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Advanced age is associated with a disproportionate prevalence of cardiovascular
disease (CVD). Intrinsic alterations in the heart and the vasculature occurring over
the life course render the cardiovascular system more vulnerable to various
stressors in late life, ultimately favoring the development of CVD. Several lines of
evidence indicate mitochondrial dysfunction as a major contributor to cardiovascular senescence. Besides being less bioenergetically efficient, damaged mitochondria also produce increased amounts of reactive oxygen species, with detrimental
structural and functional consequences for the cardiovascular system. The agerelated accumulation of dysfunctional mitochondrial likely results from the combination of impaired clearance of damaged organelles by autophagy and inadequate
replenishment of the cellular mitochondrial pool by mitochondriogenesis. In this
review, we summarize the current knowledge about relevant mechanisms and
consequences of age-related mitochondrial decay and alterations in mitochondrial
quality control in the cardiovascular system. The involvement of mitochondrial
dysfunction in the pathogenesis of cardiovascular conditions especially prevalent in
late life and the emerging connections with neurodegeneration are also illustrated.
Special emphasis is placed on recent discoveries on the role played by alterations
in mitochondrial dynamics (fusion and fission), mitophagy, and their interconnections in the context of age-related CVD and endothelial dysfunction. Finally, we
discuss pharmacological interventions targeting mitochondrial dysfunction to delay
cardiovascular aging and manage CVD.
oxidative stress; mitophagy; fusion and fission; neurodegeneration; resveratrol
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Advanced age is associated with excessive incidence and
prevalence of cardiovascular disease (CVD). Over 80% of
cases of coronary artery disease (CAD) and more than 75% of
those of congestive heart failure (CHF) are observed in elderly
patients (113). The incidence of CVD, including CAD, CHF,
and stroke, increases from 4 –10/1,000 person-years in adults
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aged 45–54 years to 65–75/1,000 person-years in those older
than 85 (112). CVD is also a major cause of chronic disability
in advanced age (140). Indeed, subclinical CVD is associated
with a decline in physical and cognitive function equivalent to
over 5 years of aging (136). Similarly, neurodegenerative
disorders, such as vascular dementia and Alzheimer’s disease
(AD), pose a major problem to global public health (45, 90).
Although the long-term exposure to cardiovascular risk
factors plays a major role in the etiopathogenesis of CVD and
neurodegeneration, intrinsic aging of the heart and the vasculature greatly enhances the susceptibility to developing CVD
and neurodegenerative conditions in late life (100). The cardiovascular system undergoes anatomical and functional
changes over the course of aging, the interaction of which with
CVD-specific mechanisms may eventually result in an excess
risk for pathologies in late life.
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The intimate mechanisms involved in cardiovascular senescence and neurodegeneration are not fully understood; yet,
alterations in mitochondrial function are considered to be a
major contributing factor (48). Dysfunctional mitochondria not
only are less bioenergetically efficient, but also generate increased amounts of reactive oxygen species (ROS), interfere
with cellular quality control (QC) mechanisms, and are more
prone to triggering apoptosis (48). Due to the detrimental
consequences of mitochondrial dysfunction, the removal of
damaged mitochondria and their replacement with newly
formed organelles are crucial for the maintenance of cellular
homeostasis. However, the efficiency of these processes declines with advancing age, which may have important implications for cardiovascular senescence, CVD, and neurodegeneration (84, 117, 180).
In this review, we discuss relevant mechanisms linking
mitochondrial dysfunction and abnormal ROS production to
defective mitochondrial autophagy in the context of cardiovascular aging, CVD conditions common in advanced age, and
neurodegeneration. The prospect of delaying cardiovascular
senescence and treating CVD and neurodegenerative disorders
by targeting mitochondrial dysfunction and autophagy is also
illustrated.
Mechanisms of Mitochondrial Dysfunction and Altered
Mitochondrial Quality Control in Cardiac Aging and
Pathology
Role of mitochondrial oxidative stress in cardiac aging. The
heart is highly energy dependent, with about 90% of the energy
consumed being supplied by mitochondrial oxidative phosphorylation. Hence, proper functioning of myocardial mitochondria is crucial for cardiac function. Damaged mitochondria not only produce less ATP but also release greater
amounts of ROS and possess a higher propensity to induce
apoptosis, all phenomena related to cardiac aging (48). In
addition to being the major cellular source of ROS, mitochondria are highly susceptible to the oxidative stress they generate.
This is mostly due to the close proximity of mitochondrial
DNA (mtDNA) to the site of ROS generation, the lack of
protective histones, and a less efficient DNA repair system as
compared with nuclear DNA (222). Furthermore, the absence
of introns in the mitochondrial genome makes each mutation
highly likely to affect gene integrity.
To cope with the constant generation of ROS, the cell is
equipped with antioxidant enzymes and nonenzymatic systems. The mitochondrial matrix contains manganese-dependent superoxide dismutase (MnSOD or Sod2) that converts
superoxide anion (O2·⫺) into hydrogen peroxide (H2O2), the
latter being further detoxified to harmless water by glutathione
peroxidase (GPX) and thioredoxin enzymes (139). O2·⫺ that
diffuses in the cytoplasm is dismutated into H2O2 by copperzinc-dependent SOD (CuZnSOD or Sod1).
Despite the cellular antioxidant defense systems, during
aging or under pathological conditions (including CVD), ROS
generation is amplified, resulting in an increased burden of
oxidative stress, which may lead to detrimental functional and
structural consequences (88). In many cases, such enhanced
oxidative stress results from the accumulation of dysfunctional,
ROS-leaking mitochondria, combined with the lack of proportional upregulation of antioxidant systems (125).

