the presence of rotenone and antimycin
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FIGURE 1 | Mechanisms involved in the regulation of vascular function
by testosterone. Smooth muscle cell: The relaxation induced by testosterone
is dependent on large conductance Ca?*-activated K* channels (BKc,). Aging
decreases the expression of BKc, which can determine the reduced
vasodilator response to testosterone in elderly. Testosterone induces NADPH
oxidase-dependent ROS generation. NO can react with O, forming
peroxynitrite (ONOO~). This decreases NO availability and consequently
reduces vasodilator responses. Testosterone also stimulates COX-1/COX-2
and ET-1 pathways. Endothelial cell: Through the P450 aromatase,
testosterone can be converted to estrogen. Activation of estrogen and

androgen receptors modulates endothelial function by mechanisms involving
release of NO via NO synthase. Abbreviations: AR, androgen receptor; ER
estrogen receptor; Akt, serine/threonine kinase; BKc,, large conductance
Ca?*-activated K* channels; ERKs, extracellular-signal-regulated kinases;
eNOS, endothelial NO synthase; G;a, guanine nucleotide regulator protein
subunit that inhibits guanylate cyclase; MAPK, mitogen-activated protein
kinase; ¢0,°, superoxide anion; ONOO-, peroxynitrite; PGs, prostaglandins;
TxA,, thromboxane A,. Aging-associated decline in testosterone levels, as
well as mechanisms that contribute to aging-associated endothelial
dysfunction are depicted in red.

A (electron transport system inhibitors), and abrogated in the
presence of alpha-tocopherol succinate. These data indicate that
ROS generation induced by androgen in LNCaP involves mito-
chondrial pathways and is sensitive to antioxidants. On the other
hand, Hwang et al. (2011) demonstrated that treatment of Leydig
cells with low doses of testosterone has cytoprotective effects by
decreasing ROS and lipid peroxides. However, cytotoxic effects,
due to increased ROS generation, were found with high doses of
testosterone. Although data from our laboratory demonstrate that
testosterone induces ROS generation in VSMCs (Chignalia et al.,
2012), which can culminate in decreased NO bioavailability and
reduce vasodilator responses, it is not known whether this effect is
altered in senescent VSMCs.

Testosterone also stimulates thromboxane synthase as well as
COX-1 and COX-2, which are key enzymes in the synthesis of
prostaglandins (Cheuk et al., 2000; Song et al., 2004). Accordingly,
the aging-associated decrease in testosterone levels may inter-
fere with vascular function via changes in the thromboxane/COX
pathway (Figure 1).

de Souza Rossignoli et al. (2010), in a study to determine
the effects of declining levels of testosterone, as occurs in aging,

and testosterone replacement on vascular function, found that
orchidectomy enhanced the maximum responses of the portal
vein to phenylephrine. However, testosterone replacement had no
effect on these responses. Yet in this study, orchidectomy-induced
increased maximum response to phenylephrine was not altered by
a NOS inhibitor alone or combined with indomethacin. Interest-
ingly, the increased response was abolished in the presence of ETA
and ETB receptor antagonists (BQ-123 and BQ-788, respectively),
suggesting that increased contractile responses to phenylephrine
induced by decreases in plasma testosterone, involves activation of
ETA and ETB receptors. The relationship between testosterone and
endothelin-1 (ET-1) is complex. Whereas substantial data support
the idea that testosterone positively modulates ET-1 levels and ET-
1-mediated vasoconstrictor responses, other reports indicate that
ET-1 levels are higher in conditions associated with low levels of
testosterone, as in hypogonadism (Tostes et al., 2008).

The regulation of resting membrane potential is mostly depen-
dent on the voltage-dependent potassium channels (Kv), and func-
tional changes of these channels may impair vascular function.
Kv plays a key role in endothelial cells function and is decreased
in stroke-prone spontaneously hypertensive rats (Sadanaga et al.,
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2002). Zhou et al. (2008) investigated the effects of testosterone
deprivation (castration — 6 months) as well as the effects of festos-
terone replacement therapy on the function of Kv channels in
rat thoracic aortic VSMCs. In this study long-term deprivation of
endogenous testosterone decreased the expression of Kv1.5 protein,
which culminated in reduced function of Kv channels. Testosterone
replacement restored the impaired function of Kv, which suggests
that testosterone deficiency in aging may impair vascular func-
tion via a decrease of endothelial and vascular smooth muscle Kv
channels.

