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Abstract As average lifespan of humans increases in
western countries, cardiac diseases become the first
cause of death. Aging is among the most important risk
factors that increase susceptibility for developing car-
diovascular diseases. The heart has very aerobic metab-
olism, and is highly dependent on mitochondrial func-
tion, since mitochondria generate more than 90 % of the
intracellular ATP consumed by cardiomyocytes. In the
last few decades, several investigations have supported
the relevance of mitochondria and oxidative stress both
in heart aging and in the development of cardiac dis-
eases such as heart failure, cardiac hypertrophy, and
diabetic cardiomyopathy. In the current review, we com-
pile different studies corroborating this role. Increased
mitochondria DNA instability, impaired bioenergetic
efficiency, enhanced apoptosis, and inflammation pro-
cesses are some of the events related to mitochondria
that occur in aging heart, leading to reduced cellular
survival and cardiac dysfunction. Knowing the mito-
chondrial mechanisms involved in the aging process
will provide a better understanding of them and allow
finding approaches to more efficiently improve this
process.
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Background

According to different organizations such as the
American Heart Association and the World Health
Organization (WHO), cardiovascular diseases are
becoming the first cause of death in western coun-
tries (Heidenreich et al. 2011). The morbidity due
to these sorts of diseases is even higher than those
generated by neurodegenerative disorders, and it is
believed that the percentages will increase in the
near future. In 2012, ischemic heart disease was
the main cause of premature mortality in high-
income countries worldwide, and it is expected
that more than 23 million people will die from
ischemic heart disease in 2030. By that year, the
proportion of total deaths worldwide due to car-
diovascular diseases within the elderly population
(>70 years) will be 40 % (World health statistics
2014. World Health Organization).

Although long-term exposure to risk factors, such as
those related to lifestyle like diet and physical inactivity,
plays a major role in the etiopathogenesis of cardiac
disorders, aging itself is considered to be the major
determinant for developing cardiac diseases. Moreover,
other age-related diseases such as dyslipidemia and
diabetes mellitus enhance the deleterious effects of ag-
ing on the cardiovascular system. Life expectancy at
birth has increased by 6 years worldwide in the last 3
decades. As previously mentioned, such an increase has
a direct consequence on there being a higher rate of rate
of age-related diseases, in particular cardiovascular
ones. More importantly, the increase in average lifespan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-016-9933-y&domain=pdf

226

AGE (2016) 38:225-238

is expected to keep rising over the next 20 years, when
approximately 20 % of the population will be 65 years
old or older.

The heart is primarily a postmitotic tissue and ex-
hibits highly aerobic metabolism. These features impli-
cate two consequences for normal organ function: de-
pendence on healthy mitochondria and on healthy cells
(Judge and Leeuwenburgh 2007). Studying bioenerget-
ics of aged cardiomyocytes has been an important re-
search area for many years. Mitochondria play a funda-
mental role in the survival and function of
cardiomyocytes and are critical for the high demand of
energy in the myocardium. In physiological states, 20—
30 % of the cell volume of cardiomyocytes is occupied
by mitochondria, but the numbers can increase with
enhanced myocardial energy requirements. Primary en-
ergy production in myocardial tissue occurs in the form
of adenosine triphosphate (ATP) by mitochondria to
bridge the metabolism of nutrients and oxidative respi-
ration. The heart consumes the equivalent of 6 kg of
ATP per day, which is mainly generated through mito-
chondrial oxidative phosphorylation from catabolism of
lipids and carbohydrates and used for various biological
events (Ren et al. 2010). The energy pool of the heart
includes ATP (=5 umol/g wet weight) and phosphocre-
atine (PCr; =8 umol/g wet weight), with the latter serv-
ing as an ATP transport and buffer system (Beer et al.
2002). In the mitochondria, the high-energy phosphate
bond in ATP can be transferred to creatine by mitochon-
drial creatine kinase to form PCr. With a lower molec-
ular weight than ATP, PCr can easily diffuse through the
mitochondrial membrane into the cytosol. Here, it can
be used to generate ATP from adenosine diphosphate
(ADP) through reactions catalyzed by the cytosolic
creatine kinase (Neubauer 2007). There is a fine balance
between nuclear and mitochondrial gene expression,
which governs the assembly of mitochondrial respi-
ratory complexes. Especially under conditions of ex-
ercise, mitochondrial biogenesis is triggered through
modulation of the ATP/ADP ratio, activation of
adenosine monophosphate-activated protein kinase
(AMPK), and consequent expression of the transcrip-
tional factor peroxisomal proliferator activator recep-
tor y co-activator 1 (PGC-1) and nuclear respira-
tory factor-1 (NRF1) (Kim et al. 2008). In turn,
these increases in cardiac energy demands enhance
gene expression of nuclear and mitochondrial DNA
(mtDNA) maximizing the capacity of mitochondria
to perform oxidative phosphorylation.
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Mitochondrial role in aging