Damaged myocardial mitochondria generate up to 10-fold
more H2O2 than healthy organelles (67). Enlarged mitochondria, characterized by matrix derangement, loss of cristae, and
enhanced ROS generation, have been observed in several
tissues from old rodents, including the myocardium (91, 161).
In addition, high levels of oxidative damage to mitochondrial
proteins, lipids, and nucleic acids have been detected in the
aged myocardium (87, 103, 170). The frequency of the common 4,977-bp mtDNA deletion, a typical consequence of
oxidative stress (159), increases with age in the human heart
and is estimated to be 5- to 15-fold higher in people over 40
years of age relative to younger controls (111, 129). The
4977-bp deletion affects genes encoding 7 polypeptide components of the mitochondrial electron transport chain (ETC),
and 5 of the 22 tRNAs required for mitochondrial protein
synthesis. The bioenergetic consequences of the accumulation
of 4977-bp deletions are thought to arise when the proportion
of deleted mtDNA exceeds 50 –55% of total mtDNA, and
include declines in mitochondrial membrane potential (⌬m)
and ATP synthesis rates and increases in ROS generation (82,
157).
The involvement of mtDNA mutations in cardiac aging is
supported by findings in mice that express a proofreadingdeficient version of mtDNA polymerase ␥ (PolG) (99, 186). A
high load of mtDNA mutations and deletions accumulate in the
heart of these mice, in conjunction with the early onset of
several age-associated changes, including cardiac enlargement,
fibrosis, and impairment of systolic and diastolic function (36).
A reduced activity of ETC complexes and the accumulation of
swollen and irregularly shaped mitochondria are also observed
in the heart of PolG mice (186). In addition, protein carbonyls,
a marker for protein oxidation, are increased in cardiac mitochondria of mtDNA-mutator rodents (36). PolG mice die
prematurely from dilated cardiomyopathy, a phenomenon also
observed in mice expressing a cardiac-specific proofreadingdeficient PolG (227).
A further proof of principle for the role of mitochondria in
cardiac aging has been provided by the characterization of
mice with overexpression of the antioxidant enzyme catalase
targeted to the mitochondrial matrix (mCAT) (36). In these
rodents, cardiac enlargement, mtDNA mutation load, and mitochondrial levels of protein carbonyls are attenuated relative
to age-matched wild-type controls (36). Furthermore, mCAT
mice show increased mean and maximum lifespan and a
delayed development of cardiac pathology (40, 166). At the
cellular level, these animals are characterized by decreased
rates of H2O2 production and reduced mitochondrial oxidative
damage and mtDNA deletions (40, 166). Remarkably, the
PolG heart phenotype, the cardiac mtDNA mutation load, and
the extent of mitochondrial protein oxidation are partially
rescued by mCAT overexpression (36).
The interpretation of age-related changes in cardiac mitochondrial function is complicated by the fact that two distinct
populations of mitochondria exist in the myocardium: subsarcolemmal mitochondria (SSM), located beneath the plasma
membrane, and interfibrillar mitochondria (IFM), arranged
between the myofibrils (149). Seminal studies by Hoppel’s
group characterized relevant biochemical differences between
IFM and SSM isolated from the rat heart (149). The activity of
both citrate synthase and succinate dehydrogenase, state 3
respiration rates, abundance of respiratory cytochromes, and
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the activity of ETC complexes were found to be higher in IFM
relative to SSM (148, 149).
These findings have instigated a great deal of research in an
attempt to discern the specific contribution of IFM and SSM to
myocardial aging and CVD. Fannin et al. (54) found that
cardiac IFM isolated from old Fischer 344 rats exhibited
reduced rates of oxidative phosphorylation and cytochrome c
oxidase (COX) activity relative to young adult controls. No
differences were observed for the SSM subpopulation between
age groups. Data from our laboratory indicate that H2O2
production by SSM, but not IFM, increases with age (87).
These results are in contrast with previous findings by Suh et
al. (175) who reported an age-dependent increase in oxidant
production by IFM but not SSM isolated from rat hearts. This
seemingly opposite evidence could stem from methodological
differences between the two studies with regard to the assessment of mitochondrial oxidant production: rate of oxidation of
2’7’-dihydrodichlorofluorescein that detects a variety of intramitochondrial oxidants [including H2O2 and nitric oxide
(NO·)] (175) as opposed to the quantification of H2O2 released
from intact mitochondria (87). It is noteworthy that in IFM
from the same animals, Judge et al. (87) also observed increased activities of several antioxidant enzymes (SOD, GPX,
and catalase), reduced glutathione concentrations, and elevated
levels of oxidative damage. These findings may suggest that
oxidant production within the matrix of old IFM is greater than
in younger counterparts, which is in agreement with the results
by Suh et al. (175).
The interpretation of the biochemical differences between
IFM and SSM is further complicated by the fact that most
isolation procedures yield either SSM alone or a mixed population of SSM and IFM. This may explain the lack of consistency regarding age-related changes in oxidative phosphorylation, protein yield, and enzymatic activities among studies (54,
87, 105, 148). In addition, cardiomyocytes with extremely
dysfunctional mitochondria are likely eliminated via apoptosis
and/or necrosis, so that only relatively healthy mitochondria
are obtained upon isolation (88).
Despite some areas of uncertainty, studies in rodent models
and observations in humans have made a strong case for
damaged and dysfunctional mitochondria as a contributing
factor to cardiac senescence. The available evidence also
supports the therapeutic potential of improving mitochondrial
redox homeostasis to prevent or delay cardiac aging. Although
it stands reasonable to hypothesize that increasing antioxidant
levels in an organism would provide overall beneficial effects
and delay heart senescence, administration of antioxidant compounds have led to little or no cardioprotection in humans (13,
107, 185). A great deal of attention has therefore been diverted
toward the optimization of mitochondrial QC to repair and/or
remove damaged mitochondria, as discussed in the next sections. A synoptic overview of relevant findings on age-related
changes in cardiac mitochondrial bioenergetics, oxidant generation, and QC is depicted in Table 1.
Contribution of altered mitochondrial QC to cardiovascular
aging and disease. The maintenance of a healthy and functional mitochondrial pool within the cell relies on the efficiency
of QC processes responsible for repairing or eliminating dysfunctional organelles (168). For instance, oxidatively modified
and misfolded mitochondrial proteins are managed by a set of
chaperones and proteases that function as a protein QC system
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(207). Mitochondrial fusion and fission ensure another level of
QC by preventing the local accumulation of dysfunctional
organelles and by segregating those that are irreversibly damaged or unnecessary from the vital mitochondrial pool (224). A
specialized form autophagy, mitophagy, degrades mitochondria segregated by fission and is therefore placed at the end of
the mitochondrial QC axis (189). Recent discoveries on the
role played by altered mitochondrial dynamics and autophagy
in the context of cardiovascular aging and CVD are discussed
in the following subsections.
ROLE OF MITOCHONDRIAL DYNAMICS IN CARDIOVASCULAR PHYSIOLOGY, AGING, AND DISEASES. Mitochondrial research has un-

dergone a paradigm shift since groundbreaking data showed
that mitochondria function in networks (5). Accordingly, mitochondria are no longer considered to be static, isolated
organelles, the only function of which within the cell is to
generate ATP. Rather, they appear to be highly mobile entities
forming dynamic networks of long tubules. The functional
and morphological behavior of mitochondrial networks
largely influences the bioenergetic status of cells, tissues,
and organs (11) and confers properties typical of complex
systems, such as robustness, redundancy of function, and
plasticity (6). These properties provide the system with the
adaptive flexibility needed to adjust to changing stresses and
metabolic demands (6).
The morphology and function of mitochondrial networks are
regulated by continuous fusion and fission cycles that are
crucial not only for determining organellar shape but also for
transmitting redox-sensitive signals, redistributing metabolites
and proteins, maintaining mtDNA integrity, performing metabolic processes, and regulating QC and cell death pathways
(16, 165). For instance, the functionality of damaged mitochondria can be complemented and possibly restored by their
fusion with neighboring intact mitochondria (189). Severely
damaged mitochondria are segregated from the mitochondrial
network through fission and eventually eliminated by mitophagy (189). Hence mitochondrial dynamics and autophagy
form a QC axis, the dysfunction of which is invoked as a
contributing factor to cardiovascular senescence and CVD (48)
(Fig. 1).
The balance between fusion and fission is dependent upon a
complex mitochondrial dynamics machinery. Among the best
characterized mitochondrial fusion factors in mammals are the
dynamin-related GTPases mitofusin 1 and 2 (Mfn1 and Mfn2),
that are responsible for tethering and fusion of outer mitochondrial membranes between two organelles (53), and optic atrophy protein 1 (OPA1), that controls inner membrane fusion
(126). Mitochondrial fission is regulated by the dynaminrelated protein 1 (Drp1) and fission protein 1 (Fis1) (131, 169).
The function of mitochondrial dynamics in the cardiovascular system has recently been investigated in primary vascular
endothelial cells, vascular smooth muscle cells (VSMCs), cardiac cell lines, and neonatal cardiomyocytes, in which mitochondria are arranged in a filamentous network and constantly
undergo fusion and fission processes (142). In adult cardiomyocytes, mitochondria, at least IFM, are organized into a more
regular, crystal-like lattice arrangement (204), and it is unclear
whether this spatial distribution may restrict fusion-fission
processes. However, recent data suggest that mitochondrial
dynamics are relevant to the physiology of adult heart despite
the distinctive arrangement of mitochondria in this organ (73).
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Table 1. Synopsis of major findings on age-related changes in cardiac mitochondrial bioenergetics, oxidant generation, and
quality control
Experimental Model

Parameter(s) Examined

Findings

Tg-Sirt1 mice

Effects of cardiac-specific Sirt1
overexpression on cardiac
aging

Polg/mCAT mice

Effects of mtDNA mutations
on age-dependent heart
structure and function;
effects of mCAT
overexpression on PolG
phenotype

mCAT mice

Effects of mCAT
overexpression on indexes of
cardiac aging

Fischer 344 rats

Oxidative metabolism in SSM
and IFM from 6-, 24-, and
28-month-old rats
H2O2 and oxidative damage in
SSM and IFM from 6- and
24-month-old rats

