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Abstract

Cardiac aging is an intrinsic process that results in impaired cardiac function, along with cellular
and molecular changes. These degenerative changes are intimately associated with quality control
mechanisms. This review provides a general overview of the clinical and cellular changes which
manifest in cardiac aging, and the quality control mechanisms involved in maintaining
homeostasis and retarding aging. These mechanisms include autophagy, ubiquitin-mediated
turnover, apoptosis, mitochondrial quality control and cardiac matrix homeostasis. Finally, we
discuss aging interventions that have been observed to impact cardiac health outcomes. These
include caloric restriction, rapamycin, resveratrol, GDF11, mitochondrial antioxidants and
cardiolipin-targeted therapeutics. A greater understanding of the quality control mechanisms that
promote cardiac homeostasis will help to understand the benefits of these interventions, and
hopefully lead to further improved therapeutic modalities.
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1. Introduction

Cardiac aging is an intrinsic process that results in impaired cardiac function, along with
cellular and molecular changes. These degenerative changes are intimately associated with
quality control mechanisms. This review provides a general overview of the clinical and
cellular changes which manifest in cardiac aging, and the quality control mechanisms
involved in maintaining homeostasis and retarding aging. Finally, we discuss aging
interventions that have been observed to impact cardiac health outcomes.
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2. Overview of Cardiac Aging

2.1 Human Cardiac Aging

A growing body of studies examining human aging and centenarians are beginning to
address what healthy aging means for the CV system (Galioto et al. 2008). Centenarians
have lower prevalence of CV diseases, hypertension, myocardial infarction, angina, and
diabetes than younger persons (ages 70 to 99 years) (Selim et al. 2005; Galioto et al. 2008).
This trend toward protection from CV-related causes of death (hypertension, heart disease,
diabetes) is also present in their descendants, pointing to a genetic or epigenetic healthy
aging profile (Perls & Terry 2003). Multiple studies have followed CV risks factors and CV
health in long-lived populations and while some aspects of disease incidence and primary
risk factors differ between groups, the recurring conclusion is that a boost to cardiac health
occurring early in life (either through genetics or lifestyle) and maintained through life (also
by some combination of genetics and lifestyle) is a common piece of the longevity puzzle
(Curb et al. 1990; Yashin et al. 2006). As more studies (and the cohorts within them)
mature, there will be more data available on why some humans succumb to aging-related
disease early, while others last into their 10t decade.

The Framingham Heart Study and the Baltimore Longitudinal Study on Aging demonstrated
that in apparently healthy adults, aging is associated with increase in left ventricular wall
thickness measured by echocardiography. The Doppler measurement of the E/A ratio, the
ratio between early (E) and late (A) diastolic LV filling, declines dramatically with age (Dai
& Rabinovitch 2009; Dai et al. 2009). This decline in the E/A ratio suggests that a greater
portion of blood filling in the LV results from late diastolic filling as opposed to early
diastolic filling, which is clinically defined as diastolic dysfunction or heart failure with
preserved ejection fraction (HFpEF). The prevalence of LV hypertrophy and diastolic
dysfunction significantly increased in the elderly (Bursi et al. 2006), even in an apparently
healthy elderly population without hypertension, suggesting that intrinsic cardiac aging may
manifest as the above changes.

Although systolic function determined from ejection fraction is relatively preserved at rest in
the elderly, exercise capacity and cardiovascular reserve after prolonged exercise
significantly declines with age (Correia et al. 2002). Aging also contributes to the decline of
the maximal heart rate during strenuous exercise, but does not affect the resting heart rate
when lying face up (Fleg et al. 1995). The decrease in exercise capacity in the elderly is
attributed to a modest decrease in ejection fraction after maximal exercise and a prominent
decline in maximal heart rate at peak exercise. Likewise, there is age-dependent decline in
maximal cardiac index, another measure of systolic function calculated as the cardiac output
normalized to the body surface area, which is mostly due to a decline in maximal heart rate
after strenuous exercise.

The increased fraction of LV filling performed by atrial contraction in diastolic dysfunction
also increases atrial pressure, adversely contributing to atrial hypertrophy and dilatation and
subsequently increasing the risk of atrial fibrillation, consistent with the significant age-
dependent increase in the prevalence of atrial fibrillation (Lakatta 2003; Lakatta & Levy
2003b; Lakatta & Levy 2003a). Atrial fibrillation adversely affects exercise capacity in the
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geriatric population. It also predisposes to the development of HFpEF. Indeed, HFpEF
accounts for more than half of all heart failure cases in patients older than 75 years old,
especially in those without structural or ischemic heart diseases.

Valvular changes in old age include myxomatous degeneration, deposition of collagen and
calcium leading to sclerosis of the valves. Aortic valve sclerosis is present in 30-80% of the
elderly (Stewart et al. 1997; Nassimiha et al. 2001; Karavidas et al. 2010), which is detected
by echocardiography as calcification of aortic valve leaflets and aortic annulus (Otto et al.
1999; Freeman & Otto 2005). Age-related aortic valve sclerosis predisposes to the
development of aortic stenosis and increased leaflet calcification and decreased leaflet
mobility may predict the progression to aortic stenosis. Hypertension, LV hypertrophy,
hyperlipidemia, smoking, end-stage renal disease and congenital bicuspid aortic valves are
important risk factors for the progression to aortic valve stenosis (Olsen et al. 2005).

In the elderly, fibrosis and valvular calcification are the most common factors contributing
to the development of aortic stenosis, which occurs when the aortic valve opening narrows
due to the stiffening and calcification of the aortic valve leaflets (Olsen et al. 2005). This
narrowing prevents effective blood pumping through aortic valve, generating a pressure
gradient between the aorta and the left ventricle. To compensate for this obstruction, the
walls of the left ventricle thicken with myocardial hypertrophy to maintain sufficient
systolic function. Later in the progression, increased wall stress due to pressure overload
causes the left ventricle to dilate, leading to deterioration of systolic function. In addition,
aortic regurgitation, also related to the calcification of the aortic cusps and annulus,
increases with age, and is present in 13-16% of the elderly population (Nassimiha et al.
2001). The presence of aortic regurgitation results in ineffective work of the left ventricle
and volume overload that may lead to LV dilatation and systolic heart failure.

The above ventricular and valvular changes in cardiac aging compromise the cardiac
functional reserve capacity as well as lower the threshold for development of heart failure
(Correia et al. 2002). This makes the aged heart more susceptible to stress and disease-
related challenges, leading to increased prevalence of heart failure and CV mortality in the
geriatric population.

2.2 Large mammal models of cardiac aging

Canine hearts develop several aging changes, including myocardial hypertrophy,
accumulation of lipofuscin and amyloid which cause increased myocardial stiffness.
Degenerative valvular heart diseases are also common in dogs older than 16 years, the
prevalence of which approaches 75% in some breeds (Kwart & Haggstrom 2000). The dog
model has been widely used for electrophysiological studies since the distribution of cardiac
conduction system and activation sequence (electrophysiological properties) in dogs closely
resembles that of the human heart (Hamlin & Smith 1960). Aged dog hearts demonstrated
prolonged action potential duration and decreased responsiveness to adrenergic stimulation
as well as increased risk of developing sick sinus syndrome and atrial fibrillation
(Anyukhovsky et al. 2005).
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Aged rhesus monkey demonstrate several age-related cardiac pathologies, including aortic
and mitral valve degenerative calcifications, loss or degeneration of myocardial fibers with
hypertrophy of remaining cardiomyocytes, lipofuscin accumulation and variable degrees of
myocarditis, multifocal interstitial fibrosis, myocardial infarction, and congestive heart
failure (Lane et al. 1999; Lane et al. 2002; Mattison et al. 2003; Roth et al. 2004). As shown
by the National Institute of Aging’s longitudinal study of aging in rhesus monkeys (Macaca
mulatta), monkeys fed with normal diets develop many of the above cardiac pathologies but
did not develop spontaneous atherosclerotic plagues unless they were fed high fat diets.

2.3 Rodent models of cardiac aging

Cardiac aging in the mouse model closely recapitulates the age-related changes found in
human hearts (Dai et al. 2009; Boyle et al. 2011). Using echocardiography to examine the
age-related changes in cardiac structure and function in a mouse longevity cohort, we found
a significant age-dependent increase in LV mass index (LVMI) and left atrial dimension
(Dai et al. 2009). Systolic function measured by fractional shortening showed only a modest
decline with age. Diastolic function, measured by tissue Doppler imaging of Ea/Aa,
significantly declined with age, with substantial fraction of mice older than 24 months with
diastolic dysfunction (defined by Ea/Aa < 1). Morphometric analysis indicated an increased
myocardial fiber size, increased fibrosis and amyloid deposition with age, especially in the
subendocardial areas (Dai et al. 2009). Myocardial performance index (MPI), an indicator of
global systolic and diastolic function, was also significantly impaired with age. All of the
above aging phenotypes are also found in middle age mitochondrial mutator
(PolgP257A/D257A) mice, a model of “premature aging” (Dai et al. 2010).

Previous studies in Fischer rat heart aging using a pressure-volume catheter and
echocardiography consistently revealed age-dependent left ventricular hypertrophy,
impairment of systolic and diastolic function, as well as increased prevalence of mitral
regurgitation (Anversa et al. 1989; Forman et al. 1997; Boluyt et al. 2004). Histopathology
of aged rat hearts demonstrated cardiomyocyte hypertrophy and increased LV fibrosis
(Forman et al. 1997), which reduced LV elasticity and led to diastolic dysfunction. Aging rat
hearts also showed decreased responsiveness to sympathetic and dobutamine stimulation
(Ahmet et al. 2011).

3. Mechanisms of Cardiac Aging

The mechanism of age-dependent LV hypertrophy in mice includes activation of the
calcineurin-NFAT pathway, which is well known to mediate pathological hypertrophy (Dai
et al. 2009). Calcineurin is a phosphatase that dephosphorylates and activates the
transcription factor NFAT, which then translocates into nucleus and interacts with several
other transcription factors (e.g., GATAA4) to initiate transcription of hypertrophic genes, such
as atrial natriuretic peptides and brain natriuretic peptides. The mechanisms of diastolic
dysfunction in aged heart include fibrosis and subsequent reduced elasticity of the ventricles.
In addition to increased interstitial collagen, there is increased matrix metalloproteinase
(MMP) and decreased tissue inhibitor of metalloproteinase (TIMP) abundance in fibrotic
aged heart (Lindsey et al. 2005). Delay in active ventricular relaxation in aged heart is
attributable to a reduced abundance of sarco(endo)plasmic reticulum ca ATP-ase
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(SERCAZ2), and to an oxidative modification of SERCAZ2, both of which affect the rate of
diastolic calcium reuptake (Adachi et al. 2004; Dai et al. 2009).

3.1 Metabolic Changes in Cardiac Aging

Metabolic dysfunction is associated with aging and many age-related diseases (Hu & Liu
2014). In the heart, aging changes in metabolism include reduced fatty acid (FA)
metabolism and oxidative phosphorylation (OSPHOS), and compensatory increases in
glucose uptake and glycolysis in mice (Stanley et al. 2005). These changes in FA
metabolism and OXPHOS recapitulated those seen in humans (Kates et al. 2003). Despite
intense research in this area, there is little consensus on the causes of this “metabolic
substrate shift” or whether the shift in substrate utilization in failing and aging myocardium
is detrimental or compensatory (van Bilsen et al. 2009). The possibility of the latter is raised
by observations that increasing glucose as a substrate, rather than FAs, increased
contractility in the LV in humans, pigs, and dogs (Stanley et al. 2005). One explanation for
this is that FA oxidation both leads to excessive loss of ATP through UCP3, and that it
carbohydrate utilization is more efficient than FA oxidation in terms of ATP synthesis
(Lardy & Pressman 1956; Himms-Hagen & Harper 2001; Stanley & Chandler 2002).
Consequently, the power of the LV contraction seems to be improved when the primary
metabolic substrate is glucose rather than fatty acids in adult Sprague-Dawley rats (Burkhoff
et al. 1991). It could be that the substrate shift is therefore a compensatory mechanism to
improve contractility in the aging heart.

Sirtuins may play an important role in cardiovascular aging. Sirtuins are NAD*-dependent
class 111 histone deacetylases involved in the post-translational modification (PTM) of
numerous targets (Longo & Kennedy 2006). They can catalyze succinylation, malonylation,
and lysine deacetylation ((Du et al. 2011; Rardin et al. 2013) and reviewed in (Nakagawa &
Guarente 2011)). Sirtuins are highly conserved, being found in organisms from bacteria to
humans (Brachmann et al. 1995). The yeast Sir2 (silent information regular 2) was the first
to be well characterized and shown to effect lifespan and stress response (Kaeberlein et al.
1999). Seven mammalian sirtuins (Sirt1-Sirt7) have been described (Dali-Youcef et al.
2007), and Sirt3, -4, and -5 are present in the mitochondria. Of these, Sirt3 has the strongest
activity in the heart. Sirtl, -6, and -7 are largely nuclear, and Sirt2 is located in the
cytoplasm (Houtkooper et al. 2012).

There are many examples in the literature suggesting connections between sirtuin enzyme
activity, metabolism, and aging. (For recent review of this topic see (Pillai et al. 2014;
Rehan et al. 2014)). It is thought that sirtuins contribute to the regulation of metabolism by
modifying mitochondrial enzymes and by acting as a sensor of energy status through their
dependence on NAD™ concentration (Wu et al. 2014). Due to this important connection to
energy metabolism and the broad range of downstream targets, sirtuins have been proposed
to function as “watchdogs” for energy dysregulation (Choudhary et al. 2009; Ozden et al.
2011). SIRT3 in particular may act as a regulator of mitochondrial metabolism and fatty-
acid oxidation (Hirschey et al. 2010).
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3.2 Age-related contractility changes

There are many potential causes of the contractility changes in aging noted above, including
alterations in autophagy, proteostasis, inter-/intracellular signaling, mitochondrial lipid
composition, and circulating factors.

In a study of 20-week calorie restriction (CR) treatment on aged C57BL/6 mice, changes in
indicators of autophagy (LC3B-II to LC3B-I ratio, Beclin-1 expression) following CR were
associated with preservation of cardiac geometry and contractile function, as determined by
echocardiography (Han et al. 2012). Cardiomyocyte cell area was reduced by CR as was
phosphorylation of mTOR. Interestingly, a decrease of phosphorylation of Akt/glycogen
synthase kinase-3p (GSK-3p) due to CR treatment aligns this study with others that suggest
that Akt regulation of autophagy in the heart is disrupted by aging. Hua and colleagues
investigated the role of Akt on cardiac aging through the use of Akt over activation
transgenic mice (Hua et al. 2011). They found that both wild-type Akt and especially
overactive Akt were associated with decreased autophagic flux, Ca?* dysregulation, and
cardiac hypertrophy in aged (24-26 month old) mice. The authors suggest that autophagic
dysregulation may play an important role in cardiac aging phenotypes such as contractile
defects and hypertrophy (Hua et al. 2011).

The insulin/insulin-like growth factor (IGF) signaling cascade contains a multitude of
participating enzymes and co-factors and affects many other signaling cascades (Corpas et
al. 1993; Abbas et al. 2008). Perturbations in the IGF signaling have been implicated in
alterations in body composition and neuroendocrine signaling along with cardiac functional
declines (Yakar et al. 2005). IGF plays a significant role in somatic growth and regulation of
apoptosis. Due to the varied functions of IGF, combined with its reduced secretion with
aging, researchers have looked to IGF signaling as a critical link in the biology of aging
(Corpas et al. 1993). Cardiomyocyte mechanical function may be detrimentally affected by
circulating insulin-like growth factor-1 (IGF-1) levels in aging mammals. A 2008 study
found that liver IGF-1 deficient mice had improved cardiomyocyte function compared to
aged controls. It also discussed that down-regulation of Akt, Klotho and phosphorylated-
AMPK (adenosine monophosphate-activated protein kinase) due to aging was abrogated by
IGF-1 deficiency, and this might play a role in protection from aging-induced cardiac
functional decline (Li et al. 2008).

