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Highlights


The mitochondrial theory of aging is overestimated.



Decline in mitochondrial function was registered mainly with isolated mitochondria.



Alterations in muscle performance relate with changes in energy-transfer pathways.



The regulation of energy fluxes in a cell is of a system level property.



System Bioenergetics enables to understand alterations in the energy metabolism.
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Abstract
Age-related alterations in the bioenergetics of the heart and oxidative skeletal muscle tissues are of
crucial influence on their performance. Until now the prevailing concept of aging was the
mitochondrial theory - the increased production of reactive oxygen species, mediated by deficiency in
the activity of respiratory chain complexes. However, studies with mitochondria in situ have
presented results which, to some extent, disagree with previous ones, indicating that the
mitochondrial theory of aging may be overestimated. The studies reporting age-related decline in
mitochondrial function were performed using mainly isolated mitochondria. Measurements on this
level are not able to take into account the system level properties. The relevant information can be
obtained only from appropriate studies using cells or tissue fibers.
The functional interactions between the components of Intracellular Energetic Unit (ICEU) regulate
the energy production and consumption in oxidative muscle cells. The alterations of these interactions
in ICEU should be studied in order to find a more effective protocol to decelerate the age-related
changes taking place in the energy metabolism.
In this article, an overview is given of the present theories and controversies of causes of age-related
alterations in bioenergetics. Also, branches of study, which need more emphasis, are indicated.

Keywords: heart; energy metabolism; energy transfer; creatine kinase; skeletal muscle; mitochondria.

Abbreviations used: AK, adenylate kinase; AMPK, AMP-activated protein kinase; ANT, adenine
nucleotide translocase; CI-IV, respiratory chain complexes I-IV, respectively; CM, cardiomyocyte;
CK, creatine kinase; EFP, early filling percentage; HK, hexokinase; ICEU, Intracellular Energetic
Unit; LDH, lactate dehydrogenase; mtDNA, mitochondrial DNA; MHC, myosin heavy chain; MI,
Mitochondrial Interactosome; MOM, mitochondrial outer membrane; MtCK, mitochondrial creatine
kinase; OXPHOS, oxidative phosphorylation; PCr, phosphocreatine; RC, respiratory chain; RCSC,
respiratory chain supercomplex; ROS, reactive oxygen species; SC, satellite cells; SR, sarcoplasmic
reticulum; TSR, torsion to shortening ratio; VDAC, voltage-dependent anion channel.
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1. Introduction
The progressive aging of the world population demonstrates a continuous upward trend. According to
the United Nations Population Division report, the global share of older people (aged 60 years and
older) rose from 8% in 1950 and 9% in 1990 to 12% in 2013, and will further increase to 21% by
2050. The part of the population over 80 years is also growing sharply, rising from 69 million to 379
million by 2050 (Harper, 2014; Mahishale, 2015). Aging increases a probability factor of developing
many diseases, such as atherosclerosis and cardiovascular diseases, cancer, arthritis, cataracts,
osteoporosis, type 2 diabetes, hypertension, and Alzheimer's and Parkinson diseases (Belsky et al.,
2015; Blagosklonny, 2009; Gurland et al., 1999; Harvey et al., 2015; Wang and Shah, 2015; Wang et
al., 2015).
Aging is a well-known contributing factor for heart failure, which is the leading cause of death worldwide (Olivetti et al., 1991; Shih et al., 2011). Older persons experience a myocardial infarction more
often than younger (Shih et al., 2011). Moreover, it was recently proposed to include the concept of
cardiovascular aging as a disease in the practice of clinical medicine (Lakatta, 2015). Previous studies
have shown that cardiac aging is associated with a number of pathophysiological alterations, both at
cellular and tissue levels, including left ventricular hypertrophy (associated with a profound decrease
in the heart beat rate and strength), arrhythmia, changes in ventricular chamber volume, accumulation
of extracellular matrix, fibrosis, a step-by-step decay in cardiac reserve capacity (associated with a
reduction in the total number of cardiomyocytes (CMs), dysfunction of heart fibroblasts and other
abnormalities (Gray, 2005; Olivetti et al., 1991; Papp, 2012; Yechiel et al., 1986).
Along with heart failure, one of the hallmarks in human aging is sarcopenia - the degenerative loss of
skeletal muscle mass with a concomitant decline in muscle strength leading to a progressive decrease
in mobility and quality of life. However, the etiology of sarcopenia is rather complex, involving
central and peripheral nervous system alterations, hormonal changes, nutritional, immunological
(inflammation) and physical activity changes, and mechanistic explanations for it have remained
poorly defined as yet (Narici and Maffulli, 2010). At the cellular level, the oxidative stress and
changes in mitochondrial metabolism may be an important contributor to the disease development
(Beltran Valls et al., 2015; Johnson et al., 2013; Lourenco Dos Santos et al., 2015). However, the
cellular and molecular mechanisms involved in the age-mediated dysfunction of different striated
muscle cells are not completely understood.
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Cardiac and oxidative skeletal muscle cells have a permanent demand for energy, which is mainly
supplied through the oxidative phosphorylation (OXPHOS) system (Guzun et al., 2015; Saks et al.,
2008a). Therewith mitochondria play a central role in the functioning of cardiac and skeletal muscles
cells, including besides ATP production, calcium homeostasis, reactive oxygen species (ROS)
generation, and apoptotic signaling (Saks et al., 2014). Now there is evidence that mitochondrial
dysfunction may be one of the significant factors responsible for heart failure and skeletal muscle
weakness in old age (Gray, 2005; Miljkovic et al., 2015). However, the knowledge of the causes and
the severity of age-related disturbances in the metabolism of cardiac and skeletal muscles
mitochondria is still contradictory (Picard et al., 2010; Rasmussen et al., 2003).
This situation could be largely related with differences in the used model systems and experimental
approaches. To date, the overwhelming number of studies on the bioenergetics of the aging heart
were performed on isolated mitochondria, but this approach led to artifact conclusions, since the
procedure of isolation of these organelles itself can damage the mitochondria (Picard et al., 2011).
Also, when