Attenuation of age-dependent cardiac hypertrophy,
apoptosis/fibrosis, oxidative stress, and heart
dysfunction by low to moderate (2.5- to
7.5-fold) Sirt1 overexpression; worsening of
mitochondrial dysfunction, oxidative stress, and
cardiomyopathy by high levels (12.5-fold) of
Sirt1 overexpression
Marked cardiac hypertrophy and dilation,
impairment of systolic and diastolic function,
increased cardiac fibrosis; increased mtDNA
deletions and protein oxidative damage;
increased expression of apoptotic and
senescence markers; decline in mitochondrial
biogenesis signaling; partial rescue of PolG
phenotype by mCAT
Attenuated age-related cardiac dysfunction;
reduced mitochondrial protein oxidation and
mtDNA mutations; protection against cardiac
hypertrophy and heart failure
Decreased rate of oxidative phosphorylation and
cytochromic c oxidase activity in IFM from
aged rats; no changes in SSM
Age-dependent increase in H2O2 production by
SSM, not by IFM; increased oxidative stress
(4-HNE-modified proteins, protein carbonyls,
and MDA) in IFM from old rats, only protein
carbonyls in aged SSM; oxidative stress more
severe in IFM than in SSM; age-related
increases in MnSOD, GPX, and CAT activities
in IFM; increased MnSOD and GPX activities
and declined CAT activity in aged SSM
Accumulation of mtDNA mutations with no
increases in oxidative stress in isolated cardiac
mitochondria; accelerated cardiac aging
Age-associated increase in MnSOD and GPX
activity; elevated cytosolic cytochrome c
content and decreased mitochondrial Bcl-2 with
age

Fischer 344 rats

PolG mice
Fischer 344 rats

Fischer 344 rats

mCAT mice

PolG mice
Cardiac-specific Atg5-deficient
mice

Oxidative stress and apoptosis
in mice with homozygous
mutation of PolG
Oxidative stress and
mitochondrial apoptotic
signaling in the heart from
6-, 16-, and 24-month-old
344 rats
Mitochondrial antioxidant
capacity, oxidant generation,
and oxidative damage to
complex IV in IFM and
SSM from 2- to 5- and 24to 28-month-old rats
Effects of mCAT
overexpression on indexes of
cardiac aging
Impact of homozygous
mutation of PolG on mouse
aging
Age-associated changes in
autophagy in WT mouse
heart; cardiac function and
lifespan in Atg5-deficient
mice

Higher rates of oxidant production and decline in
mitochondrial ascorbate levels and GSH redox
status only in IFM from old rats; fourfold
increase in 4-HNE-modification and loss of
complex IV activity limited to IFM from old
rats
Delayed cardiac aging, lower oxidative damage,
H2O2 production and H2O2-induced aconitase
inactivation, reduced mtDNA deletions; 18%
lifespan extension
Accumulation of cardiac mtDNA mutations
associated with multiple signs of accelerated
aging and reduced lifespan
Reduction in the autophagy marker LC3-II with
age; LV enlargement and decreased fractional
shortening in Atg5-deficient mice; disorganized
sarcomere structure and collapsed mitochondria
with impaired respiration in Atg5-deficient mice

Reference

Alcendor et al. (4)

Dai et al. 2010 (36)

Dai et al. 2009 (38)

Fannin et al. 1999 (54)
Judge et al. 2005 (87)

Kujoth et al. 2005 (99)
Phaneuf et al. 2001 (155)

Suh et al. 2003 (175)

Schriner et al. 2005 (166)

Trifunovic et al. 2004 (186)
Taneike et al. 2010 (180)

4-HNE, 4-hydroxynonenal; CAT, catalase; GPX, glutathione peroxidase; GSH, glutathione; IFM, intermyofibrillar mitochondria; LC3, light chain 3; mCAT,
catalase targeted to the mitochondrial matrix; MDA, malondialdehyde; MnSOD, manganese-dependent superoxide dismutase; PolG, mtDNA polymerase-␥;
SSM, subsarcolemmal mitochondria; Tg-Sirt1, Sirt1 transgenic; WT, wild-type.

Alterations in mitochondrial dynamics may play a role in
several cardiac and vascular events, including VSMC proliferation, cardiac development and differentiation, stem cell differentiation, cardiomyocyte hypertrophy, myocardial ischemia-reperfusion (I/R) injury, and CHF (reviewed in 142 and 143). For

instance, excessive fission (and/or decreased fusion) may be
detrimental in I/R injury (144), diabetes (115), hyperglycemia
(225), and heart failure (23). In the setting of I/R, the inhibition
of mitochondrial fission has been reported to be cardioprotective (144). Recent studies also suggest that the fusion proteins
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Fig. 1. Hypothetical scenario of mitochondrial quality control failure, organellar dysfunction, and triggering of mitochondrion-mediated apoptosis during cardiac
aging. The aged myocardium is characterized by the presence of enlarged mitochondria with aberrant morphology, reduced bioenergetic efficiency, and increased
reactive oxygen species (ROS) production. The formation of giant mitochondria may be the consequence of a shift of mitochondrial dynamics toward fusion.
This adaptation could allow diluting mitochondrial abnormalities along the network. Enlarged mitochondria are, however, less susceptible to mitophagic
degradation because of their larger dimensions. The accumulation of lipofuscin within lysosomes may further impair the efficiency of mitochondrial quality
control. Excessive oxidant production eventually triggers apoptosis. The artwork is by Francesco Antognarelli.

OPA1, Mfn1, and Mfn2 are required to maintain normal
mitochondrial function and prevent the development of cardiac
hypertrophy and heart failure (24, 150, 151, 156).
It is noteworthy that some of the mitochondrial-shaping
proteins possess pleiotropic effects independent of their ability
to modulate mitochondrial morphology. Paradigmatic in this
context is Mfn2 that not only mediates fusion but is also
involved in apoptosis (by interacting with Bak and Bax) (80),
mitophagy (being a substrate of the mitophagy-related protein
Parkin) (61), and in the tethering between mitochondria and the
endoplasmic reticulum (41). Interestingly, Mfn2 inhibits
VSMC proliferation in a variety of vasculo-proliferative conditions (22, 70) and triggers oxidative stress-mediated VSMC
apoptosis (69).
In old and postmitotic human umbilical vein endothelial
cells (HUVECs), a well-established cell culture model to
follow mitochondrial activity and dysfunction during vascular aging, mitochondria show distinct morphological alterations, loss of ⌬m, and mtDNA depletion (85). Both fusion
and fission activities are decreased in old HUVECs, indicating that these processes are altered during aging, which

could contribute to the accumulation of damaged mitochondria (85).
Although very preliminary, the available evidence suggests
that optimization of mitochondrial dynamics may be harnessed
as therapeutic means against cardiovascular senescence and
CVD. Further studies are, however, necessary to fully comprehend the role mitochondrial fission and fusion play in the
cardiovascular system in both health and disease.
MECHANISMS OF AUTOPHAGY. Autophagy is a self-eating process through which cells degrade their own components, recycling amino acids and other building blocks that eventually can
be reused (98). Macroautophagy is the best characterized
autophagic pathway, and consists in a catabolic process that
degrades damaged or unnecessary cellular proteins and organelles through sequestration into a double-membrane structure
known as the autophagosome (98). Autophagosomes then fuse
with lysosomes to form autolysosomes, wherein the enveloped
content is degraded. Although initially considered a bulk degradation pathway, it is now widely accepted that macroautophagy can proceed either nonselectively or selectively (vide
infra) (98).
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Two other autophagic pathways include microautophagy
and chaperone-mediated autophagy (CMA). During micropautophagy, cellular components are directly sequestered through
arm-like projections or invaginations of the lysosomal membrane (124). Both nonselective and selective microautophagydependent lysosomal degradative pathways have been described. Nonselective microautophagy involves the degradation of randomly sequestered soluble intracellular substrates
and is regularly observed in mammalian cells (124). Selective
microautophagy sequesters and degrades specific organelles
(e.g., micropexophagy, piecemeal microautophagy of the nucleus, micromitophagy), but its occurrence and significance in
mammals are still controversial (108). CMA recognizes only a
particular pool of cytosolic proteins containing a motif that is
biochemically related to the pentapeptide KFERQ (7). Such
proteins are recognized by the 70-kDa heat shock cognate
protein (hsc70), which delivers them to lysosomes for degradation (25). CMA is maximally activated during times of stress
such as exposure to toxic compounds, long-term starvation, or
oxidative stress (92).
MOLECULAR MACHINERY AND REGULATION OF MACROAUTOPHAGY.