Regulation of endothelin-1 (ET-1) appears to be associated with contractile function. ET-1,
which is secreted by endothelium, binds to membrane-bound receptor ETA on
cardiomyocytes (Takayanagi et al. 1991; Yamamoto et al. 2005). It is involved in cell
hypertrophy and vasoconstriction and it may be up-regulated with aging (Ito et al. 1993;
Pieske et al. 1999). Ceylan-Isik and colleagues found that short-term treatment of 26-28
month old C57BL/6 mice with ETA receptor antagonist, and knock-out of the ETA receptor,
partially abrogated aging-associated decline in contractile function and cardiac hypertrophy
(Ceylan-Isik et al. 2013). This effect was dependent on autophagy and also resulted in a
reduction of ROS generation and protection from protein damage (Ceylan-Isik et al. 2013).

Many studies have pointed to the regulation of autophagy in aging hearts as a lynchpin for
the preservation or loss of cardiac function/geometry with interventions or aging,
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respectively. Promotion of autophagy by various mechanisms is associated with decreased
hypertrophy, improved contractile function, reduced protein damage, and intracellular Ca2+
regulation (Goswami & Das 2006; Gurusamy & Das 2009; Taneike et al. 2010; Hua et al.
2011; Han et al. 2012; Kobayashi & Liang 2014; Mei et al. 2014). See section 4.3 below.

Alterations in mitochondrial cardiolipin (CL) composition in aging heart mitochondria have
been associated with cardiac functional impairment and mitochondrial respiratory
dysfunction (Lee et al. 2006; Chicco & Sparagna 2007). Interestingly, a recent study by
Mulligan and colleagues found that inhibition of certain types of CL remodeling could
improve cardiac contractile function, along with hypertrophy and dilation, in 25 month old
mice without altering age-associated disruption of mitochondrial function and ROS
production (Mulligan et al. 2014). Delta-6 desaturase inhibition was used to prevent the age-
related reallocation of poly-unsaturated fatty acids (PUFAS) on CL, in particular to prevent
the switch between of linoleic acid (in young animals) to long-chain PUFAs (found in older
animals). Contractility was much improved in the treated cohort, despite an apparent lack of
change in mitochondrial function or measures of ROS production such as H202 production
or lipid peroxidation (Mulligan et al. 2014). Studies of a novel CL-targeted therapeutic,
SS-31, are discussed in section 5.4 below.

Nitric oxide (NO), produced by three nitric oxide synthases (NOS) in myocardium, effects
many aspects of cardiac maintenance and function including endothelial vasorelaxation,
gene expression, contractility, oxygen consumption, apoptosis, remodeling during
hypertrophy, and regeneration (Massion et al. 2005; Sverdlov et al. 2014). Negative CV
outcomes associated with aging also appear to be associated with a proportionate decrease in
measurable NO availability in the myocardium either by decreased NO production or
increased scavenging (Paulus 2001; Massion et al. 2005). An exception to this is neuronal
NO synthase (nNOS). By measuring RNA and protein levels, nNOS has been shown to be
up-regulated, in humans with congestive heart failure (Damy et al. 2004). Whether the
increased expression of nNOS with heart failure is beneficial or detrimental is as yet
unknown.

4. Quality Control Mechanisms in Cardiac Aging

4.1 mTOR Signaling in regulation of protein homeostasis

The TOR (and in mammals, mTOR) signaling pathway is a mechanism of transmitting a
wide variety of extracellular environmental cues (nutrient availability, amino acids,
hormonal signals, mitogens) and producing adaptive responses within the cell. These
adaptive responses are important throughout the body, and the heart is no exception. By
regulating apoptosis, mitochondrial biogenesis, transcription, translation, lipid metabolism,
glycolysis and inflammation, the mTOR pathway plays a critical role in cardiomyocyte
growth, function, and structure in aging. Numerous reviews (Balasubramanian et al. 2009;
Evans et al. 2011; C 2013; Johnson et al. 2015) are available regarding this pathway and its
implications in growth, disease, and aging.

MTOR, the mechanistic target of rapamycin, is a serine/threonine kinase in the PI3K family.
It is the catalytic subunit of two distinct complexes - mTORC1 and mTORC2. mTORC1 is
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downstream of the AKT and PI3K pathways, and mMTORC?2 is activated by the RAS and
RAF signaling cascade (Dobashi et al. 2011). mTORCL has been the more thoroughly
studied complex in mammalian aging, largely due to its inhibition by rapamycin. This
pharmacological inhibition is mediated through the rapamycin-FKBP12 complex (Evans et
al. 2011). Important pathways downstream of TORCL1 include regulation of cap-dependent
initiation of translation via 4EBP1, control of ribosomal protein biosynthesis via S6K, and
regulation of autophagy via Ulk1 (Johnson et al., 2014). However, chronic treatment with
rapamyecin can also inhibit mMTORC?2 in a cell-specific manner (Lamming et al. 2012).
mMTOR complex 2 (MTORC?2) includes Rictor. This complex may also regulate some aspects
of cardiac homeostasis in aging through stimulating autophagy and the clearance of pro-
apoptotic factors, and removal of Akt from FOXO3 (Gurusamy & Das 2009; Jung et al.
2010; Kurdi & Booz 2011).

4.1.1 mTORC1—mTORC1 is an important regulator of cell growth and size, and signaling
of mMTORCL is depressed in stress conditions such as low ATP concentration and low
nutrient availability (Dobashi et al. 2011). Modulation of mMTORC1 has been shown to
improve cardiac geometry and function (Balasubramanian et al. 2009). It has many
downstream functions critical to proteostasis including stimulating protein synthesis,
inhibiting autophagy, ribosomal biogenesis, and translation initiation. 4E-BP1, and
eukaryotic elongation factor 2 (eEF2), and ribosomal protein S6 kinase (S6K) are
downstream effectors of mMTORC1 and are largely responsible for mTORC1’s control over
protein synthesis. A study by Wessells and colleagues provided evidence that in Drosophila
melanogaster, upregulation of d4eBP was sufficient to mitigate the age-related decline in fly
cardiac function (Wessells et al. 2009). 4eBP binds elF4E, inhibiting cap-dependent
initiation of translation (Sonenberg & Hinnebusch 2009).

4.2 Proteostasis

Protein homeostasis (proteostasis) is the equilibrium between protein synthesis,
maintenance, and degradation. Maintenance of proper protein homeostasis is essential to
cellular and organismal health — as illustrated by many studies indicating that age-related
diseases and conditions are associated with the inability of the cell to maintain healthy
proteins or get rid of defective proteins (Bedford et al. 2008). These conditions include
neurodegenerative disease (Douglas & Dillin 2010), cardiac dysfunction (Hedhli et al. 2005;
Christians & Benjamin 2012), cataracts (Surguchev & Surguchov 2010), and sarcopenia
(Vinciguerra et al. 2010; Marzetti et al. 2012). Similar dysfunctions in proteostasis have
been observed in “normally” aging cells which are free of disease (de Magalh&es 2004),
indicating a potentially important role for protein regulation in both health and aging.

Aside from the correlative association between aging, health, and protein quality control,
direct interventions to modulate quality control mechanisms may potentially increase
lifespan and improve health. Several such examples can be seen among interventions that
inhibit mTOR, including rapamycin and calorie restriction, discussed further below. A
number of other protein quality control interventions have been shown to improve health
and aging in both invertebrate and mammalian models as well (Morimoto & Cuervo 2009;
Douglas & Dillin 2010; Madeo et al. 2010; Koga et al. 2011).
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Collectively, these studies may suggest that dysfunctional proteostasis has some causative
role in aging or, alternatively, restoration of protein homeostasis machinery is protective
against some other driving force in aging and age-related disease. In either scenario, the
major mechanistic question of how these processes extend lifespan and healthspan remains
as yet poorly answered, as an incomplete understanding of the various interactions,
specificity, and targets of quality control pathways currently limits the ability of researchers
to close this gap. Fortunately, several quality control pathways, such as autophagy and
ubiquitin-mediated degradation, are receiving increased attention from several areas of
biomedical research as their roles are recognized in a number of diseases (Madeo et al.
2010). In addition, the emergence of sophisticated tools in genomics and proteomics has
provided powerful resources in cellular biology, allowing researchers to acquire and analyze
an unprecedented depth and volume of data.

The aging cardiac proteome recapitulates most hallmarks of the aged cellular proteome
including the appearance of protein aggregates and lipofuscin, increased protein oxidation
and damage, increased ubiquitination, and declines in autophagy and the ubiquitin
proteasome system (Morimoto & Cuervo 2009; Johnson et al. 2013). All of these changes
have an impact on global levels of proteostasis to some degree, consistent with a notion of
proteome remodeling during aging. It is unlikely, however, that all protein changes are
equally or significantly contributing to the aging phenotype — presenting a challenge for
researchers to identify the most phenotypically relevant downstream targets and their
changes during aging.

The majority of studies in mice have reported a decline in the efficiency of protein
degradation machinery with advanced age, contributing to a popular notion that aging is
associated with a decrease in overall protein turnover. However, using a sensitive method of
heavy label proteomics, our group has consistently observed that proteome turnover is either
unchanged or modestly increased in the various mouse tissues examined to date, including
mouse heart (Dai et al. 2014a) as well as skeletal muscle (submitted), brain (unpublished),
and liver (submitted). Unlike earlier studies, these finding were based on direct
measurements of individual protein turnover rates in vivo (Hsieh et al. 2012), rather than
using bulk protein synthesis measurements or cellular markers of degradation as a proxy.
Additionally, other recent studies utilizing a similar metabolic labeling-based MS approach
to assess in vivo protein turnover have observed turnover rates consistent with our
observations in aging mice (Price et al. 2010; Miller et al. 2012).

In mice, we have shown that the age related functional declines discussed previously are
accompanied by proteomic remodeling of both energetic and structural pathways (Dai et al.
2014a). Levels of mitochondrial respiratory proteins, key for the production of most of the
cardiac ATP, declined in the old heart, with concurrent reductions in metabolic proteins
involved in fatty acid beta oxidation, amino acid metabolism, ketogenesis, and the TCA
cycle, together likely contributing to an overall energy deficiency in aging hearts (Dai et al.
2014a). Conversely, glycolytic metabolic pathways as well as extracellular structural
proteins were significantly increased in protein abundance with age (Dai et al. 2014a). The
metabolic shift from TCA to glycolysis/gluconeogenesis was confirmed by metabolomics.
This remodeling of the cardiac proteome with age is consistent with a number of proteomic
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studies focused on cardiac aging and disease. These changes may be the result of an
underlying decline in protein quality control systems, which in turn leads to accumulation of
damaged proteins. Two processes are known to turn over the majority of cellular proteins:
autophagy and the ubiquitin proteasome system.

4.3 Autophagy

Autophagy is one of two primary cellular systems which degrade the vast majority of
proteins in the cell (its counterpart, the ubiquitin proteasome, is discussed below). Any
cellular degradation involving lysosomes, single membrane vesicles containing various
enzymes for the digestion of macromolecules, is generally categorized under the umbrella
term “autophagy” (Morimoto & Cuervo 2009). There are three major ways by which
proteins can be delivered to a lysosome for degradation, which define three primary
categories of autophagy: macroautophagy, microautophagy, and chaperone-mediated
autophagy. For brevity these will not be covered in detail, however, readers are referred to a
number of comprehensive reviews on each topic (Morimoto & Cuervo 2009; Madeo et al.
2010; Koga et al. 2011).

There are four general physiological roles of autophagic degradation: cell and protein
quality control, conserving cellular resources, cellular remodeling, and cell defense (Madeo
et al. 2010). In context of quality control, autophagy is responsible for the clearance of
damaged proteins, insoluble protein inclusions, and abnormal organelles, all of which are
hallmarks of aged and dysfunctional tissues. Knocking down components of autophagy
leaves cells unable to remove damaged organelles and proteins (Ravikumar et al. 2002;
Madeo et al. 2010; Wong & Cuervo 2010), demonstrating that autophagy plays a key role in
protein homeostasis.

Numerous lines of evidence suggest that autophagy is likely to have an important role in
organismal aging, however, there has as yet been no “smoking gun”. Many studies, mostly
in C. elegans, have demonstrated that autophagy components are required for lifespan
extension by CR, mTOR inhibition, IGF-1 inhibition, and a few other longevity pathways
(Ryazanov & Nefsky 2002; Douglas & Dillin 2010; Koga et al. 2011), although these have
not yet been confirmed in other model systems. Unfortunately, there is no genetic or
pharmacological intervention known to specifically increase autophagy without targeting
other processes.

A recent report has found that genetic over-expression of ATG5, a vital autophagy protein
involved in autophagosome formation, extends lifespan in mice (Pyo et al. 2013). ATG5 has
an important pro-apoptotic function, which cannot be excluded as the longevity-promoting
factor. In particular clearance of defective mitochondria by autophagy (mitophagy) is known
or be essential in cardiac development and response to stress or injury. Thus, cardiac-
specific knockdown of ATG5 in mice has been shown to accelerate aspects of aging in the
heart, including accelerated left ventricular hypertrophy, decreased fractional shortening,
and premature death (Taneike et al. 2010). In addition, the accumulation of ubiquitinated
proteins and p62 in ATG5 mutant mice suggests that removal of damaged or aggregating
proteins is a protective mechanism (Taneike et al. 2010; Wohlgemuth et al. 2014b). In
agreement with this, a study performed using cardiomyocyte cell lines found that induction
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of autophagy was protective against oxidative stress-induced protein aggregation and
reduced levels of protein ubiquitination (Dutta et al. 2013). Further, this study found that
induction of autophagy improved mitochondrial function and reduced cell death, confirming
that autophagy has an important role in maintaining mitochondrial quality.

Sirtl expression stimulates basal levels of autophagy, likely through deacetylation of
autophagy genes (Atg)5, -7, and -8,, and Sirtl overexpression increases autophagic flux in
cultured mouse embryonic fibroblasts (Lee et al. 2008). The reduction in Sirtl expression
with age may contribute to susceptibility of the heart to injury, as it is no longer able to
promote autophagy through deacetylation of FoxO1, leaving cardiomyocytes with a lessened
ability to respond to ischemia (Hariharan et al. 2010). The induction of autophagy mediated
by CR and nutrient deprivation, but not autophagy stimulated by rapamycin treatment,
appear to be dependent on functioning Sirtl (Morselli et al. 2010).

The mTOR pathway, when inhibited, is well known to increase autophagy and extend
lifespan. In fact rapamycin (discussed below), by inhibiting mTOR, is one of the few drugs
available which can be used to pharmacologically increase autophagy. Longevity studies
with rapamycin, and other forms of mTOR inhibition, have reported increased autophagy in
animals across many studies (Harrison et al. 2009; Morimoto & Cuervo 2009; Stanfel et al.
2009; Johnson et al. 2013), and offer further evidence that autophagy may play a central role
in aging. Even so, due to the inability to specifically over-express autophagy components
without targeting non-specific processes, it is still not certain whether augmenting
autophagy can in itself extend lifespan or slow aging.

In the future, to better understand the mechanisms underlying improved cardiac function
following induction of autophagy, it will be critical to better understand the detailed roles of
autophagic pathways with oxidative stress, mitochondrial quality control, and clearance of
unwanted proteins in the heart.

