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Abstract
In advanced age, the resting myocardial oxygen consumption (M V̇O2) and cardiac work (CW) in
the rat remain intact. However, M V̇O2, CW and cardiac efficiency achieved at high demand are
decreased with age, compared to maximal values in the young. Whether this deterioration is due to
decrease in myocardial ATP demand, ATP supply, or the control mechanisms that match them,
remains controversial. Here we discuss evolving perspectives of age-related changes of
myocardial ATP supply and demand mechanisms, and critique experimental models used to
investigate aging. Specifically, we evaluate experimental data collected at the level of isolated
mitochondria, tissue, or organism, and discuss how mitochondrial energetic mechanisms change in
advanced age, both at basal and high energy demand levels.
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Changes in ATP supply-to-demand matching with age
Mitochondria and their integrated control pathways in the heart are designed to adequately
and rapidly supply ATP, to fuel the contractile work needed to achieve a cardiac output (CO,
see glossary), and to match the body’s demand for blood flow (Fig. 1). Among common
energetic indexes are the changes in M V̇O2 and myocardial work, which when taken
together with myocardial efficiency provide an index of myocardial ATP demand. The
myocardial efficiency is an important component of the efficiency of ATP supply-to-
demand matching.

In this paper we discuss changes in the ability to make, deliver, and utilize fuel between
young and old mammals, at both low and high energy demand. Reduction in maximal M
V̇O2, energy production/delivery, or cardiac efficiency may cause the aged heart to run short
of energy, specifically at high workload, which may contribute in part to a diminished
capacity to perform CW (i.e., a diminished reserve capacity). We also examine the major
age-associated alterations in the heart’s ability to contract in order to meet the body’s
demand for fuel; try to clarify if ATP demand, supply and/or key regulators that control
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ATP supply-to-demand match are altered with aging, in both basal and high demand
conditions; and discuss how alteration in kinetics may affect the cytosolic-mitochondrial
energy transfer and production pathways. Finally, we critique the available experimental
models used to study aging.

To allow the reader to compare the chronological age, a table with the age groups used in
these experiments was added to the supplement. While animals are typically referred as
“senescent” at that age when approximately 50% colony mortality occurs, different diet,
environment and physical fitness may affect the mortality curves obtained in different labs
and species.

Understanding age-associated alternations in cardiac energy production and utilization may
help to better elucidate the cardiovascular aging process, to help develop future therapeutic
interventions to improve energy supply to match the body’s demands with the goal of
improving the quality of life in the elderly.

Direct and indirect regulatory control mechanisms to match energy supply
with demand
ADP, Pi, Phosphocreatine levels

The natural byproducts of CW, ADP and Pi, have been suggested as candidate regulators of
energy matching mechanisms, because they correlate with both ATP utilization and
production. In this scenario, an increase in ATP utilization produces a sensed change in the
accumulation of ADP and Pi in the cytosol, which effects ATP production both in
mitochondria via ATP synthase (box 1) and in the cytosol via CK [1, 2] (box 2). However,
no age-dependent changes in Pi and ADP levels have been found in tissues isolated from
heart at basal state, and only marginal decreases occurred at high-energy demand conditions
[1, 2]. During aging or pathological conditions, restricted diffusion of the intermediates may
lead to a decrease in the availability of the substrates, and thus to changes in the intermediate
concentrations (see box 1). Moreover, under these conditions any restriction in the diffusion
of the substrates would also lead to a buildup of byproducts of fuel utilization and therefore
reduce the ΔG available to drive the “end-use” ATPase reaction. Based on NMR studies,
although the total creatine level remains constant, and the PCr level marginally decreases in
aged heart tissue, compared to young at basal state, the ratio of PCr to ATP decreases in
advanced age, in human [3] and rat tissue [4] (see table S1). The mechanisms of ATP
utilization/production in the aged tissue are unlikely to keep pace with that of the young at
high demand/workload levels (discussed below). Therefore, the more likely scenario to
explain a decrease in PCr/ATP ratio (where ATP is constant or marginally reduced) is an
apparent decrease in CK activity. This would be compounded by less efficient biochemical
fluxes through AK, and glycolytic and guanine nucleotide high-energy phospho-transport,
resulting in increased dependency on the ATP-buffering property of PCr. Note that it can be
misleading to compare the CK activity alone in isolated mitochondria vs. isolated heart,
because the flux also depends on the creatine level in the cytosol (vs. that supplied in the
experimental model). Future experiments using the stable isotope 18O2-assisted 31P NMR,
and mass spectrometry techniques, may reveal the important role of CK as a control
mechanism of matching ATP supply-to-demand, in aging (reviewed in [1, 2]). Ultimately,
future techniques that might reveal the existence of local nucleotide concentrations (i.e.,
close to the mitochondria and across the myofilaments) within the heart tissue, are needed to
resolve such questions.
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Text Box 1