applying isolated mitochondria, the complexity of their intracellular structural

organization, dynamics and regulation of mitochondrial metabolism within a myocyte or at the heart
tissue are not considered (Ieda, 2013). These factors, however, play a detrimental role in the
bioenergetic function of mitochondria in cardiac and skeletal muscle cells (Guzun et al., 2015;
Kuznetsov et al., 2008; Saks et al., 2014; Varikmaa et al., 2014).
Thus, in the present review, the age-related alterations in the energy homeostasis of cardiac and
skeletal muscle cells will be considered in the light of System Molecular Bioenergetics and the
concept of Intracellular Energetic Units (ICEUs) (Guzun et al., 2015). The System Bioenergetics
approach takes into account: 1) the integration of physiological and biochemical processes at cellular,
tissue and organ levels; 2) the complexity of intracellular interactions of mitochondria with
sarcoplasmic reticulum and other cellular structures, especially with cytoskeleton components; and 3)
compartmentalization of intracellular energy producing/transfer systems and signal transduction
pathways for regulation of energy fluxes.
In view of the importance of the problems described above, the aim of this review is to summarize the
contemporary experimental observations and hypotheses about the mechanism(s) of the age-mediated
decline in the functioning of cardiac and skeletal muscles atboth the cellular and tissue levels.
Additionally, possible gender-specific differences in muscle aging will be discussed.
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2. Aging: general concepts, causes and effects
The main questions concerning aging are: what are the metabolic changes that influence the quality of
our life in senescence most and when they emerge. The period of aging in a species` lifetime could be
defined by increased mortality rate caused by the increased number of emerged illnesses. In humans
the turning point of the mortality curve is at the age of 45 (Kaeberlein et al., 2001). Also, in aged
organisms the reduced adaptability to the environmental and metabolic stimuli can be observed. At
the organ level, even during healthy aging, changes in biochemical composition and decrease in
physiological capacity take place (Troen, 2003). For example, the total skeletal muscle and bone mass
decreases during aging.
The exact causes of aging are unknown yet and currently, there are two prevalent sets of theories of
its origin. One set is stochastic theories – which propose that the reason behind aging may be: (1)
random damage to vital molecules or (2) developmental, which posts that the length of our life is
genetically preprogrammed: life includes phases of development, maturation and aging (Troen,
2003). The stochastic theories comprise the accumulation of post-translational modifications of
proteins, random errors in DNA synthesis, and elevated ROS production as the main triggers of
aging. The latter can damage mitochondrial respiratory chain (RC) complexes, cause cellular
energetic depression and increase ROS production, which leads to the mitochondrial DNA (mtDNA)
damage and insufficient energy balance (Beckman and Ames, 1998; Sohal, 2002; Tatarkova et al.,
2011). Several studies have reported the relationship between caloric restriction, reduced oxidative
damage and increase in lifespan (Zainal et al., 2000). The other set of age origin theories includes
modern programmed (adaptive) theories of biological aging according to which organisms including
mammals have generally evolved mechanisms that purposely limit their lifespan in order to obtain an
evolutionary benefit (Goldsmith, 2014).
Damage theories of aging include cumulative DNA damage, gene loss (Strehler, 1986), error
accumulation and waste accumulation hypotheses. The last hypothesis is supported by the presence of
a waste product called lipofuscin. The age-associated pigment lipofuscin is formed in a complex
reaction that binds intracellular fat to proteins and this waste accumulates inside the cells as small
granules. Enlargement of these granules during aging can be cytotoxic (Reeg and Grune, 2015).
At present, the mitochondrial free-radical theory of aging is one of the most popular conceptions in
gerontology. Mitochondria use most of the oxygen (more than 90%) in human tissue cells to produce
ATP by means of oxidative phosphorylation, but at the same time, they generate potentially harmful
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ROS (superoxide anions, hydrogen peroxide, and extremely reactive hydroxyl radicals) (Chen et al.,
2003). Complexes I (CI) and III (CIII) of RC are the major sites of ROS generation in the
mitochondria (Lenaz, 2001). It was found that the rates of ROS formation increased with age (Sohal
et al., 1994), and the phenomenon may be a key determinant of lifespan in mammals (Barja, 2004).
During the aging process, a large spectrum of alterations in mitochondria and mtDNA was registered
in different tissues of humans and animals (Druzhyna et al., 2008; Orogo et al., 2015; Wei et al.,
2009). The mitochondrial respiratory dysfunction, excessive ROS production, increase in the
oxidative damage to mtDNA, lipids and proteins in mitochondria as well as in other cell structures,
resulting in the metabolic shift from OXPHOS to glycolysis for the major supply of ATP - these are
considered as the main contributory factors in the aging process in humans and animals (Wei et al.,
2009). Today, the mitochondrial free-radical theory of aging is being criticized. For example, among
rodents the longest-lived Heterocephalus glaber shows high levels of oxygen free radicals, and has
significant oxidative damage levels in proteins, lipids and DNA (Sanz and Stefanatos, 2008).

3. Age-related changes in striated skeletal and heart muscle.
In general, aging alters human muscle structure at the tissue level, causing a decline in muscle
performance and mass (Callahan et al., 2014; Goodpaster et al., 2006; Larsson, 1978). A hallmark of
the natural aging of skeletal musculature is sarcopenia, expressed as the severe loss of muscle mass
and decrease in number of muscle fiber. In humans, this loss starts in the middle age with less than
1% per year (Goodpaster et al., 2006), amounting to approximately 20-30% by senescence (Carmeli
et al., 2002). At the same time, the muscle strength declines three times faster, so, it is muscle quality
that suffers most. Among the mechanisms commonly proposed to be involved in the appearance and
progression of sarcopenia are increased myocyte apoptotic signaling (Marzetti et al., 2008a; Marzetti
et al., 2008b) and loss of muscle proteins, resulting from the imbalance between protein synthesis and
breakdown (Combaret et al., 2009). Further, maintenance of muscle mass and function depends on
both the terminally differentiated myocytes and myocyte renewal. Muscle tissues contain a
population of satellite cells (SCs). They are small mononuclear progenitor cells, which mediate the
muscle’s ability to repair and regenerate. In response to physiological or pathological stimuli, SCs are
activated, then they proliferate and subsequently fuse to the existing muscle fibers, forming myotubes
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and mature myocytes (Schultz and Lipton, 1982). Thus, the dysfunction of SCs may be at the bottom
of sarcopenia in elderly individuals. Studies on experimental animals revealed substantial agedependent decreases in the number and proliferative activity of SCs (Gibson and Schultz, 1983).
Similarly, as compared to younger individuals the reduced amount of SCs in older persons has been
reported (Kadi et al., 2004).
Myocardial hypertrophy is associated with cardiac aging. The number of CMs decreases during
aging, whereas the remaining myocytes enlarge and their relative extracellular matrix (collagen)
concentration increases (Lakatta and Sollott, 2002; Olivetti et al., 1995). In addition, reduced fluidity
and elasticity of the plasma membrane in aged CMs have been observed (Lieber et al., 2004).
The understanding of the ability of human heart to regenerate was cardinally reconsidered in the past
decade (Beltrami et al., 2001). Cardiac tissue contains, along with highly-differentiated units, a
population of stem progenitor cells – therefore, not all cells are as old as the person himself, however,
their amount is very low (Anversa et al., 2006; Chen et al., 2007). Recently, using data originating
from nuclear bomb tests

14

C measurements, Bergman et al. showed that CMs renew. Though, the

renewal rate decreases gradually from 1% at the age of 25 to 0.45% at the age of 75 per year. The
researches declare that less than 50% of CMs exchange during a normal lifespan, while the non-CM
fraction in the heart has an annual turnover of 18% which means that the age of the cells is 4 years
(Bergmann et al., 2009). These results are in good accordance with the recently reported rates of CMs
turnover in mice, which are between 0.3 - 1% per year and also are decreasing with age (Kimura et
al., 2015; Senyo et al., 2013). However, Kajstura et al reported a significantly higher myocytes
turnover rate together with striking differences between male and female (Kajstura et al., 2010).
According to that study, the rate varies from 7 to 10% per year at the age of 20 to 32 and 40% per
year at the age of 100 in male and female, respectively. Males have a higher rate of accumulation of
senescent CMs and cell death markers; while female have higher level of cardiac stem cells, and
mitotic and young postmitotic myocytes. In their profound review, Berlo and Molkentin discuss
several methods of regeneration therapies and cardiac regeneration rates of different species. They
support the conclusions that the renewal capacity of CMs is 1-2% per year. They conclude that, at the
moment, the potential realistic therapy could be to expand the possible regenerative capacity of CMs,
or the cardiac progenitor cells (van Berlo and Molkentin, 2014).
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3.1. Gender specificity in aging heart and skeletal muscles