4.4 Ubiquitin-mediated turnover

The ubiquitin-proteasome system (UPS) is the primary non-lysosomal protein degradation
pathway. In contrast to autophagy, its action is limited specifically to individual proteins,
and cannot degrade other macromolecules, organelles, or groups of proteins. Where
autophagy often degrades its targets in bulk, the UPS very specifically targets thousands of
proteins and utilizes a sophisticated array of mechanisms to do so with spatial and temporal
precision. The UPS is also active in all regions of the cell, and targets proteins localized in
organelles. For most proteins, degradation through this pathway is characterized by 2 major
steps: first the recognition and “tagging” of a protein for elimination with a poly-ubiquitin
modification, followed by translocation to the proteasome for degradation (Morimoto &
Cuervo 2009; Wong & Cuervo 2010; Koga et al. 2011). This extraordinarily complex
process has been extensively studied and described in very great detail in literature, and
readers are referred to several detailed reviews of UPS functions (Ryazanov & Nefsky 2002;
Morimoto & Cuervo 2009; Douglas & Dillin 2010; Wong & Cuervo 2010; Koga et al. 2011,
Jana 2012).
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Similar to autophagy, the UPS is essential for maintaining overall cellular homeostasis.
Inhibiting or deleting its components often leads to severe cellular phenotypes, toxicity, and
cellular death. Almost immediately after inhibition, an accumulation of protein inclusions
can be observed in cells. Interestingly these resemble the inclusions described in a number
of neurodegenerative diseases (Ryazanov & Nefsky 2002; Keck et al. 2003; Bedford et al.
2008; Robinson 2008). Genetic depletion of proteasome subunits in the brains of mice has
been shown to induce a neurodegenerative phenotype, suggesting a role in
neurodegenerative diseases characterized by protein inclusions (Bedford et al. 2008). In the
heart, the role of the UPS is less well known. Some evidence exists of proteasomal
degradation of various cardiac proteins including myofibrillar proteins, connexins, actin, and
myosin (Pagan et al. 2013). These mechanisms, for the most part, have not been well-
characterized in heart. Pharmacological and genetic intervention of the UPS with
proteasome inhibitors has, however, made it evident that the proteasome can have powerful
effects on the heart. In models of ischemia-reperfusion injury, for instance, proteasome
inhibitors decrease infarct size — sometimes by over 50% (Pagan et al. 2013). Little has been
reported in the literature about the role of the ubiquitin proteasome in the context of cardiac
aging specifically.

Most of the evidence linking the UPS-intervention to longevity comes from C. elegans
studies (Li et al. 2007; Koga et al. 2011; Jana 2012). Generally, these can be explained by
the specific action of UPS on longevity pathways, rather than a global change in the
proteolytic system. The ubiquitin ligase RLE-1, for example, selectively targets and poly-
ubiquitinates a key component in the homologous insulin/IGF pathway in worms, daf-16,
and leads to its degradation by the proteasome (Li et al. 2007). As a result, inhibition of
RLE-1 extends lifespan in C. elegans. In flies it has been shown that overexpression of
parkin-1, a ubiquitin ligase involved in familial Parkinson’s disease, extends lifespan (Rana
et al. 2013).

On a broad scale, it is not known if general protein maintenance by the UPS is intimately
involved in aging. Correlatively, proteasomal activity becomes less functional with age and
is restored in long-lived animals under CR (Koga et al. 2011; Jana 2012). It is also important
to note that autophagy and the UPS must work in synchrony to direct protein homeostasis
and an intervention in either process is likely to cause changes in both. Interestingly, it has
been shown that poly-ubiquitination can promote the clearance of proteins through
autophagy (Tan et al. 2008).

4.5 Apoptosis

There is increasing evidence of significant age-related loss of cardiac myocytes (Kajstura et
al. 1996a; Kajstura et al. 1996b; Li et al. 1997; Liu et al. 1998; Lee et al. 1999) which
contributes to the increased susceptibility of the aged heart in models of myocardial
infraction (M), ischemic heart attack, and congestive heart failure (Liu et al. 1998; Azhar et
al. 1999; Narula et al. 1999; Crow et al. 2004; Lehrke et al. 2006). Studies on the
interrelation between age and apoptotic cell loss have been contradictory, with some
apoptotic markers decreasing while others increase with age and in pathologies generally
associated with aging (Maury & Teppo 1989; Levine et al. 1990; Lane et al. 1993; Torre-
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Amione et al. 1996; Kavathia et al. 2009). However, there is consensus that apoptosis plays
a significant role in deteriorating function of senescent hearts. Several cellular processes
have been hypothesized to contribute to this. A significant increase in oxidative stress may
precede cardiomyocyte apoptosis (Kajstura et al. 1996b; Nitahara et al. 1998; Mather &
Rottenberg 2000; Phaneuf & Leeuwenburgh 2002; Crow et al. 2004). Similarly, the
reduction of SIRT1 deacetylase activity of and the increased acetylation of the Foxol
transcription factor in senescent hearts has been shown to lead to activation of pro-apoptotic
Bim signaling (Sin et al. 2014). Sirtl and Sirt7, both localized to the nucleus, modulate p53
activity to act in a protective manner against apoptosis (Alcendor et al. 2004; Vakhrusheva
et al. 2008). Sirt3 can also influence the path to autophagy by targeting the mitochondrial
permeability transition pore (MPTP). Cyclophilin D is a component of the MPTP and Sirt3
maintains cyclophilin D in its deacetylated form, preventing the release of pro-apoptotic
factors (Hafner et al. 2010). Age-related decline in the Bcl2 anti-apoptotic marker and
significant elevation of cytosolic cytochrome c in aged hearts can also trigger apoptosis
(Narula et al. 1999; Phaneuf & Leeuwenburgh 2002). Furthermore, cytochrome c-dependent
activation of cysteine proteases and caspase 3 is known to mediate myopathic apoptosis in
human cardiomyopathy (Beltrami et al. 1994; Narula et al. 1999).

4.6 Mitochondrial Quality Control

Mitochondrial dysfunction and dysregulation are well documented in old age. Mitochondrial
dysfunction in old age is associated with abnormal mitochondrial ROS production and
detoxification (reviewed in (Terzioglu & Larsson 2007; Trifunovic & Larsson 2008;
Mammucari & Rizzuto 2010)). Mitochondrial oxidative phosphorylation declined with age,
as evident by the decline in mitochondrial state 3 respiration (maximal stimulated
respiration), related to diminished activity of electron transport complexes I and 1V in old
age. The function of complexes II, 111 and V are relatively unaffected in old age (see review
(Navarro & Boveris 2007)).

As the heart is a highly metabolic active organ and rich in mitochondria, it is particularly
susceptible to mitochondrial oxidative damage. Several studies have demonstrated the
deficiency of mitochondrial energetics in human and experimental animals with heart failure
(Ventura-Clapier et al. 2008). The mechanisms by which mitochondrial dysfunction lead to
heart failure may include mitochondrial biogenesis that does not keep up with the increasing
demand in cardiac hypertrophy (see review (Goffart et al. 2004), mitochondrial uncoupling
and decreased substrate availability (Murray et al. 2004), and increased mitochondrial DNA
deletions (Dai et al. 2011b) and altered energetics (see section 3.1, above).

We have previously shown that mitochondrial protein carbonylation, indicative of oxidative
damage to mitochondrial proteins, significantly increased in aged mouse hearts (Dai et al.
2009; Dai et al. 2010). This suggests that damaged mitochondria in aged mouse hearts
produce more ROS than healthy mitochondria in young hearts. Furthermore, aged mouse
hearts had a 3—-4 fold increase in mitochondrial DNA point mutations and deletions (Dai et
al. 2009). Defective mtDNA produce defective subunits of mitochondrial electron transfer
complexes, especially complexes | and 1V, leading to increased ROS production. This may
lead to vicious cycle of ROS amplification within mitochondria (Dai et al. 2012a; Dai et al.
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2012b). The most direct evidence for the critical role of mitochondrial ROS in cardiac aging
was shown by mice overexpressing catalase targeted to the mitochondria (mCAT). The
mCAT mice were significantly protected from the age-dependent increase in LVVMI, decline
in diastolic function and impairment of myocardial performance through better preservation
of SERCA2, as well as amelioration of cardiac fibrosis and cardiomyocytes hypertrophy
(Dai et al. 2009). Consistent with this, mCAT attenuates mitochondrial oxidative damage, as
displayed by significant reductions of mitochondrial protein carbonyls and mtDNA deletion
frequencies in aged mCAT hearts (Dai et al. 2009).

Another line of evidence for the critical role of mitochondria in aging is demonstrated by
mice with proofreading-deficient homozygous mutation of mitochondrial polymerase
gamma (PolgP257AD257A designated as Polg™™), which induces a substantial increase in
mtDNA point mutations and deletions (Trifunovic et al. 2004; Kujoth et al. 2005). The
accumulation of mitochondrial DNA mutations has been shown to increase apoptosis
(Kujoth et al. 2005). These mice were shown to have shortened lifespan and an “accelerated
aging-like” phenotypes, such as kyphosis, graying and loss of hair, anemia, osteoporosis and
age-dependent cardiomyopathy (Trifunovic et al. 2004; Dai et al. 2010), which include
marked LV hypertrophy, systolic and diastolic dysfunction, impairment of myocardial
performance, increased cardiac fibrosis, apoptosis and hypertrophy of remaining
cardiomyocytes. The observations that mitochondrial damage and cardiomyopathy in these
mice can be partially rescued by mCAT suggests that mitochondrial ROS and mitochondrial
DNA damage are part of a vicious cycle of ROS-induced ROS release (Dai et al. 2010).

A recent paper reports the striking result that endurance exercise in Polg™™ mutant mice can
prevent progeroid phenotypes in both skeletal and cardiac muscles (Safdar et al. 2011). It is
proposed that the augmented mitochondrial biogenesis induced by endurance exercise in
these mice is a critical factor in maintaining mitochondrial function in these muscles. Age-
associated accumulation of mtDNA deletions have been documented in human hearts
(Corral-Debrinski et al. 1991; Zhang et al. 1997). The beneficial effects of endurance
exercise seen in Polg™™ mutant mice reinforce the well-known benefit of regular aerobic
exercise for human hearts.

Sirtuins are believed to influence cardiac aging through modulation of mitochondrial stress
responses. Sirt3 has been shown to contribute to this by up-regulating mitochondrial
antioxidant defenses, leading to lower levels of ROS (Wu et al. 2014). Indeed, mice without
Sirt3 have a compromised ability to benefit from caloric restriction in the face of oxidative
stress (Tao et al. 2010) and develop cardiac hypertrophy and fibrosis very early in life
(Sundaresan et al. 2009). Age-related loss of Sirt3 has been associated with cardiac aging
phenotypes, including hypertrophy (Pillai et al. 2010; Pillai et al. 2014). Sirt3 modulates the
Foxo3a and catalase to reduce ROS in vitro, along with decreasing signaling from Ras to the
MAP/ERK and P13K/Akt pathways, preventing cardiomyocyte hypertrophy (Sundaresan et
al. 2009). Sirt3 also deacetylates the mitochondrial antioxidant MnSOD in vitro,
contributing to its improved antioxidant effects (Qiu et al. 2010).

4.6.1 Mitochondria fusion and fission—Mitochondria fusion/fission is a highly
conserved quality control process in which a balance between fusion and fission is vital for
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normal functioning of the mitochondria and overall cellular homeostasis. These processes
regulate mitochondria number, morphology, and function (Bereiter-Hahn & Voth 1994) and
their role in maintenance of mitochondrial quality control is likely necessary to retard the
detrimental effects of aging. As noted above, mitochondrial dysfunction is a hallmark of
aging and this is manifested by impairment of OXPHOS bioenergetics, and accumulation of
ROS. Furthermore, cardiomyocyte mitochondrial morphological changes have been reported
in aging and heart disease (Hom & Sheu 2009; Ong & Hausenloy 2010). This suggests that
there are diminished mitochondrial quality control mechanisms with age and a greater
understanding may offer some insight into the function decline in cardiac function with

aging.

In recent years, it has become clear that mitochondria exist as a dynamic network within
cells, in which the active processes of mitochondrial fission and fusion are a balanced
process by which mitochondrial quality control is maintained (Hom & Sheu 2009). A key
mechanism by which this is accomplished is that mitochondrial fission fragments that have
low membrane potential (indicative of poor OSPHOS activity) are targeted for degradation
by ubiquitination via the activity of Pink and Parkin (Matsuda et al. 2010). Key proteins that
regulate mitochondrial fusion and fission are mitofusinl/2 and OPA1, and their
dysregulation impairs mitochondrial structure and function, with loss of efficiency of
cellular respiration in many tissues (Frieden et al. 2004; Szabadkai et al. 2004; Chen et al.
2005; Westermann 2010), including the ageing heart (Bossy-Wetzel et al. 2003;
Papanicolaou et al. 2011). Complete genetic ablation of mfn1/2 is embryonic lethal.
Deletion of mfnl results in mitochondrial fragmentation, although mfn1-KO murine hearts
have normal left ventricular function and their mitochondria exhibited normal respiratory
function (Papanicolaou et al. 2012). However, other studies have found that Mfn1 partial
deletion resulted in mild respiration deficiency, cardiac hypertrophy, and impaired
contractile reserve (Papanicolaou et al. 2011).

Under normal conditions mitofusins 2 (Mfn2) is highly expressed in adult hearts and its
deficiency in cardiomyocytes is associated with disruption of cell cycle progression, cardiac
hypertrophy, reduced oxidative metabolism and altered mitochondrial permeability
transition and systolic dysfunction (Papanicolaou et al. 2011). Piquereau et al. also found
that partial down-regulation of Mfn2 and optic atrophy-1 (OPA1) in cardiac tissue resulted
in altered mitochondrial morphology in which large pleomorphic mitochondria with
disorganized cristae were arranged in irregular patterns (Papanicolaou et al. 2011; Piquereau
et al. 2012). Suppression of mfn2 expression has also been reported in cardiac diseases such
as SHR, murine pressure-overload hypertrophy and in o-TG mice with cardiomyopathy
(Fang et al. 2007). Partial knockout of both Mfn1 and 2 in murine models results in
mitochondrial fragmentation, impaired mitochondrial respiration, and fatal cardiomyopathy
(Chen et al. 2011). Overexpression of Mfn2 may also promote apoptosis, however (Shen et
al. 2007; lkeda et al. 2014)

It is thus clear that mitochondrial dynamics, including fission and fusion, is a necessary
component of cardiomyocyte homeostasis and maintenance of cardiac function. The decline
in efficiency of these functions is likely implicated in cardiac aging, however, this is clearly
a subject that warrants further study.
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4.7 Cardiac matrix homeostasis: Matrix metalloproteases

Matrix metalloproteases (MMPs) are known to degrade the extracellular matrix (ECM) and
play a role in tissue homeostasis (Parks et al. 2004). As organisms age, this homeostatic role
can be thrown off balance with overexpression of MMPs. With increased age, MMP2,
MMP9, and MMP28 have all been shown to play a role in the cardiac tissue (Chiao et al.
2012; Horn et al. 2012; Ma et al. 2013; Yabluchanskiy et al. 2014).

MMP?2 is a gelatinase that is up-regulated in multiple aged organisms (Horn et al. 2012). A
study using sheep demonstrated that MMP2 expression is increased in old animals, and this
expression shows the same trend in old mice (Horn et al. 2012). When angiotensin-
converting enzyme 2 (ACEZ2) is knocked out in mice, there is a spike in MMP2 expression
that is not seen in wild type controls, suggesting an increase in matrix degradation when
angiotensin cannot be properly regulated (Patel et al. 2014).

MMP9, a collagenase, is the most commonly upregulated MMP in aging heart (Parks et al.
2004; Chiao et al. 2012). Chiao et al. showed an increase in MMP9 expression and protein
levels in both the left ventricle and plasma in senescent mice, which was tied to decreased
collagen deposits and TGFp activation. In the same study, when MMP9 was knocked out,
MMP8, which has a high affinity for collagen I and 111, was upregulated. Similar to MMP2,
when ACE2 was knocked out, MMP9 was increased (Chiao et al. 2012). Despite MMP9
being a collagenase, with its increased expression collagen accumulates and there is
increased angiogenic signaling (Yabluchanskiy et al. 2014). However, there is no increase in
vessel numbers or prevention of vascular leakage unless MMP9 expression is attenuated
(YYabluchanskiy et al. 2014).

MMP28, an epilysin and the most recently cloned MMP, has been shown to be dysregulated
in cardiac aging (Ma et al. 2013). When MMP28 is knocked out, the aging heart has an
increased inflammatory response (Ma et al. 2013). MMP28 will be a protease to investigate
in the future, since many of its interactions and roles are still being elucidated, especially in
cardiac aging.

