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A B S T R A C T

Aging is associated with progressive decline in cardiac structure and function. Accumulating evidence in model
organisms and humans links cardiac aging to mitochondrial regulation, encompassing a complex interplay of
mitochondrial morphology, mitochondrial ROS, mitochondrial DNA mutations, mitochondrial unfolded protein
response, nicotinamide adenine dinucleotide levels and sirtuins, as well as mitophagy. This review summarizes
the recent discoveries on the mitochondrial regulation of cardiac aging and the possible molecular mechanisms
underlying the anti-aging effects, as well as the potential interventions that alleviate aging-related cardiac
diseases and attenuate cardiac aging via the regulation of mitochondria.

1. Introduction

Aging is commonly defined as the functional decline over time in
living organisms [1]. The incidence of cardiovascular diseases drama-
tically increases with age. Over time, heart and vasculature gradually
become homeostatic imbalance; left ventricular wall thickening and
vascular stiffening and fibrosis lead to accentuated tissue adaptations
and decreased stress tolerance [2]. Increased cardiomyocyte death,
proliferation of myocyte nuclei, increased cardiomyocyte volume, and
accumulation of connective tissues often manifest in the myocardium of
old animals [3]. Continuous efforts have been made to delineate un-
derlying mechanisms and to seek therapeutic interventions for aging-
related cardiac dysfunction. Emerging from these studies, mitochondria
have been demonstrated a central role in age-related pathological al-
terations of the heart [1,4–6].

Mitochondria play important roles in a myriad of cellular processes
including ATP production via oxidative phosphorylation, fatty acid
oxidation, biosynthetic pathways, urea cycle, cellular redox home-
ostasis, ion homeostasis, oxygen sensing, calcium storage, and regula-
tion of programmed cell death [7]. Because more than 90% of the large
amount of ATP consumed by the homeostatic maintenance and con-
tractile function of the heart are provided by mitochondria, the heart is
particularly vulnerable to mitochondrial dysfunction [8,9]. Cardiac
aging is often accompanied by a general decline in mitochondrial
function, clonal expansion of dysfunctional mitochondria, increased

production of reactive oxygen species (ROS), suppressed mitophagy,
and dysregulation of mitochondrial quality control processes [10–12].
Accordingly, development of novel therapeutic approaches for the at-
tenuation of mitochondrial insults and rejuvenation of mitochondrial
collective holds promise for decreasing morbidity and mortality related
to cardiac aging.

In this review, we provide an overview of mitochondrial regulation
of cardiac aging, including changes in mitochondrial morphology, mi-
tochondrial ROS, mitochondrial DNA mutations, mitochondrial un-
folded protein response, nicotinamide adenine dinucleotide levels and
sirtuins, and mitophagy with age. We also discuss the major mi-
tochondrial-related interventions against cardiac aging.

2. Cardiac aging and mitochondria

Cardiomyocytes are considered long-lived postmitotic cells that can
be as old as the whole organism; thus they have a poor regeneration
capacity and rare malignant transformation [13]. In human, each
heartbeat consumes ~300mg of ATP. Every day, the heart beats an
average of 100,800 times, which costs ~30 kg of ATP [14]. To produce
this large amount of ATP throughout life, the heart is the most mi-
tochondrial-rich organ, densely loaded with mitochondria accounting
for ~35% of the ventricular cardiomyocyte volume [15]. Mitochondria
are not only the primary source of energy in the form of ATP in the
heart but also act as key regulators of cardiomyocyte survival and death
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[16]. Impaired mitochondrial function is often implicated in and con-
tributes to cardiac aging and related diseases [16].

Major theories of aging include the free radical theory [17], im-
munologic theory [18], inflammation theory [19], all attributing aging
to a particular cause. Among these different theories, the free radical
theory, especially the mitochondrial free radical theory claiming that
biological aging is caused by ROS production and subsequent damage,
has been the major focus of the studies on aging [17]. Later, the revised
mitochondrial free radical theory attributes the failures of antioxidants
to extend lifespan in animal experiments and clinical trials to the pos-
sible poor distribution of antioxidants to mitochondria and proposes
that mitochondrial-targeted antioxidants might be beneficial for life-
span extension [20]. Another mitochondrial theory of cellular aging is
based on the fact that mitochondrial DNA (mtDNA) has a high rate of
mutation but limited repair capacity [21]. Accordingly, mtDNA muta-
tions accumulate with age and compromise the integrity of mitochon-
drial genome [21]. Consequently, mitochondrial function is impaired
and their ability to produce energy is gradually lost while more ROS are
generated [22]. Over time, dysfunctional mitochondria accumulate and
result in energy shortage along with growing oxidative burden that
leads to cellular damage or even death. In this theory, mtDNA mutation
rates are considered as the “aging clock” that initiates aging events that
determine the overall organism longevity [16]. Despite of the debates
among the major theories of aging, mitochondrial integrity is un-
doubtedly of vital importance for cardiac homeostasis during aging.

2.1. Mitochondrial morphological changes in cardiac aging

Mitochondria are double-membrane organelles in most eukaryotic
organisms, comprising the outer (OMM) and inner membranes (IMM),
intermembrane space (IMS), and cristae formed by the extensive in-
vagination of the IMM [23]. The inner membranes of mitochondria
harbor the electron transport chain (ETC) that produces ATP through
oxidative phosphorylation (OXPHOS) [24]. Other energy-producing
processes including fatty acid oxidation and tricarboxylic acid cycle
also take place in mitochondria [25].