Although, in (aging) research predominantly males are involved, there have been detected several
gender-specific alterations in other related studies. In general, it was reported that in humans ageassociated reductions in whole muscle size do not vary by sex. Old adults had reduced cross-sectional
areas (CSAs) in myosin heavy chain II (MHC II) fibers, with no differences in MHC I fibers.
However, in aged men tended to have fewer MHC II fibers with large CSAs, while old women had a
reduced fiber size across the CSA range (Callahan et al., 2014). There are also studies which detected
no difference in fiber composition between sexes. Pastoris et al. (Pastoris et al., 2000) compared ageassociated changes of several enzyme complexes related to bioenergetics in rectus abdominis, vastus
lateralis and gluteus maximus muscles. The study found no significant difference in the tissues of the
muscles between men and women, but established muscle specific alterations. In rectus abdominis,
age-related decrease in hexokinase (HK) and lactate dehydrogenase (LDH) activities was observed, in
vastus lateralis citrate synthase activity was decreased, while in gluteus maximus both ATP and PCr
concentrations were decreased. Miller et al. have reported that the actin-myosin cross-bridge kinetics
slows with time, but it is more characteristic for types I and IIA (MHC) fibers of females (Miller et
al., 2013). In another study these changes in the expression of MHC isoforms were not found in men
(Marx et al., 2002). Thus, age-related structural alterations in skeletal muscles were registered at both
the cellular and subcellular levels and there are indications that these are different between the sexes.
This may contribute to modulating age-related sex-specific reduction in physical capacity of different
functional phenotypes. Differences in age-related heart muscle changes between the sexes are even
more distinct. Women have a longer lifespan and lower incidence of heart failure than men (Leri et
al., 2000). In CMs twitch shortening decrease was more profound in male rats than female (Mellor et
al., 2014). Howlett et al. revealed gender-specific differences in several parameters in aging
processes, for example, excitation-contraction coupling changes are more expressed in male rodent
than female (Howlett, 2010). In proteomics studies of the cardiac muscle of aged monkeys, several
alterations have been found in old males, for example, a decrease in the level of glycolytic enzymes
(pyruvate kinase, α-enolase, triosephosphate isomerase) and TCA cycle enzymes, but these changes
were not observed in old females (Yan et al., 2004). These results indicate differences in cellular
metabolism alterations, especially in heart muscle, between male and female individuals. Therefore,
common practice to perform experiments by using samples from aged male and generalize the
obtained results for both sexes could lead to inaccurate conclusions. As the age-related changes (as

Downloaded from ClinicalKey.com at Inova Fairfax Hospital - JCon April 13, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

well as those in pathology) are gender specific, it is important to carry out comparable studies of both
sexes to find the causes of these alterations and to elaborate the possible preventive strategies.

4. Molecular pathways involved in cardiomyocyte and skeletal muscle cells aging links to cellular bioenergetics
Mitochondria perform essential functions in the cell, including ATP production, calcium homeostasis,
ROS generation, and apoptotic signaling. These organelles are also the sites of biosynthesis of iron
sulphur clusters and heme, which are essential for ATP production as well as formation of other
protein complexes in the cell. At the same time, it is important to maintain a sufficient level of iron in
the mitochondria and keep it also in at safe form as iron may enhance the ROS production by the
Fenton reaction (Atamna et al., 2002; Levi and Rovida, 2009).
The central role of mitochondria is to provide macroergic compounds for the synthesis of nucleic
acids and proteins as well as for the contractile apparatus working in both the heart and skeletal
muscle myocytes. Therefore, any alteration in mitochondrial performance influences the functioning
of muscle cells at multiple levels. On one hand, OXPHOS is the main energy source for oxidative
muscles, but on the other hand, the RC complexes in mitochondria are the main sources of ROS. The
generation of ROS or reactive nitrogen species alters the properties of several enzyme complexes,
lipids, sugars and proteins (Bokov et al., 2004; Zhang et al., 2009). In addition, the oxidative stress
and free radical formation are suspected to cause damage to DNA, especially to mtDNA (Barazzoni
et al., 2000; Short et al., 2005) and the mutations in mtDNA are shown to accumulate with age
(Zhang et al., 1998). This consequently has an influence on the activity of RC complexes which in
turn may increase the production of ROS. Therefore, mitochondrial dysfunction may by a trigger for
the pathogenesis of age-associated heart failure and sarcopenia.
The workload of heart cells may vary up to twenty times (Williamson et al., 1976) and, as a
consequence, the heart must permanently adjust energy production to energy consumption. One of the
main questions in heart bioenergetics is how the required energy flux is assured and regulated. The
problems concerning energy reserves, effective energy transport pathways from mitochondria to the
energy consumption sites, and the feedback signaling mechanisms are of great importance and have
been intensively investigated for several years (Dzeja and Terzic, 2003; Saks et al., 2008b; Saks et al.,
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2012). There are many studies about alterations in cardiac cells induced by pathological changes, but
what happens in heart bioenergetics during healthy aging and how the crosstalk between working
myofibrils and mitochondria is functioning in senescent heart have been less investigated and the
existing results obtained by different research groups are rather controversial.
4.1. Unitary organization of the energy metabolism in adult cardiomyocyte and striated muscle cells; the
conception of Intracellular Energetic Units and Mitochondrial Interactosome

The main energy provider in striated muscles and especially in slow twitch muscles like heart muscle
is the mitochondrion (Gnaiger, 2009). Heart muscle is a highly oxidative tissue, whose cells produce
more than 90% of its energy via mitochondrial respiration, consequently, there is a strict and direct
correlation between the rate of cardiac oxygen consumption and the workload of the heart muscle
(Ventura-Clapier et al., 2011; Williamson et al., 1976).
A crucial part of the task, to provide the oxidative muscle with energy, is the transport of energy in
the form of the phosphoryl bond from the mitochondrion to ATPases. There is a well-known
phenomenon in cells called ―macromolecular crowding‖ – the high concentration of molecules and
organelles in the cells results in the specific macromolecular architecture and diffusion restrictions for
molecules participating in metabolic pathways. In addition to the direct mechanical impediment there
are specific diffusion restrictions for energy carrying compounds which are generated by the charge
of the molecule or by being simultaneously a substrate for multiple enzymes (Hall and Minton, 2003;
Saks et al., 2008a; Saks et al., 2003; Selivanov et al., 2007; Vendelin and Birkedal, 2008; Vendelin et
al., 2004).
Mitochondria occupy more than 30% of the CMs volume (Ventura-Clapier et al., 2011), they are
tightly-packed and strictly-organized under the sarcolemma in parallel rows between myofilaments
(Fig. 1). In cardiac and oxidative skeletal muscle cells mitochondria, ATPases and cytoskeletal
proteins establish the structural links between mitochondria and sarcomeres and form complexes ICEUs (Fig. 1) (Gonzalez-Granillo et al., 2012; Guzun et al., 2015; Milner et al., 2000; Saks et al.,
2003; Saks et al., 2012; Saks et al., 2001; Tepp et al., 2014; Yaffe et al., 1996). This type of
organization provides a bioenergetic basis for contraction including cytoskeletal proteins,
mitochondria and the sarcoplasmic reticulum (SR) at the level of a sarcomere within ICEUs (Guzun
et al., 2015; Saks et al., 2012; Seppet et al., 2006). ICEUs represent structural and functional modules
which integrate multiple fluxes at sites of ATP generation in mitochondria and ATP utilization by
myofibrillar, SR and sarcolemma ion-pump ATPases (Fig. 1). The role of ICEUs is to enhance the
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efficiency of vectorial intracellular energy transfer and fine tuning of oxidative ATP synthesis
maintaining stable metabolite levels to adjust the intracellular energy needs through the dynamic
system of compartmentalized phosphoryl-transfer networks. Within ICEUs, the mitochondria and
ATPases interact via different routes: CK-mediated phosphoryl transfer, AK-mediated phosphoryl
transfer, and, to a small extent, direct ATP and ADP channeling.
The high-energy phosphoryl bond transport from mitochondria to the energy consumption sites
should be effective and with a minor loss of energy. At the same time, the movement of the ATP
molecule is impeded mechanically as well as by charge. Therefore, specific phosphotransfer networks
should be used to guide the energy fluxes in cells. In the oxidative cells, the main pathway to
transport energy from the mitochondria to the consumption sites in myofibrils, SR Ca channels and
other ion exchangers is the creatine kinase-phosphocreatine (CK/PCr) shuttle (Dzeja et al., 2007;
Saks et al., 2010). PCr is formed by mitochondrial CK in an intermembrane space of mitochondria by
phosphorylation of creatine using ATP as a phosphate donor (Fig. 1).
One of the alternative networks to high-energy phosphate transfer is the adenylate kinase (AK)
pathway. The substrates for AK are ADP or ATP and AMP. The enzyme can use the β-phosphoryl
group and form ATP from ADP, therefore it can provide ATP for muscle contraction in case of an
unexpectedly high energy need, e.g. during the period of long exercises or in any CK/PCr deficiency
(Dzeja et al., 2011; Nemutlu et al., 2012). The AK system can also amplify the ADP flux, which acts
as the carrier of information from ATPases to the mitochondria to induce increased ATP synthesis.
Besides, the glycolytic system can serve as one of the energy transfer systems transporting the high
energy