Besides the MMPs, the role of collagen and fibrinogen in the ECM composition is
important. If there is too much extracellular matrix there is an increase in cardiac stiffness
and diastolic dysfunction in aged organisms (Ma et al. 2013). Cardiac stiffness increased
with age due to the increased amount of collagen content and fibrinogen deposit in old
animals (Horn et al. 2012; Rodriguez-Menocal et al. 2014; Yabluchanskiy et al. 2014).

5. Cardiac Aging Interventions

Interventions to prevent or delay CV disease have been widely publicized and often
successful, however these have focused on cardiac-extrinsic risk factors, such as
hypertension, cholesterol, smoking, diabetes and exercise (http://www.cdc.gov/heartdisease/
risk_factors.htm). Age-related factors (see section 1) are generally considered immutable,
even though aging is by far the largest risk factor for heart disease and failure. There are
however, several recognized methods of delaying the negative outcomes of aging, the best
characterized of these being restriction of caloric intake. More recently, there has been some
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progress in defining caloric restriction (CR) mimetics that may recapitulate positive changes
due to CR, without the necessary reduction of food intake. These largely function by
modulating the activity of mTOR. Candidates for CR mimetics presently including
rapamycin and resveratrol (Wohlgemuth et al. 2014a). Other interventions include
antioxidants targeted to the mitochondria, circulating factors, and cardiolipin-targeted
pharmaceutics. Below are summaries of some of the important cardiac aging interventions
that have been pursued to date.

5.1 Caloric/dietary restriction and mimetics

5.1.1 CR—CR, also called dietary restriction (DR), is a powerful and reproducible
technique to improve both healthspan and lifespan in many model organisms from yeast to
mice (reviewed in (Speakman & Mitchell 2011). CR is sustained calorie restriction without
restriction of vitamins and micronutrients. CR’s cardioprotective activity includes reduced
cardiac hypertrophy as measured by left ventricular mass and wall thickness, improved
cardiomyocyte contractile function and reduced cardiomyocyte size (Han et al. 2012). While
both CR and rapamycin affect metabolism through decreased mechanistic target of
rapamycin (MTOR) activity, there is evidence that DR works though other pathways as well
in a complex net of changes resulting in a whole-body stress response and adjustment in
tissue maintenance (reviewed extensively in (Speakman & Mitchell 2011)). CR can delay
the onset of cardiac aging and ameliorate the effects of cardiovascular disease. In humans,
rodents and monkeys, chronic dietary restriction reduces the aging-associated decline in
cardiac function, ameliorates cardiac hypertrophy, and reduces signs of cardiomyopathy
(Maeda et al. 1985; Taffet et al. 1997; Colman et al. 2009; Niemann et al. 2010; Shinmura
et al. 2011; Dai et al. 2014a).

CR protects against cardiomyopathy, in part by reducing age-associated apoptosis through
protection from DNA damage, enhanced DNA repair, and alterations in apoptosis-related
gene expression (Maeda et al. 1985; Dhahbi et al. 2006). It can also modulate expression of
genes involved in fibrosis, extracellular matrix maintenance, inflammation, and fatty acid
metabolism (Dhahbi et al. 2006). Many other processes associated with cardiac aging are
modulated by DR, including reduced perivascular collagen deposition, reduced left
ventricular cardiac hypertrophy, protective effects against ischemia, and a reduction of
chronic vascular inflammation (Spaulding et al. 1997; Broderick et al. 2001; Dhahbi et al.
2006).

The mechanisms by which CR modulates cardiac aging are still a matter of intense research.
One hypothesis is that limited nutrient/energy availability drives tissues from a proliferative
and energetic state to a somatic maintenance state to allow the best use of limited resources.
Indeed, Drake and colleagues (2013) found that DNA synthesis, a measure of proliferation,
was reduced while measures of mitochondrial biogenesis were maintained during life-long
CR (Miller et al. 2012; Drake et al. 2013). Many of these effects may be mediated through
the mTOR pathway, particularly mTORCL1, which regulates protein synthesis and autophagy
(Dobashi et al. 2011). Aged rats that are subjected to CR over their lifespan show increased
autophagy in conjunction with improved LV diastolic function (Shinmura et al. 2011).
Conversely, when autophagy is reduced in the heart in Atg5 knockout mice, after three

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 18

months they exhibit a reduced lifespan, LV hypertrophy, decreased fractional shortening,
and defective structure and function of cardiac mitochondria compared to controls (Taneike
et al. 2010). Cardiovascular disease and cardiac aging have long thought to be influenced by
oxidative stress. Since CR has been shown to reduce mitochondrial reactive oxygen species
(ROS) production in the heart and other tissues, and decrease NAD(P)H oxidase activity, it
may abrogate the effects of aging through a modulation of the redox environment (Gredilla
et al. 2001; Csiszar et al. 2010; Csiszar & Ungvari 2010). The most direct evidence of this is
derived from study of mice overexpressing catalase targeted to the mitochondria. These
mice have longer mean and maximal lifespans (Schriner et al. 2005), and moreover, show
functional and biochemical evidence of reduced cardiac aging (Dai et al. 2009). Notably,
diastolic failure (HFpEF), which is common in aged mice, as well as in man, was
substantially attenuated in mCAT mice.

As life-long CR is unlikely to be translatable as a human therapeutic regime, there has
recently been greater attention to the potential benefits of short term CR initiated later in
life. We have examined cardiac function and molecular alterations following 10 week CR
given to mice at 24 months of age (Dai et al. 2014a). We found that both CR and rapamycin
reversed age-related diastolic dysfunction and cardiac hypertrophy. Also, by using
deuterated-leucine protein labeling, we observed protein turnover differences between CR-
treated and old control animals.

5.1.2 Rapamycin—CR in humans is an unappealing regimen, and thus, the search
continues for CR mimetics that reproduce beneficial effects of CR without necessitating
drastic changes in diet.

Rapamycin is by far the best documented agent that is believed to function as a CR mimetic.
By inhibiting the target of rapamycin, mTOR, several important growth and cellular quality
control mechanisms are modulated including ribosomal biogenesis, autophagy, lipid
synthesis, and translation (reviewed in (Johnson et al. 2013)). These effects have been long-
and well-documented in invertebrate models of aging, including flies (Kapahi et al. 2004),
nematodes (Vellai et al. 2003; Jia et al. 2004), and yeast (Kaeberlein et al. 2005; Powers et
al. 2006). Interest in rapamycin in mammalian systems greatly increased following reports
from the National Institute on Aging Intervention Testing Program that long-term treatment
of mice with rapamycin improves healthspan measures and extends lifespan (Harrison et al.
2009; Anisimov et al. 2010; Miller et al. 2011). Aging tissues throughout the body are
affected by rapamycin, including the liver, adrenal glands, tendons, bone marrow, and heart
(Chen et al. 2009; Wilkinson et al. 2012). Benefits of rapamycin on the aging heart included
a reduced incidence of nuclear atypia in cardiomyocytes (Wilkinson et al. 2012).

Since the longevity effect of rapamycin was very similar after the drug was administered
from 9 months of age or beginning at 20 months of age, it has been suggested that the
cardiac benefits of rapamycin might be delivered to even older mice after briefer treatment.
Flynn et al. demonstrated an improvement in the age-related loss of contractile function and
a reduction in evidence of age-related sterile inflammation after rapamycin was administered
to 24 month old female mice for 3 months (Flynn et al. 2013). In our laboratory, we
observed that 10 week rapamycin treatment of 25 month-old mice conferred a substantial
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reversal of diastolic dysfunction and cardiac hypertrophy, as well as an attenuation of age-
related cardiac proteomic changes (Dai et al. 2014a). While the total proteome turnover of
the aging mouse heart was not significantly different from young controls, the cardiac
proteome had a significantly increased half-life after both CR and rapamycin treatment,
concurrent with a reduction of detectable protein oxidation and ubiquitination. These results
may point to proteome remodeling as a mechanism behind the cardiac functional benefits
granted by rapamycin. We also found an age-dependent abundance decrease in proteins
associated with young mitochondrial functional profile (electron transport chain, TCA cycle,
fatty acid metabolism) and an increase in proteins that transition the mitochondria to a more
glycolytic program. Short-term rapamycin and CR both reversed this phenotypic age-related
change (Dai et al. 2014a).

5.1.3 Resveratrol—Resveratrol, a potential CR mimetic initially studied for its anticancer
benefits, has enjoyed some popularity as an aging intervention. Resveratrol (3, 4/, 5-
trihydroxy-trans-stilbéne) is a phytoalex that is produced by plants as a reaction to stresses
such as infection or injury (Baur 2010). Many studies point to resveratrol as an activator of
sirtuins, modulating protein acetylation states (Wohlgemuth et al. 2014a). Sirtl and Sirt3
and cause the nuclear translocation of phosphorylated FoxOs (Mukherjee et al. 2010), and
this mechanism may underlie resveratrol’s hormetic action in preconditioning that increases
stress response pathway activation and autophagy (Petrovski et al. 2011). Other possible
mechanisms of action include activation of AMPK and inhibition of cAMP
phosphodiesterases (PDEs) (Chung 2012). In an ischemia/reperfusion model of Sprague-
Dawley rats, a formulation of resveratrol with 5% quercetin plus 5% rice bran phytate was
shown to protect cardiac performance and minimize infarct area, while also increasing
autophagy. It has also been suggested that resveratrol can be combined with short term CR
to potentiate autophagy in the hearts of 26-month-old rats and provide protection against
doxorubicin-mediated cardiac toxicity (Dutta et al. 2014). However, a recent meta-study
found that the published work on resveratrol has sufficient study variability, including dose
ranges and methodological variability, to reduce the confidence in conclusions drawn from
the clinical literature (Pollack & Crandall 2013).

There is recent evidence that the circulating growth differentiation factor 11 (GDF11, also
known as bone morphogenetic protein 11, BMP11) may contribute to myocardial aging
(Loffredo et al. 2013). Using heterochronic parabiosis, a technique that joins the circulatory
systems of two mice, in this case old to young, Loffredo and colleagues determined that age-
related cardiac hypertrophy was abrogated in old mice due to a circulating factor originating
from the young mice. They concluded that GDF11 was the factor responsible for the age-
related hypertrophy reversal. Indeed, old mice given GDF11 had similar cardiac benefits
(Loffredo et al. 2013). However, the mechanism by which GDF11 may be working remains
unclear. GDF11 shares much homology with myostatin, and myostatin is a negative
regulator of muscle mass (McPherron 2010). Also the homologous gene myoglianin has
been shown to preserve muscle function in fly aging models, together suggesting that
GDF11 may preserve cardiac homeostasis and other tissues (Patel & Demontis 2014).
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5.3 Mitochondrial antioxidants

Mitochondria are critical for maintaining protein, lipid, and overall cellular quality control,
and mitochondrial dysfunction is associated with aging tissue dysfunction. Moreover, as
noted above, mMCAT mice show considerable protection from the functional and biochemical
effects of aging (Dai et al 2009). Consequently several pharmaceutical therapies have been
proposed to target and improve mitochondrial function.

Triphenylphosphonium ion (TPP*) conjugation is an effective method of targeting the
mitochondria by using the potential gradient across the inner membrane to trap the
molecules there at up to 100- to 1000-fold higher concentration than in the cytosol (Murphy
& Smith 2007). An example is TTP* conjugated to coenzyme Q, a compound termed MitoQ
(Smith et al. 2012). MitoQ and other TPP* conjugates have been shown to reduce systolic
blood pressure and cardiac hypertrophy in rats (Graham et al. 2009; Dikalova et al. 2010),
prolong lifespan in SOD-/- flies (Magwere et al. 2006), and be protective against AD and
PD in rodent models (Ghosh et al. 2010; Manczak et al. 2010).

Plastoquinone conjugated to TPP+ (SkQ1) (Skulachev et al. 2009), is another strategy
employed to reduce intracellular ROS and improve lifespan (Skulachev 2013). Both MitoQ
and SkQ1 can reduce IR injury, but they may also inhibit oxidative phosphorylation and
ATP production (Szeto 2014).

5.4 Cardiolipin-targeted therapeutics

SS-31 (Szeto-Schiller compound 31, H-D-Arg-Dmt-Lys-Phe-NH,) is a tetrapeptide which
preferentially targets and concentrates in the inner mitochondrial membrane (Szeto 2014).
SS-31 has been the focus of several recent Phase | and Phase Il clinical trials under the name
Bendavia (Chakrabarti et al. 2013; Szeto 2014). Though it can scavenge free radicals such
as H,0, hydroxyl radical and peroxynitrite, the in vivo effects seem to be primarily due to
its interaction with cardiolipin. Cardiolipin is an inner mitochondrial membrane
phospholipid critical for maintenance of cristae structure and the formation of electron
transport chain super complexes (Zhang et al. 2002; Pfeiffer et al. 2003), as well as
anchoring cytochrome c at the inner membrane (Rytomaa & Kinnunen 1994; Rytomaa &
Kinnunen 1995). This interaction is important for cytochrome ¢ function, but cardiolipin
also causes cytochrome c to unfold through hydrophobic interactions. Peroxidase activity of
cytochrome c is then greatly increased, which can lead to cardiolipin peroxidation and
subsequent loss of proper cristae structure and super complex stability (Basova et al. 2007;
Wiswedel et al. 2010). Quality control mechanisms of the mitochondria are dependent on
homeostatic ROS, and this disruption of electron transport function and organization leads to
increased ROS formation by complex 1 (Maranzana et al. 2013). SS-31 binding to
cardiolipin blocks the peroxidase activity of cytochrome c¢ (Birk et al. 2014).

After a coronary artery ligation method of myocardial infarction, rats chronically receiving
Bendavia were found to have reduced LV volume, scar area, and ROS production, and
improved LV fractional shortening and ejection fraction (Dai et al. 2014b). Interestingly,
this was accompanied by reduced apoptosis in the infarct border zone and maintenance of
mitochondrial function and gene expression.
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Our laboratory has shown that SS-31 attenuates Gaq overexpression-induced heart failure
and reduced angiotensin-I1 induced LV hypertrophy and diastolic dysfunction (Dai et al.
2011a). It may also protect cardiac mitochondrial ultrastructure in a pressure-overload
model of transverse aortic constriction by preserving most of the mitochondrial and non-
mitochondrial cardiac proteome in the pre-overload state (Dai et al. 2013).

6. Conclusion

Quality control of genetic material, proteins, and cellular processes degrades with aging. In
the heart, this progressive loss of maintenance mechanisms leads to clinically relevant
cardiac dysfunction and a susceptibility to age-associated diseases. Many aspects of cardiac
dysfunction manifest similarly in humans and other mammals, allowing the use of
genetically altered and pharmacologically treated model organisms to dissect mechanisms of
cardiac aging. We now know that molecular pathways that affect longevity also tend to
affect cardiac healthspan. Pathways that respond to and modulate proteostasis, nutrient
signaling, autophagy and mitochondrial maintenance are clearly important for CV health,
and interventions that directly interact with these pathways are promising avenues for
preserving optimal cardiac function. Through powerful new methods of investigating quality
control mechanisms and cardiovascular dysfunction, in tandem with progress in
interventions that modulate them, we can look forward to more therapies that directly
influence cellular maintenance to improve cardiovascular health.