As already mentioned, aging is accompanied by endothelial
dysfunction (Yildiz, 2007). There is extensive discussion on the
mechanisms by which the aging process attenuates endothelium-
dependent dilatation. Enhanced production of endothelium-
derived vasoconstrictor prostanoids, decreased NO bioavailability,
increased expression/activity of ET-1, and augmented ROS gen-
eration are all potential mechanisms involved in aging-associated
endothelial injury and vascular dysfunction (Mombouli and Van-
houtte, 1999; Blackwell et al., 2004; Vanhoutte et al., 2009). The
generation of superoxide anion (eO ) results in rapid forma-
tion of hydrogen peroxide (H,0,) via mitochondrial manganese
superoxide dismutase (MnSOD). NO can react with ¢O; forming
peroxynitrite (ONOO™) that inactivates MnSOD and may also
uncouple NO synthase. Both reactions decrease the availability of
NO and consequently reduce vasodilator responses (Yildiz, 2007).
Decreased NO bioavailability is also associated with endothe-
lial NO synthase (eNOS) dysfunction since uncoupled eNOS
is a source of O, in the vasculature. Accordingly, removal of
endothelial cells, as well as pharmacological inhibition of NOS,
reverses the vascular increased eO; production of aged vessels.
In aging, eNOS uncoupling seems to be associated with a reduc-
tion of the cofactor tetrahydrobiopterin availability (Delp et al,,
2008; Yang et al., 2009) rather than to a deficiency of L-arginine
substrate concentration (Gates et al., 2007). In addition, eNOS
knockout male mice have a significantly shorter lifespan than their
wild type controls and exhibit accelerated aging-dependent cardiac
dysfunction. Regarding ET-1 and aging, plasma ET-1 concentra-
tions increase with age (Battistelli et al., 1996; Donato et al., 2009;
Goeletal.,2010), ET-1-mediated vasoconstriction is augmented in
older adults (Thijssen etal.,2007; Van Guilder et al.,2007) and syn-
thesis of ET-1is greater in cultured aortic endothelial cells obtained
from older donors compared with young ones (Tokunaga et al,,
1992). Finally, inhibition of ET-1 signaling with an ETA receptor
antagonist improves endothelial dysfunction in arteries from old
mice, while not affecting dilation in young controls (Donato et al.,
2009). As discussed above, testosterone has been shown to modu-
late each of these mechanisms that contribute to aging-associated
endothelial dysfunction. However, whether decreased testosterone
levels are directly associated with the endothelial dysfunction and
increased incidence of CVDs remains controversial.

Hypogonadism is a condition associated with endothelial dys-
function (Akishita et al., 2007; Foresta et al., 2008). A study where
male patients were submitted to examination of vasomotor func-
tion of the brachial artery and intima-media thickness (IMT)
of the carotid artery, showed that low levels of testosterone are
associated with endothelial dysfunction, independent of age, body
mass index, hypertension, hyperlipidemia, diabetes mellitus, or

current smoking, suggesting a protective effect of testosterone on
endothelial function (Akishita et al., 2007).

THE USE OF TESTOSTERONE TO PREVENT VASCULAR
DYSFUNCTION IN ELDERLY

Testosterone replacement therapy has been shown to decrease total
cholesterol, low-density lipoprotein, and triglycerides, to increase
high density lipoprotein, and also to inhibit fatty streak forma-
tion, indicating that androgens may have protective effects against
atherosclerosis (Nettleship et al., 2007, 2009; Saad et al., 2008).

Likewise, testosterone has been shown to improve hemody-
namic parameters in patients and animal models of heart failure,
especially via a reduction in peripheral vascular resistance and
increased coronary blood flow through vasodilation and via direct
effects in the cardiac tissue (e.g., by inhibition of cardiac cAMP-
phosphodiesterases; Bordallo et al., 2011; Nguyen et al., 2011).

Through the measurement of pulse wave velocity, a technique
that allows to analyze arterial stiffness (decreased compliance),
vascular disease, and also to predict future cardiovascular events
(Boutouyrie et al., 2002; Pizzi et al., 2006), Yaron and colleagues
reported that pulse wave velocity was significantly higher in men
with hypogonadism. Transdermal testosterone replacement ther-
apy increased androgen bioavailability and decreased pulse wave
velocity, indicating that testosterone replacement can diminish
arterial stiffness associated with male hypogonadism (Yaron et al.,
2009).