Mitochondria are “already fragmented” and “seemingly static” in-
dividual rods in the heart, opposite to those seen in many other organs.
Cardiac mitochondria often exist in two functionally distinct popula-
tions. Subsarcolemmal mitochondria (SSM) are situated beneath the
sarcolemma, whereas interfibrillar mitochondria (IFM) reside between
the myofibrils [26]. SSM possess largely lamelliform cristae, whereas
mitochondrial cristae in IFM display mostly tubular morphology [27].
Morphometric studies show that the density of mitochondrial cristae,
the size of individual mitochondrion, and the number of mitochondria
per cell often change with age [28]. In Wistar rats, mitochondrial vo-
lume is decreased in both left and right ventricles of the 2-year group
when compared to that of the 6-week group. Mean size of mitochondria
is decreased by 36% and 11% in the left and right ventricles, respec-
tively. The density of mitochondrial cristae is also markedly decreased,
evidenced by the loss of strict parallel position [29]. In OXYS rats, a
unique model for studying the role of oxidative stress in age-related
pathologies, cardiomyocyte mitochondrial ultrastructure degenerates
earlier than do the age-matched controls [28]. However, there are also
reports showing no mitochondrial cristae degeneration with age [30].
In rats where both protein yield and oxidative phosphorylation rate are
decreased specifically in aged cardiac IFM rather than SSM, ultra-
structural analyses of the in situ and isolated cardiomyocyte mi-
tochondria failed to disclose any age-related changes in the configura-
tion of the mitochondrial cristae in either IFM or SSM [30,31].

2.2. Cardiac aging and ROS

ROS are reactive (oxidizing) chemical species containing oxygen,
ranging from highly reactive hydroxyl group to longer-lived membrane-
permeant hydrogen peroxide. The major sources of ROS in intact car-
diomyocytes are usually mitochondrial OXPHOS Complex I and III [32].
Superoxide (O2

−) is formed by electrons binding to diatomic oxygen
(O2) in Complex I and III and is released into the mitochondrial matrix
and intermembrane space, respectively [33]. About 2% of O2 in the
mitochondria ends up O2

−, which can be converted to hydrogen per-
oxide (H2O2) by superoxide dismutase-2 (SOD2) inside the

Fig. 1. Mitochondrial regulation in cardiac aging.
Superoxide (O2%

−) is mainly released from Complex I and III of the electron transport chain (ETC) to mitochondrial matrix or intermembrane space, respectively.
O2%

− can be converted to hydrogen peroxide (H2O2) by superoxide dismutase-2 (SOD2) inside the mitochondria. The resultant H2O2 is catalyzed into H2O and O2 by
antioxidant enzymes such as catalase (CAT) or glutathione peroxidase (GPX). H2O2 can also be converted into the highly reactive hydroxyl radical (⋅OH%).
Mitochondrial DNA (mtDNA) is circular, about 16.6 kb. Mitochondrial DNA mutations and deletions increase with age. SIRT3 regulates the mitochondrial perme-
ability transition pore (mPTP) opening via the deacetylation of cyclophilin D (CypD); it also indirectly deacetylates SOD2 via the deacetylation of FoxO3a, leading to
transcriptional upregulation of mitochondrial SOD2 and catalase. Mitochondrial unfolded protein response (UPRmt) allays proteostatic stress in mitochondria by
promoting folding, limiting import, and reducing translation of mitochondrial proteins. When an efflux of degraded peptides through HAF-1 and CLPP-1 prevents
mitochondrial import of ATFS-1, it enters the nucleus along with homeobox transcription factor (DVE-1) and ubiquitin-like protein (UBL-5) and activate UPRmt.
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mitochondria. The resultant H2O2 is then catalyzed into H2O and O2 by
antioxidant enzymes such as catalase or glutathione peroxidase. No-
tably, H2O2 can also be converted into the highly reactive hydroxyl
radical (⋅OH) through Fenton and Haber-Weiss reactions in the pre-
sence of iron [34] (Fig. 1).

Direct evidence for mitochondrial ROS driving cardiac aging is
provided by the experiments in which mice overexpressing mitochon-
drial-targeted catalase (mCAT) exhibit an 18% prolongation of lifespan,
whereas mice overexpressing peroxisomal (pCAT) or nuclear-localized
(nCAT) catalase do not [35]. The overexpression of mCAT alleviates
phenotypes caused by age-dependent mitochondrial oxidative stress, as
evidenced by significant reduction of mtDNA mutations, decreased
mitochondrial protein carbonyls, better preservation of mitochondrial
cristae, and attenuation of age-dependent activation of organelle bio-
genesis [36]. In the heart, the protective effects of mCAT are displayed
by the reversal of age-dependent increase in left ventricular mass index,
decline in contractile function and enlargement of left atrium [37].
Furthermore, in response to thrombin treatment, vascular smooth
muscle cells (VSMCs) generate more ROS with higher degrees of cel-
lular and mitochondrial oxidative damage in aged mice than in younger
controls. In addition, mitochondrial expression of Nox4 that is a major
intracellular isoform of nicotinamide adenine dinucleotide phosphate
oxidase is also upregulated in aged hearts, further associating increased
ROS production with age-related cardiac abnormalities [38]. The
overexpression of the mitochondrial manganese superoxide dismutase-
2 (MnSOD), however, fails to prolong lifespan in mice [39].

Despite of the detrimental effects caused by excessive mitochondrial
ROS, a slight increase in mitochondrial ROS production can activate
redox-sensitive pathways, resulting in long-lasting geroprotective ef-
fects. This is the so-called mitohormesis that refers to the notion that a
little stress can protect against larger, subsequent stresses [40,41]. Ar-
senite induces a transient increase of ROS that confers mitohormesis. In
cell lines and C. elegans, low-dose arsenite promotes cell growth and
extends lifespan by enhancing resistance against thermal and chemical
stressors, whereas high-dose of arsenite impairs cell growth and reduces
lifespans [42]. A similar hormetic response is implicated in the mi-
tochondrial ROS-dependent activation of HIF-1 in rescuing C. elegans
AMPK-null mutants [43] that die prematurely of the exhaustion of
triglyceride stores; increased hydrogen peroxide levels improve the
survival rate of these mutants by re-adjusting their lipid biosynthetic
capacity via increased expression of key enzymes involved in fatty-acid
biosynthesis in a HIF-1-dependent manner [42]. In addition, ROS have
been shown to induce compensatory autophagy to eliminate damaged
mitochondria when PARKIN-mediated mitophagy is compromised,
further demonstrating the physiological necessity of ROS in main-
taining cardiac homeostasis [44].