ATP/Pi and energetics

An increase in ATP utilization could produce a sensed change in the accumulation of
ADP and Pi in the cytosol. In the mitochondria, ADP and Pi “push” the ATP synthase
because they act as a substrate [56]; furthermore, ADP can activate the PDH complex,
isocitrate dehydrogenase, and complex IV, to produce an “upstream” boost in ATP
production (for review see [57]). The concept that ADP and Pi are the regulatory
mechanisms responsible for matching ATP supply to demand, has been based primarily
upon data from isolated heart mitochondria. However, in situand in vivo mitochondria
can behave differently from those in isolated suspension (e.g., due to loss of normal
cytoskeleton architecture and cytosolic signaling components; for review see [58]).
Specifically, results from working heart models have shown that increasing ATP
utilization by more than 10-fold is associated with only minimal changes in bulk PCr,
ATP, ADP and Pi levels (for review see [5]). Thus, based on this data, it is difficult to
reconcile how the constant concentrations of ADP, Pi or bulk PCr, per se, serve as the
major control mechanism to match ATP supply to demand, in the working range of the
heart. Note, however, that the time-averaged NMR method has two relevant limitations:
1) this method does not allow resolution of beat-to-beat oscillation in nucleotides. 2) The
typical spatial resolution of these NMR methods probably does not allow detection of
subcellular and, more importantly, sub-compartment nano-scale domain gradients of
nucleotides in the cell that may exist. On the other hand, using gated 31P NMR
(synchronized to different stages of the cardiac cycle), cyclic changes of high-energy
phosphate concentration as a function of the phase in the cardiac cycle were resolved in
the rat model (for review see [59]). Under resting conditions, the extent of cycling
changes of ATP, PCr and Pi was observed to vary between ~10–15%. Because an
oscillatory system can convey information encoded in its frequency and amplitude
fluctuations, it is hypothetically possible that this factor may actually be able to
contribute to control the supply-demand balance and that discrete changes in the nature
or sensing of these signals with aging could degrade this. Note, however, that such
oscillations in metabolites could not be detected in the hearts of larger mammals such as
dog, sheep and human, using similar methods (for review see [59]). The heart has built-in
redundancy with ample auxiliary enzyme-systems to interconvert high-energy species
with fast reaction kinetics and high reaction-fluxes allowing the concentration of the
intermediates to be essentially constant across a wide operating range. These
intermediates of course govern reaction rates and fluxes in kinetic equations related to
their concentration. Therefore, these intermediates would not serve as a direct mechanism
to regulate ATP production under normal operating conditions, if their concentrations are
essentially steady. Under rapidly changing dynamic conditions, however, the
intermediates would no longer be constant and now their concentration would serve as a
signal to match ATP supply to demand.

Text Box 2

CK and energetics

In the cytosol, ATP can be regenerated using the energy stored in PCr via CK (for review
see [60]). Cytosolic CK appears to facilitate a “shuttle-like” role in delivering ATP from
mitochondria to the myofilaments. In young mice, near-total knockout of mitochondrial,
cytosolic or both CK isoforms, has modest if any measurable effect in cardiac
performance measurements (left ventricular pressure and systolic or diastolic function),
under normal as well as the somewhat increased demand conditions of dobutamine
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challenge (a sympathomimetic drug used in the treatment of heart failure), compared to
littermate controls (although when dP/dtmax was analyzed by 2-way ANOVA a small but
significant difference was found between the genotypes) [61]. Therefore, the relative role
of cytosolic CK activity across a modest range of workloads (that are far from maximal)
to produce ATP in the mouse heart is probably small based on this result. In skeletal
muscle, however, the CK role appears to be important because mice with near-total
knockout of either mitochondrial or cytosolic CK do less voluntary wheel running. Thus,
it is plausible that in the closely-related cardiac muscle, CK might play a similar role,
especially at very high work load. As mentioned, dobutamine stress may actually not
achieve the whole range of cardiac workload, therefore, the small or modest changes seen
in near-total knockout CK mice [61] may underestimate what happens at the highest
states of demand/workload. Moreover, adult non-senescent transgenic mice with creatine
deficiency did neither reveal any meaningful deficit of cardiac function at baseline nor, in
terms of cardiac remodeling, after myocardial infarction [62]. However, without direct
experimental proof we cannot eliminate that at high workload, particularly in the aged
heart, a deficit in PCr level would not limit cardiac performance or reserve capacity.
Future experiments (e.g., with these mice during aging) are needed to clarify this point.
Stable isotope 18O-assisted 31P NMR and mass spectrometry techniques have enabled
simultaneous recording of ATP hydrolysis together with phosphotransfer fluxes (i.e., via
the activities of adenylate kinase, creatine kinase, etc.) [63], at different levels of
myocardial workloads. Using this technique, mice lacking cytosolic CK had lower PCr
turnover, with increased glucose-6-phosphate turnover, glucose utilization and inorganic
phosphate compartmentalization, compared to wild type. In mice lacking both cytosolic
and mitochondrial CK, the PCr level and phospho-transfer capacity were lower, but the
fluxes through adenylate kinase, glycolytic and guanine nucleotide phosphortransport
increased, compared to WT. Therefore, the energy that is carried by PCr under normal
physiological or pathologic conditions, and in null CK mice, and the PCr-CK pathway,
can be replaced by other, less efficient phosphotransfer pathways. This can explain, in
part, the modest if at all measurable change in cardiac performance measurements found
in these CK deficient mice, and emphasizes the role of CK as a possible control
mechanism to match ATP supply to demand at high demand.