phosphoryl-group

through

HK,

phosphofructokinase

and

glytceralaldehyde-3-

phosphatedehydrogenase/3-phosphoglytserate kinase enzymes (Dzeja et al., 2007; Dzeja and Terzic,
2003; Dzeja et al., 2004).
The modulation and regulation of different energy fluxes are crucial for cell survival in unstable
environments (e.g inflammation, hypoxia) and in case of functional alterations. It has been shown that
in CK deficient animals, the turnover rate of the glycolytic, guanine nucleotide and AK metabolic
fluxes is increased and the same phenomenon is observed in heart failure (Dzeja et al., 2011; Dzeja et
al., 1999; Nemutlu et al., 2012). Importantly, the CK and PCr deficiencies are an indication of several
cardiovascular diseases and low PCr levels suggests low survival prognosis after infarction
(Neubauer, 2007; Neubauer et al., 1997).
The two key elements in the regulation of energy flux distribution and feedback communication are
micro-compartmentalization and the selective permeability of the mitochondrial outer membrane
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(MOM). The latter represents a bottleneck in the transfer of adenine nucleotide and other metabolites.
In this regard, it was demonstrated that in CM and oxidative muscle cells some proteins, probably one
of the beta-tubulin isotypes, through their interaction with the mitochondrial voltage-dependent
anionic channel (VDAC), favor the generation of PCr by mitochondrial CK (MtCK). The selective
permeability of VDAC due to the functional interaction with tubulin and probably with some
lipoproteins enables PCr to diffuse across MOM while the transfer of adenine nucleotides (ATP and
ADP) is restricted (Timohhina et al., 2009). A key aspect of the CK shuttle is kinetics of MtCK
located in the mitochondrial intermembrane space. MtCK works in the opposite direction to its
equilibrium producing PCr (Saks and Aliev, 1996). This is ensured by the concentration gradient
established by the adenine nucleotide translocase (ANT). Formed in the ATP synthasome (Fig. 1),
ATP is transported to the intermembrane space, where the phosphoryl group is transferred to creatine
by MtCK and the formed ADP is directed back to the mitochondrial matrix (Saks and Aliev, 1996;
Schlattner et al., 2004). The central concept of such regulation is the direct channeling of metabolites
from one enzyme-complex to another, to assure high specificity and efficiency (Saks et al., 2010).
The supercomplex, which is responsible for ATP production and the guidance of the formed highenergy phosphoryl groups to the CK/PCr pathway, is named Mitochondrial Interactosome (MI)
(Timohhina et al., 2009). It consists of ATP synthasome, ANT, VDAC, MtCK, and RC complexes
(Fig. 1) and assures the effective energy flux out of the mitochondria mainly in the form of PCr.
This model enables one to answer the crucial questions of cardiac cells bioenergetics - how the
mitochondria are able to react to the more than tenfold change in energy demand. The signal of ATP
consumption is transferred back to the mitochondria, ensuring a quick response from the organelle - a
change in the rate of ATP production. The mathematical modeling showed that the amplitude of the
concentration gradients of ADP, transported to the mitochondrion as the feedback information from
ATPases of myofibrils, could correspond to the amplitude of oxygen consumption changes in the
mitochondrion and therefore regulate the ATP production according to the work of the heart muscle
(Aliev and Saks, 1994; Vendelin et al., 2000; Vendelin et al., 2007). From the mitochondrial side, the
permeability of VDAC in MOM is selective and ADP, formed in the MtCK reaction, is directly
transported back to the mitochondrial matrix via the ANT channel. The rapid changes of ADP/ATP
ratio inside the mitochondria enables the organelle to quickly react to the ADP signal originating
from the myofibrils, ion channels or other ATPases and correspondingly regulate the production of
ATP (Tepp et al., 2011; Timohhina et al., 2009).
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4.2. Mitochondrial performance during muscle aging