2.3. Mitochondrial DNA (mtDNA) mutations during cardiac aging

Mitochondria are semi-autonomous in that they have their own
DNA and ribosomes for making some of the mitochondrial proteins. The
circular mitochondrial DNA (mtDNA) genome is about 16.6 kb, en-
coding 13 mitochondrial proteins that are the subunits of electron
transport chain, as well as 22 tRNAs and 2 rRNAs for the transcription
and translation of these proteins, respectively [45] (Fig. 1). It has been
well documented that mtDNA point mutations and deletions accumu-
late with age in various tissues including the heart in human and ro-
dents [46–48]. Examination of the mtDNA D-loop in 2- to 22-month
mice reveals no mtDNA mutations found in young mice but in old mice,
with an estimation of the mtDNA mutation frequency of old mice 1000-
fold higher than that for nuclear genes [46–48]. In human, mtDNA
deletions emerge in normal hearts of individuals over 40 years old and
subsequently accumulate with age [46–48].

Increased mtDNA mutations promote aging [49,50]. The mutator
mice with ectopic expression of a proof-reading-deficient Polγ have
accumulated mtDNA mutations in multiple organs including the heart,

brain and liver compared to the wildtype mice. At the age of 8 weeks,
the mtDNA mutation accumulation rate in the mutator mice is already 3
to 5 times higher than those in the wildtype mice. Large deletions are
detected in about 30% of the mtDNA genome [49]. By 25weeks, the
mutator mice exhibit premature aging phenotypes, including the de-
velopment of osteoporosis, hair loss and reduced fertility [50]. Within
the first year of life, the mutator mice develop cardiac hypertrophy and
dilatation, impairment of diastolic and systolic function and cardiac
fibrosis, with an average lifespan of only 48 weeks [36,50,51]. This age-
dependent mtDNA mutation-induced cardiomyopathy is associated
with exacerbated protein oxidative damage, increased expression of
apoptotic and senescence markers, and decreased mitochondrial bio-
genesis [52]. These adverse phenotypes in the mutator mice can be
attenuated by the overexpression of mitochondrial-targeted catalase
(mCAT) [35], suggesting that the cardiomyopathy caused by accumu-
lated mtDNA damage is partially mediated by mitochondrial oxidative
stress.

2.4. Mitochondrial unfolded protein response (UPRmt) and cardiac aging

Mitochondrial unfolded protein response (UPRmt) was first de-
scribed as the transcriptional activation of mitochondrial-specific cha-
perones in mitochondrial DNA-deficient rat hepatoma cells [53]. UPRmt

serves as a link between mitochondrial proteostasis and aging in var-
ious organisms. It relieves the proteostatic stress in mitochondria by
promoting folding, limiting import, and reducing translation of mi-
tochondrial proteins [54,55]. UPRmt was initially described in mam-
malian cells [56], but the underlying mechanisms have been mainly
investigated in C. elegans of which the UPRmt pathways are similar to
those of the mammals. Later, it was found that the imbalance between
nuclear- and mitochondrial-encoded electron transport chain compo-
nents activates UPRmt [57,58]. Consistently, respiratory chain in-
hibitors such as antimycin and rotenone [59], inhibition of mitochon-
drial proteases, chaperones, respiratory chain complex assembly factors
[60] as well as mitochondrial tRNA synthetases [61] also activates
UPRmt.

The relevance of UPRmt to lifespan was initially established based
on studies in C. elegans with respiratory defects [57,62] and has now
been well supported by findings in multiple model organisms [63].
Reduced expression of mitochondrial ribosomal proteins activates
UPRmt, positively correlating with lifespan extension in C. elegans and
mice [57]. In addition, mild mitochondrial distress in muscle preserves
mitochondrial function and impedes the age-dependent deterioration of
muscle function and architecture partially via the compensatory acti-
vation of UPRmt, resulting in prolonged lifespan in Drosophila [63].

Despite of the strong association between UPRmt and longevity,
whether UPRmt activation is necessary or sufficient for lifespan exten-
sion remains to be determined. ATFS-1 encodes the nuclear transcrip-
tion factor that turns on the UPRmt by sensing mitochondrial stress
(Fig. 1). However, in C. elegans, gain-of-function ATFS-1 alleles are not
able to prolong lifespan [64], and loss-of-function ATFS-1 alleles do not
always prevent lifespan extension by knockdown of ETC subunits [64].
Yet, even though the ATFS-1-dependent UPRmt [64] per se might not
confer longevity, they seem to be necessary for lifespan extension as
UPRmt activation is observed in all long-lived C. elegans mutants with
stressed mitochondria [64,65].

It has been reported that UPRmt is increased in aged mouse hearts
[66]. In the heart tissues of 13 mammalian and avian species the ex-
pression of Hsp60 is also positively correlated with maximum lifespan
[67]. Still, studies on the role of UPRmt in cardiac aging are limited.
Whether UPRmt as a fundamental mechanism of longevity could be
applied to basic research and clinical settings against cardiac aging
awaits further investigation.
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2.5. Nicotinamide adenine dinucleotide (NAD+) and cardiac aging

Nicotinamide adenine dinucleotide (NAD+) is an electron acceptor
in the mitochondrial electron transport chain. Cellular NAD+ levels are
regulated by the balance between the synthesis through de novo and
salvage pathways and the consumption by sirtuins and poly(ADP-ri-
bose) polymerase (PARP) [68].