Δψm and NADH levels
A second mechanism that might control energy-matching is the interaction between the
NADH level and Δψm (reviewed in [5]). In isolated heart mitochondria, stimulation of
dehydrogenases increases NADH levels, which in turn increase both electron transport chain
flux and Δψm, that “push” the ATP synthase to make ATP. Direct measurements of Δψm in
the isolated perfused rat heart model demonstrated a slight depolarization of Δψm with
increasing workload with unchanged levels of ADP, Pi and NADH [6]. The authors suggest
that this occurs by a direct effect on complex-V, which we interpreted as a “pull”
mechanism. Because a hyperpolarized Δψm would be required to “push” ATP synthase
during increases in heart workload, the experimental results of a slight mitochondrial
depolarization suggest that Δψm is the effect, rather than the cause, and thus is not a key
regulator. Because, 1) the only available measurements of Δψm changes during aging are
from isolated mitochondria (Table S1), and 2) there is considerable divergence of
experimental results regarding Δψm changes between the isolated mitochondria model vs.
that under in vivo conditions (even under normal conditions) [5], additional confirmatory
measurements under in situ or in vivo conditions are necessary to clarify that these Δψm
results accurately reflect the actual changes in aged heart. Moreover, experimental evidence
suggests that the NADH/NAD+ ratio remains stable in response to varying Ca2+

concentrations or substrate availability in mitochondrial suspensions, and during a period of
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significantly increased ATP demand as in the in vivo working heart model (reviewed in [7,
8]). Consequently, the NADH level may not be the major regulatory mechanism of energy
demand. Furthermore, measurements of NADH levels in isolated mitochondria are
comparable to those under in vivo conditions, and these concordances suggest that healthy
isolated mitochondria might serve as a reliable model to explore NADH-related mechanistic
questions, in advanced age models. In the aged heart and under basal conditions, NAD+

levels decrease while NADH levels increase, thus the NADH/NAD+ ratio increases [9].
Examination of age-dependent variation in the protein profile of heart tissue revealed down-
regulation of NADH dehydrogenase expression, the enzyme that catalyzes the oxidation of
NADH to NAD. This may account (in part) for the increase in NADH, discussed above [10],
and a decrease in the ability to produce ATP by the mitochondria, and therefore a decrease
in ATP level in aging, specifically at high demand.

Mitochondrial Ca2+ level
Cytosolic-mitochondrial Ca2+ cross-talk could potentially play a role in matching ATP
supply and demand (box 3). It is well documented that in the aged rodent heart, the peak of
the cytosolic Ca2+ transient remains unchanged, but the action potential and Ca2+ transient
durations are significantly prolonged ([11]; reviewed in [12]). Moreover, SR load may
decrease as consequence of an increase in Ca2+ extrusion by the sarcolemmal Na+-Ca2+

exchanger, which further prolongs the action potential, and through the sarcolemmal Ca2+-
pump (reviewed in [12]). The up-regulation of myosin isoform V3 that has a lower ATPase
activity compared to V1 [13], and a decrease in SERCA pump activity [14], may slow the
intracellular Ca2+ kinetics. Slower Ca2+ kinetics will slow the force production and
relaxation which decreases the rate of ATP utilization by the myofilaments, and also Ca2+

sequestration by the SR (which may reduce the Ca2+ gradient between the cytosol and SR),
resulting in further decrease in the activity of SERCA and hence its ATP utilization.
Although slowing the cytosolic Ca2+ transient in advanced age, compared to young [11]
may decrease the heart’s ATP utilization, slowing cytosolic Ca2+ transients and
mitochondrial Ca2+ uptake may reduce rapid Ca2+ uptake when the demand rapidly
increases, resulting in reduction in the rate of ATP production vs. the young. Therefore,
even if the maximal demand level declines, at high workload decreases in ATP supply
below a certain threshold can still induce an ATP supply-and-demand mismatch and cause a
decrease in ATP content.

Text Box 3

Ca2+ and energetics

Because the major consumers of ATP in the heart are the contractile myofilaments
(responsible for ~2/3 of ATP hydrolyzed [64]), and most of the cytosolic Ca2+ is bound
to the myofilaments [29], Ca2+ might be well positioned to regulate energy matching.
Depending on the species, mitochondrial Ca2+ levels can also respond to relatively rapid
changes in cytosolic Ca2+ levels (i.e., over a train of beats) [21]. Ca2+ enters
mitochondria through the mitochondrial Ca2+-uniporter ([65, 66]) and is extruded by the
mitochondrial Na+-Ca2+ exchanger ([67]) (reviewed in [68]). Because changes in
cytosolic Ca2+ concentrations reflect changes in ATP demand, and Ca2+ accumulates
inside mitochondria, the mitochondrial Ca2+ level is an indicator of ATP demand
(reviewed in [69]). Ca2+ can affect ATP supply by stimulating PDH activity and other
dehydrogenase mechanisms, such as isocitrate and α-ketoglutarate (reviewed in [69]).
Whether Ca2+ directly activates ANT remains controversial [70]. It has also been
reported that an increase in mitochondrial Ca2+ level can regulate mitochondrial matrix
volume [71] which in turn can elevate respiration in isolated mitochondria suspensions.
Recently, however, it was shown that in mechanically unloaded intact cardiomyocytes
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during light pacing contraction-related work, there is no detectable change in
mitochondrial volume accompanying any small pacing-related increase in mitochondrial
Ca2+ [72].

The relative role of mitochondrial Ca2+ in controlling ATP supply-to-demand matching
may be largely independent of changing the workload by Frank-Starling-related
ventricular filling mechanisms [57]. However, a decrease in mitochondrial Ca2+ (by
inhibition of the mitochondrial Ca2+ uniporter with Ru360) decreased the NADH level at
high pacing rate (4 Hz) while maintaining constant NADH level at low pacing rate (1 Hz)
[73]. Moreover, mathematical modeling shows that both Ca2+ and ADP can potentially
serve as controlling mechanisms that match ATP supply/demand [74]. In isolated
trabeculae an increase in pacing frequency produced an undershoot in the level of
NADH, followed by a recovery phase until a steady-state NADH level was reached [75].
Upon a decrease in pacing frequency an overshoot in the NADH level occurred followed
by a recovery phase until a steady-state NADH level was reached. Thus, the apparent
predictive behavior of this mathematical model in the forgoing experiments suggests that
ADP-stimulated respiration is a reasonable mechanism to explain the rapid overshoot and
undershoot, while the mitochondrial Ca2+ accumulation accounts for the slower recovery
of NADH.