The decline in testosterone levels observed with aging occurs
at a time when prostate diseases start to emerge. Excellent results
have been found with new testosterone preparations via different
routes of administration (Titus et al., 2005). 5a-reductase inhi-
bition (with finasteride), which is used in the treatment of men
with benign prostatic hyperplasia (McConnell et al., 1992), also
improves the quality of life of these patients.

Decreased levels of dehydroepiandrosterone (DHEA), a pre-
cursor of testosterone, are also associated with aging-related dis-
eases. Although its mechanisms of action remain poorly under-
stood, DHEA replacement therapy exerts positive anti-aging, anti-
obesity, anti-atherosclerosis, anti-diabetic, and anti-osteoporosis
effects (Gomez-Santos et al., 2011).

The above-mentioned data indicate that testosterone actions
on the vasculature are beneficial and that low levels of testosterone
are detrimental to cardiovascular function. Testosterone replace-
ment may be beneficial in the treatment of diseases characteristic
of elderly, but the positive cardiovascular benefits resulting from
it need to be clearly demonstrated in large clinical trials.

If, in one hand, androgens seem to confer cardioprotection, on
the other hand androgens can increase blood pressure and induce
renal dysfunction, which may adversely influence the cardiovas-
cular system. For example, chronic infusion of DHT increased
sodium and water reabsorption and subsequently blood pressure
in Sprague-Dawley rats (Quan et al., 2004). Further support to the
idea that testosterone may have deleterious effects on renal func-
tion derives from studies in animals with arterial hypertension.
Orchidectomy in male SHR prevents aging-associated increase in
renal vascular resistance and reduces renal superoxide production
(Reckelhoff et al., 2005). In addition, physiological concentra-
tions of DHT increase dihydroethidium fluorescence in cultured
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mesangial cells from SHR (Reckelhoff et al., 2005), whereas tem-
pol, a SOD mimetic, reduces ROS generation and blood pres-
sure in SHR (Fortepiani and Reckelhoff, 2005). Considering that
testosterone also induces ROS generation in VSMCs from SHR
(Chignalia et al., 2012) and that superoxide, the major ROS found
in kidneys, reduces NO bioavailability and increases renal vaso-
constriction (Reckelhoff and Romero, 2003; Yildiz, 2007), it is
possible that testosterone may directly contribute to renal dam-
age and vascular dysfunction via ROS generation. Furthermore,
in the renal wrap model of hypertension, castration of male rats
decreases renal damage, and DHT treatment of castrated males,
reverses it, suggesting that androgens may directly contribute to
the development of renal failure (Ji et al., 2005).

However, studies also suggest a renoprotective role for testos-
terone. For example, reduced levels of testosterone correlates
with the development of albuminuria, a marker of diabetic renal
disease, and castration of streptozotocin-treated rats potentiates
diabetes-associated albuminuria (Xu et al., 2008). In addition, clin-
ical studies show reduced levels of testosterone in diabetic patients
(Laaksonen et al., 2004; Ding et al., 2006; Kapoor et al., 2007),
raising the possibility that the severity of renal disease in these
patients is partially due to a decrease in testosterone levels. A study
conducted in 36 outpatient centers in Belgium, France, Germany,
Italy, the Netherlands, Spain, Sweden, and the UK between Feb-
ruary 2006 and March 2007 evaluated the effects of testosterone
replacement therapy on insulin resistance in hypogonadal men
with type 2 diabetes. Testosterone replacement reduced insulin
resistance and improved glycemic control in the overall popula-
tion (Jonesetal.,2011). Furthermore, promising results arose from
a study in which testosterone replacement was used for 2 years in
type 2 diabetic male patients, who had the first ischemic stroke.
Several parameters were improved by testosterone replacement
on those patients, such as body mass index, glycated hemo-
globin, cholesterol, triglycerides, and low-density lipoproteins.
Furthermore, only 7.1% of the patients receiving testosterone

replacement had a secondary stroke compared with 16.6% in the
control group (Morgunov et al., 2011). These data indicate that
testosterone replacement may be important to reduce cardiovas-
cular risk factors, especially in type 2 diabetes associated with the
hypogonadism condition.

It is unknown whether renal dysfunction or renal protection
by testosterone is associated with direct effects of testosterone on
the renal cells, or indirect effects of the hormone (e.g., in the renal
vasculature). Since human renal proximal tubule and cortical col-
lecting duct cells express enzymes involved in androgen synthesis
(Quinkler et al., 2003) as well as androgen receptors (Kimura et al.,
1993), one may speculate that testosterone regulates renal function
by direct mechanisms.