NAD+ salvage pathway is critical to maintain cellular NAD+ levels
via the recycle of the nicotinamide generated as a by-product of the
enzymatic activities of the NAD+-consuming enzymes. In turn, nicoti-
namide not only regulates the enzymatic activities of the NAD+-con-
suming enzymes as an inhibitory factor by binding in a conserved
NAD+ pocket, but also is a biosynthetic precursor to NAD+ via the
activities of nicotinamide phosphoribosyltransferase (NAMPT) and ni-
cotinamide mononucleotide adenylyltransferase (NMNAT) [68,69].

NAD+ levels decrease with age in many organs including the heart
[3]. Loss of Complex I of the electron transport chain is associated with
an increase in NADH and a relative decrease in NAD+, resulting in
decreased SIRT3 activity, increased mitochondrial protein acetylation,
and accelerated heart failure in response to chronic stress [68]. On the
contrary, supplementation of NAD+ via its precursors including nico-
tinamide mononucleotide (NMN) and nicotinamide riboside (NR) at-
tenuates cardiac aging via the activation of sirtuins and resultant in-
creased cellular protein deacetylation. For example, supplementation of
NMN in mice increases NAD+ levels in cardiomyocytes and protects the
heart from ischemia reperfusion injury at both ischemic and reperfusion
phases, accompanied by the deacetylation of Forkhead box O1
(FOXO1)-mediated through the activation of SIRT1 [70]. After long-
time ischemia NAMPT is downregulated with decreased levels of NAD+

and autophagy, thus leading to cell death. On the opposite, NAMPT
overexpression restores the levels of NAD+ and autophagy, thus redu-
cing the infarct size from myocardial infarction [71].

On the other hand, activated PARP rapidly consumes ADP-ribose
monomers, thus depleting its precursor NAD+ and inducing cell death
[72]. In aged C. elegans, restoring NAD+ with PARP inhibitors effec-
tively prevents age-related metabolic decline and prolongs lifespan
dependent upon sir2.1 (ortholog of mammalian SIRT1) [73].

2.6. Mitochondrial protein deacetylation and cardiac aging

Sirtuins (SIRTs) are a highly conserved family composing of seven
mammalian NAD+-dependent deacetylases that are first described in
yeast as silent information regulators and are now known to regulate a
variety of biological processes, including metabolic homeostasis, stress
response and aging [74]. Mammals contain seven Sir2 homologs
(SIRT1–7) that share a conserved 275-amino-acid catalytic domain
[75,76]. These sirtuins are localized in different subcellular compart-
ments, that is, the nucleus (SIRT1, 2, 6, 7), the cytoplasm (SIRT1, 2) and
the mitochondria (SIRT3, 4, 5) [77]. Despite that these enzymes are
generally known as lysine deacetylases that remove acetyl modifica-
tions from lysine residues [78], these sirtuins possess distinct catalytic
preferences and efficiencies [73,74,79]. The mitochondrial sirtuins in-
clude SIRT3, SIRT4 and SIRT5. SIRT3 displays robust deacetylase ac-
tivity; SIRT4 mainly functions as a lipoamidase and ADP-ribosyl-
transferase; SIRT5 mainly mediates the acidic acyl modifications
including lysine succinylation, malonylation, and glutarylation
[77–82].

2.6.1. SIRT1
SIRT1 is the most studied prototype member of this family. It is

mainly localized in the nucleus and cytoplasm and also in the plasma
membrane [83]. Several lines of evidence show that SIRT1 plays vital
roles against cardiac aging and diseases. Transgenic mice with cardiac-
specific SIRT1 overexpression are protected from age-related cardiac
hypertrophy as well as ischemia or reperfusion injury [84,85]. In vas-
cular endothelial cells (VECs), SIRT1 deacetylates endothelial nitric

oxide synthase (eNOS), stimulating eNOS activity and thus increasing
endothelial nitric oxide (NO) [86]. Upon activation by resveratrol,
SIRT1 also deacetylates poly(ADP-ribose) polymerase 1 (PARP1) and
inhibits PARP-mediated cell death. Consistently, SIRT1 deficiency in-
creases PARP-mediated cardiomyocyte death during heart failure
[87,88]. In addition, PARP2 has been implicated in cardiac hyper-
trophy. Upon PARP2 knockdown or the treatment with a small-mole-
cule inhibitor of PARP2, alpha-lipoic acid (ALA), reactivated SIRT1
protects against cardiac hypertrophy; by comparison, SIRT1 knock-
down abrogates the beneficial effects of ALA on cardiomyocyte hy-
pertrophy [89].

2.6.2. SIRT2
SIRT2 is mainly present in the cytoplasm and also to a less extent in

the nucleus. SIRT2 can act as a deacetylase for α-tubulin and FOXO1
during oligodendroglial differentiation and adipogenesis, respectively
[90–92]. In the nucleus, SIRT2 regulates H4K16Ac levels and controls
cell cycle. Murine embryonic fibroblasts (MEFs) with SIRT2 deficiency
exhibit excessive H4K16 acetylation during mitosis, causing a delay in
S-phase entry [93].

SIRT2 plays an important role in the maintenance of cardiac
homeostasis. SIRT2 is downregulated during cardiac hypertrophy.
SIRT2-deficient mice exaggerate cardiac hypertrophy, remodeling, fi-
brosis, and dysfunction in aged mice and mice infused with Angiotensin
II (Ang II). On the contrary, SIRT2 overexpression attenuates Ang II-
induced cardiomyocyte hypertrophy and rescues cardiac function as a
deacetylase by negatively regulating NFAT transcriptional factor and
activating LKB1-AMPK signaling [94]. Therefore, SIRT2 may be a po-
tential therapeutic target for aging- and stress-induced cardiac hyper-
trophy [95].