Taking into account that aging is one of the major
factors leading to cardiac dysfunction, it is especially
important to know the mechanisms underlying the
aging process in order to find approaches to improve
it. Several factors have been considered important
contributors to the aging process, such as mitochon-
drial dysfunction, genomic instability, and epigenetic
alterations among others (Lopez-Otin et al. 2013).
One of the main features of aging is the accumula-
tion of genetic damage and increased DNA instabil-
ity (Beckman and Ames 1999, Lopez-Otin et al.
2013). Due to continuous exposure to both exoge-
nous and endogenous threats, nuclear and mitochon-
drial DNA integrity are compromised during aging
(Garinis et al. 2008, Gredilla et al. 2010). Interest-
ingly, the main sites of reactive oxygen species
(ROS) generation, under physiological conditions,
are located within the electron transport chain in
mitochondria (Barja 1999, Brand 2010). Mitochon-
drial DNA instability has been considered especially
relevant in the aging process, since it leads to mito-
chondrial dysfunction (Kujoth et al. 2007, Atkinson
et al. 2011, Tyurina et al. 2012). Relevance of
mtDNA in cellular function was clearly evident after
the identification of mitochondrial diseases as a re-
sult of either inherited or spontaneous mutations in
mtDNA, leading to mitochondrial dysfunction, such
as chronic progressive external ophthalmoplegia syn-
drome or NADH dehydrogenase deficiencies, both
mitochondrial myopathies. In addition, different pre-
mature aging syndromes are related to increased
DNA instability, and several of them are accompa-
nied by cardiovascular aging (Minamino and
Komuro 2008, Jeppesen et al. 2011). Moreover, the
generation of a knock-in mouse expressing defective
mitochondrial DNA polymerase (PolG mouse) has
provided the first clear support that accumulation of
somatic mtDNA mutations causes a variety of aging
phenotypes in mammals (Trifunovic et al. 2004,
Kujoth et al. 2005). One of the main consequences
of mtDNA instability is mitochondrial dysfunction
which, as mentioned above, is thought to significant-
ly contribute to the aging process. Mitochondria are
not only the critical organelle for the generation of
metabolic energy in eukaryotic cells via oxidative
phosphorylation but they also participate in an im-
portant number of cellular functions including
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Fig. 1 Several factors contribute to heart aging and higher sus-
ceptibility to cardiac diseases (see text for details and references).
Increased mtDNA instability, enhanced apoptotic processes, and
loss of homeostasis (e.g., Ca®* buffering) in cardiomyocytes lead
to impaired bioenergetics and reduced survival. Moreover, release
of cytokines from cardiac fibroblasts and different growing factors,

apoptosis, Ca** homeostasis, and redox signaling
among others (Tyler, 1991). Consequently, impaired
mitochondrial function leads to loss of cellular ho-
meostasis, and hence to cellular dysfunction (Fig. 1).

As organisms age, the efficiency of the mitochon-
drial respiratory chain has been reported to decrease in
different tissues, diminishing ATP generation (Drew
and Leeuwenburgh 2004, Bratic and Trifunovic
2010, Green et al. 2011). As already mentioned, one
of the main factors causing mitochondrial dysfunction
and defective bioenergetics is the accumulation of
mtDNA mutations. However, other mechanisms also
contribute to the age-related loss of mitochondrial
function such as oxidation of mitochondrial proteins,
destabilization of electron transport chain complexes,
alterations in the lipid composition of mitochon-
drial membranes, and defective quality control by

such as TGFf, play a critical role in survival decline of
cardiomyocytes with aging, in cardiac remodeling and in the
development of fibrosis, which contribute to cardiac hypertrophy.
In addition, important positive feedback between oxidative stress
and inflammatory processes takes place. All these events will
ultimately lead to cardiac dysfunction

mitophagy (Lopez-Otin et al. 2013). Importantly, mi-
tochondrial function is not only affected by mtDNA
instability; since most of the mitochondrial proteins are
encoded by nDNA, increased nDNA instability also
contributes to impairment of mitochondrial function
(Fang et al. 2016).