The concept of changes in mitochondrial metabolism as a central cause of aging is one of the
prevalent theories. The number as well as the volume of mitochondria decreases during aging, being
accompanied by the shortening of cristae length. The mitochondria became more rounded and some
organelles of the cell are enlarged. (Ames et al., 1995; Shigenaga et al., 1994; Terman et al., 2010).
In many types of living cells, rapid fission, fusion and translocation events lead to a continuous
remodeling of the mitochondrial network. Mitochondrial fusion helps to mitigate stress by diffusion
and sharing of the components of partially damaged mitochondria between the organelles and thereby
promotes complementation. Fission is needed to create new mitochondria, but it also contributes to
quality control by enabling the removal of damaged mitochondria by mitophagy and can facilitate
apoptosis in case of the high levels of cellular stress. This dynamic nature of mitochondria have been
observed, and its importance revealed, in almost every tissue and cell type (Dorn et al., 2015;
Westermann, 2010; Youle and van der Bliek, 2012). Unlike many other cells, in adult CMs
mitochondria behave as distinct entities and do not form reticular networks and their arrangement is
remarkably regular, almost like in a crystal (Beraud et al., 2009; Saks et al., 2012; Vendelin et al.,
2005). Therefore the mitochondria in adult CMs do not undergo fusion and fission or these processes
take place at a rate that is complicated to measure directly (Beraud et al., 2009; Chen et al., 2011).
However, there are several studies indicating that all major proteins involved in the mitochondrial
fission and fusion do exist in high abundance in adult hearts and can be regulated in heart disease
(reviewed in (Dorn et al., 2015; Song and Dorn, 2015). As the adult CMs mostly do not proliferate,
the efficient removal of dysfunctional mitochondria is essential for the maintenance of cell
homeostasis, as defective organelles cannot be diluted by cell proliferation. Thereby, mitophagy is the
only known mechanism for mitochondrial turnover (Dutta et al., 2012).
Recent evidence indicates that CM mitophagy becomes impaired with aging (Zhao et al., 2014;
Taneike et al., 2010). This may result in the accumulation of dysfunctional mitochondria that are
bioenergetically inefficient and contribute to ROS leakage. It has been shown that in fly CMs
defective in mitophagy, the mitochondrial fusion can reportedly trigger dilated cardiomyopathy from
the fusion of senescent damaged mitochondria with normal healthy ones thereby contaminating the
cellular pool of mitochondria. The process can be reversed by suppression of mitochondrial fusion
(Bhandari et al., 2014). In adult mouse CMs, the mitochondrial fusion preserves cardiac function and
manipulations which facilitated stress-induced mitochondrial fragmentation (fission), led to the
functional changes typical of the failing heart (Wai et al., 2015). Interestingly, the mitochondrial
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fragmentation in CMs induced the metabolic switch from fatty acid to glucose utilization (Wai et al.,
2015), revealing an intimate relation between alterations in mitochondrial morphology and
metabolism in the heart.
Increases in autophagy, including mitophagy, have been observed in various cardiovascular diseases
like myocardial infraction, ischemia reperfusion injury and heart failure (reviewed in (Dutta et al.,
2012; Huang et al., 2010; Jimenez et al., 2014). But whether enhanced autophagy is a protective or
maladaptive response to stress is still unclear.
Regarding the lipid composition, remarkable changes of heart mitochondrial membranes were
registered in model experiments with aged animals conducted by several research groups. It has been
found that in mitochondria from aged rats (28 months old), the total cholesterol increases (43%), the
phospholipids decreases (15%) and the cholesterol/phospholipid molar ratio increases (68%). Among
phospholipids, cardiolipin shows the greatest alteration (28% decrease in aged rats) as compared with
4-month-old rats (Paradies and Ruggiero, 1990). A significant (23%) reduction in heart mitochondrial
cardiolipin content was found also in 30-month-old Fischer rats and it was suggested that a decrease
in this phospholipid during aging may contribute to the lower rates of carnitine and acylcarnitine
transport across the mitochondrial inner membrane and thereby to induce the limitation in the
delivery of fatty acyl units to β-oxidation as measured in isolated old rat heart mitochondria
(McMillin et al., 1993). Age-related decrease in the content of cardiolipin in mitochondrial
membranes may increase the sensitivity of mitochondria to Ca2+ induced mitochondrial permeability
transition pore opening (Paradies et al., 2013). Besides, it could lead to a weakening of the ability of
cardiac mitochondria to produce ATP, since the activity of RC complexes and their assembly into
supercomplexes are directly dependent on the presence of cardiolipin (Paradies et al., 2014).
At the moment, the prevailing concept of the origin of age-related alterations in mitochondria
emphasizes the role of increased ROS production, decrease in the RC complexes activity and
counteraction of these processes to the cell. However, the estimation of the extent of these alterations
in mitochondrial OXPHOS complexes during aging vary remarkably.
Regarding the activity of RC complexes it is found that in old muscle mitochondria the decrease of
complex II (CII) activity is minor, while the reduction of CI and CIII activities is significant (Duicu et
al., 2013; Lenaz et al., 1997; Peterson et al., 2012). These results are related to the influence of ROS,
derived from RC reactions, on mtDNA, as some subunits of CI and CIII are decoded from mtDNA
which is more affected by ROS. Tatarkova et al. reported a decline in CIV activity and, to a lesser
extent, in CI and CIII activity in cardiac mitochondria, while citrate synthase activity increased with
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age (Tatarkova et al., 2011). The mitochondrial membrane potential decrease was observed while the
sensitivity of mitochondrial permeability pore opening to the Ca2+ overload and increased production
of ROS were detected in old Sprague Dawley rats (Duicu et al., 2013).
One more factor which influences RC performance is the assembly of the RC supercomplexes
(RCSC) in the mitochondrial inner membrane. The formation of the RC supercomplexes and their
structure has been debated about during the last years. A new strongly emerging concept of RCSC
assembly is the plasticity theory (Acin-Perez and Enriquez, 2014; Lapuente-Brun et al., 2013).
According to this concept, the complexes of the mitochondrial RC in most oxidative-type tissues are
not free distinct units, none forming one rigid structure, but are assembled in large supercomplexes,
comprised of CI, CIII and CIV with a different stoichiometry (Porras and Bai, 2015; Vartak et al.,
2013; Wittig et al., 2006). There are studies demonstrating the dependence of CI formation on the
CIII /CIV complex, while others require CI to be a scaffold for the RCSC formation (Moreno-Lastres
et al., 2012). Cardiolipin and several proteins like respiratory supercomplex factors 1 and 2, play an
essential role in the RCSC complex formation. Another important prerequisite for RCSC formation
and stability is the right protein/lipid concentration and balance (Bottinger et al., 2012; Fry and
Green, 1981; McKenzie et al., 2006; Zhang et al., 2002). RCSC is hypothesized to be more efficient
in electron channeling, and therefore minimizes the superoxide anion-radicals formation (Gomez and
Hagen, 2012; Panov et al., 2007).
The structure and prevalent composition of RCSCs changes during aging, influencing the respiratory
capacity. Studies with heart mitochondria have shown no change in RC complexes quantity, but the
relative amount of RC complexes containing in RCSCs decreases with age. There are studies
reporting that the number of complexes with higher molecular mass diminish more (Gomez and
Hagen, 2012; Gomez et al., 2009). Interestingly, Lombardi et al. found that in the mitochondria of
gastrocnemius white, the number of smaller complexes (CI+CIII2 and CI+CIII2+CIV) is decreased,
while that of the complexes with more members (including two or more CIVs) is increased
(Lombardi et al., 2009). The researches found no differences in state 3 respiration of m.
gastrocnemius white mitochondria with any substrates used between the old and young animals,
while state 2 respiration, representing the leak of protons back to the matrix is significantly decreased
in the old animals (Lombardi et al., 2009). This is indicative of a more effective function of
connected complexes, and is also a probable protective mechanism for ROS production (Porras and
Bai, 2015). Surprisingly, patients with heart failure show a decrease in RCSC ratio, while they have a
normal cardiolipin profile (Rosca et al., 2011), but at the same time, a decrease in cardiolipin content
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in the mitochondria of aging animals is observed. Till now the results of studies of alterations in
RCSC composition in old animals are controversial – it may partly be caused by the tissue-specificity
of the changes. Therefore, it is important to study further alterations in RCSC composition in old
individuals as well as the factors, like cardiolipin content, in older muscles that influence the RCSC
stability.
Although, there are several studies that declare a remarkable decrease in mitochondrial functionality,
authors have reported that the mitochondria in aged human skeletal muscles are fully functional, and
the level of ROS production is the same or higher in young individuals (Hutter et al., 2007). At the
same time, in the functional properties of mitochondrial complexes measured in the muscle fiber
samples of biopsies no statistical difference between the young adult and aged groups has been found
(Weber and Reichert, 2010). Picard et al. (Picard et al., 2012) also declared that there was no
statistical difference in mitochondrial respiration and ROS emission in the heart tissue between the
young and the old. In the same study, the unaltered activity of antioxidant enzymes, except CuZnsuperoxide dismutase was detected (Picard et al., 2012).
During aging the relative oxidative muscle mass and, hence, the relative mitochondrial content
decrease due to fibrosis. If the measured fiber samples are normalized to wet weight, the citrate
synthase activity is decreased, but, actually, its measured value in older individuals is influenced by
the smaller amount of mitochondria in the sample per wet weight in comparison with younger
individuals. This is also observed in the measurements of the activity of mitochondrial RC
complexes: when normalized to wet weight or protein content of the sample, it apparently decreases,
but it may be just mitochondrial content per sample that really decreases.
Comparative studies with gastrocnemius white muscle fibers and isolated mitochondria, derived from
the same tissue, demonstrated that the changes in mitochondrial respiration and H2O2 production
assayed on fiber bundles were only modest, while these parameters measured in isolated
mitochondria (Picard et al., 2011). These results are supportive of that the theory of mitochondrial
aging explained by decrease in RC complexes activity caused by interaction of ROS production may
be overestimated.
Previously, a lot of studies on bioenergetics of the aging muscle, the measurements of RC and ATP
synthasome complexes activity were performed predominantly in vitro by using preparations of
isolated mitochondria. These studies showed a significant decrease in the activity of several RC
complexes and a substantial increase in ROS production, so confirming the mitochondrial theory of
aging (Navarro and Boveris, 2007; Yaniv et al., 2013). However, when the experiments were
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performed with mitochondria in situ, in the CMs or tissue fibers of senescent individuals the changes
in the activity of RC complexes emerged to a minor degree (Picard et al., 2010; Rasmussen et al.,
2003; Yaniv et al., 2013). Therefore, to study the real changes in the bioenergetics of aged muscles
the system level properties as well as alterations in ICEUs should be taken into account. In the
investigations of the isolated mitochondria model the functional interactions of mitochondria with the
other components of the cell as well as changes in the energy and signaling fluxes in ICEUs were not
considered (Guzun et al., 2011; Guzun et al., 2009; Saks et al., 2010; Yaniv et al., 2013).