2.6.3. SIRT3
SIRT3 is a major mitochondrial deacetylase primarily localized in

the mitochondrial matrix (Fig. 1). SIRT3 is directly linked to longevity
and highly expressed in long-lived individuals [96]. It acts as a meta-
bolic sensor via the use of intracellular metabolites including NAD+

and acetyl-CoA to modulate mitochondrial function to meet the energy
demand of the cell [97]. SIRT3 can also regulate mitochondrial bio-
genesis; ectopic expression of SIRT3 in brown adipocytes increases the
phosphorylation of cAMP response element binding protein (CREB),
which subsequently stimulates the expression of peroxisome pro-
liferative activated receptor gamma coactivator 1 alpha (PGC-1α) and
its target gene uncoupling protein 1 (UCP1) [98,99]. In addition, SIRT3
is critical in fatty acid oxidation by positively regulating the activity of
the rate-limiting ketogenic enzyme 3-hydroxy-3-methyglutaryl-CoA
synthase isoform 2 (HMGCS2) via deacetylation and desuccinylation
[100,101]. SIRT3 also regulates the urea cycle by deacetylation and
activation of ornithine transcarbamylase (OCT); metabolomic analysis
of fasted mice lacking SIRT3 revealed a clear perturbation in metabolic
intermediates of urea cycle [102]. In the heart, SIRT3 functions as a
direct regulator of basal ATP levels and mitochondrial electron trans-
port. SIRT3 overexpression augments Complex I activity, whereas
SIRT3 deficiency inhibits Complex I activity due to increased mi-
tochondrial protein acetylation, resulting in a 50% decrease in basal
ATP content [103].

SIRT3 plays an important role in cardiac aging. Human SIRT3 has
two isoforms, a 44 kD full-length isoform (fl-SIRT3) and a 28 kD short
isoform (sh-SIRT3). Sh-SIRT3 is the predominant form in young myo-
cardial tissues whereas fl-SIRT3 is mainly expressed in the aged hearts
[104]. SIRT3 protects against cardiac aging by controlling oxidative
stress and suppressing cardiac hypertrophy [105]. The overexpression
of SIRT3 suppresses Ang II-induced cardiac hypertrophy and fibrosis,
and inhibits the expression of fibrotic markers in myofibroblasts of
failing human hearts [106]. Consistently, SIRT3 levels are decreased in
the fibroblasts isolated from the patients with end-stage heart failure
and SIRT3 deficiency exacerbates cardiac hypertrophy and induces
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interstitial fibrosis [107]. In addition, SIRT3 can attenuate HIF-1α ac-
tivity indirectly by controlling intracellular ROS levels [108]. Another
important pathway for the cardioprotective effects of SIRT3 is via the
regulation of mitochondrial permeability transition pore (mPTP). SIRT3
deacetylates the regulatory component of the mPTP, cyclophilin D and
inhibits mPTP opening in the heart, thereby reducing oxidative stress,
preventing cardiomyocyte death and slowing down cardiac aging. Ac-
cordingly, SIRT3-deficient mice exhibit an age-dependent increase in
cardiomyocyte mitochondrial swelling due to increased mPTP opening
[109].

2.6.4. SIRT4
SIRT4 is known more as a lipoamidase and ADP-ribosyltransferase,

rather than a robust deacetylase with the exception that it controls lipid
catabolism via the deacetylation of malonyl-CoA decarboxylase (MCD)
[75,110,111]. SIRT4 knockout does not induce mitochondrial protein
hyperacetylation [110]. By comparison, as a lipoamidase, SIRT4 reg-
ulates the pyruvate dehydrogenase complex (PDH) that converts pyr-
uvate to acetyl-CoA [79]. As an ADP-ribosyltransferase, SIRT4 inhibits
the activity of glutamate dehydrogenase (GLUD1) that catalyzes the
conversion of glutamate to a-ketoglutarate by ADP-ribosylation and
downregulates amino acid-dependent insulin secretion [110]. SIRT4 is
also implicated in the regulation of fatty acid oxidation in liver and
muscle, though the underlying mechanisms remain to be elucidated
[112]. In H9c2 cardiomyoblasts, SIRT4 inhibits hypoxia-induced
apoptosis by suppressing mitochondrial Bax translocation through the
regulation of the ratio of pro-caspase 9/caspase 9 and pro-caspase 3/
caspase 3 [113]. After ischemia-reperfusion injury, SIRT4 is down-
regulated in cardiomyocytes and SIRT4 overexpression protects hearts
by preserving mitochondrial function and reducing cardiomyocyte
apoptosis in mice [114].

2.6.5. SIRT5
SIRT5 mediates the removal of succinyl, malonyl, glutaryl, rather

than acetyl, groups from mitochondrial targets [82]. Consistently,
SIRT5 knockout does not induce mitochondrial protein hyperacetyla-
tion, either [110]. With succinylation identified as a new relevant
modification of lysine residues, SIRT5 is now emerging as a key reg-
ulator of mitochondrial proteins and metabolism [74]. SIRT5-deficient
mice exhibit accumulation of acylcarnitines and decreased β-hydro-
xybutyrate production. In addition, SIRT5 regulates succinylation of
HMGCS2 both in vivo and in vitro, further demonstrating an important
role for SIRT5 in regulating β-oxidation and ketone body synthesis
[101]. SIRT5 can also act as a lysine deglutarylase to regulate the ac-
tivity of carbamoyl phosphate synthase 1 (CPS1) that is the rate-lim-
iting in urea cycle [115]. In cardiomyocytes, SIRT5 is downregulated by
oxidative stress and SIRT5 knockdown significantly increases ROS-in-
duced cardiomyocyte apoptosis [116]. However, it is unknown whether
SIRT5 regulates ROS in the heart [76] and also its role during ischemia
reperfusion remains to be elucidated [79].