Mitochondrial dysfunction not only affects bioener-
getics but it is also known to influence apoptotic events,
which contribute to the decline of tissue functionality
(Kujoth et al. 2006, Tower 2015). The effect of mito-
chondrial malfunction on programed cell death path-
ways differs depending on cell types and tissues. Age-
related enhancement in apoptosis has been related to cell
loss in several tissues, including the skeletal muscle,
heart, and brain leading to dysfunctional conditions such
as sarcopenia, cardiac dysfunction, and neurodegenera-
tive diseases (Tower 2015).
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Metabolic changes in aged heart

The main metabolic pathway used by the heart is long-
chain fatty acid 3-oxidation and utilizes 70 to 90 % of
cardiac ATP (Modrego et al. 2013). The remaining 10 to
30 % comes from the oxidation of glucose and lactate,
as well as small amounts of ketone bodies and certain
amino acids (Doenst et al. 2013). Use of fatty acids or
glucose substrate may directly inhibit the use of the
others (the Randle cycle). Substrate selection and inter-
action between glucose and fatty acids used in the heart
have been considered highly relevant in cardiac disease,
since complete metabolism of glucose is more oxygen
efficient than that of fatty acid (Opie and Knuuti 2009).
When it comes to mitochondria in the aged heart, levels
of respiratory proteins and other key proteins involved
in mitochondrial metabolism decline including those in
fatty acid metabolism. On the contrary, glucose meta-
bolic pathways as well as extracellular structural pro-
teins increase significantly with age (Dai et al. 2014).
Thus, increased expression of glycolytic proteins, to-
gether with a decline in fatty acid oxidation, would be
indicating a metabolic remodeling with age similar to
heart failure in younger individuals (Dai et al. 2012).
Due to the high energetic demand of the heart, age-
related defects in mitochondrial bioenergetics have been
commonly related to normal cardiac aging (Bratic and
Larsson 2013, Tocchi et al. 2015). For instance, it has
been proposed that heart failure (HF) is associated with
a reactive hyperadrenergic state that increases circulat-
ing plasma free fatty acids, which leads to impaired
glucose metabolism and insulin resistance (Opie and
Knuuti 2009). Also, aging-associated pathophysiologi-
cal changes in metabolism like diabetes crucially con-
tribute to the generation of oxidized proteins and ad-
vanced glycation end products (Fulop et al. 2007). Age-
dependent cardiac alterations related to metabolic
changes will be expanded upon throughout this review.

Cardiac remodeling in aging heart

Myocardial remodeling during aging is related to chang-
es in the amount and organization of extracellular matrix
components (Kwak 2013). Proper collagen arrangement
prevents excessive stretch and damage and preserves
heart function (de Souza 2002). One of the most recur-
rent and well-characterized alterations associated with
cardiac aging is increased collagen deposition within
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cardiomyocytes and around blood vessels (Gazoti
Debessa et al. 2001, Horn et al. 2012).

Aging increases the rate of ventricular collagen turn-
over and deposition by fibroblasts (Mendes et al. 2012).
Age-related fibrosis is characterized by increased colla-
gen content, decreased collagen solubility, and increased
collagen cross-linking (Thomas et al. 2001). In addition
to collagen deposition, modifications and cross-linking
of both collagen and elastin contribute to the develop-
ment of vascular calcification, which increases with
aging (Atkinson 2008). Related extracellular matrix
modifications participate in the development of valve
sclerosis, which is present in 30 to 80 % of elderly
individuals. Indeed, deposition of collagen fibers or
fibrosis is associated with stiffer ventricles and diastolic
dysfunction in the senescent heart. A recent study has
shown that metalloproteinase-mediated degradation of
elastin contributed to valve mineralization and calcifi-
cation by inducing calcium deposition onto fragmented
elastin in humans (Nassimiha et al. 2001).

One of the most common consequences of cardiac
remodeling in aged heart is enhanced left ventricular
hypertrophy (LVH) evidenced by the thickening of ven-
tricular walls. Clinical trials such as The Framingham
Heart Study and the Baltimore Longitudinal Study on
Aging have demonstrated an age-dependent increase in
LVH in healthy adults free of hypertension, a known
risk factor for LVH (Lakatta and Levy 2003). With age,
several cardiac hypertrophic mechanisms are enhanced
such as mechanical load and reduced cardiomyocytes as
well as the previously described higher interstitial
fibrosis.

Cardiomyocyte hypertrophy undergoes several dele-
terious processes in aging heart. Progressive inhibition
of autophagy is attributed, at least, in part to
intralysosomal accumulation of lipofuscin (De Meyer
et al. 2010). In this scenario, crosslinked polymeric
lipofuscin cannot be degraded by lysosomal hydrolases
and might accumulate as lipofuscin-loaded lysosomes at
the expense of active autolysosomes (Rajawat et al.
2009). Exacerbated autophagy stimulates further accu-
mulation of damaged mitochondria, usually deficient in
ATP production and, induces increased amounts of
ROS, while oxidative modified cytosolic proteins form
large indigestible aggregates. These events enhance
lipofuscingenesis and sensitize cardiomyocytes to un-
dergo apoptosis. Progression of these changes seems to
result in enhanced oxidative stress, decreased ATP pro-
duction, and collapse of cellular catabolic mechanisms,



AGE (2016) 38:225-238

229

which eventually are incompatible with cardiomyocyte
viability (Terman et al. 2010).