The process of macroautophagy, hereby referred to as autophagy, can be divided into discrete steps, known as induction
and nucleation, expansion, fusion, and degradation. Each of
these phases is regulated by autophagy-related (Atg) proteins,
of which over 35 have been identified. The ULK1-Atg13FIP200 kinase complex is required for the induction phase
(220). The vacuolar protein sorting-34 (Vps34), a class III
phosphatidylinositol-3-kinase (PI3K), is necessary for the nucleation stage, during which Vps34 associates with Beclin1
and subsequently recruits Atg14 and Vps15 (p150) to the
pre-autophagosomal structure (177). Elongation and expansion
of the phagophore membrane involve two ubiquitin-like conjugation systems: Atg12 (conjugated to Atg5) and Atg8/light
chain 3 (LC3, conjugated to phosphatidyl ethanolamine), along
with other Atg proteins such as Atg9 and Atg16 (220). For a
detailed description of the function of these proteins, the reader
is referred to specialized reviews (for instance, 96).
In response to starvation, nonselective autophagy is activated, which serves to provide cells with nutrients necessary
for survival. In contrast, selective autophagy occurs to specifically remove protein aggregates or damaged or superfluous
organelles and can be operative also under nutrient-rich conditions. So far, several cargo-specific autophagic processes
have been identified in yeasts and mammals, and each of them
has been named based on the nature of the target. Examples
include pexophagy for the disposal of peroxisomes, ERphagy
for the degradation of endoplasmic reticulum, ribophagy for
the elimination of ribosomes, and aggrephagy for the removal
of aggregates (96). In addition, autophagy can be specifically
targeted toward the degradation of mitochondria (mitophagy)
(39). This process regulates mitochondrial number to match
metabolic demands and also serves as a QC mechanism to
remove damaged mitochondria (16). Mitophagy is preceded by
mitochondrial fission, which divides mitochondria into pieces
of manageable size for engulfment and mediates the segregation of damaged material for subsequent disposal (188). The
loss of ⌬m acts as a major trigger for mitophagy (188). The
opening of the mitochondrial permeability transition pore
(mPTP) may also be required for the selective removal of
damaged mitochondria by inducing ⌬m dissipation (21).

Apart from the degradation of damaged mitochondria under
stress conditions, mitophagy is essential for mitochondrial
turnover in the basal state and during cell differentiation,
such as the maturation of reticulocytes into mature red blood
cells (224).
Parkin and PTEN-induced putative kinase (PINK1) are believed to play important roles in the selective degradation of
damaged mitochondria (43). Parkin is a cytosolic E3-ubiquitin
ligase that is selectively recruited to dysfunctional mitochondria and assists in their removal by mitophagy (135). In the
steady state, PINK1 is imported into healthy mitochondria
through a ⌬m-dependent process and is rapidly degraded by
the presenilin-associated rhomboid-like (PARL) protease
(119). When ⌬m becomes dissipated, PINK1 accumulates on
the mitochondrial surface, leading to the recruitment of Parkin
that ubiquitinates outer membrane proteins, including Mfn1,
Mfn2, and the voltage-dependent anion channel (VDAC) (61,
62). Ubiquitin-tagged mitochondrial proteins, in turn, serve as
binding partners for p62/sequestosome 1 (p62/SQSTM1), a
ubiquitin-binding scaffold protein assisting in the recruitment
of autophagosomal membranes to mitochondria (62). Parkin
can also interact with Ambra1 (activating molecule in Beclin1regulated autophagy), which in turn stimulates the activity of
PI3K that is essential for the formation of new phagophores
(203). Interestingly, PINK1-null fruit flies display defects in
flight and mitochondrial bioenergetics, which are both rescued
by vitamin K2 supplementation (208). This effect appears to be
mediated by the transport of electrons by vitamin K2 from
complex I and II to complex III of the ETC, similar to its
function in prokaryotic membranes.
Priming of mitochondria to autophagy can also occur via
PINK1/Parkin-independent mechanisms. For instance, damaged mitochondria can increase the expression of FUN14
domain-containing 1 (FUNDC1), which recruits autophagosomes to mitochondria by direct interaction with LC3/Atg8
(110). In addition, upon mitochondrial depolarization, SMADspecific E3 ubiquitin protein ligase 1 (SMURF1) targets mitochondria to mitophagy, most likely via the ubiquitination of
mitochondrial proteins (146). Finally, the apoptotic proteins
BNIP3 (Bcl-2 and adenovirus E1B 19-kDa-interacting protein
3) and NIX (Nip3-like protein X) are thought to trigger
selective mitophagy via several mechanisms involving mitochondrial depolarization, competitive disruption of the inhibitory interaction between Bcl-2 and Beclin1, and direct interaction with LC3/Atg8 (228).
Although the molecular regulation of mitophagy has not yet
been elucidated completely, the mammalian target of rapamycin (mTOR)/AMP-activated protein kinase (AMPK) axis is
proposed to be a major checkpoint (78). Importantly, AMPK,
in addition to stimulating mitochondrial removal through autophagy, enhances the activity of sirtuin 1 (Sirt1) and its
downstream target peroxisome proliferator-activated receptor
␥ coactivator 1␣ (PGC-1␣), resulting in stimulation of mitochondrial biogenesis (19).
CONTRIBUTION OF ALTERED MITOCHONDRIAL AUTOPHAGY TO
HEART SENESCENCE. During aging, a decreased efficiency of

autophagy has been reported, especially in the liver (44) and
postmitotic tissues such as the nervous system (42, 122) and
the heart (84, 180). Because the generation of ROS and the
accumulation of oxidatively damaged components are enhanced in old age, a concomitant increase in the autophagic
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flux could be expected to be beneficial (48). Indeed, experimental inhibition of autophagy results in the accumulation of
dysfunctional and bioenergetically inefficient mitochondria,
which can result in further ROS generation (91, 184). Cardiacspecific inhibition of autophagy by Atg5 knockdown results in
left ventricular hypertrophy (LVH), reduced fractional shortening, disorganization in sarcomere structure, and accumulation of dysfunctional mitochondria with respiratory defects
(180). It is important to note that enlarged mitochondria are
hypothesized to be less autophagocytosed because of their
larger dimensions (184) (Fig. 1).
In addition to the accumulation of damaged mitochondria,
the myocardium of aged rodents is also characterized by the
buildup of a nondegradable, yellow-brown pigment called
lipofuscin (182). Lipofuscin is formed within lysosomes by
ROS-inflicted modifications of proteins and lipids. ROS are
usually generated by peroxide-induced Fenton reactions within
lysosomes containing damaged mitochondria, or can diffuse
into lysosomes from the cytosol (89, 183). Lipofuscin-loaded
lysosomes consume a major part of newly produced lysosomal
hydrolases that, however, cannot digest lipofuscin. At the same
time, a smaller amount of lysosomal enzymes remains available for autophagic degradation, including mitophagy. The
progressive accumulation of lipofuscin eventual overburdens
the autophagy-lysosomal system and results in a decreased
degradative capacity (89, 183) (Fig. 1). This series of events
forms the basis for the garbage catastrophe theory of aging,
also known as the mitochondrial-lysosomal axis theory of
aging (181, 184).
A recent study using mice with cardiac-specific deletion of
lysosomal DNase II exposed to pressure overload has demonstrated that mtDNA escaping from autophagy activates inflammatory processes in myocytes via a Toll-like receptor 9-mediated pathway (141). Cell-autonomous activation of inflammatory processes is a hallmark of cardiovascular senescence, and
the aforementioned finding raises the possibility that agerelated alterations of mitochondrial autophagy may also be
causally linked to the exacerbation of cardiac inflammation in
advanced age.
As discussed further on, abnormalities in mitochondrial
structure and function have been associated with a number of
pathological conditions affecting the cardiovascular system
(48). Autophagy induction under such circumstances can be
viewed as a rescue process through the removal of aberrant
mitochondria.
ROLE OF MITOCHONDRIAL DYSFUNCTION AND ALTERED AUTOPHAGY IN CARDIAC PATHOLOGY. Mitochondrial dysfunction