2.6.6. SIRT6
SIRT6 is mainly in the nucleus. SIRT6-knockout mice exhibit aging-

like phenotypes, including profound lymphopenia, loss of subcutaneous
fat, severe hypoglycemia, and eventually premature death before
4 weeks of age [117,118]. SIRT6 was first identified as an ADP-ribo-
syltransferase [119] and also implicated in DNA double-strand break
repair by regulating C-terminal binding protein (CtBP) and DNA protein
kinase [120,121]. Recent studies reveal that SIRT6 also acts as a dea-
cetylase preferentially on lysine (K) residue 9 and 56 of histone H3
(H3K9, H3K56) [119,122,123]. By binding to the promoter regions of
HIF-1α target genes and deacetylating histone H3K9, SIRT6 acts as a co-
repressor of HIF-1α and transcriptionally suppresses glycolysis. SIRT6-
deficient MEFs and mice exhibit increased HIF-1α activity and glyco-
lysis but significantly decreased mitochondrial respiration, thus ac-
counting for the severe hypoglycemia in SIRT6-knockout mice [124].

How SIRT6 regulates cardiac aging awaits further investigation.

2.6.7. SIRT7
SIRT7 is an activator of RNA polymerase I transcription [125].

SIRT7-knockout mice show various signs of aging-related changes in-
cluding kyphosis, loss of subcutaneous fat, hypertrophic and in-
flammatory cardiomyopathy, and eventually premature death. In ad-
dition, SIRT7-deficient primary cardiomyocytes are less resistant to
oxidative and genotoxic insults and increased apoptosis, indicative of a
vital role of SIRT7 in regulating stress responses and cardiomyocyte
death in the heart [126].

2.7. Cardiac aging and mitophagy

Autophagy is a catabolic process that degrades cytoplasmic com-
ponents and organelles in response to stresses such as nutrient starva-
tion, oxidative stress, and inflammatory stimuli. Autophagy is im-
plicated in various physiological processes including cell survival
during starvation, degradation of aggregated proteins, clearance of
dysfunctional organelles, development, differentiation and aging
[127,128]. Myocardial autophagy declines with age. Knockout of
macrophage migration inhibitory factor (MIF) exacerbates aging-re-
lated cardiac remodeling and functional deterioration associated with
accelerated loss of autophagy in the heart [129]. Conversely, aging-
associated myocardial dysfunction and cardiac hypertrophy may be
exacerbated upon the suppression of autophagy by mitochondrial al-
dehyde dehydrogenase (ALDH2) whereas AKT2 ablation protects
against cardiac aging and prolongs lifespan via the restoration of
FOXO1-mediated autophagy and preservation of mitochondrial in-
tegrity [130,131].

Damaged mitochondria beyond repair can be eliminated through a
specialized form of autophagy termed mitophagy [132]. It is generally
accepted that mitophagy also declines with age [13]. The best char-
acterized form of mitophagy is initiated by mitochondrial serine/
threonine kinase PTEN-induced putative kinase 1 (PINK1) and the cy-
tosolic E3 ubiquitin ligase PARKIN. PINK1 is translocated onto the inner
mitochondrial membrane via the translocase of the outer mitochondrial
membrane (TOM) and the translocase of the inner mitochondrial
membrane (TIM) complexes [132]. Under normal steady-state condi-
tions, it is rapidly and constitutively degraded by the presenilin-asso-
ciated rhomboid-like protease (PARL) [133]. When mitochondrial im-
port through the TIM complex is disrupted by stresses including
mitochondrial depolarizing agents, OXPHOS inhibitors, genetic or en-
vironmental stresses, the translocation of PINK1 onto the inner mem-
brane where PARL resides is inhibited. Accordingly, PINK1 is preserved
from PARL-mediated degradation and accumulates on the outer mi-
tochondrial membrane [134], where it phosphorylates the outer mi-
tochondrial membrane protein MFN2 that in turn facilitates the re-
cruitment of cytosolic E3 ubiquitin ligase PARKIN to these
mitochondria to initiate mitochondrial degradation via mitophagy
[135,136] (Fig. 2).

There is a generally accepted concept that mitochondrial dysfunc-
tion may be featured in cardiac aging. In C. elegans, oxidative stress
promotes both mitochondrial biogenesis and mitophagy through skin-
head-1 (SKN-1, a homolog of NRF2), thereby coordinating mitochon-
drial turnover [137,138]. Young germline PARKIN knockout mice ex-
hibit normal cardiac function, whereas abnormal mitochondria
accumulate in cardiomyocytes with age [139], implying the role of
PARKIN-mediated mitophagy in aging hearts. Yet, the changes in mi-
tophagy have merely been quantified during cardiac aging [3].

The later event of macroautophagy is highly dependent on the
availability of autophagy-related proteins (ATGs). Among others, ATG5
is recognized as a key player for autophagosome formation but also for
inducing apoptosis. As part of the ubiquitin-like conjugation systems,
ATG5 interacting with ATG12 mediates the formation of a multimeric
complex localizing to the developing autophagosome membrane and is

Y. Wang et al. BBA - Molecular Basis of Disease 1865 (2019) 1853–1864

1857

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ketone-bodies


dissociated from the membrane once the autophagosome is complete
[140]. Mice with cardiomyocyte-specific deletion of ATG5 develop le-
thal dilated cardiomyopathy at the age of ten months, resulted from the
accumulation of structurally deteriorated mitochondria with impaired
respiratory function due to impaired mitochondrial culling [141], in-
dicating that mitophagy is vital to preserve cardiac function in aged
hearts. Ectopic expression of ATG5 in mice extends lifespan by 17%
compared to non-transgenic controls [142].