On the other hand, changes in single myocytes may
also reach adaptive limits as in calcium handling. Intra-
cellular calcium plays a critical role in modulating cardi-
ac function. Calcium-induced calcium release regulates
myocardial contractility through activation of ion chan-
nels, activation of ryanodine receptor, and activity of
sodium/calcium exchanger. Re-sequestration of Ca®* in
the sarcoplasmic reticulum by the activity of sarcoplas-
mic endoplasmic reticulum Ca**—ATPase 2a (SERCA
2a) triggers myocardial relaxation. In senescent myocar-
dium, the active diastolic relaxation properties of the
myocytes are highly modified causing delayed ventricu-
lar relaxation due to impaired Ca®* cycling/handling
(Lakatta 2003, Upadhya et al. 2015). In recent studies,
it has been shown that the increased oxidative stress
observed in aging heart leads to oxidative damage of
the sarcoplasmic reticalum SERCA pump, thus decreas-
ing its Ca®*-sequestering activity and prolonging diastol-
ic relaxation (Upadhya et al. 2015).

Moreover, in a study conducted in female Fischer
rats, a commonly used animal model of aging-
associated heart failure (Boluyt et al. 2004), prolonged
cellular contractions in older animals have been de-
scribed as being caused by slower decay of the intracel-
lular Ca®* transients and increased expression of slower
[3-isoform of myosin heavy chain molecules (Carnes
et al. 2004, Campbell et al. 2013). Progression of these
modifications will adversely affect other electrical ac-
tivity and contractile power output. In the mentioned
study, authors showed that the shift in transmural prop-
erties is caused by age- and region-dependent changes in
Ca®* transient morphology and altered Ca**-relaxation
coupling at the level of the myofilaments. Decreased
phosphorylation of troponin I, which contributed to the
myofilament level effect, was also described (Boluyt
et al. 2004).

Oxidative stress and DNA instability in cardiac
mitochondria

Since they were initially postulated as major determi-
nants of lifespan (Harman 1972), a large body of evi-
dence has supported the role of mitochondria and oxi-
dative stress in the aging process. Free radicals are
generated in different cellular compartments (i.e., mito-
chondria, peroxisomes) and by multiple enzymes, such

as NADPH oxidase or xanthine oxidase. However, mi-
tochondrial ROS production is considered the most
important source of cellular ROS in healthy tissues,
since the main free radical generator, the electron trans-
port chain is located in the inner mitochondrial mem-
brane (Barja 1999). Mitochondrial free radicals are con-
tinuously generated during oxidative phosphorylation
and ATP generation. For several years, ROS have been
primarily investigated due to their damage-promoting
effects. However, they also play an important role as
signaling molecules, being involved in different physi-
ological responses that control cellular homeostasis
(Shadel and Horvath 2015) In fact, various researchers
have started questioning the role of mitochondrial free
radicals in the aging process, considering that some
ROS may actually act as pro-longevity signaling mole-
cules. These studies have been mainly performed in
animal models of aging like Caenorhabditis elegans
(Dillin et al. 2002, Schulz et al. 2007, Ristow and
Zarse 2010) and Drosophila melanogaster (Sanz 2016,
Scialo et al. 2016). Furthermore, the absence of effect on
lifespan when antioxidants are overexpressed or deplet-
ed in mouse models has also been considered contrary to
the theoretical idea of oxidative stress and mitochondrial
free radicals as main determinants of the rate of aging by
some authors (Jang et al. 2009, Zhang et al. 2009).
Consequently, the debate about the role of free radicals
in the aging process has increased in the last few years
(Gruber et al. 2008, Barja 2013, Rugarli and Trifunovic
2015, Speakman et al. 2015). Meanwhile, new aspects
of mitochondrial function have come out suggesting
that, even if mitochondrial free radicals are not as critical
as thought in the aging process, mitochondria them-
selves would play a central role after all (Gonzalez-
Freire et al. 2015).