Although data on testosterone and androgens being
bad/deleterious or good/beneficial to the cardiovascular and renal
systems are still very controversial, in general, experimental evi-
dence indicates that testosterone is essential for the equilibrium
in the actions of many endothelium-derived vasoactive agents as
well as for the appropriate function of structural components of
these systems (Table 1). The aging-associated decrease in testos-
terone levels may disrupt these signals and therefore contribute to
cardiovascular and renal dysfunction observed in elderly.

CONCLUSION AND PERSPECTIVES

Even though evidence indicates that vascular damage characteris-
tic of aging may be improved or even reversed with testosterone
replacement therapy, more studies are needed to confirm the puta-
tive beneficial cardiovascular effects of testosterone therapy. In
addition, the long-term effects of testosterone replacement therapy
need to be carefully addressed. For example, whereas short-term
testosterone treatment has been shown to produce a wide range
of benefits (it improves hemodynamic parameters, cognitive and
sexual function, mood, muscle mass and strength), the beneficial
effects may not be maintained (the gain of muscle mass, strength,
and quality of life are not maintained at 6 months post-treatment

Table 1 | Cardiovascular and renal effects mediated by androgens.

Androgen Cell/tissue Effect Reference

Testosterone Heart 4 B1-Adrenoceptor, 1 androgen receptor, 1 Golden et al. (2002)
Nat/Ca2* exchanger, 1 L-type calcium channel

Testosterone Cultured VSMCs 4+ ROS Chignalia et al. (2012)

Testosterone/ Human endothelial cells, blood vessels 1+ ERK %, 4 PI3K, 1 eNOS, 1+ NO Goglia et al. (2010), Miller

dihydrotestosterone

and Mulvagh (2007)

Testosterone Brachial artery + FMD Sader et al. (2001)
Testosterone Human internal mammary artery 1 BKca activation Yildiz et al. (2005)
Testosterone Rat epididymis, thoracic aortae, and 4 COX-1 and COX-2 Cheuk et al. (2000), Song
mesenteric arteries et al. (2004)
Testosterone Rat thoracic aorta 4 Kv channels Zhou et al. (2008)
Testosterone Endothelial cells 4 EPCs Foresta et al. (2008)
Dihydrotestosterone Kidney 4 Sodium and water reabsorption Quan et al. (2004)
Dihydrotestosterone Mesangial cells 4+ ROS Reckelhoff et al. (2005)

FMD, brachial artery flow-mediated dilatation; COX, cyclooxygenase; eNOS, endothelial nitric oxide synthases; EPC, endothelial progenitor cells; ERK 1/2, extracellular

signal-regulated kinase (ERK) 1/2; PI3K, phosphatidylinositol 3-OH kinase, ROS, reactive oxygen species; NO, nitric oxide; VSMC, vascular smooth muscle

cell.
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with testosterone in frail elderly men; O’Connell et al., 2011). Does
the same happen with the cardiovascular effects (are the benefits
sustained or not)? What is the optimal duration of anabolic hor-
monal intervention? Are any possible side effects (e.g., prostatic
disease and erythrocytosis) overruled by the beneficial cardiovas-
cular effects? Do physical exercise, diet, and other lifestyle options,
in conjunction with pharmacological testosterone replacement,
improve beneficial cardiovascular effects of hormone therapy?
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INTRODUCTION

The percentage of the population over the age of 65 is steadily
increasing and is expected to continue in the foreseeable future
(United-Nations, 2002), with people over the age of 80 now among
the fastest growing subset of the population (Jarad, 2011). Cur-
rently, cardiovascular diseases (CVDs) are the most common cause
of death among elderly patients in the Western world, accounting
for more than 40% of all mortalities among people aged 65-74,
and 60% of people 85 years and older (Ungvari et al., 2010). More-
over, almost 70% of the population over the age of 70 has some
degree of hypertension, which reflects the fact that blood pressure
increases with age (Pedelty and Gorelick, 2008; Wills et al., 2011).

Despite the increased risk of CVD associated with aging,
evidence indicates that health among the elderly population is
improving, as illustrated by falling rates of ischemic heart dis-
ease, heart failure, and cerebrovascular disease among people
over the age of 80 (National Heart, Lung and Blood Institute,
20065 Perls, 2009). The inevitable consequence of increasing life
expectancy is that the aging population constitutes a greater pro-
portion of patients undergoing medical treatments and presenting
for surgery.