Mitochondria can also be degraded via mitochondrial-derived ve-
sicles (MDVs). In H9c2 cardiac myoblasts, MDV formation occurs under
basal conditions and can also be rapidly induced in response to stress.
Similarly, in mouse hearts MDVs form readily under normal steady-
state conditions while mitophagy is usually more potently induced
under stress [143]. Once formed, delivery of MDVs to the lysosomes is
PINK1- and PARKIN-dependent [144] but does not require mitochon-
drial depolarization and is independent of ATG5 and LC3 [145],
pointing to the differences between MDVs and canonical PINK1/
PARKIN-mediated mitophagy in the integrated mitochondrial quality
control machineries [146].

3. Interventions against cardiac aging

Mitochondrial-targeted strategies that limit cardiac injury can often
lead to the functional improvement of aged hearts. Here we review
several major interventions against cardiac aging at least partially via
the regulation of mitochondria, including exercise, calorie restriction,
nicotinamide riboside and derivatives, as well as senolytic drug can-
didates (Fig. 3).

3.1. Exercise and cardiac aging

Exercise is a diagnostic and therapeutic tool against aging-related
cardiac diseases, in part via the preservation of mitochondrial integrity
[147]. Four-week voluntary treadmill running in adult mice increases
the mitochondrial number and left ventricle volume [148]; five-month
treadmill exercise in the mutator mice induces mitochondrial biogen-
esis and increases mitochondrial oxidative capacity, thus protecting
against cardiomyocyte apoptosis and spontaneous cardiac hypertrophy
[149]. On a molecular level, endurance exercise increases PGC-1α ex-
pression and thus promotes mitochondrial biogenesis in the heart
[150]. SIRT1 and SIRT3 are also upregulated in the heart during ex-
ercise and play cardioprotective roles against oxidative stress partially
by FOXO3a-dependent signaling pathways that increase the levels of

superoxide dismutase and catalase [107].

3.2. Calorie restriction and cardiac aging

Calorie restriction (CR) is defined as a dietary regimen that de-
creases calorie intake without incurring malnutrition or insufficiency in
essential nutrients. CR typically consists of an energy intake that is only
50–70% of that required to maintain normal body weight [139]. CR has
been shown to extend lifespan in varied organisms ranging from yeast
to mice, as well as to attenuate age-related diseases such as cancer,
diabetes and neurodegenerative diseases [151]. The detailed mechan-
isms by which CR extends lifespan have not been fully elucidated, but
increasing evidence reveals that the decreases in mitochondrial ROS
production, lipid peroxidation, protein oxidation and mtDNA oxidative
damage may all contribute to its anti-aging effects in various organs
[152–154]. In the heart, CR attenuates age-related changes including
myosin isoform shifts, cardiomyocyte apoptosis, cardiac fibrosis, as well
as diastolic dysfunction [155]. It has been shown that mitochondrial
oxidative damage to mitochondrial DNA, proteins, and lipids can be
significantly reduced by CR in the aged heart [154,156–159]. For ex-
ample, the levels of 8-oxodG are lower in cardiac mitochondria isolated
from long-term caloric-restricted rats than ad libitum-fed controls
[156,159]. In addition, the increase in mitochondrial protein acetyla-
tion level with age in rat hearts can also be attenuated upon CR via the
enhancement of mitochondrial sirtuin (SIRT3, 4, 5) activities, but not
protein levels [160].

3.3. Nicotinamide riboside and cardiac aging

Mitochondrial dysfunction has been implicated in heart failure and
is often accompanied with an imbalance in the intracellular ratio of
reduced nicotinamide-adenine dinucleotide (NADH) to oxidized nico-
tinamide-adenine dinucleotide (NAD+) [161,162]. In mice, restoration
of the NADH/NAD+ ratio through the supplementation with NAD+

precursors significantly improves cardiac function. Nicotinamide ribo-
side (NR) is a pyridine-nucleoside form of vitamin B3 and NAD+ pre-
cursor. With cellular NAD+ concentrations changing with age, sup-
plementation of NR increases lifespan in yeasts and worms in a sir2.1-
dependent manner [163] and protects against metabolic abnormalities
induced by high-fat diet in mice via the activation of SIRT1 and SIRT3
and promotion of oxidative metabolism [164]. With the ongoing clin-
ical trial (ClinicalTrials.gov Identifier: NCT03423342) focusing on the
safety and tolerability of NR in patients with systolic heart failure, we

Fig. 2. Schematics of classical PINK1-MFN2-PARKIN-mediated mitophagy.
Under normal conditions (polarized mitochondria), PTEN-induced putative kinase 1 (PINK1) is translocated onto the inner mitochondrial membrane and con-
stitutively cleaved by presenilin-associated rhomboid-like (PARL) protease, resulting in the release of cleaved PINK1 into the cytosol for degradation via the
ubiquitin-proteasome system. When mitochondria are depolarized, the proton gradient driving the import of PINK1 into mitochondria disappears and PINK1 is
diverted from the cleavage by PARL on the inner mitochondrial membrane. Instead, full-length PINK1 accumulates on the outer mitochondrial membrane and
phosphorylates mitofusin 2 (MFN2), which subsequently recruits mitochondrial E3 ubiquitin ligase PARKIN from the cytosol to the depolarized mitochondria.
PARKIN then mediates the polyubiquitination of mitochondrial outer membrane proteins including p62, leading to the recruitment of LC3 to form mitophagosome.
Once formed, mitophagosome is delivered to lysosome to fuse into mitolysosome for the ultimate degradation.
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look forward to further understanding the beneficial effects of NR as a
new therapeutic opportunity for cardiac aging and related diseases.

3.4. Senolytic drug candidates against cardiac aging

Aging and aging-related diseases in part stem from the accumula-
tion of senescent cells, which disturbs homeostasis. Senolytics are a new
class of drugs with the potential to slow down the aging process via
specific and efficient elimination of senescent cells. Studies in animal
models have demonstrated prolonged healthspan and lifespan through
the use of senolytic therapies [165]. Here, we try to provide an over-
view for several of the most well-studied senolytic drug candidates.