References

Abbas A, Grant PJ, Kearney MT. Role of IGF-1 in glucose regulation and cardiovascular disease.
Expert Rev Cardiovasc Ther. 2008; 6:1135-1149. [PubMed: 18793116]

Adachi T, Weisbrod RM, Pimentel DR, Ying J, Sharov VS, Schoneich C, Cohen RA. S-
Glutathiolation by peroxynitrite activates SERCA during arterial relaxation by nitric oxide. Nat
Med. 2004; 10:1200-1207. [PubMed: 15489859]

Ahmet |, Tae HJ, de Cabo R, Lakatta EG, Talan MI. Effects of calorie restriction on cardioprotection
and cardiovascular health. J Mol Cell Cardiol. 2011; 51:263-271. [PubMed: 21586294]

Alcendor RR, Kirshenbaum LA, Imai S, Vatner SF, Sadoshima J. Silent information regulator 2alpha,
a longevity factor and class 111 histone deacetylase, is an essential endogenous apoptosis inhibitor in
cardiac myocytes. Circ Res. 2004; 95:971-980. [PubMed: 15486319]

Anisimov VN, Zabezhinski MA, Popovich IG, Piskunova TS, Semenchenko AV, Tyndyk ML, Yurova
MN, Antoch MP, Blagosklonny MV. Rapamycin extends maximal lifespan in cancer-prone mice.
Am J Pathol. 2010; 176:2092-2097. [PubMed: 20363920]

Anversa P, Puntillo E, Nikitin P, Olivetti G, Capasso JM, Sonnenblick EH. Effects of age on
mechanical and structural properties of myocardium of Fischer 344 rats. Am J Physiol. 1989;
256:H1440-1449. [PubMed: 2719139]

Anyukhovsky EP, Sosunov EA, Chandra P, Rosen TS, Boyden PA, Danilo P Jr, Rosen MR. Age-
associated changes in electrophysiologic remodeling: a potential contributor to initiation of atrial
fibrillation. Cardiovasc Res. 2005; 66:353-363. [PubMed: 15820204]

Azhar G, Gao W, Liu L, Wei JY. Ischemia-reperfusion in the adult mouse heart influence of age.
Experimental gerontology. 1999; 34:699-714. [PubMed: 10530794]

Balasubramanian S, Johnston RK, Moschella PC, Mani SK, Tuxworth WJ Jr, Kuppuswamy D. mTOR
in growth and protection of hypertrophying myocardium. Cardiovasc Hematol Agents Med Chem.
2009; 7:52-63. [PubMed: 19149544]

Basova LV, Kurnikov IV, Wang L, Ritov VB, Belikova NA, Vlasova, Pacheco AA, Winnica DE,

Peterson J, Bayir H, Waldeck DH, Kagan VE. Cardiolipin switch in mitochondria: shutting off the

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 22

reduction of cytochrome ¢ and turning on the peroxidase activity. Biochemistry. 2007; 46:3423—
3434. [PubMed: 17319652]

Baur JA. Resveratrol, sirtuins, and the promise of a DR mimetic. Mech Ageing Dev. 2010; 131:261-
269. [PubMed: 20219519]

Bedford L, Hay D, Devoy A, Paine S, Powe DG, Seth R, Gray T, Topham I, Fone K, Rezvani N, Mee
M, Soane T, Layfield R, Sheppard PW, Ebendal T, Usoskin D, Lowe J, Mayer RJ. Depletion of
26S proteasomes in mouse brain neurons causes neurodegeneration and Lewy-like inclusions
resembling human pale bodies. J Neurosci. 2008; 28:8189-8198. [PubMed: 18701681]

Beltrami CA, Finato N, Rocco M, Feruglio GA, Puricelli C, Cigola E, Quaini F, Sonnenblick EH,
Olivetti G, Anversa P. Structural basis of end-stage failure in ischemic cardiomyopathy in humans.
Circulation. 1994; 89:151-163. [PubMed: 8281642]

Bereiter-Hahn J, Voth M. Dynamics of mitochondria in living cells: shape changes, dislocations,
fusion, and fission of mitochondria. Microscopy research and technique. 1994; 27:198-219.
[PubMed: 8204911]

Birk AV, Chao WM, Bracken C, Warren JD, Szeto HH. Targeting mitochondrial cardiolipin and the
cytochrome c/cardiolipin complex to promote electron transport and optimize mitochondrial ATP
synthesis. Br J Pharmacol. 2014; 171:2017-2028. [PubMed: 24134698]

Boluyt MO, Converso K, Hwang HS, Mikkor A, Russell MW. Echocardiographic assessment of age-
associated changes in systolic and diastolic function of the female F344 rat heart. J Appl Physiol.
2004; 96:822-828. [PubMed: 14555689]

Bossy-Wetzel E, Barsoum MJ, Godzik A, Schwarzenbacher R, Lipton SA. Mitochondrial fission in
apoptosis, neurodegeneration and aging. Current opinion in cell biology. 2003; 15:706-716.
[PubMed: 14644195]

Boyle AJ, Shih H, Hwang J, Ye J, Lee B, Zhang Y, Kwon D, Jun K, Zheng D, Sievers R, Angeli F,
Yeghiazarians Y, Lee R. Cardiomyopathy of aging in the mammalian heart is characterized by
myocardial hypertrophy, fibrosis and a predisposition towards cardiomyocyte apoptosis and
autophagy. Exp Gerontol. 2011; 46:549-559. [PubMed: 21377520]

Brachmann CB, Sherman JM, Devine SE, Cameron EE, Pillus L, Boeke JD. The SIR2 gene family,
conserved from bacteria to humans, functions in silencing, cell cycle progression, and
chromosome stability. Genes Dev. 1995; 9:2888-2902. [PubMed: 7498786]

Broderick TL, Driedzic WR, Gillis M, Jacob J, Belke T. Effects of chronic food restriction and
exercise training on the recovery of cardiac function following ischemia. J Gerontol A Biol Sci
Med Sci. 2001; 56:B33-37. [PubMed: 11193223]

Burkhoff D, Weiss RG, Schulman SP, Kalil-Filho R, Wannenburg T, Gerstenblith G. Influence of
metabolic substrate on rat heart function and metabolism at different coronary flows. AmJ
Physiol. 1991; 261:H741-750. [PubMed: 1887921]

Bursi F, Weston SA, Redfield MM, Jacobsen SJ, Pakhomov S, Nkomo VT, Meverden RA, Roger VL.
Systolic and diastolic heart failure in the community. Jama. 2006; 296:2209-2216. [PubMed:
17090767]

CON . PI3-kinase/Akt/mTOR signaling: impaired on/off switches in aging, cognitive decline and
Alzheimer’s disease. Exp Gerontol. 2013; 48:647-653. [PubMed: 23470275]

Ceylan-Isik AF, Dong M, Zhang Y, Dong F, Turdi S, Nair S, Yanagisawa M, Ren J. Cardiomyocyte-
specific deletion of endothelin receptor A rescues aging-associated cardiac hypertrophy and
contractile dysfunction: role of autophagy. Basic Res Cardiol. 2013; 108:335. [PubMed:
23381122]

Chakrabarti AK, Feeney K, Abueg C, Brown DA, Czyz E, Tendera M, Janosi A, Giugliano RP, Kloner
RA, Weaver WD, Bode C, Godlewski J, Merkely B, Gibson CM. Rationale and design of the
EMBRACE STEMI study: a phase 2a, randomized, double-blind, placebo-controlled trial to
evaluate the safety, tolerability and efficacy of intravenous Bendavia on reperfusion injury in
patients treated with standard therapy including primary percutaneous coronary intervention and
stenting for ST-segment elevation myocardial infarction. Am Heart J. 2013; 165:509-514.e507.
[PubMed: 23537966]

Chen C, Liu Y, Zheng P. mTOR regulation and therapeutic rejuvenation of aging hematopoietic stem
cells. Sci Signal. 2009; 2:ra75. [PubMed: 19934433]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 23

Chen H, Chomyn A, Chan DC. Disruption of fusion results in mitochondrial heterogeneity and
dysfunction. The Journal of biological chemistry. 2005; 280:26185-26192. [PubMed: 15899901]

ChenY, Liu Y, Dorn GW 2nd. Mitochondrial fusion is essential for organelle function and cardiac
homeostasis. Circulation research. 2011; 109:1327-1331. [PubMed: 22052916]

Chiao YA, Ramirez TA, Zamilpa R, Okoronkwo SM, Dai Q, Zhang J, Jin YF, Lindsey ML. Matrix
metalloproteinase-9 deletion attenuates myocardial fibrosis and diastolic dysfunction in ageing
mice. Cardiovasc Res. 2012; 96:444-455. [PubMed: 22918978]

Chicco AJ, Sparagna GC. Role of cardiolipin alterations in mitochondrial dysfunction and disease. Am
J Physiol Cell Physiol. 2007; 292:C33-44. [PubMed: 16899548]

Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC, Olsen JV, Mann M. Lysine
acetylation targets protein complexes and co-regulates major cellular functions. Science. 2009;
325:834-840. [PubMed: 19608861]

Christians ES, Benjamin 1J. Proteostasis and REDOX state in the heart. Am J Physiol Heart Circ
Physiol. 2012; 302:H24-37. [PubMed: 22003057]

Chung JH. Using PDE inhibitors to harness the benefits of calorie restriction: lessons from resveratrol.
Aging (Albany NY). 2012; 4:144-145. [PubMed: 22388573]

Colman RJ, Anderson RM, Johnson SC, Kastman EK, Kosmatka KJ, Beasley TM, Allison DB,
Cruzen C, Simmons HA, Kemnitz JW, Weindruch R. Caloric restriction delays disease onset and
mortality in rhesus monkeys. Science. 2009; 325:201-204. [PubMed: 19590001]

Corpas E, Harman SM, Blackman MR. Human growth hormone and human aging. Endocr Rev. 1993;
14:20-39. [PubMed: 8491152]

Corral-Debrinski M, Stepien G, Shoffner JM, Lott MT, Kanter K, Wallace DC. Hypoxemia is
associated with mitochondrial DNA damage and gene induction. Implications for cardiac disease.
Jama. 1991; 266:1812-1816. [PubMed: 1890710]

Correia LC, Lakatta EG, O’Connor FC, Becker LC, Clulow J, Townsend S, Gerstenblith G, Fleg JL.
Attenuated cardiovascular reserve during prolonged submaximal cycle exercise in healthy older
subjects. J Am Coll Cardiol. 2002; 40:1290-1297. [PubMed: 12383577]

Crow MT, Mani K, Nam YJ, Kitsis RN. The mitochondrial death pathway and cardiac myocyte
apoptosis. Circulation research. 2004; 95:957-970. [PubMed: 15539639]

Csiszar, A.; de Cabo, R.; Ungvari, Z. Calorie Restriction, Aging and Longevity. 2010. Caloric
Restriction and Cardiovascular Disease; p. 263-277.

Csiszar, A.; Ungvari, Z. Studies on Cardiovascular Disorders: Oxidative Stress in Applied Basic
Research and Clinical Practice. 2010. Oxidative Stress in Vascular Aging; p. 245-261.

Curb JD, Reed DM, Miller FD, Yano K. Health status and life style in elderly Japanese men with a
long life expectancy. J Gerontol. 1990; 45:5206-211. [PubMed: 2394921]

Dai DF, Chen T, Johnson SC, Szeto H, Rabinovitch PS. Cardiac aging: from molecular mechanisms to
significance in human health and disease. Antioxid Redox Signal. 2012a; 16:1492-1526.
[PubMed: 22229339]

Dai DF, Chen T, Szeto H, Nieves-Cintron M, Kutyavin V, Santana LF, Rabinovitch PS. Mitochondrial
targeted antioxidant Peptide ameliorates hypertensive cardiomyopathy. J Am Coll Cardiol. 2011a;
58:73-82. [PubMed: 21620606]

Dai DF, Chen T, Wanagat J, Laflamme M, Marcinek DJ, Emond MJ, Ngo CP, Prolla TA, Rabinovitch
PS. Age-dependent cardiomyopathy in mitochondrial mutator mice is attenuated by
overexpression of catalase targeted to mitochondria. Aging Cell. 2010; 9:536-544. [PubMed:
20456298]

Dai DF, Hsieh EJ, Chen T, Menendez LG, Basisty NB, Tsai L, Beyer RP, Crispin DA, Shulman NJ,
Szeto HH, Tian R, MacCoss MJ, Rabinovitch PS. Global proteomics and pathway analysis of
pressure-overload-induced heart failure and its attenuation by mitochondrial-targeted peptides.
Circ Heart Fail. 2013; 6:1067-1076. [PubMed: 23935006]

Dai DF, Johnson SC, Villarin JJ, Chin MT, Nieves-Cintron M, Chen T, Marcinek DJ, Dorn GW 2nd,
Kang YJ, Prolla TA, Santana LF, Rabinovitch PS. Mitochondrial Oxidative Stress Mediates
Angiotensin Il-Induced Cardiac Hypertrophy and G{alpha}q Overexpression-Induced Heart
Failure. Circ Res. 2011b; 108:837-846. [PubMed: 21311045]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 24

Dai DF, Karunadharma PP, Chiao YA, Basisty N, Crispin D, Hsieh EJ, Chen T, Gu H, Djukovic D,
Raftery D, Beyer RP, MacCoss MJ, Rabinovitch PS. Altered proteome turnover and remodeling
by short-term caloric restriction or rapamycin rejuvenate the aging heart. Aging Cell. 2014a;
13:529-539. [PubMed: 24612461]

Dai DF, Rabinovitch PS. Cardiac aging in mice and humans: the role of mitochondrial oxidative stress.
Trends Cardiovasc Med. 2009; 19:213-220. [PubMed: 20382344]

Dai DF, Rabinovitch PS, Ungvari Z. Mitochondria and cardiovascular aging. Circ Res. 2012b;
110:1109-1124. [PubMed: 22499901]

Dai DF, Santana LF, Vermulst M, Tomazela DM, Emond MJ, MacCoss MJ, Gollahon K, Martin GM,
Loeb LA, Ladiges WC, Rabinovitch PS. Overexpression of catalase targeted to mitochondria
attenuates murine cardiac aging. Circulation. 2009; 119:2789-2797. [PubMed: 19451351]

Dai W, Shi J, Gupta RC, Sabbah HN, Hale SL, Kloner RA. Bendavia, a mitochondria-targeting
peptide, improves post-infarction cardiac function, prevents adverse left ventricular remodeling
and restores mitochondria-related gene expression in rats. J Cardiovasc Pharmacol. 2014b

Dali-Youcef N, Lagouge M, Froelich S, Koehl C, Schoonjans K, Auwerx J. Sirtuins: the ‘magnificent
seven’, function, metabolism and longevity. Ann Med. 2007; 39:335-345. [PubMed: 17701476]

Damy T, Ratajczak P, Shah AM, Camors E, Marty |, Hasenfuss G, Marotte F, Samuel JL, Heymes C.
Increased neuronal nitric oxide synthase-derived NO production in the failing human heart.
Lancet. 2004; 363:1365-1367. [PubMed: 15110495]

de Magalhées JP. From cells to ageing: a review of models and mechanisms of cellular senescence and
their impact on human ageing. Exp Cell Res. 2004; 300:1-10. [PubMed: 15383309]

Dhahbi JM, Tsuchiya T, Kim HJ, Mote PL, Spindler SR. Gene expression and physiologic responses
of the heart to the initiation and withdrawal of caloric restriction. J Gerontol A Biol Sci Med Sci.
2006; 61:218-231. [PubMed: 16567370]

Dikalova AE, Bikineyeva AT, Budzyn K, Nazarewicz RR, McCann L, Lewis W, Harrison DG,
Dikalov Sl. Therapeutic targeting of mitochondrial superoxide in hypertension. Circ Res. 2010;
107:106-116. [PubMed: 20448215]

Dobashi Y, Watanabe Y, Miwa C, Suzuki S, Koyama S. Mammalian target of rapamycin: a central
node of complex signaling cascades. Int J Clin Exp Pathol. 2011; 4:476-495. [PubMed: 21738819]

Douglas M, Dillin A. Protein homeostasis and aging in neurodegeneration. J Cell Biol. 2010; 190:719-
729. [PubMed: 20819932]

Drake JC, Peelor FF 3rd, Biela LM, Watkins MK, Miller RA, Hamilton KL, Miller BF. Assessment of
mitochondrial biogenesis and mTORC1 signaling during chronic rapamycin feeding in male and
female mice. J Gerontol A Biol Sci Med Sci. 2013; 68:1493-1501. [PubMed: 23657975]

Du J, Zhou Y, Su X, Yu JJ, Khan S, Jiang H, Kim J, Woo J, Kim JH, Choi BH, He B, Chen W, Zhang
S, Cerione RA, Auwerx J, Hao Q, Lin H. Sirt5 is a NAD-dependent protein lysine demalonylase
and desuccinylase. Science. 2011; 334:806-809. [PubMed: 22076378]