Since the elderly are associated with a higher incidence of dis-
ease and concurrent use of medications, intraoperative manage-
ment of these patients can be challenging. For example, diabetes
and hypertension are highly prevalent in this population and are
known to impact various aspects of circulatory function. Med-
ications such as beta blockers and angiotensin converting enzyme
(ACE) inhibitors are commonly used in this age group, and the
resultant drug interactions may also compromise hemodynamic

aging process is therefore becoming increasingly timely and relevant. In this short review,
we discuss aspects of vascular control in aging that are particularly relevant in the main-
tenance of intraoperative hemodynamic stability. We subsequently review the effects of
certain notable anesthetic agents with respect to the aging vasculature.

Keywords: aging, anesthesia, vascular, hemodynamics, intraoperative

stability and lead to untoward events. Even in the absence of these
complicating factors, elderly patients are intrinsically more sus-
ceptible to the circulatory effects of anesthetic agents and other
cardiovascular stressors due to the progressive structural and
functional changes in the circulation that invariably occur with
aging.

Due to increasing life expectancies in an ever-growing elderly
population, studies pertaining to the circulatory changes in these
patients are becoming increasingly timely and relevant. The focus
of the present review is to consolidate the available information
on aging as it pertains to vascular function and the intraopera-
tive maintenance of hemodynamic stability in the elderly patient.
Thus, rather than focusing on the mechanisms of aging that leads
to progressive deterioration of circulatory function over a long
period of time, we discuss aspects of the aging vasculature that are
more relevant in the acute regulation of blood pressure —an impor-
tant aspect in the intraoperative setting. We subsequently discuss
the vascular effects of certain notable anesthetic agents, and where
evidence is available, discuss some of the mechanisms underlying
their effects. For more detailed reviews on the progressive vascular
changes that occur with aging, see the following references: Seals
et al. (2006), Mitchell (2008), Lekontseva et al. (2010), as well as
those included in this issue of Frontiers in Physiology.

HEMODYNAMIC INSTABILITY AND AGING

One of the greatest challenges in intraoperative care for elderly
patients is the maintenance of stable hemodynamic parameters.
In particular, prevention of hypotension resulting in reduced
end-organ perfusion is a primary concern. Elderly patients are
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more prone to developing hypotension in general (Johnson et al.,
1965; Caird et al., 1973; Lipsitz et al., 1983; Shannon et al., 1986),
but this may be exacerbated in surgery due to the fact that many
anesthetic agents are, by nature, hypotensive-inducing. Hypoper-
fusion may be particularly harmful in elderly patients for several
reasons. First, organs in elderly patients are accustomed to perfu-
sion at higher pressures (Hoffman etal., 1981; Harrison etal., 1988;
Tomanek, 1990); thus, in a patient with ischemic heart disease and
long-standing hypertension, a decrease in blood pressure intra-
operatively toward the “low-normal range” of healthy adults may
actually be detrimental. Second, due to an age-associated decline
in function, organs in the elderly appear more susceptible to loss
of perfusion (Corcoran and Hillyard, 2011).

Given the prevalence of hypertension in the elderly popula-
tion, it is perhaps counterintuitive that these patients are more
susceptible to intraoperative hypotension (Reich et al., 2005).
This hemodynamic “instability” stems from multiple factors act-
ing in concert. First, the circulation in elderly patients is highly
dependent on preload, such that alterations in vascular tone can
have a large influence on cardiac output and end-organ perfusion
(Corcoran and Hillyard, 2011). Second, evidence indicates that
“physiologic reserve” declines with age (Lipsitz, 2004). Physiologic
reserve broadly refers to a system’s capacity to cope with homeosta-
tic perturbations. In the context of acute blood pressure regulation,
changes from the operating setpoint are buffered by two principal
mechanisms: (1) baroreceptor reflex, which modulates autonomic
nervous system activity; and (2) vascular responsiveness to shear
stress, which is coupled to endothelial nitric oxide (NO) pro-
duction (Park, 2002). Both baroreceptor capacity to buffer acute
blood pressure changes and shear stress-induced production of
NO are markedly attenuated in elderly patients (Mancia et al,,
1991), resulting in a diminished capacity to cope with alterations
in the blood pressure.