Taking into account that aging is a multifactorial
process (Lopez-Otin et al. 2013) and despite the reports
questioning mitochondrial free radicals as main deter-
minants of aging, different studies in animal models and
observations in humans suggest that mitochondrial
function and oxidative stress are important factors con-
tributing to aging (Barja 2013, 2014). Free radicals like
‘OH and OONO " can react and damage all biological
components of the cell. Among the different mitochon-
drial molecules attacked by ROS, mtDNA is the most
critical one for mitochondrial function (Gredilla and
Barja 2005). Free radicals generate a wide number of
mtDNA lesions, including oxidized DNA bases, abasic
sites, and single- and double-strand breaks (DSBs), the
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latter being some of the most harmful DNA lesions.
Many of these ROS-induced DNA lesions show muta-
genic or cytotoxic effects due to mispair of bases, which
may give rise to mutations upon DNA replication
(Grollman and Moriya 1993, Kavli et al. 2007). DNA
damage accumulation may lead to blockage of DNA
replication and transcription, contributing to genomic
instability. In order to maintain genomic integrity and
stability, DNA repair pathways have evolved and the
particular pathway employed depends, in part, upon the
type of DNA damage that is being repaired (Gredilla
et al. 2010). DSBs are repaired by recombination-based
processes, which are rarely error-free, hence leading to
sequence deletions of various lengths (Krishnan et al.
2008). Mitochondria contain a very efficient DNA re-
pair pathway for simpler lesions such as alkylation or
oxidation products caused by ROS, the base excision
repair (BER) pathway (Seeberg et al. 1995). Moreover,
mismatch and SSB repair have been described to take
place in mitochondria (Gredilla et al. 2010, Marin-
Garcia 2016). Despite recent studies on recombination
repair in mitochondria (Ling et al. 2013, Sen et al.
2016), our knowledge of the actual mechanism of
DNA recombination in mammalian mitochondria is still
limited (Liu and Demple 2010, Chen 2013).

Although some reports suggest that cardiomyocytes
can re-enter the cell cycle under certain circumstances
(Leri etal. 2000, Beltrami et al. 2001, Walsh et al. 2010),
the proliferative and hence, regenerative potential of
adult mammalian cardiomyocytes is quite limited. Due
mostly to their postmitotic nature, accumulation of
mtDNA damage in cardiomyocytes is especially rele-
vant, since it highly compromises their functionality.
Similarly to other tissues, the main sites of ROS gener-
ation in mitochondria of cardiomyocytes are located
within the electron transport chain. Under physiological
conditions, a variable amount of oxygen is converted
into superoxide anion (O, ) due to the leaking of elec-
trons mainly from complexes I and III (Barja 1999, St-
Pierre et al. 2002). Superoxide dismutases convert O,
into H,O,, which will be further neutralized into O, and
H,0. Moreover, H,O, can be converted into the highly
reactive hydroxyl radical (OH ") through Fenton and
Haber-Weiss reactions in the presence of iron. Interest-
ingly, mitochondrial iron content increases with aging in
different tissues, including myocardium, which may
exacerbate the generation of OH and hence oxidative
damage in later life (Xu et al. 2010, Mallikarjun et al.
2014). The continuous production of O,  in
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mitochondria leads to increased levels of oxidative dam-
age to mitochondrial proteins, lipids, and DNA in aged
organisms. The frequency of mtDNA point mutations
and deletions is approximately 3-fold higher in the heart
of aged mice when compared to young animals (Dai and
Rabinovitch 2009). Important support of mtDNA muta-
tions as a critical factor inducing heart dysfunction and
aging has been provided by animal models with in-
creased mtDNA instability. An early mouse model
where mitochondrial transcription factor A was
disrupted specifically in the heart and muscle repro-
duces important pathophysiological features of mtDNA
mutation disorders, including respiratory chain deficien-
cy caused by impaired mtDNA expression and accumu-
lation of morphologically abnormal mitochondria
(Wang et al. 1999). Moreover, these alterations were
associated with increased in vivo apoptosis (Wang
et al. 2001). Interestingly, this tissue-specific knockout
shows normal respiratory chain function in the heart at
birth, but the development of dilated cardiomyopathy in
the postnatal period (Wang et al. 1999). More recently, a
new animal model has attracted attention, the PolG
mouse (Trifunovic et al. 2004, Kujoth et al. 2005).
These mice accumulate a high load of mtDNA point
mutations and deletions in all tissues (Vermulst et al.
2008, Edgar et al. 2009) and are characterized by an
early aging phenotype. Cardiac mitochondria from PolG
mice also show elevated levels of protein carbonyls. As
aresult, heart mitochondria of PolG mice have abnormal
ETC activity with depressed activity in different com-
plexes (Trifunovic et al. 2004). It has also been proposed
that the elevated accumulation of random point muta-
tions in mtDNA may affect the proper assembly of
supercomplexes, leading to reduced ATP production
and bioenergetic impairment (Edgar et al. 2009). More-
over, these mice show increased apoptosis in cardiac
tissue and premature age-related changes, cardiac hy-
pertrophy, and reduced systolic and diastolic function
(Dai et al. 2009, Dai et al. 2010). Interestingly, it has
been reported that accumulation of protein carbonyls
and mtDNA deletions in PolG mice is partially reduced
to control levels after overexpression of catalase targeted
at mitochondria, with cardiac function being partially
rescued (Dai et al. 2009, Dai et al. 2010). Similarly,
when PolG mice are subjected to endurance exercise,
premature age-related changes, both in the skeletal mus-
cle and heart, are prevented (Safdar et al. 2011). The
effect of endurance exercise seems to be mediated by
induction of mitochondrial biogenesis, prevention of
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mtDNA mutations, increased mitochondrial oxidative
capacity and respiratory chain assembly and reduction
in apoptosis (Safdar et al. 2011). Very recently, a new
animal model has been generated showing accelerated
accumulation of mtDNA deletions in the myocardium
(Baris et al. 2015). Like PolG animals, these mice accu-
mulate randomly distributed cardiomyocytes with com-
promised mitochondrial function, which seems to pro-
mote premature cardiac arrhythmia.