In the isolated rat mitochondria model, the rates of Ca2+ uptake (likely due to changes in
Vmax of the Ca2+-uniporter and not in its Km) and release, are reduced in advanced age [15]
[16]. However, the total Ca2+ content of the mitochondria does not change with age in the
basal state [16], and even increases after treatment with norepinephrine, compared to the
young rat [17]. It is possible that a parallel loss of activity of both Ca2+ uptake and release
may explain the lack of age-linked change in Ca2+ content, in resting conditions. Note,
however, that there is a lack of experimental data on the mitochondrial Ca2+ content under
in situ/in vivo conditions in advanced age, where the cytosolic Ca2+ naturally oscillates,
versus the constant external Ca2+ exposure in isolated mitochondria models [18].
Specifically, because there is an important cross-talk between the SR and the mitochondria
(reviewed in [19, 20]), a decrease in beat-to-beat SR Ca2+ release can decrease the
mitochondrial Ca2+ levels. Whether mitochondrial Ca2+ uptake varies substantially on a
beat-to-beat manner or over a longer time frame (reviewed in [21]), slower SR Ca2+ kinetics
could slow Ca2+ accumulation into mitochondria, reduce the steady-state mitochondrial
Ca2+ level and delay and diminish the activation of Ca2+-regulated ATP production
mechanisms. In summary, although Ca2+ activates mitochondrial dehydrogenases and other
enzymes and primes mitochondria for the anticipated increase in energy demand (see box 3),
and cytosolic Ca2+ kinetics become substantially altered in advanced age potentially causing
its priming mechanism to become deficient, more experimental data under in situ/in vivo
conditions are needed to clarify if changes in mitochondrial Ca2+ dynamics can explain
alternations in the regulatory mechanisms responsible for matching energy supply-to-
demand in advanced age, specifically at high demand.

Phosphorylation and acetylation of mitochondrial proteins
Post-translational modifications, including phosphorylation and acetylation are important
modifications that affect protein function. The relative role of protein phosphorylation
within the cardiac mitochondrial matrix, and in particular the respiratory complexes, has
become more appreciated over the last several years. Changes in phosphorylation might
modulate the activity of respiratory complexes and the rate of ATP production (for review
see [22]). Currently, several molecules including ANT, VDAC, cytochrome C, complex I
and complex V have been found to be phosphorylated [22]. Also, changes in the level of
protein phosphorylation in the cytosol may affect mitochondrial ATP production via the
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traffic of phosphorylated signal proteins and enzymes such as PKA, GSK-3β, AMPK, etc.,
to the mitochondria. At high demand, defects in β-adrenergic receptor signaling, in advanced
age, reduce cAMP/PKA production in the rat heart [23] which could in principle affect
mitochondrial protein and myofilament phosphorylation related to PKA signaling. To date,
many of the respective regulatory sites have been found in proteins residing in the
mitochondrial intermembrane space (reviewed in [22]).

Another important mechanism of post-translational modification is acetylation or
deacetylation of proteins. A well-studied family of deacetylases includes the NAD-
dependent enzymes sirtuins (Sirt1 and Sirt3 are two examples) [24]. Sirtuin activation is
directly linked to the energetic and redox status, and thus the NAD/NADH ratio, and SIRT3
is the major mitochondrial enzyme in this class (reviewed in [24]). Potential changes in both
mitochondrial protein phosphorylation and acetylation may adversely affect mitochondrial
bioenergetics in advanced age [25]. SIRT3 has been linked to the activation of fatty-acid β-
oxidation, oxidative-phosphorylation, deacetylation and activation of enzymes in complex I,
II and V [24]. Therefore, an increase in SIRT3 or its activity can potentially lead to an
increase in mitochondrial ATP production. Although the effect of aging on signaling of the
cardiac NAD-dependent deacetylase SIRT3, and the related member SIRT1, has not been
determined [24], at least in skeletal muscle, SIRT3 and SIRT1 signaling is decreased during
aging [25]. Recently (reviewed in [26]), the importance of the regulation of peroxisome
proliferator-activated receptor gamma coactivator-1 (PGC-1α/β) activity by SIRT1-mediated
deacetylation in skeletal muscle was established. PGC-1α/β is a crucial transcriptional co-
activator that plays central role in the regulation of mitochondrial biogenesis and turnover.
This modification of PGC-1α can increase mitochondrial biogenesis and protects against
metabolic disorders associated with a high-fat diet.

Changes of ATP utilization in advanced age
In advanced age and assuming that Ox-Phos remains fully coupled, there is an apparent
decrease in ATP demand by the myofilaments at high workloads, compared to the young. In
the isolated working heart, CW and efficiency decline with age [27]. In humans and under
high-demand conditions in vivo, CO and stroke volume at maximal exercise and maximal
work load capacity are reduced in the aged subjects, compared to the young [28].
Additionally, in isolated rat papillary muscle the maximal power output, maximal shortening
velocity and maximal force are decreased (reviewed in [13]). Taken together, the maximal
CW at high peripheral-tissue ATP-demand decreases in advanced age.