A third factor that contributes to the hemodynamic instability
in the elderly is the downregulation of vasodilatory mechanisms
(e.g.,NO, prostaglandins) and concomitant upregulation of vascu-
lar constrictor mechanisms [endothelin (ET)-1, sympathetic ner-
vous system (SNS) stimulation, renin—angiotensin system (RAS)
activity]. The sudden removal of these vasoconstrictor signal-
ing mechanisms by anesthetic agents (see below) may contribute
to profound and prolonged hypotension. A case in point is the
increased tonic SNS activity that occurs with aging (Seals and
Esler, 2000). The consequences of this increased SNS activity are
several-fold, but perhaps the most important implications are that
(1) there is a greater autonomic support of arterial pressure in
elderly patients compared to young patients (Jones et al., 2001),
and (2) there is reduced responsiveness of alpha and beta recep-
tors to further increases in catecholamine release (Mack, 2004),
which may implicate receptor downregulation and post-receptor
desensitization mechanisms (Xiao and Lakatta, 1992; Pilotti et al.,
2004). Tatrogenic removal of this sympathetic “overstimulation”
may therefore result in an exaggerated reduction in vascular tone,
due to the increased reliance of peripheral vascular resistance on
autonomic stimulation, thereby resulting in hypotension. More-
over, there is a compounding effect of reduced baroreceptor sensi-
tivity which results in reduced sympathetic discharge (McConnell
etal.,2009), coupled with reduced peripheral tissue responsiveness

to released catecholamines (Ramos Macias et al., 1992; Sugiyama
etal.,1996; Davyetal., 1998; Dinenno etal.,2001). In all, the elderly
circulatory system has a significantly reduced capacity to cope with
hemodynamic disturbances, particularly in the case when SNS
activity is reduced.

VASCULAR CHANGES ASSOCIATED WITH AGING AND
EFFECTS OF ANESTHESIA: SPECIFIC AGENTS

Anesthetics can influence hemodynamic stability directly by alter-
ing cardiac function, vascular reactivity, or affecting cardiovascular
reflexes (Mallow et al., 1976; Westenskow et al., 1978; Bennett and
Stanley, 1979; Waxman et al., 1980; Brismar et al., 1982; Fairfield
et al., 1991). Because cardiac and vascular function are in many
ways compromised with aging, the circulatory effects of anesthet-
ics are exacerbated in the elderly (Tokics et al., 1985). Given the
emphasis of the present review, we focus on the vascular effects
of two primary classes of general anesthetics: inhalational and
intravenous. It is also noteworthy that due to changes in phar-
macokinetics, elderly patients tend to be more sensitive to the
neurological effects of anesthetic agents. Although not discussed
herein, it is possible that the circulatory effects of anesthetic agents
may also be exacerbated in the elderly due to greater distribution
to the brain, particularly if greater concentrations are achieved
in the vasoregulatory centers; for information on these aspects of
anesthetic agents in the aging population, see the following reviews
(Kalker et al., 1991; Shafer, 2000; Kruijt Spanjer et al., 2011).

INHALATIONAL ANESTHETICS
While many of the vascular effects of anesthetic agents have been
well-characterized in young patients and animals, relatively few
studies have been done in the elderly or in animal models of
aging. Inhalational anesthetic agents such as sevoflurane, isoflu-
rane, and desflurane are widely acknowledged to cause greater
hypotension in elderly patients than in young patients, albeit the
scientific studies supporting this observation are generally lack-
ing (Ebert, 2002). The principal cause of hypotension appears to
implicate a loss vascular tone and reduction in total peripheral
resistance (Lynch, 1986; Housmans and Murat, 1988; Pagel et al.,
1991, 1993; Kikura and Ikeda, 1993), although the specific mecha-
nisms are not clear. There is evidence that inhalational anesthetic
agents decrease SNS activity, resulting in reduced vascular tone
and diminished baroreceptor responsiveness in the wake of blood
pressure fluctuations (Seagard etal., 1984; Tanaka etal., 1996). This
is important because sudden decreases in SNS activity may cause
excessive and prolonged vasodilation in the elderly, as described
above. Yu et al. (2004) have also shown that inhalational anes-
thetics may decrease vascular tone through inhibition of the RAS,
which is known to be upregulated in aging (Baruch, 2004; Diz,
2008). Given that angiotensin II is a strong vasoconstrictor and
may lead to increased vascular tone, it is tempting to speculate
that the sudden withdrawal of this system may produce a pro-
found hypotension, analogous to the situation involving the SNS,
as described above. However, evidence that directly implicates the
RAS in this exaggerated hypotensive effect is presently lacking.
Inhalational anesthetics have also been shown to have direct
vasodilatory effects on the vasculature, which may be implicated
in the exaggerated effects in the elderly. In isolated vessels of several
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species, inhalational anesthetics mitigate the contractile responses
to potassium chloride or norepinephrine; this effect was observed
whether the endothelium was intact or not (Akata, 2007), suggest-
ing a direct effect on vascular smooth muscle. Indeed, studies have
shown that many such anesthetic agents influence calcium mobi-
lization and sensitization (Tsuneyoshi et al., 2003; Akata, 2007)
as well as potassium channel function (Tanaka et al., 2007) in
vascular smooth muscle cells, with corresponding changes in ves-
sel contractility. Given the importance of calcium channels and
potassium channels in vascular tone, direct actions on these tar-
gets could potentially influence vascular responses to anesthetics
in aging patients, although little information is available on the
age-related changes with ion channels in the vasculature. There is
evidence for diminished expression of large-conductance calcium-
activated potassium channels in aging in both rodents and humans
(Marijic et al., 2001; Toro et al., 2002), although their contribution
to the vascular effects of inhalational anesthetic agents in aging is
not currently known.