has been proposed to contribute to cardiomyocyte injury during
I/R, where energy depletion may result in mPTP opening and
subsequent cardiomyocyte injury (106). Autophagy is enhanced during I/R and this is usually associated with improved
cell survival, most probably by maintaining adequate levels of
substrates during times of energy depletion (120).
The inhibition of autophagy by pharmacological (3-methyladenine, wortmannin) or genetic interventions (overexpression of dominant negative Atg5 or RNAi-mediated knockdown
of Beclin1) increases apoptosis in cardiomyocytes subjected to
simulated I/R (74). Upregulation of autophagy via rapamycin
treatment or Beclin1 overexpression, on the other hand, improves cardiomyocyte survival in such experimental paradigm
(74). In another model, transgenic animals with cardiac-spe-
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cific deletion of the autophagy gene Atg5 showed mitochondrial aggregation and misalignment in response to pressure
overload induced by thoracic transverse aortic constriction
(133). These animals develop LVH, ventricular dilatation, and
contractile dysfunction. Furthermore, Atg5-deficient mice
show enhanced susceptibility to ␤-adrenergic stimulation and
develop left ventricular dilatation and cardiac dysfunction
when exposed to isoproterenol, suggesting that autophagy may
serve a beneficial role under such circumstances (133). Finally,
transgenic rats expressing human renin and angiotensin genes
accumulate enlarged mitochondrial clusters and develop angiotensin-II-mediated LVH (56). Four weeks of 40% calorie
restriction (CR) in these animals induced autophagy, improved
cardiac ultrastructural remodeling, and reduced mortality (56).
The accumulation of dysfunctional mitochondria due to
inefficient cardiac autophagy is proposed to be involved in the
pathogenesis of diabetic cardiomyopathy (221). Downregulation of cardiomyocyte autophagy, secondary to reduced AMPK
activity, has been documented in diabetic mice (221). Ultrastructurally, hearts from these rodents display several morphological aberrations, including aggregation of chaotically distributed mitochondria. The inhibition of AMPK by overexpression of a cardiac-specific dominant negative AMPK gene
further reduces autophagy, exacerbates ultrastructural aberrations, worsens cardiac dysfunction, and increases mortality in
diabetic mice (221). In contrast, treatment with metformin
significantly enhances autophagy and ameliorates cardiomyocyte ultrastructural abnormalities, while preserving cardiac
function. Such benefits are not observed in rodents expressing
a dominant negative AMPK, indicating that cardioprotection
by metformin is achieved through an AMPK-mediated upregulation of autophagy (221).
In contrast to the above studies showing a beneficial role of
autophagy, in a heart failure model induced by intramuscular
injections of diphtheria toxin in transgenic mice overexpressing cardiac-specific diphtheria toxin receptor, cardiomyocytes
showed a degenerated heart phenotype, with morphological
features of autophagic cell death (2). Furthermore, Matsui et al.
(120) have shown that upregulation of autophagy during reperfusion is maladaptive and increases infarct size. These findings indicate that, depending on the context under which it is
induced and the extent and duration of activation, autophagy
can serve either beneficial or detrimental functions in the
setting of CVD. Hence, interventions that fine tune the autophagic process, without inducing too low or excessive activation of this self-digestion process, may provide substantial
therapeutic gain in the context of several cardiac diseases.
Mechanisms of Mitochondrial Dysfunction and Altered
Mitochondrial Quality Control in Vascular Aging and
Pathology
Role of mitochondrial oxidative stress and altered autophagy in vascular aging. With advancing age, mitochondrial
ROS production increases significantly in the vasculature, in
both endothelial cells and VSMCs (192, 200, 201). The molecular mechanisms responsible for the increased mitochondrial oxidative stress in the aged vascular system are multifaceted and likely involve pathways similar to those contributing
to enhanced mitochondrial ROS production in the old heart.
These mechanisms encompass ETC dysfunction (196), activa-
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tion of NOX4 (NADPH oxidase 4, located in the mitochondrial
membrane) (1), declines in glutathione content (28), and impairments in antioxidant defenses (34, 193, 201). In addition,
an age-related dysregulation of NF-E2-related factor 2 (Nrf2)mediated antioxidant response is likely to contribute to mitochondrial oxidative stress in the vascular system (191, 192,
195).
In the vasculature of young animals, in response to increased
mitochondrial ROS generation, an adaptive Nrf2-driven antioxidant defense mechanism takes place, which upregulates
antioxidant response element (ARE)-mediated expression of a
wide range of antioxidant enzymes as well as glutathione
biosynthesis (192, 193). This homeostatic response attenuates
oxidative damage to mitochondria and cytosolic components
and limits cellular dysfunction induced by oxidative stress.
Recent studies have demonstrated that the increased production
of ROS by mitochondria and other cellular sources fails to
activate Nrf2 in aged arteries, resulting in an amplified cellular
sensitivity to the deleterious effects of oxidative stressors (191,
192, 199). Recent investigations have also shown that the
mitochondrial enzyme p66Shc is involved in the regulation of
mitochondrial redox homeostasis (135). It is significant that the
genetic depletion of p66Shc in mice reduces mitochondrial ROS
production, which is associated with a 30% increase in lifespan
and improved endothelial function (18, 57, 223).
Because mitochondrial macromolecules, including mtDNA,
are particularly susceptible to oxidative damage, an effective
control of mitochondrial turnover is critical for the maintenance of a healthy mitochondrial phenotype in vascular cells
(39, 200). One can hypothesize that the age-related dysregulation of mitochondrial turnover may contribute to mitochondrial
dysfunction, oxidative stress, and altered signal transduction
during the aging process. In support to this hypothesis, previous studies demonstrated that aging is associated with impaired
mitochondrial biogenesis and reduced mitochondrial mass in
vascular endothelial cells and VMSCs (14, 15, 198). Our
current understanding is that in vascular cells of aged animals,
due to an increased production of O2·⫺ and downregulation and
uncoupling of endothelial nitric oxide synthase (eNOS), NO·
bioavailability is significantly decreased (196). This results in
PGC-1␣ downregulation and consequential ETC dysfunction
(198). It is likely that an inadequate NO· bioavailability also
underlies the impaired mitochondrial biogenesis observed in
other organ systems during aging (114, 137). It is tempting to
speculate that an age-dependent decline in autophagy may also
contribute to the accumulation of damaged, nonfunctional
mitochondria in the vasculature, promoting the development of
vascular pathologies (164). Indeed, it has recently been reported that markers of autophagy in blood vessels are reduced
in aged mice and that treatment with the autophagy-enhancing
agent trehalose improves endothelial function (101). On the
other hand, the exposure of cultured murine hippocampal slices
to amyloid ␤40 induces endothelial autophagy, which associates with impaired neurovascular regeneration, indicating that
dysregulation of autophagy plays a complex role in age-related
vascular pathophysiology (77).
In addition to the aforementioned cell-autonomous effects,
aging also alters endocrine/paracrine regulatory mechanisms,
which have a significant impact on vascular mitochondrial
integrity. There is increasing evidence that a causal relationship exists between age-related decreases in insulin-like