Proteomics approaches have identified a change in myosin isoforms in aging rodents [10]
(see above; reviewed in [13]). Because most of the cytosolic Ca2+ is bound to the
myofilaments [29], cytosolic Ca2+ dynamics are directly related to force generation and
relaxation kinetics. Changes in gene expression to lower myosin ATPase activity may
explain, in part, changes in the kinetics of contraction and also of the Ca2+ transient.

Another point of interest is that of arterial stiffening, which during aging is associated with
increased aortic impedance that increases the pulse wave velocity and results in increased
left ventricular loading. The increase in pulse-wave velocity causes the diastolic-reflected
pulse pressure wave to arrive back at the central aorta earlier (i.e., prior to closure of the
aortic valve, instead of during diastole and supporting coronary flow), leading to an increase
in systolic pressure, left ventricular wall stress, and a maladaptive increase in M V̇O2 per
unit of CW performed [13, 30]. Collectively, these data suggest that increased systolic
pressure during aging, together with increases in cardiac interstitial matrix, might contribute
to a decrease in the efficiency of CW. Note, that the reduction in efficiency may be partially
related to change in substrate metabolism (fat vs. carbohydrate). Therefore, the heart needs
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to utilize more ATP to perform the same amount of CW as the young, and this places
heavier demands on the mitochondria to produce and supply adequate ATP levels. These
factors diminish the cardiac reserve capacity that would be necessary to perform augmented
work during aging.

ATP supply in advanced age
A decline in mitochondrial function may affect the production of cellular energy, which in
turn can interfere with ATP-dependent cellular physiology (see above). While there is a
wide array of data suggesting that mitochondrial energetic mechanisms decline in advanced
age (see online supplement Table for extensive listing), the relative importance of these
changes are still controversial. To better understand the source of this controversy, changes
reported in both tissue and in isolated mitochondria, under rest and high demand conditions,
were compared (Fig. 2; see online supplement Table for extensive listing). Indeed, the
results in isolated mitochondria are often remarkably different than those from tissue
(discussed above).

Under in situ conditions in aged rat hearts, the ATP level remains constant at rest, but
slightly decrease at high demand, compared to that in young [31, 32]. Because ATP
consumption likely increases to perform the same amount of CW, due to the age-dependent
efficiency decrease at high demand, any concurrent deterioration in the ability to make or
deliver ATP would further compromise cardiac function.

As described above, changes in M V̇O2 might be considered a reliable index of ATP
production. In isolated rat mitochondrial suspension, most of the experimental data support
that the state 4 respiratory rate (when ADP is fully consumed), does not significantly decline
in advanced age, but the state 3 respiratory rate (after ADP addition), has been variably
reported to either decrease or remain constant [33–35]. However, there is no significant
change in the respiratory control ratio (M V̇O2 -state 3/state 4). In the isolated aged-heart
model there is no significant decrease in M V̇O2 in resting conditions, but the maximal M
V̇O2 is reduced at high demand (workload), compared to that in the young [31]. This is
consistent with steady-state ATP data [31, 32].

Experiments in isolated rat mitochondria have shown that the import of fuel (i.e., oxidizable
substrates), the ability to oxidize fatty acids to produce ATP, and the rate of ATP export
from the mitochondria, deteriorates in advanced age [33, 36]. In mitochondria, the pyruvate
uptake and oxidation are lower compared to the young [37], but remain intact in tissue
biopsy samples [17]). ANT activity was found to decrease in advanced age in isolated
mitochondria (Table S1). Hexokinase II is bound to, or very near, the outer membrane
protein VDAC (for review see [38]). In the presence of glucose and ATP, it can make
glucose-6-phosphate (via glycolytic metabolism) and increase anaerobic ATP production.
However, no significant change in hexokinase II abundance was found in advanced age rat
compared to young [39]. More tissue-based model-data are needed to understand the change
in ATP production and export in advanced age.

Changes in the activity/level of mitochondrial proteins can also affect ATP production. In
advanced age, there is a decrease in Krebs-cycle enzyme activities: e.g., NAD+-isocitrate
dehydrogenase and 3-hydroxyacyl-CoA dehydrogenase activities (see Fig. 2). It is debatable
whether the activities of any or all mitochondrial complexes decrease with age. In human
tissue, some reports indicate no change in complex I–IV activities [40, 41], while others
suggested that there may be a decrease in complex IV content ([42] vs. [40]). Most of the
data from both isolated mitochondria and tissue models agree that complex V activity does
not change in advanced age [43, 44]. However, proteomics data revealed that the expression
of three mitochondrial enzymes was up-regulated in aged mouse heart tissue, namely 3-
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oxoacid-CoA transferase 1; α-subunit of ATP synthase; and cytosolic CK2. A reduced
expression was found for NADH-dehydrogenase; flavoprotein 1; subunit-8 of ATP
synthase; and cytochrome c [10]. Recent proteomics data in mice also show down-regulation
of complex 1 (Ndufa5, Ndufb2, Ndufb4 and Np 15), complex III (Uqcrb), complex IV
(Cox7a2 and Cox7b) and complex V (Atp5a1 and Atp5f1) [45, 46] in advanced age. Recent
gene array data show down regulation of mitochondrial electron transport chain genes in
both mice and human in advanced age [31, 47]. These data suggest that a changed pattern of
mitochondrial gene expression and proteins may contribute to the decrease in the ability to
produce ATP at high demand with aging. On the other hand, increase in CK2 or in some
mitochondrial enzymes could be a compensatory mechanism to increase ATP delivery or
production, respectively, at high demand. Note, however that in aged rat down-regulation of
complex II, III and IV proteins and genes were not correlated with changes in their activity
[47].