Inhalational anesthetics also have vasodilatory-promoting
effects on endothelial function. Isoflurane has been shown to
decrease ET-1 production (Boillot et al., 1995), which may have
a profound effect in the elderly population given the increased
ET-1 contribution to vascular tone with age (Stauffer et al., 2008;
Goel et al., 2010). Inhalational anesthetics could also cause exces-
sive vasodilation in the elderly via an antioxidant effect. While
these agents do not appear to have intrinsic antioxidant effects
per se, certain agents such as isoflurane and sevoflurane have
been shown to increase endogenous antioxidant enzyme activ-
ity (Yang et al., 2011; Crystal et al., 2012), which may have a
role in decreasing vascular tone. Indeed, in aging patients, a
progressive increase in reactive oxygen species production is a
well-defined etiological mechanism of vascular dysfunction and
increased vasoconstriction (Herrera et al., 2010; Ungvari et al.,
2010).

Interestingly, in contrast to those aforementioned studies,
inhalational anesthetics have also been shown to increase vascular
responsiveness to norepinephrine and KCl in rat mesenteric arter-
ies, an effect that is entirely dependent on an intact endothelium
(Stone and Johns, 1989; Izumi et al., 2000, 2001; Yoshino et al.,
2005). Similarly, several groups have shown that these agents also
inhibit endothelial-dependent vasodilation (Muldoon et al., 1988;
Toda et al., 1992; Uggeri et al., 1992; Yoshida and Okabe, 1992;
Park et al., 1997). The mechanisms underlying this latter obser-
vation are not clear, although neither NO, endothelium-derived
hyperpolarizing factor, prostaglandin H synthase, and lipoxyge-
nase pathways, nor ET-1, angiotensin II, or serotonin receptors
appear to be implicated; calcium, potassium, and sodium chan-
nels are obvious potential targets. Taken together, these studies
demonstrate that anesthetic effects on the endothelium, are in part,
vasoconstrictor in nature. Although puzzling, this apparent dispar-
ity may be reconciled by the fact that the net effect of an agent is the
sum of all simultaneous effects on the vessel (Muldoon etal., 1988).
Therefore, while the endothelial effects of anesthetics appears to
be vasoconstrictor in nature, the net effect, taking into account the
effects of inhaled anesthetics on smooth muscle function, SNS,
RAS, and other local and humoral factors, is vasodilatory. Since
elderly patients are known to have altered endothelial secretory

profiles, it is tempting to speculate that the hypotensive effects
of inhalational anesthetics stem, at least in part, from mitigated
endothelial vasoconstrictor effects producing an overall enhanced
vasodilation. Studies are needed to directly test this hypothesis.