growth factor 1 (IGF-1) levels and cardiovascular pathologies
in aged laboratory animals and elderly humans (reviewed in
171 and 194). Previous studies suggest that the cardiovascular
protective effects of IGF-1 may be, at least in part, related to
mitochondria-protective mechanisms. It is significant that in
vitro treatment of endothelial cells and cardiomyocytes with
recombinant IGF-1 decreases mitochondrial H2O2 production
(29). Treatment of cultured endothelial cells with IGF-1 also
preserves ⌬m, maintaining the mitochondrial retention of
cytochrome c and reducing caspase-3 activation upon exposure
to H2O2 (76). Furthermore, overexpression of IGF-1 protects
mice against high-fat diet feeding-induced increases in ROS
generation, thus preventing mitochondrial damage (227). In
contrast, low circulating levels of IGF-1 in Ames dwarf mice
are associated with increased mitochondrial production of ROS
both in the vasculature and the myocardium (29), mimicking
the aging phenotype.
There are studies extant demonstrating that the administration of IGF-1 to aged rodents confers mitochondrial protection,
including attenuation of ROS production in the liver (159).
There is also evidence that treatments that increase circulating
IGF-1 levels exert cardiovascular protective effects during
aging (194). Future studies are required to elucidate the role of
mitochondrial mechanisms (including mitochondrial disposal
through autophagy and inhibition of mitochondrial pathways of
apoptosis) in the beneficial effects of IGF-1 treatment in the
aged heart and vasculature.
Previous investigations have revealed an association between upregulation of tissue renin-angiotensin system (RAS)
and structural remodeling and functional impairments in large
arteries of aged animals and humans (86, 128, 173, 212–214).
Importantly, recent studies demonstrate that mitochondrial
ROS play a critical role in mediating the cellular effects of
angiotensin II in the cardiovascular system (37, 153). It has
been proposed that angiotensin II binds to angiotensin receptor
1 (ATR1), thereby activating NADPH oxidases (NOX2 and
NOX4), which then leads to increased mitochondrial ROS
production in both vascular endothelial cells and VSMCs as
well as in cardiac myocytes (39, 46, 95). Although it is possible
that upregulation of local RAS contributes to increased mitochondrial oxidative stress in the aged vasculature, further
studies are needed to provide definitive experimental evidence
in support to this hypothesis. A synoptic overview of relevant
findings on age-related changes in vascular mitochondrial bioenergetics, oxidant generation, and QC is depicted in Table 2.
Role of mitochondrial decay and altered autophagy in endothelial dysfunction and neurodegeneration. Mitochondriaderived ROS likely contribute to a variety of macromolecular
oxidative modifications in the vasculature, which in turn may
play a role in the pathogenesis of several disease conditions.
CR, an intervention known to attenuate mitochondrial oxidative stress in vascular cells (31), has been shown to decrease
oxidative macromolecular damage to the aorta of aged rats (27,
71). Mitochondrial ROS are thought to impact endotheliumdependent vasodilation (60, 216), in part by increasing cytoplasmic levels of ROS and decreasing NO· bioavailability. It is
well established that an increased production of ROS leads to
endothelial dysfunction during aging both in laboratory animals and humans (196), but the specific role mitochondriaderived ROS play in this process has not been completely
understood.
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Table 2. Synopsis of major findings on age-related changes in vascular mitochondrial bioenergetics, oxidant generation, and
quality control
Experimental Model

Macaca nemestrina

Macaque monkeys
Sprague-Dawley rats
p66Shc⫺/⫺ mice

Parameter(s) Examined

Findings

Mitochondrial mass, ATP synthesis, and ATPase
activity in capillary endothelium from the
frontal and occipital cortex of 4-, 10-, and
20-year-old primates
Mitochondrial mass in cerebral capillary from
4-, 10-, and 20-year-old primates and from 1-,
14-, 35-, 180-, and 800-day-old rats
Oxidant generation and expression of antioxidant
enzymes (CuZnSOD and MnSOD) in aortic
ring endothelium from 6- and 18-month-old
WT and p66Shc⫺/⫺ mice

Age-dependent decrease in mitochondrial
number, ATP synthesis, and ATPase
activity

Burns et al. 1979 (14)

Age-associated decline in cerebral
capillary endothelial mitochondrial
content in monkeys and rats
Age-related increase in endothelial
oxidant production in WT, but not in
p66Shc⫺/⫺ mice; no changes with age
in antioxidant enzyme expression in
either group
Alterations in overall morphology and
fine structure, loss of mitochondrial
membrane potential in old HUVECs;
decreased intact mtDNA and impaired
fusion/fission in old HUVECs
Age-dependent Nrf2 dysfunction
associated with mitochondrial oxidant
generation, oxidative stress, and
vascular inflammation
Age-dependent Nrf2 dysfunction
associated with increased oxidant
generation and vascular inflammation
Age-related increase in mitochondrial
ROS production, decline in
mitochondrial mass, reduced
expression of mitochondrial biogenesis
factors, altered expression of ETC
components, and decrease in COX
expression and activity
Age-related increase in mitochondrial
oxidant production and NF-B
activation

Burns et al. 1981 (15)

HUVECs

Effect of aging on mitochondrial morphology
and dynamics

Macaca mulatta

Nrf2-driven free radical detoxification, oxidative
stress (8-iso-PGF2␣ and 4-HNE), and
vascular inflammation in VMSCs from
10- and 20-year-old primates
Nrf2-driven free radical detoxification and
vascular inflammation in the aorta from 3-,
12-, 18-, 24-, and 28-month-old rats
Mitochondrial oxidant generation, mitochondrial
mass, expression of mitochondrial biogenesis
factors (Tfam and PGC-1␣), expression of
ETC components, and COX activity in carotid
arteries, and aorta of 3-, 18-, and 24-monthold rats

Fischer 344 ⫻ Brown
Norway rats
Fischer 344 rats

Fischer 344 rats

Mitochondrial oxidant generation and vascular
inflammation (NF-B activation) in carotid
arteries and aorta of 3-, 18-, and 24-month-old
rats

Reference

Francia et al. 2004 (57)

Jendrach et al. 2005 (85)

Ungvari et al. 2011
(192)
Ungvari et al. 2011
(193)
Ungvari et al. 2008
(196)

Ungvari et al. 2007
(198)

COX, cytochrome c oxidase; CuZnSOD, copper-zinc-dependent superoxide dismutase; ETC, electron transport chain; HUVECs, human umbilical vein
endothelial cells; Nrf2, NF-E2-related factor 2; p66Shc, 66-kDa isoform of the growth factor adapter Shc; PCG-1␣, peroxisome proliferator-activated receptor
␥ coactivator 1-␣; ROS, reactive oxygen species; Tfam, transcription factor A, mitochondrial; VSMCs: vascular smooth muscle cells.