As mentioned above PGC-1α/β has been identified as a crucial transcriptional co-activator
that regulates genes involved in energy metabolism. Increased expression of PGC-1α has
been shown to protect against age-related sarcopenia [48], to improve respiration and
gluconeogenesis under conditions of telomere dysfunction [49] and in increased longevity in
drosophila [50]. Therefore, PGC-1 may function as an integrator of essential pathways
involved in age-related decline in mitochondrial energy production and may be an important
determinant of longevity [51, 52].

The concentration of mitochondrial respiratory complexes, the availability of substrates for
ATP production (ADP and Pi) and the level of their control regulators have been shown to
be proportional to the maximal metabolic rate and therefore the ability of the heart to have
“excess” mitochondrial energy production [53]. Therefore, even if the concentrations of
mitochondrial respiratory complexes remain intact (see above), a reduction in availability of
substrates (i.e., in time and space) and/or an alteration in Ca2+ kinetics, may alter the ability
of the heart to utilize this potential “excess” mitochondrial energy production capacity,
specifically at high demand. Therefore, these regulators could potentially contribute to the
loss of “excess” mitochondrial energy production during aging that potentially exists in
young, especially at high-demand. More experimental data are needed to resolve the
underling mechanisms.

Two mitochondrial populations have been described in the myofilament compartments of
cardiomyocytes and can be studied in isolated population: SSM that lie beneath the plasma
membrane, and IFM that are ensconced among the myofibrils (reviewed in [54]). Although
the ratio of SSM to IFM remains constant in aged rats compared to young, there appear to be
a decrease in mitochondrial energy production in IFM. Moreover, IFM display a decrease in
Ca2+ content in advanced age when glutamate or malate are used as a fuel (compared to
succinate), whereas SSM Ca2+ content is unaffected with age [55]. Unfortunately, isolation
techniques can vary between laboratories, yielding arbitrary alternations in the SSM to IFM
ratio, which may lead to confounding interpretations based on comparison of these different
data sets [54]. Additionally, different levels of fibrosis may interfere with the isolation
procedures, and different degrees of mitochondrial purity may undermine conclusions, based
on measurements performed without proper normalization procedures. Moreover, aging
myocytes are more sensitive to stress damage compared to young (e.g., the threshold to open
the mitochondrial permeability transition pore is lower in aged cardiomyocytes vs. young
adult [12]), and therefore during mitochondrial isolation the aging mitochondria might be
expected to have a generally higher tendency to be damaged versus the young, which in
turn, may alter their biophysical and energetic properties, or even alter their true (native)
abundance after isolation procedures.
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Concluding remarks
In this review we discuss relevant energetic mechanisms that may change during aging,
from energy (ATP) production, to delivery and ATP utilization, and analyze whether and
how the mechanical and chemical efficiencies change.

Related to energy production in advanced age, (assuming that Ox-Phos is tightly coupled
(Table S1), and if the same mitochondrial flux of substrates is maintain to make ATP), the
inability to augment the maximal M V̇O2 to the same degree as the young would indicate
that ATP production and delivery are limited at high demand. This is consistent with the
interpretation that there is an age-related decline in mitochondrial energy production,
contributing, in part, to a decline in maximal contractility. During aging there is also a
change in control mechanisms that match ATP supply and demand. The changes in
mitochondrial energetic mechanisms also challenge what is the most suitable experimental
model to explore aging, given the discrepancies discussed here (Fig. 2). Unfortunately,
published data addressing these issues is incomplete, and comparison of the various
experimental models frequently produces conflicting results. The experimental data obtained
from isolated mitochondria, cells, and tissue optimally should be validated in the whole-
organ models to provide a measure of confidence that the simple models are suitable for
aging research. After this validation is achieved, the simple model results could be more
reliably translated to the organ and organism levels.
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Glossary

Adenine nucleotide
translocase (ANT)

also called the ADP/ATP carrier, is an antiporter that
facilitates the exchange of ADP for ATP, across the inner
mitochondrial membrane

Adenylate cyclase (AK) phosphotransfer enzyme playing an important role in cellular
energy homeostasis that catalyzes the inter-conversion of 2
ADP ⇌ ATP+AMP

Creatine kinase (CK) an enzyme that consumes ATP to catalyze the conversion of
creatine to phosphocreatine (PCr) and ADP. This “shuttle
function” is reversible, such that ATP can be regenerated from
PCr and ADP, as needed

Cardiac output (CO) the effective volume of blood pumped out by the ventricles in
a given period of time

Cardiac work (CW) measurement of myocardial work, which when taken together
with myocardial efficiency, provides an index of myocardial
ATP demand
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Efficiency the ratio between CW and the amount of fuel used to do that
work

Frank–Starling law of
the heart

defines the relationship between the strength of the heart’s
contraction to volume. The greater the heart volume (muscle
length) the greater is the heart’s contraction (muscle force)

Heart failure (HF) a condition in which the heart is incapable to pump sufficient
blood to meet the requirements of the rest of the body

Hexokinase (HK) important enzyme initiating the energy metabolism of glucose
utilization by catalyzing the phosphorylation of glucose to
yield glucose-6-phospate

Interfibrillar
mitochondria (IFM)

mitochondria sub-population located between the contractile
the myofibrils inside cardiomyocytes