INTRAVENOUS ANESTHETICS
Etomidate
In vessels from young rats, etomidate causes direct vasodila-
tion ex vivo (Bazin et al., 1998), involving increased vasodilator
prostaglandins (Asher et al., 1992) and decreased ET-1 production
(Hayashi et al., 1999). However, in vivo, administration of etomi-
date has little effect on blood pressure in young patients; in fact,
its hemodynamic stability during induction of general anesthesia
make it a preferred agent in many clinical scenarios (Gooding and
Corssen, 1977; Criado et al., 1980). The hemodynamic stability of
etomidate appears to stem from a lack of inhibition of SNS func-
tion (Ebert et al., 1992; Robinson et al., 1997). Thus, despite caus-
ing direct vasodilation, hemodynamic perturbations are transient
and easily corrected by baroreceptor stimulation of heart rate and
contractility. However, when administered to elderly patients, eto-
midate causes a 20-30% decrease in blood pressure (Larsen et al.,
1988). This hypotensive effect is not well understood, although
recent studies have provided insights into its mechanism. The
reason may be due in part to the interaction between etomidate
and adrenoceptor signaling. Etomidate enhances norepinephrine-
induced constriction in mesenteric resistance arteries in young
rats, resulting in increased vascular tone; this effect appears to be
lost in aged rats (Shirozu et al., 2009). The authors of this study
suggested that hypotension with etomidate in aged patients is not
due to direct actions on the vasculature but rather due to interfer-
ence with norepinephrine-induced vasoconstriction. Interestingly,
Ebert et al. (1992) demonstrated that etomidate does not reduce
overall release of catecholamines from sympathetic nerve termi-
nals, suggesting that the majority of the blood pressure-lowering
effects in the elderly may stem from altering the adrenoceptor
responsiveness to catecholamines. Thus, despite increased NE lev-
els in aging patients, etomidate-induced decrease in adrenoceptor
responsiveness results in a more profound vasodilatory effect.
Etomidate is also known to cause adrenocortical suppression
(Allolio et al., 1985; Lamberts et al., 1987), resulting in diminished
cortisol release which can be problematic in certain patients (e.g.,
septic patients). Cortisol increases blood pressure principally by
increasing sensitivity of the vasculature to catecholamines. Thus,
etomidate-induced reduction in cortisol production may also play
a role in causing hypotension in the intraoperative period, again
making elderly patients more susceptible to this effect due to the
progressive loss of catecholamine responsiveness with aging. This
is supported by a recent case report of an elderly patient given a
single dose of etomidate causing refractory hypotension that was
only reversible with cortisol administration (Lundy et al., 2007).
It is noteworthy that this mechanism is likely in addition to that
described by Shirozu et al. (2009) since those experiments were
done in isolated vessels.

Propofol
It was recently reported that the use of propofol over other general
anesthetics, as well as age of the patient, are independent predictors
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of clinically significant hypotension in patients undergoing general
anesthesia (Reich et al., 2005). The majority of hypotensive effects
of propofol appear to occur via reduced systemic vascular resis-
tance. Part of this effect may stem from the fact that propofol, in
contrast to etomidate, diminishes SNS function (Robinson et al.,
1997), which may result in vasodilation. Moreover, loss of SNS
activity results in decreased compensatory heart rate and contrac-
tility in the wake of hypotension, may be an important contributor
to its hypotensive effects in the elderly, as described above. Propofol
has also been shown to cause direct relaxation in several vascular
beds, [e.g., aorta in rat (Boillot et al., 1999), coronary artery in
the pig (Park et al., 1995), and mesenteric arteries in humans and
rats (Moreno et al., 1997; Yamazaki et al., 2002)], although studies
by Yamashita et al. (1999) and Kamitani et al. (1995) have shown
opposite effects in rabbits , which may suggest species differences.
In young animals, propofol increases NO production in isolated
endothelial cells concomitant with decreased ET-1 release from
the endothelium (Cheng et al., 2009). Tanabe et al. (1998) also
showed that propofol inhibits ET-1 signaling in vascular smooth
muscle. Given the role of diminished NO and increased ET-1 as
important mechanisms in vascular aging, it seems plausible that
these mediators may be implicated in the exaggerated hypotensive
effects in elderly patients.

In our studies, we demonstrated that propofol causes enhanced
mesenteric artery relaxation in aged rats when compared to young,
and this effect was attributed to increased NO bioavailability (Gra-
gasin and Davidge, 2009). We also demonstrated that the combi-
nation of antioxidant enzymes superoxide dismutase and catalase
enhance vasodilation to acetylcholine similar to propofol in aged
rats (Gragasin and Davidge, 2009). On the basis of these stud-
ies, we suggested that propofol may exert part of its vasodilatory
effects via intrinsic antioxidant effects (Ansley et al., 1998), since it
is structurally similar to a-tocopherol (vitamin E). Thus, we spec-
ulate that the vasodilatory effect may be more pronounced because
aging vessels have increased oxidative stress. These data may also
suggest that the use of NO donors to treat acute hypertensive crises
intraoperatively may be harmful in elderly patients anesthetized
with propofol. Indeed, it is already known that elderly patients
have an increased sensitivity to nitroglycerin causing hypotension
(Cahalan et al., 1992), and the presence of propofol may cause an
unwanted synergistic blood pressure-lowering effect.

More recently, we investigated the effects of propofol in aged
animals treated with the ACE inhibitor captopril. ACE inhibitors
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