Dutta D, Xu J, Kim JS, Dunn WA, Leeuwenburgh C. Upregulated autophagy protects cardiomyocytes
from oxidative stress-induced toxicity. Autophagy. 2013; 9:328-344. [PubMed: 23298947]

Evans DS, Kapahi P, Hsueh WC, Kockel L. TOR signaling never gets old: aging, longevity and
TORC1 activity. Ageing Res Rev. 2011; 10:225-237. [PubMed: 20385253]

Fang L, Moore XL, Gao XM, Dart AM, Lim YL, Du XJ. Down-regulation of mitofusin-2 expression
in cardiac hypertrophy in vitro and in vivo. Life sciences. 2007; 80:2154-2160. [PubMed:
17499311]

Fleg JL, O’Connor F, Gerstenblith G, Becker LC, Clulow J, Schulman SP, Lakatta EG. Impact of age
on the cardiovascular response to dynamic upright exercise in healthy men and women. J Appl
Physiol. 1995; 78:890-900. [PubMed: 7775334]

Flynn JM, O’Leary MN, Zambataro CA, Academia EC, Presley MP, Garrett BJ, Zykovich A, Mooney
SD, Strong R, Rosen CJ, Kapahi P, Nelson MD, Kennedy BK, Melov S. Late-life rapamycin
treatment reverses age-related heart dysfunction. Aging Cell. 2013; 12:851-862. [PubMed:
23734717]

Forman DE, Cittadini A, Azhar G, Douglas PS, Wei JY. Cardiac morphology and function in
senescent rats: gender-related differences. J Am Coll Cardiol. 1997; 30:1872-1877. [PubMed:
9385921]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 25

Freeman RV, Otto CM. Spectrum of calcific aortic valve disease: pathogenesis, disease progression,
and treatment strategies. Circulation. 2005; 111:3316-3326. [PubMed: 15967862]

Frieden M, James D, Castelbou C, Danckaert A, Martinou JC, Demaurex N. Ca(2+) homeostasis
during mitochondrial fragmentation and perinuclear clustering induced by hFisl. The Journal of
biological chemistry. 2004; 279:22704-22714. [PubMed: 15024001]

Galioto A, Dominguez LJ, Pineo A, Ferlisi A, Putignano E, Belvedere M, Costanza G, Barbagallo M.
Cardiovascular risk factors in centenarians. Exp Gerontol. 2008; 43:106-113. [PubMed:
17689040]

Ghosh A, Chandran K, Kalivendi SV, Joseph J, Antholine WE, Hillard CJ, Kanthasamy A,
Kalyanaraman B. Neuroprotection by a mitochondria-targeted drug in a Parkinson’s disease
model. Free Radic Biol Med. 2010; 49:1674-1684. [PubMed: 20828611]

Goffart S, von Kleist-Retzow J-C, Wiesner RJ. Regulation of mitochondrial proliferation in the heart:
power-plant failure contributes to cardiac failure in hypertrophy. Cardiovascular Research. 2004;
64:198-207. [PubMed: 15485678]

Goswami SK, Das DK. Autophagy in the myocardium: Dying for survival? Exp Clin Cardiol. 2006;
11:183-188. [PubMed: 18651029]

Graham D, Huynh NN, Hamilton CA, Beattie E, Smith RA, Cocheme HM, Murphy MP, Dominiczak
AF. Mitochondria-targeted antioxidant MitoQ10 improves endothelial function and attenuates
cardiac hypertrophy. Hypertension. 2009; 54:322-328. [PubMed: 19581509]

Gredilla R, Sanz A, Lopez-Torres M, Barja G. Caloric restriction decreases mitochondrial free radical
generation at complex | and lowers oxidative damage to mitochondrial DNA in the rat heart. Faseb
j. 2001; 15:1589-1591. [PubMed: 11427495]

Gurusamy N, Das DK. Is autophagy a double-edged sword for the heart? Acta Physiol Hung. 2009;
96:267-276. [PubMed: 19706370]

Hafner AV, Dai J, Gomes AP, Xiao CY, Palmeira CM, Rosenzweig A, Sinclair DA. Regulation of the
mPTP by SIRT3-mediated deacetylation of CypD at lysine 166 suppresses age-related cardiac
hypertrophy. Aging (Albany NY). 2010; 2:914-923. [PubMed: 21212461]

Hamlin RL, Smith CR. Anatomical and physiologic basis for interpretation of the electrocardiogram.
Am J Vet Res. 1960; 21:701-708. [PubMed: 14399298]

Han X, Turdi S, Hu N, Guo R, Zhang Y, Ren J. Influence of long-term caloric restriction on
myocardial and cardiomyocyte contractile function and autophagy in mice. J Nutr Biochem. 2012;
23:1592-1599. [PubMed: 22444502]

Hariharan N, Maejima Y, Nakae J, Paik J, Depinho RA, Sadoshima J. Deacetylation of FoxO by Sirtl
Plays an Essential Role in Mediating Starvation-Induced Autophagy in Cardiac Myocytes. Circ
Res. 2010; 107:1470-1482. [PubMed: 20947830]

Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL, Wilkinson JE, Frenkel
K, Carter CS, Pahor M, Javors MA, Fernandez E, Miller RA. Rapamycin fed late in life extends
lifespan in genetically heterogeneous mice. Nature. 2009; 460:392-395. [PubMed: 19587680]

Hedhli N, Pelat M, Depre C. Protein turnover in cardiac cell growth and survival. Cardiovasc Res.
2005; 68:186-196. [PubMed: 16061215]

Himms-Hagen J, Harper ME. Physiological role of UCP3 may be export of fatty acids from
mitochondria when fatty acid oxidation predominates: an hypothesis. Exp Biol Med (Maywood).
2001; 226:78-84. [PubMed: 11446442]

Hirschey MD, Shimazu T, Goetzman E, Jing E, Schwer B, Lombard DB, Grueter CA, Harris C,
Biddinger S, llkayeva OR, Stevens RD, Li Y, Saha AK, Ruderman NB, Bain JR, Newgard CB,
Farese RV Jr, Alt FW, Kahn CR, Verdin E. SIRT3 regulates mitochondrial fatty-acid oxidation by
reversible enzyme deacetylation. Nature. 2010; 464:121-125. [PubMed: 20203611]

Hom J, Sheu SS. Morphological dynamics of mitochondria--a special emphasis on cardiac muscle
cells. Journal of molecular and cellular cardiology. 2009; 46:811-820. [PubMed: 19281816]

Horn MA, Graham HK, Richards MA, Clarke JD, Greensmith DJ, Briston SJ, Hall MC, Dibb KM,
Trafford AW. Age-related divergent remodeling of the cardiac extracellular matrix in heart failure:
collagen accumulation in the young and loss in the aged. J Mol Cell Cardiol. 2012; 53:82-90.
[PubMed: 22516365]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 26

Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of metabolism and healthspan. Nat Rev
Mol Cell Biol. 2012; 13:225-238. [PubMed: 22395773]

Hsieh EJ, Shulman NJ, Dai DF, Vincow ES, Karunadharma PP, Pallanck L, Rabinovitch PS, MacCoss
MJ. Topograph, a software platform for precursor enrichment corrected global protein turnover
measurements. Mol Cell Proteomics. 2012; 11:1468-1474. [PubMed: 22865922]

Hu F, Liu F. Targeting tissue-specific metabolic signaling pathways in aging: the promise and
limitations. Protein Cell. 2014; 5:21-35. [PubMed: 24474199]

Hua Y, Zhang Y, Ceylan-Isik AF, Wold LE, Nunn JM, Ren J. Chronic Akt activation accentuates
aging-induced cardiac hypertrophy and myocardial contractile dysfunction: role of autophagy.
Basic Res Cardiol. 2011; 106:1173-1191. [PubMed: 21901288]

lkeda Y, Sciarretta S, Nagarajan N, Rubattu S, Volpe M, Frati G, Sadoshima J. New insights into the
role of mitochondrial dynamics and autophagy during oxidative stress and aging in the heart. Oxid
Med Cell Longev. 2014; 2014:210934. [PubMed: 25132912]

Ito H, Hirata Y, Adachi S, Tanaka M, Tsujino M, Koike A, Nogami A, Murumo F, Hiroe M.
Endothelin-1 is an autocrine/paracrine factor in the mechanism of angiotensin Il-induced
hypertrophy in cultured rat cardiomyocytes. J Clin Invest. 1993; 92:398-403. [PubMed: 8326007]

Jana NR. Protein homeostasis and aging: role of ubiquitin protein ligases. Neurochem Int. 2012;
60:443-447. [PubMed: 22353631]

Jia K, Chen D, Riddle DL. The TOR pathway interacts with the insulin signaling pathway to regulate
C. elegans larval development, metabolism and life span. Development. 2004; 131:3897-3906.
[PubMed: 15253933]

Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key modulator of ageing and age-related
disease. Nature. 2013; 493:338-345. [PubMed: 23325216]

Johnson SC, Sangesland M, Kaeberlein M, Rabinovitch PS. Modulating mTOR in Aging and Health.
Interdiscip Top Gerontol. 2015; 40:107-127. [PubMed: 25341517]

Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR regulation of autophagy. FEBS Lett. 2010;
584:1287-1295. [PubMed: 20083114]

Kaeberlein M, McVey M, Guarente L. The SIR2/3/4 complex and SIR2 alone promote longevity in
Saccharomyces cerevisiae by two different mechanisms. Genes Dev. 1999; 13:2570-2580.
[PubMed: 10521401]

Kaeberlein M, Powers RW 3rd, Steffen KK, Westman EA, Hu D, Dang N, Kerr EO, Kirkland KT,
Fields S, Kennedy BK. Regulation of yeast replicative life span by TOR and Sch9 in response to
nutrients. Science. 2005; 310:1193-1196. [PubMed: 16293764]

Kajstura J, Cheng W, Reiss K, Clark WA, Sonnenblick EH, Krajewski S, Reed JC, Olivetti G, Anversa
P. Apoptotic and necrotic myocyte cell deaths are independent contributing variables of infarct
size in rats. Laboratory investigation; a journal of technical methods and pathology. 1996a; 74:86—
107.

Kajstura J, Cheng W, Sarangarajan R, Li P, Li B, Nitahara JA, Chapnick S, Reiss K, Olivetti G,
Anversa P. Necrotic and apoptotic myocyte cell death in the aging heart of Fischer 344 rats. The
American journal of physiology. 1996b; 271:H1215-1228. [PubMed: 8853362]

Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S. Regulation of lifespan in Drosophila by
modulation of genes in the TOR signaling pathway. Curr Biol. 2004; 14:885-890. [PubMed:
15186745]

Karavidas A, Lazaros G, Tsiachris D, Pyrgakis V. Aging and the cardiovascular system. Hellenic J
Cardiol. 2010; 51:421-427. [PubMed: 20876055]

Kates AM, Herrero P, Dence C, Soto P, Srinivasan M, Delano DG, Ehsani A, Gropler RJ. Impact of
aging on substrate metabolism by the human heart. J Am Coll Cardiol. 2003; 41:293-299.
[PubMed: 12535825]

Kavathia N, Jain A, Walston J, Beamer BA, Fedarko NS. Serum markers of apoptosis decrease with
age and cancer stage. Aging. 2009; 1:652-663. [PubMed: 20157546]

Keck S, Nitsch R, Grune T, Ullrich O. Proteasome inhibition by paired helical filament-tau in brains of
patients with Alzheimer’s disease. J Neurochem. 2003; 85:115-122. [PubMed: 12641733]

Kobayashi S, Liang Q. Autophagy and mitophagy in diabetic cardiomyopathy. Biochim Biophys Acta.
2014

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 27

Koga H, Kaushik S, Cuervo AM. Protein homeostasis and aging: The importance of exquisite quality
control. Ageing Res Rev. 2011; 10:205-215. [PubMed: 20152936]

Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, Wohlgemuth SE, Hofer T, Seo AY, Sullivan R,
Jobling WA, Morrow JD, Van Remmen H, Sedivy JM, Yamasoba T, Tanokura M, Weindruch R,
Leeuwenburgh C, Prolla TA. Mitochondrial DNA mutations, oxidative stress, and apoptosis in
mammalian aging. Science. 2005; 309:481-484. [PubMed: 16020738]

Kurdi M, Booz GW. Three 4-letter words of hypertension-related cardiac hypertrophy: TRPC, mTOR,
and HDAC. J Mol Cell Cardiol. 2011; 50:964-971. [PubMed: 21320507]

Kwart, C.; Haggstrom, J. Acquired Valvular Heart Disease. In: Ettinger, SJ.; Feldman, EC., editors.
Textbook of Veterinary Internal Medicine. Philadelphia: W. B. Saunders; 2000.

Lakatta EG. Arterial and cardiac aging: major shareholders in cardiovascular disease enterprises: Part
I11: cellular and molecular clues to heart and arterial aging. Circulation. 2003; 107:490-497.
[PubMed: 12551876]

Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular disease
enterprises: Part I: aging arteries: a “set up” for vascular disease. Circulation. 2003a; 107:139—
146. [PubMed: 12515756]

Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular disease
enterprises: Part 11: the aging heart in health: links to heart disease. Circulation. 2003b; 107:346—
354. [PubMed: 12538439]

Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens DM, Davis JG, Salmon AB,
Richardson A, Ahima RS, Guertin DA, Sabatini DM, Baur JA. Rapamycin-induced insulin
resistance is mediated by mTORC?2 loss and uncoupled from longevity. Science. 2012;
335:1638-1643. [PubMed: 22461615]

Lane JR, Neumann DA, Lafond-Walker A, Herskowitz A, Rose NR. Role of IL-1 and tumor necrosis
factor in coxsackie virus-induced autoimmune myocarditis. J Immunol. 1993; 151:1682-1690.
[PubMed: 8335952]

Lane MA, Ingram DK, Roth GS. Calorie restriction in nonhuman primates: effects on diabetes and
cardiovascular disease risk. Toxicol Sci. 1999; 52:41-48. [PubMed: 10630589]

Lane MA, Mattison J, Ingram DK, Roth GS. Caloric restriction and aging in primates: Relevance to
humans and possible CR mimetics. Microsc Res Tech. 2002; 59:335-338. [PubMed: 12424798]

Lardy HA, Pressman BC. Effect of surface active agents on the latent ATPase of mitochondria.
Biochim Biophys Acta. 1956; 21:458-466. [PubMed: 13363952]

Lee HJ, Mayette J, Rapoport S, Bazinet RP. Selective remodeling of cardiolipin fatty acids in the aged
rat heart. Lipids Health Dis. 2006; 5:2. [PubMed: 16430781]

Lee IH, Cao L, Mostoslavsky R, Lombard DB, Liu J, Bruns NE, Tsokos M, Alt FW, Finkel T. A role
for the NAD-dependent deacetylase Sirtl in the regulation of autophagy. Proc Natl Acad Sci U S
A. 2008; 105:3374-3379. [PubMed: 18296641]

Lee WL, Chen JW, Ting CT, Ishiwata T, Lin SJ, Korc M, Wang PH. Insulin-like growth factor |
improves cardiovascular function and suppresses apoptosis of cardiomyocytes in dilated
cardiomyopathy. Endocrinology. 1999; 140:4831-4840. [PubMed: 10499543]

Lehrke S, Mazhari R, Durand DJ, Zheng M, Bedja D, Zimmet JM, Schuleri KH, Chi AS, Gabrielson
KL, Hare JM. Aging impairs the beneficial effect of granulocyte colony-stimulating factor and
stem cell factor on post-myocardial infarction remodeling. Circulation research. 2006; 99:553—
560. [PubMed: 16873716]

Levine B, Kalman J, Mayer L, Fillit HM, Packer M. Elevated circulating levels of tumor necrosis
factor in severe chronic heart failure. The New England journal of medicine. 1990; 323:236-241.
[PubMed: 2195340]

Li Q, Ceylan-Isik AF, Li J, Ren J. Deficiency of insulin-like growth factor 1 reduces sensitivity to
aging-associated cardiomyocyte dysfunction. Rejuvenation Res. 2008; 11:725-733. [PubMed:
18729805]