Involvement of mitochondrial dysfunction in aged
heart

During aging, physiological processes decline progres-
sively, decreasing homeostasis control and increasing
morbidity. Moreover, the incidence of age-related dis-
eases exponentially increases during aging. Although all
tissues are affected during aging, those containing
postmitotic cells like the brain and heart are considered
to be especially affected (Miquel et al. 1980). Cardiac
aging implies several changes in the physiology and
biochemistry of the heart and associated vessels. Mor-
phologically, the heart undergoes thickening of the left
ventricle and hypertrophy of the left ventricle and inter-
ventricular septum. There is stiffening, scarring, and
calcification of aortic valve leaflets and aortic sclerosis.
Electrical activity on the myocardium is also affected in
aged heart by mitral annular calcification and apoptotic
reduction of the sinoatrial and atrioventricular nodes’
pacemaker cells along with deposition of collagen, ad-
ipose tissue, and amyloid (Karavidas et al. 2010,
Maruyama 2012).

Cardiac hypertrophy

Cardiomyocytes can be damaged in different ways such
as by ischemia, presence of toxic substances, microor-
ganisms, etc. derived by an increased load on the heart.
These pathological situations lead to inadequate con-
traction or loss of cardiomyocytes (e.g., infarction),
where the compensatory response of the heart is mani-
fested by the remodeling that cardiac hypertrophy un-
dergoes (Pangonyte et al. 2008). During hypertrophy,
protein synthesis intensifies, new sarcomeres are pro-
duced, cardiomyocytes become thicker and longer, the
thickness of ventricular wall grows, and cardiac contrac-
tion increases. This response temporarily eliminates, or
at least reduces, the hemodynamic overload of the heart

(Weber et al. 1995, Swynghedauw 1999). Cardiac hy-
pertrophy has traditionally been seen as an adaptive
response. However, many epidemiological studies have
demonstrated that LVH is associated with a significantly
increased risk of diastolic dysfunction, HF, and malig-
nant arrhythmias (Frey and Olson 2003a, Martin-
Fernandez et al. 2009). It is known that pathological
cardiac hypertrophy is associated with depletion of en-
ergy reserves manifested as maintained ATP levels and a
reduction of the energy reserve compound, PCr (Liao
et al. 1996, Tian et al. 1997). PCt/ATP ratio decreases
and significant decreases of ATP are observed as com-
pensated hypertrophy advances to overt HF, (Ingwall
2009). For instance, LVH in animal models of pressure
overload is blunted when treated with antioxidants
(Seddon et al. 2007). In cultured cardiomyocytes, hy-
pertrophy induced by angiotensin II, endothelin 1, nor-
epinephrine, TNF-«, or mechanical stress is associated
with increased levels of oxidative stress and ROS-
mediated activation of several intracellular signaling
pathways, including mitogen activated protein kinases
and nuclear factor kB (Dutta et al. 2012).

Heart failure

Cardiac hypertrophy has traditionally been seen as an
adaptive response. However, many epidemiological
studies have demonstrated that LVH is associated with
a significantly increased risk of HF and malignant ar-
rhythmias (Koren et al. 1991, Gutstein et al. 2001, Frey
and Olson 2003b). HF is a growing public health prob-
lem, mainly because of the increased lifespan of the
population and an elevated prevalence in the elderly.
In developing countries, around 2 % of adults suffer
from HF; the prevalence is found to be increased to
approximately 6-10 % over the age of 65 (McMurray
and Pfeffer 2005).