Myocardial oxygen
consumption rate (M
V̇O2)

an index of mitochondrial respiration, and in a highly coupled
oxidative-phosphorylation system, the ATP production rate

Nuclear magnetic
resonance (NMR)

a spectroscopy technique to explore chemical and biochemical
properties of organic molecules by using the magnetic
properties of certain atomic nuclei

Oxidative
phosphorylation (Ox-
Phos)

The process in which respiratory enzymes in the mitochondria
harness energy from NADH and FADH2, consuming O2, to
generate a gradient of protons across the mitochondrial inner
membrane that drives ATP synthase to make ATP from ADP
+Pi

Phosphocreatine (PCr) A high-energy storage molecule that can donate a Pi group to
ADP to form ATP rapidly under the enzyme catalysis of CK

Pyruvate
dehydrogenase (PDH)

an enzyme that transports the end product of glycolysis
(pyruvate) to produce fuel (acetyl-CoA) that is used by citric
acid cycle to make ATP in the mitochondria

Reactive oxygen species
(ROS)

chemically reactive oxygen-containing molecules (including
oxygen ions and peroxide) that can form as natural byproduct
of the Ox-Phos metabolism. Increase in ROS production may
results in a significant damage to cellular constituents

Sarcoplasmic reticulum
(SR)

a Ca2+ store and release organelle inside excitable cells

Sarco-endoplasmic
reticulum Ca2+ ATPase
(SERCA)

Ca2+ ATPase pump that transfers Ca2+ from the cytosol to the
SR

Subsarcolemmal
mitochondria (SSM)

mitochondria sub-population that exists in close proximity to
the cell membrane

Transmembrane
potential difference
(Δψm)

the electrical potential difference across the mitochondrial
inner membrane inside cardiomyocytes

Voltage dependent
anion channel (VDAC)

Large internal channels (about 2–3 nm), located in the
mitochondrial outer membrane that allows ions, metabolites,
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and certain small molecules to move between the cytoplasm
and mitochondria
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Text Box 4

Human clinical application

In humans, CO and stroke volume at maximal exercise and maximal work load capacity
are reduced in aged subjects, compared to the young [28]. In human tissue, some reports
indicated no change in complex I–IV activities [40, 41], while others suggested that there
may be a decrease in complex IV content ([42] vs. [40], respectively). Moreover, in
parallel to the reduction in maximal cardiac work, maximal peripheral (body) oxygen
consumption is also reduced (Table S1). This reduction in peripheral oxygen
consumption, however, does not necessary imply that M V̇O2 ecreased because even if
the efficiency of cardiac ATP utilization, production and delivery remain intact, the
maximal capacity of the body to perform work may also be reduced by aging
mechanisms and therefore less CO would be required. In the case that the heart’s
efficiency of ATP utilization decreases, more ATP would be needed per unit work, and
thus the M V̇O2 would increase accordingly. If the heart’s ATP production efficiency is
reduced M V̇O2 increases, but CO may still decrease because of insufficient amounts of
ATP. Finally, if ATP delivery in the heart is reduced M V̇O2 can increase or remain
constant, but the CO may decrease because of insufficient amounts of ATP. Future
experiments that include ATP production rate, oxygen consumption and work during
aging are needed to better define the physiology.

In aging humans, as a fraction of total energy expenditure, myocardial fatty acid
oxidation and utilization decline with no change in myocardial glucose utilization [76],
but with increased myocardial triglyceride content [77]. Therefore, the overall
contribution of fatty acids (which need more oxygen per ATP produced compared to
glucose) relatively to glucose as a fuel for ATP production decreases in advanced age.
Note, that the age-related shift in fuel preference (i.e., fatty acid to carbohydrates) would
affect cardiac efficiency by virtue of the differences in ATP/O ratio.

In aged human heart tissue, compared to young at the basal state, the PCr/ATP ratio
decreases [3] (see discussion in the main text). It was clinically shown that a decrease in
PCr/ATP ratio in patients with dilated cardiomyopathy is a predictor of increased
mortality [78]. A recent study has found that sedentary men undergoing long-lasting
sustained aerobic oxidative training have higher PCr/ATP ratio vs. untrained control [79].
Therefore, a link between the beneficial effects of exercise and changes in ATP supply-
to-demand mechanisms may exist in aging human.

Several recent studies report that ROS production increases in advanced age [80, 81].
ANT was found to be the only mitochondrial protein to exhibit an age-associated
increase of oxidative modification in flight muscles of the housefly [82]. However,
lacking of ANT genes is accompanied by increase in ROS production due to upregulation
of oxidative phosphorylation genes that compensate for reduction in ANT [83]. Although
the contribution of overexpression of SOD2 (antioxidant defense mechanism that
scavenges ROS) to life-span is controversial, it decreased age-related decline in
mitochondrial ATP production [84].

The progression of HF is associated with diminished energy metabolism and Ca2+

transient amplitude [73], a decrease in ATP synthesis capacity and a decrease in overall
ATP levels and oxygen consumption [85] in both basal and high-demand conditions, but
the deterioration of these functions occurs only at high-demand in healthy aging.
Additionally, in chronic HF ROS levels increase, myocardial anti-oxidant reserve
decreases, the PCr/ATP ratio decreases and NADH/NAD+ ratio increases (review in
[86]) similar to aged heart over the entire range of heart work. It may be that the failing
heart, depending on the degree of impairment, may look like the aging heart not only
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when the failing heart is working at high-demand, but in severe cases also at low
demand.
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Outstanding questions

Future experiments facilitated by mathematical modeling are needed to answer the
following questions:

• What specifically deteriorates during aging: the ability of the heart to contract
(the “engine”, which encompasses mechanical efficiency), the ability to produce
and deliver ATP (the fuel) and/or the biochemical efficiency to utilize ATP to
perform work?