4.3. Changes in energy transfer systems during aging

During the last decade the energy fluxes in ICEUs, including the regulatory role of feedback fluxes
from ATPases to mitochondria, have been investigated in adult cells. (Dzeja and Terzic, 2003; Saks
et al., 2008a; Saks et al., 2010; Saks et al., 2012). In several studies, the regulation of mitochondrial
energy metabolism by complexes integrated within MOM (such as VDACs) has been demonstrated
and the CK/PCr pathway as the main energy flux from mitochondria to ATPases in oxidative muscle
cells has been shown (Guzun et al., 2009; Tepp et al., 2011; Timohhina et al., 2009). The results of
Metabolic Control Analysis of the MI complexes confirmed the existence of a direct channeling of
metabolites between the complexes in physiological condition with the activated CK system (Fig. 1).
The high-efficient regulation of mitochondrial OXPHOS was not detected when the measurements
were performed on isolated mitochondria or when the CK/PCr pathway was not activated (Tepp et
al., 2011). The modeling of the obtained results allows a conclusion to be made that minor
oscillations in cytosolic ADP concentration caused by ATPases represent the information flux toward
the mitochondrion. This feedback signaling is amplified by means of a quick exchange of ADP/ATP
between the functionally associated MtCK, ANT and ATP synthasome in MI (Fig. 1) (Saks et al.,
2012). During postnatal development and in pathological conditions (CK deficiency) AK and other
energy transfer systems are able to partly compensate for CK/PCr pathway (Anmann et al., 2014;
Dzeja et al., 2011; Nemutlu et al., 2012). However, a decline in the maximal workload of muscle was
detected in CK deficient mice (Dzeja et al., 2011).
Alterations in the CK expression profile during aging also vary and strongly depend on the tissue
investigated. Several researches report an increased expression of CK. In the study with mice m.
gastrocnemius, Lee et al. found a 3.8-fold increase in sarcomeric CK mRNA expression
simultaneously with the increase of several other values connected with energy metabolism decrease
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(for example, ATP Synthase A-chain and Glucose-6-phosphate isomerase expression) (Lee et al.,
1999). Davydov et al. reported that the spectrum of CK isoenzymes in myocardium was similar in
adult and old rats, while the activity of the enzymes of the latter was even higher. However, when the
activities of CK isoenzymes in stress conditions were compared, that of all CK isoenzymes in old rat
decreased, while in adult rats the decrease in the activity of the MM isoform was compensated for by
an increase in the activity of MB and BB isoforms of CK (Davydov and Shvets, 1999a, b).
These alterations indicate a possible adaption of the cell to the changes in energetic metabolism (Fig.
2). In pathology, the overexpression of myofibrillar CK significantly improved the contractile
function and PCr/ATP ratio in the induced heart failure mice model (Gupta et al., 2012) and postischemic hearts (Akki et al., 2012). It may be concluded that in the conditions of aging atrophy the
muscle strives to preserve the theoretical workload via maximizing the efficiency of the energy flux.
Aging-associated decreases in CK gene expression were registered in rat and human skeletal muscles
(Kayo et al., 2001; Wei et al., 2009). Interestingly, the expression of MtCK mRNA in aged CMs was
lowered, while the cytosolic CK mRNA levels slightly increase (Bodyak et al., 2002). Also, Nuss et
al. (Nuss et al., 2009) have found that in mouse quadriceps muscle, CK 3-nitrotyrosine modification
and carbonylation took place in an age-dependent manner and demonstrated a suppressing influence
on its activity. This enzyme exhibited structural instability that may be responsible for its reduction in
function. Remarkably, the predominant change in CK activity occurs in the middle age while in older
animals, the value remains on the same level (Nuss et al., 2009).
The decrease in PCr level is an indicator of the pathological condition of the oxidative muscle. In
their 31P NMR studies on aged heart muscle of Fisher rat Bak et al. reported a reduction in the level of
PCr as well as Cr, while ATP concentration was only marginally decreased (Bak et al., 1998). They
proposed that the reason may be loss in CK activity, which is compensated for by a less efficient AK,
guanine nucleotide and glycolytic phosphotransfer. Lower PCr levels were confirmed by
Hollingsworth and colleagues by means of 31P- magnetic resonance spectroscopy studies, in which a
correlation between age and decrease in PCr/ATP ratio was found. Decline is more pronounced in
senescent, and not in the middle-age (40-60 years) group (Hollingsworth et al., 2012a). The early
filling percentage (EFP) and torsion to shortening ratio (TSR) was also measured in healthy persons
of different age groups. The researchers detected a decrease in EFP and increase in TSR, which
correlated with each other, while changes in PCr/ATP ratio were not related to the said indicators.
The authors propose that functional and bioenergetics alterations during aging may be independent
processes (Hollingsworth et al., 2012b). However, it has been shown that CK and LDH activities for
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example, are elevated after an exercise period, suggesting a direct relation between the functional
activity and the metabolic state of a cell (Carmeli et al., 2002).
Esterhammer et al. also reported a moderate decrease of PCr/β-ATP ratio in the left ventricular in
healthy men of the age groups of 20-40, 46-60 and over 60 years (Esterhammer et al., 2014), which
correlates with the myocardial mass increase and the ejection fraction decrease with age. They
propose that the PCr/ATP ratio could be used as an indicator factor for lifespan as well as
development of cardiovascular diseases.
Besides the CK shuttle, the AK pathway could be used for energy transport. The two-dimensional
difference gel electrophoresis analysis of rat gastrocnemius muscle indicated an increased role of the
AK shuttle in aged rat. Doran et al. found a 6.7-fold increase in the AK1 marker, but also almost a 2fold increase in CK, while the pyruvate kinase expression decreased by a factor of 11.2 in aged
muscles (Doran et al., 2008). At the same time, studies of the atrial myocardium of adult and aged
Fischer 344 rats by using the