The mechanisms of HF are complex and multifacto-
rial. HF manifests as a reduction in velocity of myocar-
dial relaxation, as well as decreasing myocardial com-
pliance (Ren and Bode 2000, Finck and Kelly 2007). It
is well known that HF is associated with mitochondrial
dysfunction, which is associated with increased oxida-
tive stress, making mitochondria-targeted reactive oxy-
gen species arousing an attractive therapeutic strategy.
Mitochondrial dysfunction is not only involved in the
pathogenesis of LVH but also in the transition from
compensated LVH to HF (Abel and Doenst 2011). De-
creases in energy production due to reductions in
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mitochondrial respiration, increased oxidative stress,
and defective contractile and intracellular Ca®* regula-
tory proteins contribute to selective cardiac dysfunction
(Martin-Fernandez et al. 2009). In addition, alterations
in Ca®* influx and myofilament function contribute to
the cardiomyopathic alterations. Mitochondria in endo-
thelial cells are thought to play an important role in
cellular signaling as sensors for local oxygen concentra-
tion and regulators of nitric oxide (NO) production thus,
playing an important role in coronary disease (Davidson
and Duchen 2007). In addition, increased oxidative
stress directly impacts cardiomyocyte structure and
function by activating signaling pathways involved in
myocardial remodeling and failure (Ide et al. 1999). This
evidence suggests a pathogenic link between enhanced
ROS production, mitochondrial dysfunction, and the
development of HF.

In contrast to the well-identified diastolic dysfunction
at rest, systolic function as measured by ejection fraction
is preserved with age. Heart failure with preserved ejec-
tion fraction (HFpEF) displays no cardiac dilation, yet is
characterized by high filling pressures and lung conges-
tion, dyspnea, and intolerance to effort (Conceicao et al.
2016). It has been observed to become more common
with aging, and this number is expected to increase as
projected by the increase in life expectancy and by
population growth projections (Dhingra et al. 2014),
particularly older women, where 90 % of new HF cases
are HFpEF (Gottdiener et al. 2000). Originally consid-
ered to be predominantly caused by diastolic dysfunc-
tion, more recent insights indicate that HFpEF in the
elderly is characterized by a broad range of cardiac and
non-cardiac abnormalities and reduced reserve capacity
in multiple organ systems. HFpEF is driven by inherent
age-related changes, multiple, concomitant comorbidi-
ties and HFpEF itself, which is like a systemic disorder
(Dhingra et al. 2014). In comparison with heart failure
with reduced ejection fraction (HFrEF), the overall
prognosis of HFpEF patients is similar to those with
HFTEF, with a higher degree of repeat hospitalizations in
the former group. The development of effective thera-
peutic strategies for HFpEF has stimulated the establish-
ment of proper animal models. For instance, aortic
banding and systemic hypertension animal models have
been broadly used, since hypertension is a major con-
tributor to HFpEF (Conceicao et al. 2016). The Dahl
salt-sensitive rat is characterized by hypersensitivity to
sodium intake and represents the most published HFpEF
animal model. When feeding animals a high-salt diet
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(8 % NaCl) from the age of 7 weeks, Dahl/SS rats
develop renal failure, fast-developing hypertension
(>175 mmHg) and LVH, falling into HFpEF between
12 and 19 weeks of age (Doi et al. 2000). Moderate
transverse-aortic constriction imposed at an early age
triggers concentric LVH accompanied by compensated
chamber performance, with marked diastolic filling ab-
normalities. These abnormalities become progressively
more exaggerated at 12 and 18 weeks, thus representing
a good model for studying HFpEF.

Diabetic cardiomyopathy

In obese people and individuals with diabetes mellitus,
cardiac dysfunction, independent of macro- and micro-
vascular disease, is considered a consequence of diabet-
ic cardiomyopathy (Kolwicz et al. 2013). Diabetic car-
diomyopathy is defined as the presence of left ventric-
ular dysfunction beyond that which can be accounted
for by arterial hypertension, coronary artery disease, or
evidence of any other structural cardiac disease in indi-
viduals with diabetes (Westermeier et al. 2015).

Rates of diabetes increase with advancing age with a
particular rise in type 2 diabetes. The global prevalence
of diabetes among adults aged 60 years and older is
19 Y%—approximately 135 million people—and ac-
counts for 35 % of all cases of diabetes in adults
(LHeveder and Nolan 2013). The number of health
conditions increases with advancing age. Thus, in addi-
tion to diabetes, four out of five adults aged 6574 years
and older are diagnosed with at least one comorbid
condition. Rates of coronary heart disease, stroke, con-
gestive heart failure, hypertension, neuropathy, visual
impairment, and arthritis are significantly higher among
older adults with diabetes compared to similar age adults
without diabetes (Kalyani et al. 2010).