Recent studies demonstrate that the administration of coenzyme Q10 to late middle-aged persons (⬃60 years) significantly improves flow-induced arterial vasodilation (59), suggesting that mitochondrial oxidative stress may play a direct
role in endothelial dysfunction. Yet, oxidative stress-induced
endothelial dysfunction in cerebral vessels is not worsened by
MnSOD deficiency in mice (128). Mitochondria-derived H2O2
is also likely to contribute to the development of chronic,
low-grade vascular inflammation at old age by activating
redox-sensitive signaling pathways, including NF-B (195,
198). Furthermore, as previously mentioned, mCAT overexpression confers cardioprotection to aged mice (166). Future
studies are warranted to determine whether mCAT overexpression also promotes vasoprotection by attenuating vascular
inflammation.
The age-related oxidative stress in VSMCs also leads to the
development of a secretory phenotype (32), which induces
proliferation, invasion, matrix fragmentation, and collagenization (211). SOD2⫹/⫺ mice exhibit a greater age-related mitochondrial O2·⫺ production in the aortic wall, which is associated with increased aorta stiffness (231). Recent studies also
suggest that mitochondria-derived ROS play a role in the
accelerated development of a senescent phenotype in endo-

thelial cells, for instance by activating protein kinase B
(PKB/Akt) (51).
Endothelial cell senescence has significant pathophysiological implications since it may impair the regenerative and
angiogenic capacity of the vascular endothelium. Another
potentially important link between mitochondrial oxidative
stress and vascular aging is the induction of endothelial cell
apoptosis (155). Indeed, an increased rate of apoptosis has been
documented in the endothelium of aged rodents (33, 152) and
old nonhuman primates (8). The finding that endothelial cell
apoptosis in coronary microvessels of aged rats is associated
with increased activation of caspase-9 suggests that mitochondrial cell death pathways may play a key role in this process.
It is logical to speculate that an age-related increase in the rate
of endothelial apoptosis contributes to microvascular rarefaction, thus impairing blood supply to the heart and brain (reviewed in 195).
The role of autophagy in disease conditions affecting the
vasculature, such as diabetes, is still unclear (111). There are
studies extant suggesting that hypoxia activates autophagy,
promoting survival of endothelial progenitor cells (210),
and that the autophagic machinery regulates angiogenesis
during tumor development (102). In addition, as previously
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mentioned, amyloid ␤40-dependent induction of endothelial
autophagy has been linked to impaired neurovascular regeneration, which may contribute to the initial progression of
AD (77).
Cerebrovascular endothelial cells are rich in mitochondria,
and normal mitochondrial function is essential to maintain the
integrity of the blood-brain barrier (BBB). Accordingly, alterations of ⌬m in endothelial cells have been shown to directly
affect BBB permeability (104). On the basis of the available
data with mitochondrial inhibitors (94), it can be hypothesized
that the age-related mitochondrial dysfunction contributes to
BBB breakdown, thereby promoting neuroinflammation and
neurodegeneration (55).
In recent years, several important observations have been
published linking mitochondrial dysfunction and age-related
microvascular pathologies to the development of AD. Amyloid
deposition in the cerebrovasculature, known as cerebral amyloid angiopathy, occurs in 80 –90% of AD patients (63, 66).
There is increasing clinical and experimental evidence suggesting that cerebral amyloid angiopathy is causally related to
BBB breakdown and, importantly, contributes to the pathogenesis of neurodegeneration and plaque formation in AD
(66, 232). The mitochondrial antioxidant enzyme MnSOD
has an important role in preserving the structural and functional integrity of the cerebral microcirculation, thereby
conferring protection against the development of cerebral
amyloid angiopathy in AD (52). Accordingly, inactivation
of one MnSOD allele (SOD2⫹/⫺) exacerbates cerebrovascular amyloidosis and accelerates the development of behavioral
alterations in a mouse model of AD [human amyloid precursor
protein (hAPP) transgenic mice] (52). Electronmicroscopic
evaluation of cerebral microvessels in hAPP/SOD2⫹/⫺ mice
revealed the presence of prominent vascular amyloid deposits
in the smooth muscle layer and alterations of the basal membrane, which were often associated with gliosis and dystrophic
neurites (52).
An enhanced generation of free radicals appears to contribute to increasing cerebrovascular permeability also in humans
(58). Adults with trisomy 21 (Down syndrome) develop AD
progressively with age (217), and this has been associated with
increased mitochondrial oxidative stress (147), microvascular
degeneration (127), impaired BBB permeability (50), and generalized endothelial dysfunction (20).
Despite significant advances, the mechanisms by which
mitochondrial oxidative stress and dysfunction contribute to
the disruption of the BBB and the accumulation of amyloid
deposits are not completely understood. Recent studies demonstrate that overexpression of SOD2 in a mouse model of AD
[Tg19959 mice expressing human APP695 with 2 familial AD
mutations (KM670/671NL and V717F)] mitigates neurodegeneration and improves clinical outcomes (47). Furthermore, the
polyphenolic compound resveratrol, which attenuates mitochondrial oxidative stress in endothelial cells (197) and exerts
multifaceted cerebromicrovascular protective effects (145), has
shown to confer protection both in vitro and in vivo in models
of AD (reviewed in 3). Similarly, the mitochondria-targeted antioxidant 10-(6’-ubiquinonyl)-decyltriphenylphosphonium (MitoQ)
has recently been demonstrated to improve cognitive function
and prevent early neuropathology in a transgenic mouse model
of AD (123).