Li W, Gao B, Lee SM, Bennett K, Fang D. RLE-1, an E3 ubiquitin ligase, regulates C. elegans aging
by catalyzing DAF-16 polyubiquitination. Dev Cell. 2007; 12:235-246. [PubMed: 17276341]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 28

Li Z, Bing OH, Long X, Robinson KG, Lakatta EG. Increased cardiomyocyte apoptosis during the
transition to heart failure in the spontaneously hypertensive rat. The American journal of
physiology. 1997; 272:H2313-2319. [PubMed: 9176300]

Lindsey ML, Goshorn DK, Squires CE, Escobar GP, Hendrick JW, Mingoia JT, Sweterlitsch SE,
Spinale FG. Age-dependent changes in myocardial matrix metalloproteinase/tissue inhibitor of
metalloproteinase profiles and fibroblast function. Cardiovasc Res. 2005; 66:410-419. [PubMed:
15820210]

Liu L, Azhar G, Gao W, Zhang X, Wei JY. Bcl-2 and Bax expression in adult rat hearts after coronary
occlusion: age-associated differences. The American journal of physiology. 1998; 275:R315-
322. [PubMed: 9688994]

Loffredo FS, Steinhauser ML, Jay SM, Gannon J, Pancoast JR, Yalamanchi P, Sinha M, Dall’Osso C,
Khong D, Shadrach JL, Miller CM, Singer BS, Stewart A, Psychogios N, Gerszten RE, Hartigan
AJ, Kim MJ, Serwold T, Wagers AJ, Lee RT. Growth differentiation factor 11 is a circulating
factor that reverses age-related cardiac hypertrophy. Cell. 2013; 153:828-839. [PubMed:
23663781]

Longo VD, Kennedy BK. Sirtuins in aging and age-related disease. Cell. 2006; 126:257-268.
[PubMed: 16873059]

Ma Y, Halade GV, Zhang J, Ramirez TA, Levin D, Voorhees A, Jin YF, Han HC, Manicone AM,
Lindsey ML. Matrix metalloproteinase-28 deletion exacerbates cardiac dysfunction and rupture
after myocardial infarction in mice by inhibiting M2 macrophage activation. Circ Res. 2013;
112:675-688. [PubMed: 23261783]

Madeo F, Tavernarakis N, Kroemer G. Can autophagy promote longevity? Nat Cell Biol. 2010;
12:842-846. [PubMed: 20811357]

Maeda H, Gleiser CA, Masoro EJ, Murata I, McMahan CA, Yu BP. Nutritional influences on aging of
Fischer 344 rats: Il. Pathology. J Gerontol. 1985; 40:671-688. [PubMed: 4056322]

Magwere T, West M, Riyahi K, Murphy MP, Smith RA, Partridge L. The effects of exogenous
antioxidants on lifespan and oxidative stress resistance in Drosophila melanogaster. Mech
Ageing Dev. 2006; 127:356-370. [PubMed: 16442589]

Mammucari C, Rizzuto R. Signaling pathways in mitochondrial dysfunction and aging. Mech Ageing
Dev. 2010; 131:536-543. [PubMed: 20655326]

Manczak M, Mao P, Calkins MJ, Cornea A, Reddy AP, Murphy MP, Szeto HH, Park B, Reddy PH.
Mitochondria-targeted antioxidants protect against amyloid-beta toxicity in Alzheimer’s disease
neurons. J Alzheimers Dis. 2010; 20(Suppl 2):S609-631. [PubMed: 20463406]

Maranzana E, Barbero G, Falasca Al, Lenaz G, Genova ML. Mitochondrial respiratory supercomplex
association limits production of reactive oxygen species from complex I. Antioxid Redox Signal.
2013; 19:1469-1480. [PubMed: 23581604]

Marzetti E, Calvani R, Bernabei R, Leeuwenburgh C. Apoptosis in skeletal myocytes: a potential
target for interventions against sarcopenia and physical frailty - a mini-review. Gerontology.
2012; 58:99-106. [PubMed: 21952604]

Massion PB, Pelat M, Belge C, Balligand JL. Regulation of the mammalian heart function by nitric
oxide. Comp Biochem Physiol A Mol Integr Physiol. 2005; 142:144-150. [PubMed: 15985381]

Mather M, Rottenberg H. Aging enhances the activation of the permeability transition pore in
mitochondria. Biochemical and biophysical research communications. 2000; 273:603-608.
[PubMed: 10873652]

Matsuda N, Sato S, Shiba K, Okatsu K, Saisho K, Gautier CA, Sou Y, Saiki S, Kawajiri S, Sato F,
Kimura M, Komatsu M, Hattori N, Tanaka K. PINK1 stabilized by mitochondrial depolarization
recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy. J Cell Biol.
2010; 189:211-221. [PubMed: 20404107]

Mattison JA, Lane MA, Roth GS, Ingram DK. Calorie restriction in rhesus monkeys. Exp Gerontol.
2003; 38:35-46. [PubMed: 12543259]

Maury CP, Teppo AM. Circulating tumour necrosis factor-alpha (cachectin) in myocardial infarction.
Journal of internal medicine. 1989; 225:333-336. [PubMed: 2732671]

McPherron AC. METABOLIC FUNCTIONS OF MYOSTATIN AND GDF11. Immunol Endocr
Metab Agents Med Chem. 2010; 10:217-231. [PubMed: 21197386]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 29

Mei Y, Thompson MD, Cohen RA, Tong X. Autophagy and oxidative stress in cardiovascular
diseases. Biochim Biophys Acta. 2014

Miller BF, Robinson MM, Bruss MD, Hellerstein M, Hamilton KL. A comprehensive assessment of
mitochondrial protein synthesis and cellular proliferation with age and caloric restriction. Aging
Cell. 2012; 11:150-161. [PubMed: 22081942]

Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo R, Fernandez E, Flurkey K, Javors
MA, Nelson JF, Orihuela CJ, Pletcher S, Sharp ZD, Sinclair D, Starnes JW, Wilkinson JE,
Nadon NL, Strong R. Rapamycin, but not resveratrol or simvastatin, extends life span of
genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci. 2011; 66:191-201. [PubMed:
20974732]

Morimoto RI, Cuervo AM. Protein homeostasis and aging: taking care of proteins from the cradle to
the grave. J Gerontol A Biol Sci Med Sci. 2009; 64:167-170. [PubMed: 19228787]

Morselli E, Maiuri MC, Markaki M, Megalou E, Pasparaki A, Palikaras K, Criollo A, Galluzzi L,
Malik SA, Vitale I, Michaud M, Madeo F, Tavernarakis N, Kroemer G. Caloric restriction and
resveratrol promote longevity through the Sirtuin-1-dependent induction of autophagy. Cell
Death Dis. 2010; 1:e10. [PubMed: 21364612]

Mukherjee S, Ray D, Lekli I, Bak I, Tosaki A, Das DK. Effects of Longevinex (modified resveratrol)
on cardioprotection and its mechanisms of action. Can J Physiol Pharmacol. 2010; 88:1017—
1025. [PubMed: 21076489]

Mulligan CM, Le CH, de Mooy AB, Nelson CB, Chicco AJ. Inhibition of delta-6 desaturase reverses
cardiolipin remodeling and prevents contractile dysfunction in the aged mouse heart without
altering mitochondrial respiratory function. J Gerontol A Biol Sci Med Sci. 2014; 69:799-8009.
[PubMed: 24418793]

Murphy MP, Smith RA. Targeting antioxidants to mitochondria by conjugation to lipophilic cations.
Annu Rev Pharmacol Toxicol. 2007; 47:629-656. [PubMed: 17014364]

Murray AJ, Anderson RE, Watson GC, Radda GK, Clarke K. Uncoupling proteins in human heart.
Lancet. 2004; 364:1786—1788. [PubMed: 15541452]

Nakagawa T, Guarente L. Sirtuins at a glance. J Cell Sci. 2011; 124:833-838. [PubMed: 21378304]

Narula J, Pandey P, Arbustini E, Haider N, Narula N, Kolodgie FD, Dal Bello B, Semigran MJ,
Bielsa-Masdeu A, Dec GW, Israels S, Ballester M, Virmani R, Saxena S, Kharbanda S.
Apoptosis in heart failure: release of cytochrome ¢ from mitochondria and activation of
caspase-3 in human cardiomyopathy. Proceedings of the National Academy of Sciences of the
United States of America. 1999; 96:8144-8149. [PubMed: 10393962]

Nassimiha D, Aronow WS, Ahn C, Goldman ME. Association of coronary risk factors with
progression of valvular aortic stenosis in older persons. Am J Cardiol. 2001; 87:1313-1314.
[PubMed: 11377366]

Navarro A, Boveris A. The mitochondrial energy transduction system and the aging process. Am J
Physiol Cell Physiol. 2007; 292:C670-686. [PubMed: 17020935]

Niemann B, Chen Y, Issa H, Silber RE, Rohrbach S. Caloric restriction delays cardiac ageing in rats:
role of mitochondria. Cardiovasc Res. 2010; 88:267-276. [PubMed: 20797984]

Nitahara JA, Cheng W, Liu Y, Li B, Leri A, Li P, Mogul D, Gambert SR, Kajstura J, Anversa P.
Intracellular calcium, DNase activity and myocyte apoptosis in aging Fischer 344 rats. Journal of
molecular and cellular cardiology. 1998; 30:519-535. [PubMed: 9515029]

Olsen MH, Wachtell K, Bella JN, Gerdts E, Palmieri VV, Nieminen MS, Smith G, Ibsen H, Devereux
RB. Aortic valve sclerosis relates to cardiovascular events in patients with hypertension (a LIFE
substudy). Am J Cardiol. 2005; 95:132-136. [PubMed: 15619412]

Ong SB, Hausenloy DJ. Mitochondrial morphology and cardiovascular disease. Cardiovascular
research. 2010; 88:16-29. [PubMed: 20631158]

Otto CM, Lind BK, Kitzman DW, Gersh BJ, Siscovick DS. Association of aortic-valve sclerosis with
cardiovascular mortality and morbidity in the elderly. N Engl J Med. 1999; 341:142-147.
[PubMed: 10403851]

Ozden O, Park SH, Kim HS, Jiang H, Coleman MC, Spitz DR, Gius D. Acetylation of MnSOD directs
enzymatic activity responding to cellular nutrient status or oxidative stress. Aging (Albany NY).
2011; 3:102-107. [PubMed: 21386137]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 30

Pagan J, Seto T, Pagano M, Cittadini A. Role of the ubiquitin proteasome system in the heart. Circ
Res. 2013; 112:1046-1058. [PubMed: 23538275]

Papanicolaou KN, Khairallah RJ, Ngoh GA, Chikando A, Luptak I, O’Shea KM, Riley DD, Lugus JJ,
Colucci WS, Lederer WJ, Stanley WC, Walsh K. Mitofusin-2 maintains mitochondrial structure
and contributes to stress-induced permeability transition in cardiac myocytes. Molecular and
cellular biology. 2011; 31:1309-1328. [PubMed: 21245373]

Papanicolaou KN, Ngoh GA, Dabkowski ER, O’Connell KA, Ribeiro RF Jr, Stanley WC, Walsh K.
Cardiomyocyte deletion of mitofusin-1 leads to mitochondrial fragmentation and improves
tolerance to ROS-induced mitochondrial dysfunction and cell death. American journal of
physiology. Heart and circulatory physiology. 2012; 302:H167-179. [PubMed: 22037195]

Parks WC, Wilson CL, Lépez-Boado Y'S. Matrix metalloproteinases as modulators of inflammation
and innate immunity. Nat Rev Immunol. 2004; 4:617-629. [PubMed: 15286728]

Partridge L, Alic N, Bjedov I, Piper MD. Ageing in Drosophila: the role of the insulin/Igf and TOR
signalling network. Exp Gerontol. 2011; 46:376-381. [PubMed: 20849947]

Patel VB, Zhong JC, Fan D, Basu R, Morton JS, Parajuli N, McMurtry MS, Davidge ST, Kassiri Z,
Oudit GY. Angiotensin-converting enzyme 2 is a critical determinant of angiotensin Il-induced
loss of vascular smooth muscle cells and adverse vascular remodeling. Hypertension. 2014;
64:157-164. [PubMed: 24799609]

Patel, VK.; Demontis, F. Aging (Albany NY). United States: 2014. GDF11/myostatin and aging; p.
351-352.

Paulus WJ. The role of nitric oxide in the failing heart. Heart Fail Rev. 2001; 6:105-118. [PubMed:
11309529]

Perls T, Terry D. Understanding the determinants of exceptional longevity. Ann Intern Med. 2003;
139:445-449. [PubMed: 12965974]

Petrovski G, Gurusamy N, Das DK. Resveratrol in cardiovascular health and disease. Ann N Y Acad
Sci. 2011; 1215:22-33. [PubMed: 21261638]

Pfeiffer K, Gohil V, Stuart RA, Hunte C, Brandt U, Greenberg ML, Schagger H. Cardiolipin stabilizes
respiratory chain supercomplexes. J Biol Chem. 2003; 278:52873-52880. [PubMed: 14561769]

Phaneuf S, Leeuwenburgh C. Cytochrome c release from mitochondria in the aging heart: a possible
mechanism for apoptosis with age. American journal of physiology. Regulatory, integrative and
comparative physiology. 2002; 282:R423-430.

Pieske B, Beyermann B, Breu V, Loffler BM, Schlotthauer K, Maier LS, Schmidt-Schweda S, Just H,
Hasenfuss G. Functional effects of endothelin and regulation of endothelin receptors in isolated
human nonfailing and failing myocardium. Circulation. 1999; 99:1802-1809. [PubMed:
10199875]

Pillai VB, Sundaresan NR, Gupta MP. Regulation of Akt signaling by sirtuins: its implication in
cardiac hypertrophy and aging. Circ Res. 2014; 114:368-378. [PubMed: 24436432]

Pillai VB, Sundaresan NR, Kim G, Gupta M, Rajamohan SB, Pillai JB, Samant S, Ravindra PV,
Ishatan A, Gupta MP. Exogenous NAD blocks cardiac hypertrophic response via activation of
the SIRT3-LKB1-AMP-activated kinase pathway. J Biol Chem. 2010; 285:3133-3144.
[PubMed: 19940131]

Piquereau J, Caffin F, Novotova M, Prola A, Garnier A, Mateo P, Fortin D, Huynh le H, Nicolas V,
Alavi MV, Brenner C, Ventura-Clapier R, Veksler V, Joubert F. Down-regulation of OPAL alters
mouse mitochondrial morphology, PTP function, and cardiac adaptation to pressure overload.
Cardiovascular research. 2012; 94:408-417. [PubMed: 22406748]

Pollack RM, Crandall JP. Resveratrol: Therapeutic Potential for Improving Cardiometabolic Health.
Am J Hypertens. 2013

Powers RW 3rd, Kaeberlein M, Caldwell SD, Kennedy BK, Fields S. Extension of chronological life
span in yeast by decreased TOR pathway signaling. Genes Dev. 2006; 20:174-184. [PubMed:
16418483]

Price JC, Guan S, Burlingame A, Prusiner SB, Ghaemmaghami S. Analysis of proteome dynamics in
the mouse brain. Proc Natl Acad Sci U S A. 2010; 107:14508-14513. [PubMed: 20699386]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 31

Pyo JO, Yoo SM, Ahn HH, Nah J, Hong SH, Kam TI, Jung S, Jung YK. Overexpression of Atg5 in
mice activates autophagy and extends lifespan. Nat Commun. 2013; 4:2300. [PubMed:
23939249]

Qiu X, Brown K, Hirschey MD, Verdin E, Chen D. Calorie restriction reduces oxidative stress by
SIRT3-mediated SOD?2 activation. Cell Metab. 2010; 12:662-667. [PubMed: 21109198]

Rana A, Rera M, Walker DW. Parkin overexpression during aging reduces proteotoxicity, alters
mitochondrial dynamics, and extends lifespan. Proc Natl Acad Sci U S A. 2013; 110:8638-8643.
[PubMed: 23650379]