18

O-assisted HPLC-GC/MS technology showed a decrease in ATP

utilization and synthesis as well as CK and AK phosphotransfer (Nemutlu et al., 2015). Interestingly,
when the oxidative and metabolic stresses were stimulated with isoproterenol, the decrease of CK
flux in the aged atria was detectable but not statistically important. Similarly, the Pi/γ-ATP[18O] ratio
as an indicator of communication between ATP consumption and production measured in the aged
atria increases in stress conditions and is not statistically different from that in the adult ones
(Nemutlu et al., 2015).
One factor causing the variety of results may be the influence of normalization methods. Kaczor et al.
measured activity of CK, AK and LDH in middle-aged and old individuals. They found that as the
protein content of the muscle decreased approximately 20% in old muscle and the activities of
enzymes were calculated per wet weight, the said activities decreased significantly. However, when
the results were calculated per protein content of the measured sample, only a minor decrease in the
enzymatic activities in old muscle was detected (Kaczor et al., 2006).
From these results the question arises to what extent the process of age-related alteration in
bioenergetics of the oxidative muscle could be decelerated by medication. There are indications that
creatine supplementation combined with training has a positive influence on muscle mass and
strength but results vary between the studies (reviewed in (Candow et al., 2014). It has also been
demonstrated that creatine alone, without exercise, has no effect as a preventative supplement on
sarcopenia in rat muscle (Schuenke et al., 2011).
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4.4. Substrate utilization and mitochondrial function in striated muscle cells during aging. Possible shifts in the
function of ICEUs in senescent heart

The heart and related muscle cells can oxidize a number of substrates, such as: fatty acids,
carbohydrates, ketone bodies, lactate and even amino acids. For adult CMs free fatty acids are the
main fuel for the OXPHOS system in the heart muscle. Under normal conditions, the adult heart
obtains 50–70% of its ATP from fatty acid β-oxidation (Bing et al., 1954; Lopaschuk et al., 1994).
The heart possesses a metabolic flexibility; i.e. it has the ability to respond to changing workload,
substrate availability, circulating hormones, coronary blood flow, fueling metabolism by choosing the
right substrate at the right moment (Stanley et al., 2005). This plasticity in energy metabolism allows
CMs to adapt to some pathological conditions like myocardial ischemia, in this situation the rate of
fatty acids β-oxidation is decreased with a simultaneous increase in glucose utilization (Lopaschuk et
al., 2010; Ventura-Clapier et al., 2004; Ventura-Clapier et al., 2011).
There are several indications that the rate of fatty acids transport and their β-oxidation are decreased
in the heart and skeletal muscles of aged animals and in human (Jiang et al., 2001; Kayo et al., 2001).
These alterations in fatty acids metabolism are associated with a decrease in the efficiency of
OXPHOS in these tissues (Loeb et al., 2005). LeMoine et al. have studied the mitochondrial gene
expression in the aging rat myocardium and it was shown that aging induces complex changes in
myocardium bioenergetics and contractile properties (LeMoine et al., 2006). Very old rats (35
months) showed a 22% increase in ventricular mass. Age-related cardiac hypertrophy was
accompanied by complex changes in mitochondrial enzymes. Enzymes of the TCA cycle and electron
transport system remained within 15% of the values measured in adult heart, while significant
decreases of citrate synthase (10%) and aconitase (15%) occurred. Transcripts for these enzymes
were mostly unaffected by aging, although the mRNA levels of putative transcriptional regulators of
the enzymes (nuclear respiratory factor 1 and 2 alpha subunit) increased by 30-50%. In contrast,
enzymes of fatty acid oxidation exhibited a more diverse pattern, with a 50% decrease in betahydroxyacyl-CoA dehydrogenase and no change in long-chain acyl-CoA dehydrogenase or carnitine
palmitoyltransferase. However, the ability of CMs and skeletal muscle cells to respond to the changes
in the fatty acids oxidation is still discussed. So, by using

13

C-NMR spectroscopy, Sample et al.

(Sample et al., 2006) have revealed obvious signs of metabolic remodeling in the aging heart of mice.
The researchers have shown that in aged animals, the rate of palmitate oxidation was significantly
increased, whereas lactate oxidation was depressed without any changes in glucose utilization. This
metabolic remodeling was paralleled with a substantial decline in cardiac function and efficiency. It
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was concluded that the increased reliance on palmitate for the energy production in aged animal
myocardium could disturb the function of CMs via uncoupling of their mitochondrial OXPHOS and
excessive production of ROS (Sample et al., 2006). This theory is supported by the data
demonstrating that some fatty acid oxidation inhibitors can enhance cardiac efficiency (Sabbah et al.,
2002; Undrovinas et al., 2006).
In cardiac cells from aged individuals there seems to be an imbalance in fatty acid utilization but it
still stays unresolved in gerontology what is the role of glycolysis vs. OXPHOS in the maintenance of
myocardium energy homeostasis during aging (Fig. 2). Up to 30% of myocardial ATP is generated by
glucose and lactate, with smaller contributions from ketone bodies and amino acids, although glucose
is not the major metabolic substrate in the heart at rest (Abel, 2004). Some studies performed on
experimental animals suggest that the energy metabolism of CMs in old animals relies more strongly
on glycolysis than that in adults (McMillin et al., 1993). In other words, experiments on animal
models indicate that with age, myocardial fatty acid metabolism decreases, while glucose metabolism
increases. In order to clarify if similar changes take place in humans, comparative studies on healthy
younger volunteers (26 ± 5 years) and 19 healthy older volunteers (67 ± 5 years) by positron emission
tomography with

15

O-water,

11

C-acetate,

11

C-palmitate, and

11

C-glucose were performed. It was

demonstrated that with aging, humans exhibit a decline in myocardial fatty acid utilization and
oxidation without any notable shifts in the absolute rates of glucose utilization (Kates et al., 2003).
The investigators concluded that this decline in myocardial fatty acid utilization could be attributed to
an increase in the relative contribution of glucose to substrate metabolism.
Taken together, previous studies have shown that the regulation of cardiac energy fluxes is a system
level property and consequently in order to understand the alterations taking place during aging these
processes have to be investigated on the cell or fiber level. These integrated mechanisms include
three cycles of substrates, energy transfer and conversion: the glucose fatty-acid cycle of substrate
supply, the TCA cycle coupled with energy production by means of OXPHOS, and the kinase cycles
(both CK and AK) of intracellular energy and signal transfer for regulation of energy fluxes (Saks et
al., 2014). These metabolic pathways are partially governed by information transfer systems where
the protein kinase signaling system is involved as well. In the heart, these cycles are closely related to
the Ca2+ cycle during excitation–contraction coupling. The PCr/CK system represents a most
important subsystem determining the efficiency of regulation of metabolic and energy fluxes in heart
and oxidative skeletal muscles. It carries about 80% of the energy flux between mitochondria and
cytoplasm in the heart. The substrate uptake, respiration rate, and energy fluxes are regulated in
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response to workload through phosphotransfer pathways and Ca2+ cycling as well as by the AMPactivated protein kinase (AMPK) signaling system (Lopaschuk and Kelly, 2008; Lopaschuk et al.,
2010; Saks et al., 2014). This serine/threonine kinase complex is an energy sensor that responds to
metabolic stresses which deplete cells of intracellular ATP, increase AMP or cause a rise in Cr/PCr
ratio (Dyck and Lopaschuk, 2006; Hardie, 2004; Lopaschuk et al., 2010; Sung et al., 2011). AMPK is
very active in the heart, playing an important role in the regulation of fatty acid β-oxidation as well as
glycolytic rates (Lopaschuk et al., 2010). In striated muscle cells, AMPK also acts as a fuel sensor
that elevates fatty acid β-oxidation in case of an increased energy demand or decreases this metabolic
process rate in times of low demand (Lopaschuk et al., 2010). During aging, all the above-mentioned
systems may undergo significant alterations, leading to a considerable decrease in the functional
capacity of the heart and related muscle cells. Furthermore, there are clear indications of a decline in
several aspects of ATP formation and energy transfer in the oxidative cells during aging. However,
till now the studies performed give quite controversial results, especially when it comes to alterations
taking place in energy metabolism in ICEUs (Fig.1) as described before, which therefore needs
further study.