• What are the relative roles of control mechanisms that match ATP supply to
demand during aging?

• Are there important regulatory pools of local nucleotide or metabolite
concentrations or gradients in subcellular domains (i.e., close to the
mitochondria and across the myofilaments) in the working range of the heart,
and do they change with aging?

• Is there a role of Δψm as a control mechanism of energy matching during aging?

• How does mitochondrial Ca2+ content/gradient under in situ/in vivo conditions
change during aging (see [87]) ?

• In primates, caloric restriction improves healthspan, and potentially lifespan
[88] (reviewed in [89]). Regular aerobic exercise can improve healthspan [90].
Is there an important mechanistic link between the beneficial effects of caloric
restriction and exercise, and changes in ATP supply-to-demand mechanisms?

• Overexpression of CK improves ATP supply-to-demand balance in
postischemic myocardium [91]. Would treatment aimed at maintaining and/or
boosting the high-energy-intermediate phosphoryl-exchange capacity (e.g., by
AK, CK, etc.) be beneficial in the aging heart to maintain ATP supply-to-
demand matching (especially at high demand)?

• VDAC function is controlled by the cytoskeleton properties and
phosphorylation level [92, 93]. Could alteration in cytoskeleton structure/
function or phosphorylation level (see above) in advanced age affect VDAC and
in turn, HK function resulting in diminished energy production capacity?

• Deletion of mitochondrial intermembrane enzyme AK 2 is embryonically lethal
[94]. Could alteration in AK 1 and 2 activities affect ATP supply-to-demand
matching in advanced age?

• ROS production may increase in advanced age. Would a decrease in cardiac
ROS production or an increase in ROS scavenger mechanisms improve
healthspan and/or lifespan in humans?

• How to compare aging across species? It would be valuable if aging data would
not only be given in chronologic age, but also as a fraction of that species
maximal lifespan to better compare species-independent aging variables.

Yaniv et al. Page 19

Trends Endocrinol Metab. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Highlights

• Age-related changes in cardiac energetics are discussed.

• It is controversial if ATP production, delivery or utilization changes during
aging.

• Results from isolated mitochondria frequently differ from those obtained in
tissue.

• Unresolved and controversial questions requiring further studies are highlighted.
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Figure 1. Excitation-contraction-bioenergetics scheme in the heart
Majority of ATP is consumed by SERCA, Na+/K+ pump and contractile myofilaments.
“Shuttlelike” diffusion of ADP and ATP in the cytosol is facilitated by CK and AK systems.
In the cytosol, glucose is transformed to pyruvate, and fatty acids are converted to fatty acyl-
coenzyme A. Pyruvate and fatty acyl-coenzyme A are, in turn, transported across the inner
mitochondrial membrane to the mitochondrial matrix and are converted to acetyl-coenzyme
A (pyruvate is oxidized by PDH, and fatty acyl-coenzyme by β-oxidation) while creating
NADH and FADH2. Acetyl-coenzyme A from both substrates is oxidized to carbon dioxide
and water in the Krebs cycle, resulting in additional formation of NADH and FADH2. The
redox-potential energy of these reducing equivalents is, in turn, harnessed by the electron
transport chain (complexes I–IV). Electrons are supplied to complex I in the form of NADH,
and to complex II in the form of FADH2. These redox electrons are passed downhill (in a
energy-flow sense) to complex III by coenzyme Q. Electrons from complex III are
transferred to complex IV by cytochrome c. The energy released from this electron flow is
used to transport protons across the inner mitochondrial membrane, out from the matrix,
creating a large electrochemical gradient across that membrane. Under normal conditions,
the electron transport chain flux is paralleled by the M V̇O2. The proton gradient and Δψm,
form an electrochemical gradient of stored energy that is responsible to drive complex V to
make ATP. ATP is transported to the cytosol across the inner mitochondrial membrane by
ANT (in exchange for ADP, Pi and a proton) and the outer membrane by VDAC. The
complement of ion transporters that maintain the other mitochondrial ionic gradients across
the membrane, including the Ca2+ uniporter, Na+/Ca2+ exchanger and (regulated and
unregulated) proton leak.
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Figure 2. Changes in mitochondrial energetic mechanisms
While there is a wide array of evidence that mitochondrial energetic mechanisms decline in
advanced age, the relative importance of these changes are still controversial. To better
understand the source of this controversy we compared the changes in mitochondrial
energetic mechanisms reported in both tissue (green) and isolated mitochondria (red) (see
online supplement Table for extensive annotated listing and literature citations). The
summary is separated into panels (A) basal conditions, and (B) high demand conditions.
Note that the results in isolated mitochondria are often remarkably different than those from
tissue. Moreover, in some cases the data are controversial even at the same level (i.e., tissue
or isolated mitochondria) therefore a double arrow was used to reflect these existing
discrepancies. Sometimes data are available only for isolated mitochondria and therefore a
question mark was used for tissue data. Finally, two mitochondrial sub-populations (i.e.,
SSM and IFM) have been described in the myofilament compartments of cardiomyocytes
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and can be studied in isolated population. The age-dependent mitochondrial energy
production is different for the two populations and therefore different symbols were used.

Yaniv et al. Page 23

Trends Endocrinol Metab. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