We can dissociate between systemic and cardiac
insulin resistance. Cardiac insulin resistance is defined
as ablated insulin signaling or insulin-stimulated glu-
cose uptake in the heart in the absence of systemic
insulin resistance or known risk factors for coronary
heart disease such as obesity, hyperglycemia,
hyperinsulinemia, hypercholesterolemia, and hyperten-
sion (Dei Cas et al. 2015). Insulin resistance alone has
severe adverse effects on cardiac dysfunction. In fact,
the onset of hyperglycemia and diabetes is often preced-
ed by several years of IR. Previous studies carried out in
transgenic mice with cardiomyocyte-specific deletion of
IR (CIRKO) or insulin receptor substrate (CIRSKO)
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have explored the causal association between insulin
resistance and cardiac dysfunction. CIRKO and
CIRSKO mice showed reduced insulin-stimulated glu-
cose uptake and also impairment in cardiac function. In
glucose transporter 4 (GLUT4) KO mice also showed
cardiac dysfunction development implicating insulin
resistance as a contributing factor in the development
of cardiac dysfunction (McQueen et al. 2005, Sena et al.
2009, Domenighetti et al. 2010).

Insulin resistance in presence of diabetes is highly
associated with HF. Approximately 24 % of HF
patients overall and 40 % of hospitalized HF patients
have diabetes mellitus and in the next few decades,
it is expected to grow exponentially with the aging
of population (Aroor et al. 2012). Insulin resistance
not only induces cardiac negative effects but also
increases the risk of type 2 diabetes in both aged
men and women which predispose to coronary heart
disease in the elderly (Kannel 2002, Wilson and
Kannel 2002). Many mechanisms underlying insulin
resistance-induced cardiac dysfunction with age have
been proposed. For instance, the development of
endothelial dysfunction in response to insulin and
decreased telomere length of leukocytes (Demissie
et al. 2006), which plays an important role in the
development of age-related hypertension (Li et al.
2009), are highly accepted theories.

Since mitochondria are the major source of ATP
for meeting the energy demands of the heart, mito-
chondrial dysfunction might be an underlying cause
of metabolic disorders and insulin-resistance-
associated heart disease (Boudina et al. 2009). Under
normal physiological conditions, the heart uses ener-
gy from substrates (FA and carbohydrates) based on
metabolic demand and availability (Stanley et al.
2005); however, in the setting of insulin resistance,
the myocardium’s ability to use glucose as an energy
source is reduced (Ashrafian et al. 2007, Opie and
Knuuti 2009). Pathophysiology of diabetic cardiomy-
opathy becomes highly influenced by the change in
substrate preference (Battiprolu et al. 2012). Mito-
chondria generate more than 90 % of the intracellu-
lar ATP consumed by the heart (Piquercau et al.
2013). Thus, it has been proposed that mitochondrial
dysfunction could be a causative factor in metabolic
disorders and insulin resistance-associated heart dis-
eases (Chen and Knowlton 2011). An intracellular
accumulation of toxic metabolic intermediates in di-
abetic cardiomyopathy has been shown. These

intermediates, such as long-chain acyl-CoA and
acylcarnitine, affect mitochondrial ATP/ADP ratio,
leading to diminished mitochondrial metabolic func-
tion (Lopaschuk and Spafford 1989).

Concluding remarks

Cardiac diseases are associated with profound changes
in cardiac metabolism. Metabolic remodeling in HF is
characterized by decreased cardiac energy production,
which may result from progressive impairments in sub-
strate use and mitochondrial biogenesis and function.
Alterations in mitochondrial biogenesis as well as mito-
chondrial content and function in cardiomyocytes con-
tribute to provoking and aggravating a heterogeneous
group of cardiac diseases. The maintenance of a healthy
pool of mitochondria and the removal of damaged or-
ganelles are vital for the preservation of cardiomyocyte
function and viability. Although we are, at present, far
from understanding the processes that determine the
aging of heart, and although the relevance of the men-
tioned factors differs between individuals, it is clear that
a large number of different processes work together in
the pacing of the aging process. To accomplish this
challenging task, several critical issues need to be ad-
dressed. The mechanisms responsible for the loss of
protection in the aged heart include alterations in
gene/protein expression, signal transduction cascades,
and mitochondrial function (e.g., ROS formation, respi-
ration). It is mandatory to identify specific pathways or
substrates of dysfunctional mitochondria, the derange-
ments of which are primarily involved in heart senes-
cence. Taken together, these findings stress the impor-
tance of mitochondrial ROS, mtDNA mutation accumu-
lation and mitochondrial function in cardiomyocyte
function and cardiac aging. Understanding fundamental
mechanisms that dictate the pace of aging could lead to
significant advances in both preventative and therapeu-
tic treatments of cardiac diseases.
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