5. Concluding remarks
A better understanding of the underlying molecular mechanisms that contribute to age-related
sarcopenia and heart failure would be of significant scientific and clinical importance. In the present
review, we demonstrated that alterations in oxidative muscle performance may be associated with
alterations in several metabolic pathways as well as mitochondrial dysfunction. Energy for muscle
contractions is supplied by the ATP generated from: 1) OXPHOS in mitochondria, 2) net hydrolysis
of PCr through CK reactions, 3) AK-catalyzed processes, and 4) anaerobic glycolysis. Simultaneous
remodeling of all these elements of energy metabolism may occur. As discussed in the review, in
several segments of energy metabolism of aging the results of studies are controversial and the extent
of the effect of old age on the bioenergetics metabolism is still unclear.
Till recent years the studies of age-related changes in bioenergetics metabolism in muscle as well as
heart cells were prevailingly made using isolated mitochondria. However, the last years in vivo
studies using muscle fibers and cells show that the theory of mitochondrial aging may be
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overestimated and several researches did not find any statistically important decrease in the activities
of RC complexes in the fibers of older individuals (Picard et al., 2012; Rasmussen et al., 2003; Weber
and Reichert, 2010). In the studies of Molecular System Bioenergetics of adult cells, the importance
of functional interactions between mitochondria and other cellular components, cytoskeleton and
energy transfer systems has been highlighted. The formation of ICEUs raises the efficiency of energy
flux and the flexibility to react in different energy needs. In older individuals, despite indications of a
decrease in energy transfer and buffering enzymes in basal conditions, the increased activity of these
pathways in stress conditions has been measured (Nemutlu et al., 2015). There are also reports of
increased CK content in m. gastrocnemius (Lee et al., 1999) or no changes in the pattern of CK
isoforms in myocardium during aging (Davydov and Shvets, 1999a). These contradictory results need
further study, using the System Bioenergetics approach to clarify the mechanisms of alterations in
ICEUs in energy flux from mitochondria to ATPases and mitochondrial functional interaction inside
the ICEUs.
An important conclusion is that these alterations in bioenergetics should be investigated on the
system level, as changes of ICEU performance. The alterations in the kinetic parameters of the energy
fluxes of aged muscle have to be studied, including modeling of the feedback flux, comprising
information transfer from ATPases to mitochondria in order to modulate its performance. Also it is
important to consider possible compensatory mechanisms between CK, AK and other pathways in
aged individuals (Fig. 2), together with changes in functional interactions between the components of
ICEU.
The shift in energy substrates and formation of highly organized energy flux transfer in ICEUs during
postnatal development enables formation of effective energy supply for oxidative skeletal and heart
muscles. The field which is of vital importance yet less studied till now is the possible reverting
processes during aging from the highly regulated ICEUs to less coordinated metabolism with
alternative metabolic pathways or functional interactions. The understanding of alterations in the
System Bioenergetics of striated muscle cells enables postponing the degradation of muscle
performance as well as finding a medication for aging-related phenomena as well as pathology.
Another field of aging bioenergetics which needs more careful consideration is the influence of
gender-related differences.
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Figure legends

Figure 1. Intracellular Energetic Unit (ICEU) of adult cardiac muscle cell.
The mitochondria are positioned between the T-tubules in close proximity to myofibrils. The
supercomplex, Mitochondrial Interactosome (MI), consisting of ATP synthase, phosphate carrier
(PiC), voltage dependent anion channel (VDAC), mitochondrial creatine kinase (MtCK) and adenine
nucleotide translocase (ANT), is responsible for the tight coupling of ATP/ADP intramitochondrial
turnover with phosphorylation of creatine into phosphocreatine (PCr). The energy flux is transported
via the CK/PCr shuttle to ATPases (actomyosin, sarcoplasmic reticulum SERCA and ion pumps
ATPases) to regenerate ATP locally. The rephosphorylation of ADP in the MMCK reaction increases
the Cr/PCr ratio. Feedback of this flux is transferred towards MtCK via the CK/PCr shuttle. An
alternative energy flux pathway is adenylate kinase (AK) one, which ensures generation of ATP from
ADP in the case of CK/PCr pathway deficiency or during the period of high energy need.
Abbreviations: ANT, adenine nucleotide translocase; αKG, α-ketoglutarate; β-FAO, β-fatty acids
oxidation; CPT, carnitine palmitoyltransferases; Cr, creatine; CRU, Calcium Release Unit; ETF,
electron-transferring flavoprotein; FATP, fatty acid transport protein; FFA, free fatty acid; GLUT-4,
glucose transporter-4; FADH2, flavin adenine dinucleotide (reduced form); MtCK/MMCK,
mitochondrial/myofibrillar creatine kinases; mal/asp, malate/aspartate shuttle; OAA, oxaloacetate;
Pyr, pyruvate; PDH, pyruvate dehydrogenase; PiC, phosphate carrier; PCr, phosphocreatine; RC,
respiratory chain; SR, sarcoplasmic reticulum; TCA cycle, tricarboxylic cycle; VDAC, voltage
dependent anion channel; UPC, mitochondrial Ca2+ uniporter; 3DHG, Krebs cycle dehydrogenases,
activated by Ca2+.

Figure 2. Changes in the Intracellular Energetic Unit (ICEU) during aging.
There are multiple alterations taking place in the mitochondria as well as in myofibrils during aging.
At the moment, the studies are focused on either on mitochondria or myofibrils. At the same time of
the sufficient energy flow and simultaneous feedback signaling about the energy needs from energy
consumption sites toward the mitochondrion is vital for muscle function. Also, there are functional
interactions between the components of the ICEU, influencing the kinetic parameters of the energy
flux. Therefore, the alterations in energy transfer systems, mitochondrial function and muscle
performance should be studied in the ICEU simultaneously. The System Bioenergetics methods
enable one to detect variations in the kinetics of energy flux, in functional interactions between

Downloaded from ClinicalKey.com at Inova Fairfax Hospital - JCon April 13, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

mitochondria and other cell components, and also possible compensatory mechanisms between the
creatine kinase (CK), adenylate kinase (AK) and other energy transfer pathways during aging.
Another issue which needs a more close study is the balance between OXPHOS and glycolysis in the
oxidative muscle of an aging person. In particular, the question is to what extent glycolysis replaces
OXPHOS and whether that switch has some beneficial sides for muscle performance.
Abbreviations:

GAPDH/PGK,

glytceraldehyde-3-phosphate

dehydrogenase/3-phosphoglycerate

kinase; HK, hexokinase; ICEU, Intracellular Energetic Unit; OXPHOS, oxidative phosphorylation;
ROS, reactive oxygen species; RC, respiratory chain; mtDNA, mitochondrial DNA.
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