3.4.1. Resveratrol
Resveratrol is a polyphenolic flavonoid found in red wine, mulber-

ries, peanuts, and rhubarb. This polyphenolic compound prolongs the
replicative lifespan of yeast [166] and the life of worms [167] and flies
[168]. In mice, resveratrol attenuates doxorubicin-mediated cardio-
toxicity and left ventricular remodeling [169]. In monkeys fed with a
diet high in sugar and fat, resveratrol improves vascular function [170].
Mechanistically, early targets of resveratrol are the sirtuins [171]. Re-
sveratrol suppresses cardiac fibroblast proliferation and cardiac hy-
pertrophy [172], in which resveratrol-activated sirtuins may stimulate
AMPK pathway and improve mitochondrial and cardiac function
[173,174]. In cardiac fibroblasts, resveratrol ameliorates collagen de-
position and thus improves cardiac function via the activation of SIRT3
[175]. Rats administrated with Longevinex, a commercialized resver-
atrol formulation, also exhibit better cardiac performance, smaller
cardiac infarct size and prolonged longevity via the induction of au-
tophagy along with the upregulation of SIRT1 and SIRT3 after ischemia
reperfusion injury [176]. Another target of resveratrol is Class IA
phosphoinositide 3-kinase (PI3K), whose inhibition by resveratrol by
competing with ATP for the catalytic site may promote longevity in-
dependent of sirtuins [177].

3.4.2. Metformin
Metformin, a biguanide first isolated from the French lilac, is the

most prescribed drug for type-2 diabetes [163]. Metformin reduces
oxidative stress and chronic inflammation, two of the most well-known

factors that compromise health and lifespan [178]. Metformin acts
partially via the inhibition of mitochondrial functions and stimulation
of AMPK activity by an increase of the AMP/ATP ratio, thereby in-
hibiting mTOR [179]. In aged C. elegans and mice, metformin extends
lifespan via a mitohormetic effect [180]. In diseased mouse hearts,
metformin reverses pressure overload-induced cardiac fibrosis and
improves cardiac diastolic function after transverse aortic constriction
(TAC) [181]. Upon metformin treatment, the transcription factor SKN-
1/NRF2 is activated, resulting in increased expression of antioxidant
genes and thus conferring protection against oxidative damage [182].
In dogs, metformin attenuates oxidative stress-induced cardiomyocyte
apoptosis and prevents the progression of heart failure along with ac-
tivation of AMPK [183]. In addition, metformin can slow down the
progression of age-related diseases. In the United Kingdom Prospective
Diabetes study, patients treated with metformin achieved significantly
lower mortality over 10 years of follow-up from myocardial infarction,
stroke, or all-causes when compared to patients with sulfonylurea, in-
sulin, or dietary control [184,185].

3.4.3. Berberine
Berberine enhances autophagy through the inhibition of mTOR/

AMPK signaling pathway [186], thus limiting the increase in heart size,
decreasing collagen deposition, suppressing cardiac apoptosis and fi-
brosis, and attenuating cardiac dysfunction in rats with TAC-induced
cardiac hypertrophy [187] and rats after acute myocardial infarction
[188]. Berberine markedly prevents H2O2-induced senescence, alle-
viating the impairment of autophagic flux and restoring NAD+ levels in
senescent cells [189]. In aged mice, berberine alleviates postoperative
cognitive dysfunction via the suppression of neuroinflammation [190].
In aged rats, berberine increases the protein expression of pAMPK,
SIRT1 and PGC-1α as well as ATP production, ameliorating aging-re-
lated decline in skeletal muscular functions [191]. In rats with TAC,
berberine ameliorates cardiac dysfunction and prevents the develop-
ment of left ventricular hypertrophy induced by pressure overload
[192]. Lastly, in a study of patients with chronic congestive heart
failure (CHF), berberine effectively improves cardiac function and de-
creases mortality during long-term follow-up [193].

Fig. 3. Major interventions against cardiac aging.
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3.4.4. Rapamycin
mTOR is a serine/threonine kinase that functions as a sensor for

intracellular energy. Rapamycin is a well-known FDA-approved mTOR
inhibitor, initially used clinically as an immunosuppressive drug against
allograft rejection in patients. As a potent inducer of autophagy, it ex-
tends lifespan in various organisms including yeast, flies, worms, and
mice [163,194,195]. The National Institute on Aging (NIA) Intervention
Testing Program shows that long-term rapamycin treatment started at 9
or 18months of age extends lifespan in mice [196,197]. Short-term
rapamycin treatment (10 weeks) substantially improves diastolic func-
tion and attenuates left ventricular hypertrophy in aged mice [198].
The alleviation of cardiac aging phenotypes by rapamycin treatment is
likely linked to proteomic and metabolic remodeling not only by in-
creasing mitochondrial protein content but also reversing the age-re-
lated metabolic shift from fatty acid oxidation to glycolysis [199]. Si-
milar effects are observed in younger mice after three-month rapamycin
treatment starting at 12 weeks of age [200], indicating the age-irrele-
vant drug effects of rapamycin on heart weight and dimensional mea-
surements. Notably, long-term administration of rapamycin in some
patients has been reported to cause a variety of side effects including
impaired wound healing, anemia, proteinuria, pneumonitis, hyperch-
olesterolemia and so forth [163], sending a cautionary note to the at-
tempt to use rapamycin in anti-aging treatment.

4. Concluding marks

Because the incidence of heart diseases significantly increases with
age, it is important to clarify the mechanisms of cardiac aging. Multiple
lines of evidence in animal models and human have proven that the
mitochondria play an important role in cardiac aging. A comprehensive
understanding of mitochondrial regulation in cardiac aging will be
beneficial for the search of novel mitochondrial-targeted therapeutic
strategies to attenuate cardiac aging and to alleviate age-related cardiac
diseases.
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