Further studies are evidently needed to completely understand the effects of SOD2 overexpression, resveratrol, and
mitochondria-targeted antioxidants on cerebromicrovascular
pathologies in experimental models of AD, before translation
to humans is explored.
Mitochondrial Dysfunction as a Pharmacological Target
Against Cardiovascular Aging and CVD.
Although the exact mechanisms responsible for cardiovascular aging are not fully understood, pathways leading to the
progressive accrual of oxidative damage, accumulation of
dysfunctional mitochondria, and impairments in mitochondrial
QC are assumed to play a crucial role in this process and have
consequently emerged as candidate therapeutic targets to manage age-related CVD (118).
The critical role postulated for mitochondria-driven oxidative damage in CVD (and age-related pathology in general)
would suggest that the administration of antioxidants might
mitigate the burden of CVD. However, most clinical trials that
have tested the effects of systemic, nontargeted supplementation with antioxidants to attenuate the progression of CVD
failed to show any positive cardiovascular outcome (13). Unexpectedly, chronic administration of ␤-carotene, vitamin A, or
vitamin E could even induce pro-oxidant responses and increase cardiovascular mortality (13).
Nonetheless, recent studies suggest that targeting molecules
with antioxidant properties to mitochondria could be a much
more effective strategy to slow cardiovascular aging and manage CVD (160, 206). Indeed, the development of antioxidant
molecules that achieve concentrations in mitochondria 100- to
1,000-fold higher than in the cytosol, such as Szeto-Schiller
(SS) synthetic antioxidant peptides (26, 178, 179, 230), MitoQ
(176, 205), and Euk-8 (a SOD/catalase mimetic and antioxidant) (94, 202), have demonstrated some efficacy in models of
cardiovascular stress. A recent study in spontaneous hypertensive rats showed that MitoQ treatment for 8 weeks significantly
reduced systolic blood pressure, improved endothelial function, and attenuated cardiac hypertrophy (64). SS-31 has been
shown to mitigate I/R injury and reperfusion arrhythmia and
preserve myocardial function in various infarct models (reviewed in 179). Moreover, SS-31 ameliorates cardiomyopathy
resulting from prolonged angiotensin-II stimulation and G␣q
overexpression in mice, in the absence of any blood pressure
lowering effect (35). Euk-8 treatment protects both oxidative
stress-prone Harlequin mice and wild-type controls from pressure overload-induced left ventricular remodeling and cardiac
decompensation, and extended the overall survival of these
animals (202). Several clinical trials are ongoing to test the
efficacy of mitochondria-targeted antioxidants in various CVD
conditions. It will also be important to establish whether these
agents can delay human cardiovascular aging.
The regulation of mitochondrial turnover and function appears to be impaired as a function of age in both the heart and
the vasculature (101), which may contribute to cardiovascular
degeneration. Therefore, it is proposed that interventions that
fine tune mitochondrial turnover and/or reverse mitochondrial
dysfunction may serve as novel therapeutic approaches to
counter cardiovascular aging (reviewed in 39, 48, and 132). In
this context, CR, resveratrol administration, and sirtuin(s) path-
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way(s) activation could be especially relevant to delay cardiac
aging and manage age-related CVD (65, 199).
An increasing amount of data suggests that CR, defined as a
reduction in food intake without malnutrition, confers cardiovascular protection during aging and in pathological conditions
associated with accelerated cardiovascular aging (reviewed in
199 and 215). In the vasculature, CR appears to protect against
endothelial dysfunction and arterial stiffness and to attenuate
atherogenesis by improving several cardiometabolic risk factors (215). In the heart, CR mitigates age-related changes in the
myocardium (e.g., reduction in fibrosis and apoptosis, prevention of myosin isoform switch) (215).
CR conveys beneficial effects on the cardiovascular system
through different mechanisms, including attenuation of mitochondrial ROS production (114, 138) and consequent inhibition of signaling pathways regulated by ROS (e.g., NF-B)
(28), and optimization of mitochondrial autophagy (48, 168,
172, 218). Studies also suggest that CR improves mitochondrial biogenesis (113, 116, 138), although this point remains
controversial (75). The cellular pathways involved in mitochondrial protection induced by CR appear to converge on the
expression/activity of the dyad AMPK/Sirt1 (27, 116, 172) and
activation of downstream effectors, including PGC-1␣ (113,
114). Sirt1 confers vasoprotection by reducing endothelial
ROS production, inhibiting NF-B signaling, and attenuating
vascular inflammation (174). The effects mediated by Sirt1 are
likely potentiated by an increased bioavailability of NO· (121).
Interestingly, Sirt1 appears to exert a hormetic action on
cardiomyocyte physiology (4). Low (2.5-fold) to moderate
(7.5-fold) transgenic overexpression of Sirt1 in the mouse heart
attenuates age-dependent hypertrophy and reduces the severity
of apoptosis/fibrosis and cardiac dysfunction (4). In contrast,
high levels (12.5-fold) of Sirt1 expression increase the extent
of cardiomyocyte apoptosis and the degree of hypertrophy,
while decreasing cardiac function, thereby promoting the development of cardiomyopathy (4).
AMPK has recently emerged as the master regulator of
several mitochondrial functions, including biogenesis, mitophagy, mitochondrial metabolism, and mitochondrial antioxidant defense (reviewed in 162). Accumulating data suggest
that AMPK upregulates Sirt1 activity (19) and that AMPK
activation may contribute to the cardiovascular protection elicited by CR (49, 172). CR can also activate the transcription
factor Nrf2, thus modulating the expression of numerous ROSdetoxifying and antioxidant genes that regulate mitochondrial
redox homeostasis (199).
Despite the host of health benefits brought about by CR, it is
likely that most people will not be able to sustain drastic food
restrictions for the long term because of several possible adverse
events (118). Thus considerable effort has been directed toward
the discovery of drugs that could mimic the effects of CR without
requiring dietary restriction (83). Promising CR mimetics with
mitochondrial protective properties are those that intersect with
the critical signaling pathways previously discussed and include
resveratrol, affecting sirtuin activity (130), and biguanides such as
metformin, activating the AMPK pathway (219).
The polyphenol resveratrol (3,5,4’-trihydroxystilbene) is believed to be the active compound responsible for the cardioprotective effects of red wine (97). Studies in rodents have
shown that resveratrol inhibits cardiomyocyte apoptosis, protects the myocardium against I/R injury, prevents LVH, im-
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proves endothelial function, inhibits platelet aggregation, and
reduces inflammation (reviewed in 154). Resveratrol has also
been shown to mimic the cardiovascular protective adaptations
induced by CR (9, 10, 152), including the induction of mitochondrial biogenesis (30) and the attenuation of mitochondrial
oxidative stress in both vascular endothelial cells and cardiomyocytes (190, 197). The beneficial effects of resveratrol on
CVD are partly due to its ability to activate Sirt1 (79), enhance
endothelial NO· signaling (209), and activate Nrf2 in endothelial cells (190). Interestingly, just like its putative target Sirt1,
resveratrol seems to exert cardiovascular effects in a hormetic
fashion. Indeed, in H9c2 heart myoblasts, low doses of resveratrol promote cell survival by eliciting a protective preconditioning-like effect through the induction of autophagy (72).
Conversely, higher doses of this compound inhibit protective
autophagy and slightly reduce cell survival (72).
Resveratrol and other polyphenols may also activate AMPK
(226), and this can represent another CR-mimetic effect
whereby these compounds protect against CVD. In this context, the AMPK activator metformin has been shown to ameliorate cardiac ischemia (12), myocardial infarction severity
(17), diabetic cardiomyopathy (221), and heart failure (68,
163). Furthermore, metformin improves age-related cardiomyocyte dysfunction (187) and endothelial vasodilation in rodent
models of accelerated vascular aging (81).
In conclusion, preclinical studies indicate that interventions
aimed at reducing mitochondrial-specific oxidative burden,
improving mitochondrial function, and optimizing mitochondrial turnover may represent a novel and promising strategy to
manage cardiovascular deterioration with age. Further studies
are warranted to determine whether these interventions confer
mitochondrial protective effects and promote cardiovascular
health in old humans.
Conclusions and Future Perspectives
Advancing age per se is a major risk factor for CVD and
neurodegeneration. Several lines of evidence from both experimental models and human subjects indicate that mitochondria
play a critical role in cardiovascular aging. The inherent complexity of mitochondrial processes related to energy provision, redox
homeostasis, cellular and intra-inter-organellar QC, regulation of
cell death/survival pathways, and their hierarchical network organization pose significant obstacles to understanding the precise
role these organelles play in the pathogenesis of CVD. The same
complexity hampers the identification of potential therapeutic
targets for the prevention of age-related CVD. For instance,
although a crucial role for mitochondrial dysfunction is postulated
in CVD, a consensus has not been reached as to whether cardiovascular damage is primarily mediated by oxidative stress or by
other mechanisms for which mitochondria-derived ROS function
as signaling molecules (e.g., alterations in autophagy, mitochondrial dynamics, apoptotic cell death, etc.).
Furthermore, some key cellular processes, such as mitophagy,
exhibit a Janus-like behavior. Indeed, basal levels of mitophagy
are fundamental for maintaining cellular homeostasis and protecting cells against the accumulation of dysfunctional mitochondria.
On the other hand, upregulation of autophagy can lead to excessive removal of mitochondria, loss of cardiac myocytes, and
development of CVD. It should also be considered that most
autophagy/mitophagy mediators have multiple functions, imply-
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ing that their genetic or pharmacologic manipulation may produce
unrelated and possibly undesirable effects. Moreover, both cardiac
and vascular aging involve neurohormonal signaling (e.g., alterations in renin-angiotensin and IGF-1 signaling) and cell-autonomous mechanisms that can impact age-related mitochondrial
changes, thus adding a further level of complexity that needs to be
fully elucidated.
The quest for effective treatments that improve mitochondrial
function, attenuate oxidative stress, and optimize mitochondrial
QC both in cardiac and vascular tissues has been an intriguing yet
unresolved issue for cardiologists and geriatricians. Nonetheless,
promising therapeutic strategies to manage age-related CVD have
recently emerged. In particular, mitochondria-targeted antioxidants have proven effective in various animal models, and preliminary clinical data show positive results in humans. In addition,
pharmacological or nutritional interventions (e.g., CR and CR
mimetics like resveratrol) acting on evolutionarily conserved,
Nrf2/ARE-driven, or sirtuin-dependent pro-survival pathways that
upregulate intrinsic antioxidant systems in mitochondria, can be
exploited for therapeutic advantage. Interventions that modulate
processes involved in the regulation of mitochondrial turnover are
also of particular interest.
In summary, an extraordinary research effort is required to
untangle the complexity of the network of multileveled, interrelated pathways that regulate mitochondrial homeostasis. This
knowledge will likely provide clinicians with novel and highly
effective therapeutics to delay cardiovascular aging and manage CVD and neurodegeneration.
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