Rardin MJ, He W, Nishida Y, Newman JC, Carrico C, Danielson SR, Guo A, Gut P, Sahu AK, Li B,
Uppala R, Fitch M, Riiff T, Zhu L, Zhou J, Mulhern D, Stevens RD, llkayeva OR, Newgard CB,
Jacobson MP, Hellerstein M, Goetzman ES, Gibson BW, Verdin E. SIRT5 regulates the
mitochondrial lysine succinylome and metabolic networks. Cell Metab. 2013; 18:920-933.
[PubMed: 24315375]

Ravikumar B, Duden R, Rubinsztein DC. Aggregate-prone proteins with polyglutamine and
polyalanine expansions are degraded by autophagy. Hum Mol Genet. 2002; 11:1107-1117.
[PubMed: 11978769]

Rehan L, Laszki-Szczachor K, Sobieszczanska M, Polak-Jonkisz D. SIRT1 and NAD as regulators of
ageing. Life Sci. 2014; 105:1-6. [PubMed: 24657895]

Robinson PA. Protein stability and aggregation in Parkinson’s disease. Biochem J. 2008; 413:1-13.
[PubMed: 18537793]

Rodriguez-Menocal L, Faridi MH, Martinez L, Shehadeh LA, Duque JC, Wei Y, Mesa A, Pena A,
Gupta V, Pham SM, Vazquez-Padron RI. Macrophage-derived IL-18 and increased fibrinogen
deposition are age-related inflammatory signatures of vascular remodeling. Am J Physiol Heart
Circ Physiol. 2014; 306:H641-653. [PubMed: 24414074]

Roth GS, Mattison JA, Ottinger MA, Chachich ME, Lane MA, Ingram DK. Aging in rhesus monkeys:
relevance to human health interventions. Science. 2004; 305:1423-1426. [PubMed: 15353793]

Ryazanov AG, Nefsky BS. Protein turnover plays a key role in aging. Mech Ageing Dev. 2002;
123:207-213. [PubMed: 11718813]

Rytomaa M, Kinnunen PK. Evidence for two distinct acidic phospholipid-binding sites in cytochrome
c. J Biol Chem. 1994; 269:1770-1774. [PubMed: 8294426]

Rytomaa M, Kinnunen PK. Reversibility of the binding of cytochrome c to liposomes. Implications for
lipid-protein interactions. J Biol Chem. 1995; 270:3197-3202. [PubMed: 7852404]

Safdar A, Bourgeois JM, Ogborn DI, Little JP, Hettinga BP, Akhtar M, Thompson JE, Melov S,
Mocellin NJ, Kujoth GC, Prolla TA, Tarnopolsky MA. Endurance exercise rescues progeroid
aging and induces systemic mitochondrial rejuvenation in mtDNA mutator mice. Proc Natl Acad
Sci US A. 2011

Schriner SE, Linford NJ, Martin GM, Treuting P, Ogburn CE, Emond M, Coskun PE, Ladiges W,
Wolf N, Van Remmen H, Wallace DC, Rabinovitch PS. Extension of murine life span by
overexpression of catalase targeted to mitochondria. Science. 2005; 308:1909-1911. [PubMed:
15879174]

Selim AJ, Fincke G, Berlowitz DR, Miller DR, Qian SX, Lee A, Cong Z, Rogers W, Selim BJ, Ren
XS, Spiro A 3rd, Kazis LE. Comprehensive health status assessment of centenarians: results from
the 1999 large health survey of veteran enrollees. J Gerontol A Biol Sci Med Sci. 2005; 60:515—
519. [PubMed: 15933394]

Shen T, Zheng M, Cao C, Chen C, Tang J, Zhang W, Cheng H, Chen KH, Xiao RP. Mitofusin-2 is a
major determinant of oxidative stress-mediated heart muscle cell apoptosis. J Biol Chem. 2007,
282:23354-23361. [PubMed: 17562700]

Shinmura K, Tamaki K, Sano M, Murata M, Yamakawa H, Ishida H, Fukuda K. Impact of long-term
caloric restriction on cardiac senescence: caloric restriction ameliorates cardiac diastolic
dysfunction associated with aging. J Mol Cell Cardiol. 2011; 50:117-127. [PubMed: 20977912]

Sin TK, Yu AP, Yung BY, Yip SP, Chan LW, Wong CS, Ying M, Rudd JA, Siu PM. Modulating
effect of SIRT1 activation induced by resveratrol on Foxol-associated apoptotic signalling in
senescent heart. The Journal of physiology. 2014; 592:2535-2548. [PubMed: 24639483]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 32

Skulachev VP. Cationic antioxidants as a powerful tool against mitochondrial oxidative stress.
Biochem Biophys Res Commun. 2013; 441:275-279. [PubMed: 24161394]

Skulachev VP, Anisimov VN, Antonenko YN, Bakeeva LE, Chernyak BV, Erichev VP, Filenko OF,
Kalinina NI, Kapelko VI, Kolosova NG, Kopnin BP, Korshunova GA, Lichinitser MR,
Obukhova LA, Pasyukova EG, Pisarenko Ol, Roginsky VA, Ruuge EK, Senin, Severina,
Skulachev MV, Spivak IM, Tashlitsky VN, Tkachuk VA, Vyssokikh MY, Yaguzhinsky LS,
Zorov DB. An attempt to prevent senescence: a mitochondrial approach. Biochim Biophys Acta.
2009; 1787:437-461. [PubMed: 19159610]

Smith RA, Hartley RC, Cocheme HM, Murphy MP. Mitochondrial pharmacology. Trends Pharmacol
Sci. 2012; 33:341-352. [PubMed: 22521106]

Sonenberg N, Hinnebusch AG. Regulation of translation initiation in eukaryotes: mechanisms and
biological targets. Cell. 2009; 136:731-745. [PubMed: 19239892]

Spaulding CC, Walford RL, Effros RB. Calorie restriction inhibits the age-related dysregulation of the
cytokines TNF-alpha and IL-6 in C3B10RF1 mice. Mech Ageing Dev. 1997; 93:87-94.
[PubMed: 9089573]

Speakman JR, Mitchell SE. Caloric restriction. Mol Aspects Med. 2011; 32:159-221. [PubMed:
21840335]

Stanfel MN, Shamieh LS, Kaeberlein M, Kennedy BK. The TOR pathway comes of age. Biochim
Biophys Acta. 2009; 1790:1067-1074. [PubMed: 19539012]

Stanley WC, Chandler MP. Energy metabolism in the normal and failing heart: potential for
therapeutic interventions. Heart Fail Rev. 2002; 7:115-130. [PubMed: 11988636]

Stanley WC, Recchia FA, Lopaschuk GD. Myocardial substrate metabolism in the normal and failing
heart. Physiol Rev. 2005; 85:1093-1129. [PubMed: 15987803]

Stewart BF, Siscovick D, Lind BK, Gardin JM, Gottdiener JS, Smith VE, Kitzman DW, Otto CM.
Clinical factors associated with calcific aortic valve disease. Cardiovascular Health Study. J Am
Coll Cardiol. 1997; 29:630-634. [PubMed: 9060903]

Sundaresan NR, Gupta M, Kim G, Rajamohan SB, Isbatan A, Gupta MP. Sirt3 blocks the cardiac
hypertrophic response by augmenting Foxo3a-dependent antioxidant defense mechanisms in
mice. J Clin Invest. 2009; 119:2758-2771. [PubMed: 19652361]

Surguchev A, Surguchov A. Conformational diseases: looking into the eyes. Brain Res Bull. 2010;
81:12-24. [PubMed: 19808079]

Sverdlov AL, Ngo DT, Chan WP, Chirkov Y'Y, Horowitz JD. Aging of the nitric oxide system: are we
as old as our NO? J Am Heart Assoc. 2014; 3

Szabadkai G, Simoni AM, Chami M, Wieckowski MR, Youle RJ, Rizzuto R. Drp-1-dependent
division of the mitochondrial network blocks intraorganellar Ca2+ waves and protects against
Ca2+-mediated apoptosis. Molecular cell. 2004; 16:59-68. [PubMed: 15469822]

Szeto HH. First-in-class cardiolipin-protective compound as a therapeutic agent to restore
mitochondrial bioenergetics. Br J Pharmacol. 2014; 171:2029-2050. [PubMed: 24117165]
Taffet GE, Pham TT, Hartley CJ. The age-associated alterations in late diastolic function in mice are
improved by caloric restriction. J Gerontol A Biol Sci Med Sci. 1997; 52:B285-290. [PubMed:

9402929]

Takayanagi R, Kitazumi K, Takasaki C, Ohnaka K, Aimoto S, Tasaka K, Ohashi M, Nawata H.
Presence of non-selective type of endothelin receptor on vascular endothelium and its linkage to
vasodilation. FEBS Lett. 1991; 282:103-106. [PubMed: 1851107]

Tan JM, Wong ES, Kirkpatrick DS, Pletnikova O, Ko HS, Tay SP, Ho MW, Troncoso J, Gygi SP, Lee
MK, Dawson VL, Dawson TM, Lim KL. Lysine 63-linked ubiquitination promotes the formation
and autophagic clearance of protein inclusions associated with neurodegenerative diseases. Hum
Mol Genet. 2008; 17:431-439. [PubMed: 17981811]

Taneike M, Yamaguchi O, Nakai A, Hikoso S, Takeda T, Mizote I, Oka T, Tamai T, Oyabu J,
Murakawa T, Nishida K, Shimizu T, Hori M, Komuro I, Takuji Shirasawa TS, Mizushima N,
Otsu K. Inhibition of autophagy in the heart induces age-related cardiomyopathy. Autophagy.
2010; 6:600-606. [PubMed: 20431347]

Tao R, Coleman MC, Pennington JD, Ozden O, Park SH, Jiang H, Kim HS, Flynn CR, Hill S, Hayes
McDonald W, Olivier AK, Spitz DR, Gius D. Sirt3-mediated deacetylation of evolutionarily

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quarles et al.

Page 33

conserved lysine 122 regulates MnSOD activity in response to stress. Mol Cell. 2010; 40:893—
904. [PubMed: 21172655]

Terzioglu M, Larsson NG. Mitochondrial dysfunction in mammalian ageing. Novartis Found Symp.
2007; 287:197-208. discussion 208-113. [PubMed: 18074640]

Torre-Amione G, Kapadia S, Benedict C, Oral H, Young JB, Mann DL. Proinflammatory cytokine
levels in patients with depressed left ventricular ejection fraction: a report from the Studies of
Left Ventricular Dysfunction (SOLVD). Journal of the American College of Cardiology. 1996;
27:1201-1206. [PubMed: 8609343]

Trifunovic A, Larsson NG. Mitochondrial dysfunction as a cause of ageing. J Intern Med. 2008;
263:167-178. [PubMed: 18226094]

Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, Bruder CE, Bohlooly YM,
Gidlof S, Oldfors A, Wibom R, Tornell J, Jacobs HT, Larsson NG. Premature ageing in mice
expressing defective mitochondrial DNA polymerase. Nature. 2004; 429:417-423. [PubMed:
15164064]

Vakhrusheva O, Smolka C, Gajawada P, Kostin S, Boettger T, Kubin T, Braun T, Bober E. Sirt7
increases stress resistance of cardiomyocytes and prevents apoptosis and inflammatory
cardiomyopathy in mice. Circ Res. 2008; 102:703-710. [PubMed: 18239138]

van Bilsen M, van Nieuwenhoven FA, van der Vusse GJ. Metabolic remodelling of the failing heart:
beneficial or detrimental? Cardiovasc Res. 2009; 81:420-428. [PubMed: 18854380]

Vellai T, Takacs-Vellai K, Zhang Y, Kovacs AL, Orosz L, Muller F. Genetics: influence of TOR
kinase on lifespan in C. elegans. Nature. 2003; 426:620. [PubMed: 14668850]

Ventura-Clapier R, Garnier A, Veksler V. Transcriptional control of mitochondrial biogenesis: the
central role of PGC-1alpha. Cardiovasc Res. 2008; 79:208-217. [PubMed: 18430751]

Vinciguerra M, Musaro A, Rosenthal N. Regulation of muscle atrophy in aging and disease. Adv Exp
Med Biol. 2010; 694:211-233. [PubMed: 20886766]

Wessells R, Fitzgerald E, Piazza N, Ocorr K, Morley S, Davies C, Lim HY, Elmen L, Hayes M,
Oldham S, Bodmer R. d4eBP acts downstream of both dTOR and dFoxo to modulate cardiac
functional aging in Drosophila. Aging Cell. 2009; 8:542-552. [PubMed: 19594484]

Westermann B. Mitochondrial fusion and fission in cell life and death. Nat Rev Mol Cell Biol. 2010;
11:872-884. [PubMed: 21102612]

Wilkinson JE, Burmeister L, Brooks SV, Chan CC, Friedline S, Harrison DE, Hejtmancik JF, Nadon
N, Strong R, Wood LK, Woodward MA, Miller RA. Rapamycin slows aging in mice. Aging
Cell. 2012; 11:675-682. [PubMed: 22587563]

Wiswedel I, Gardemann A, Storch A, Peter D, Schild L. Degradation of phospholipids by oxidative
stress--exceptional significance of cardiolipin. Free Radic Res. 2010; 44:135-145. [PubMed:
20092032]

Wohlgemuth SE, Calvani R, Marzetti E. The interplay between autophagy and mitochondrial
dysfunction in oxidative stress-induced cardiac aging and pathology. J Mol Cell Cardiol. 2014a

Wohlgemuth SE, Calvani R, Marzetti E. The interplay between autophagy and mitochondrial
dysfunction in oxidative stress-induced cardiac aging and pathology. J Mol Cell Cardiol. 2014b;
71:62-70. [PubMed: 24650874]

Wong E, Cuervo AM. Integration of clearance mechanisms: the proteasome and autophagy. Cold
Spring Harb Perspect Biol. 2010; 2:a006734. [PubMed: 21068151]

Wu YT, Wu SB, Wei YH. Roles of sirtuins in the regulation of antioxidant defense and bioenergetic
function of mitochondria under oxidative stress. Free Radic Res. 2014; 48:1070-1084. [PubMed:
24797412]

Yabluchanskiy A, Ma Y, Chiao YA, Lopez EF, Voorhees AP, Toba H, Hall ME, Han HC, Lindsey
ML, Jin YF. Cardiac aging is initiated by matrix metalloproteinase-9-mediated endothelial
dysfunction. Am J Physiol Heart Circ Physiol. 2014; 306:H1398-1407. [PubMed: 24658018]

Yakar S, Sun H, Zhao H, Pennisi P, Toyoshima Y, Setser J, Stannard B, Scavo L, Leroith D.
Metabolic effects of IGF-1 deficiency: lessons from mouse models. Pediatr Endocrinol Rev.
2005; 3:11-19. [PubMed: 16369209]

Yamamoto S, Matsumoto N, Kanazawa M, Fujita M, Takaoka M, Gariepy CE, Yanagisawa M,
Matsumura Y. Different contributions of endothelin-A and endothelin-B receptors in

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Quarles et al. Page 34

postischemic cardiac dysfunction and norepinephrine overflow in rat hearts. Circulation. 2005;
111:302-309. [PubMed: 15642760]

Yashin Al, Akushevich IV, Arbeev KG, Akushevich L, Ukraintseva SV, Kulminski A. Insights on
aging and exceptional longevity from longitudinal data: novel findings from the Framingham
Heart Study. Age (Dordr). 2006; 28:363-374. [PubMed: 17895962]

Zhang C, Bills M, Quigley A, Maxwell RJ, Linnane AW, Nagley P. Varied prevalence of age-
associated mitochondrial DNA deletions in different species and tissues: a comparison between
human and rat. Biochem Biophys Res Commun. 1997; 230:630-635. [PubMed: 9015375]

Zhang M, Mileykovskaya E, Dowhan W. Gluing the respiratory chain together. Cardiolipin is required
for supercomplex formation in the inner mitochondrial membrane. J Biol Chem. 2002;
277:43553-43556. [PubMed: 12364341]

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



