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As one of the highest energy consumer organ in mammals, the heart has to be provided
with a high amount of energy as soon as its first beats in utero. During the development
of this organ, energy is produced within the cardiac muscle cell depending on substrate
availability, oxygen pressure and cardiac workload that drastically change at birth. Thus,
energy metabolism relying essentially on carbohydrates in fetal heart is very different
from the adult one and birth is the trigger of a profound maturation which ensures the
transition to a highly oxidative metabolism depending on lipid utilization. To face the
substantial increase in cardiac workload resulting from the growth of the organism during
the postnatal period, the heart not only develops its capacity for energy production
but also undergoes a hypertrophic growth to adapt its contractile capacity to its new
function. This leads to a profound cytoarchitectural remodeling of the cardiomyocyte
which becomes a highly compartmentalized structure. As a consequence, within the
mature cardiac muscle, energy transfer between energy producing and consuming
compartments requires organized energy transfer systems that are established in the
early postnatal life. This review aims at describing the major rearrangements of energy
metabolism during the perinatal development.
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INTRODUCTION

The emergence, in the course of evolution, of individuals whose existence is based on the
coordinated functioning of different organs is fascinating. This complex organization is established
during organogenesis which is the scene of cell differentiations and specializations leading to the
creation of organs with specific functions. These entities, immature at the end of organogenesis,
undergo adaptations to the needs of the organism in its environment during prenatal and postnatal
life maturation. The heart, which ensures proper distribution of oxygen and nutrient according
to the needs of the body throughout life, also undergoes essential maturation processes. These
are obvious in the prenatal period during which the primitive tubular heart matures to a four-
cavity organ (Brand, 2003; Sedmera and McQuinn, 2008). This morphological adaptation mainly
results from a massive proliferation of cardiac muscle cells that relies on coordinated biosynthetic
pathways (Christoffels et al., 2000; Lunt and Vander Heiden, 2011).

During the postnatal period, numerous structural and metabolic modifications of the cardiac
muscle cell allow adaptation to the new requirements of the body. In particular, while fetal life
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is characterized by the parallel operation of the two ventricles
because of the strong resistance of the collapsed lungs, the
sudden expansion of the pulmonary alveoli at birth induces major
hemodynamic changes leading, in the early hours of ex utero
life, to the series operation of the two ventricles (Heymann and
Rudolph, 1975; Hew and Keller, 2003). This reorganization of the
cardiovascular system in its new environment leads to changes in
oxygen levels, pressure, charge and volume of the two ventricles.
Consequently, essential maturation of the cardiomyocyte is
necessary for optimization of the cardiac function.

In addition to the new circulation pattern, because of the
rapid growth of the body, the postnatal period is characterized
by a constant increase in cardiac workload. In response, the
cardiac mass increases by hyperplasia (cell proliferation) then
by hypertrophy (increase in the volume of each cardiomyocyte)
(Clubb and Bishop, 1984; Hoerter et al., 1991; Li et al.,
1996; Leu et al., 2001), however, not in proportion to body
mass so that heart weight to body weight decreases during
postnatal development (Hoerter et al., 1991). These changes
require an increase in cardiac efficiency. This will be achieved
by a profound complexification of cardiomyocyte architecture,
excitation–contraction coupling and energy metabolism. This
prompts to the establishment of more efficient energy production
systems (Lopaschuk and Jaswal, 2010; Piquereau et al., 2010).

There is a strong link between myocardial metabolism and
cardiac function since the heart is among the largest energy
consumer organs in the body. Energy can be produced either
from anaerobic glycolysis in the cytosol or from oxidative
metabolism in mitochondria. Energy is stored in the form of
adenosine triphosphate (ATP) and phosphocreatine (PCr) which
is formed by the phosphorylation of creatine (Cr) from ATP
by the creatine kinase (CK) reaction. The adult heart is the
most efficient energy consuming organ with around 1 mM ATP
consumed per second that should be produced on a “pay as
you go” manner, as energy reserves in the form of ATP and
PCr account only for a few seconds of activity. This energy is
essentially provided by oxidative phosphorylations taking place
in mitochondria (>90% for the adult heart). This is evidenced by
the linear correlation between oxygen consumption and cardiac
work (Stepanov et al., 1997).

The mature heart is omnivorous as it can metabolize
carbohydrates, lipids, proteins, and lactate to produce energy.
Lipids and carbohydrate deriving substrates produce reducing
equivalents that are oxidized along the respiratory chain
providing a proton gradient that is used as a driving force to
produce ATP from ADP (Mitchell, 1979; Gautheron, 1984; Noji
et al., 1997). The high lipid concentration in the blood and the
high oxygenation play a predominant role in determining the
metabolism of the adult heart (Fisher et al., 1980; Stanley et al.,
2005; Lopaschuk et al., 2010). It thus mainly consumes lipids, and
carbohydrates provide only 10–40% of mitochondria-oxidized
acetyl-CoA (Stanley et al., 2005). The high mitochondrial mass
and the optimal activity of the Krebs cycle and the respiratory
chain enzymes ensure optimal conditions for energy production
from fatty acids (Glatz and Veerkamp, 1982; Werner et al., 1982;
Minai et al., 2008). This is reinforced by the complex reciprocal
inhibition between lipid oxidation and carbohydrate oxidation

known as the Randle cycle and involving allosteric control,
reversible phosphorylation, and the expression of key enzymes
(Hue and Taegtmeyer, 2009). The lipid metabolism displays a
higher yield (in terms of energy production) but utilizes more
oxygen per ATP produced than the glycolytic metabolism which
is rather effective when glucose is supplied in abundance (Lunt
and Vander Heiden, 2011). During development the metabolic
profile of the heart evolves, taking advantage of the specificities
of each metabolic orientation to face the specific conditions of
in utero or ex utero life.

HOW DIFFERENT IS ENERGY
METABOLISM BETWEEN THE
NEWBORN AND THE ADULT HEART?

While lipids and carbohydrates are the main sources of energy
for cardiomyocytes (Williamson et al., 1976; Saks et al., 2006b;
Ventura-Clapier et al., 2010), their respective utilization varies
greatly during organ development (Lopaschuk et al., 1991;
Makinde et al., 1998). At a given age, the metabolic orientation
of the heart depends on one hand on the activity of enzymes
involved in the energy pathways, but is also strongly influenced
by the availability of the circulating substrates, themselves
mainly dependent on nutrition. Thus, the energy demand, the
oxygen content and the availability of substrates, among others,
determine the orientation of cardiac metabolism.

The heart progresses from a high glycolytic activity in the
early phases of development to an almost exclusive oxidative
metabolism at maturity (Ascuitto and Ross-Ascuitto, 1996;
Bartelds et al., 2000; Lopaschuk and Jaswal, 2010) (Figures 1,2).
The low levels of circulating fatty acid and the high levels of
lactate in utero (Portman et al., 1969; Girard et al., 1992; Bartelds
et al., 1998; Makinde et al., 1998) contribute to establish the
high glycolytic activity encountered in the fetal heart. Indeed,
substrates play an essential role in metabolism since lactate
hinders the oxidation of lipids while fatty acids are able to repress
the processes involved in the use of carbohydrates (Werner et al.,
1989). As a result in the fetus, only 15% of total energy production
derives from the use of fatty acids (Lopaschuk and Jaswal,
2010), a substrate choice adapted to the low oxygen environment
similar to the one encountered by the hypoxic adult hearts
(Patterson and Zhang, 2010; Murray et al., 2014). In addition
to the impact of the substrate availability on fetal metabolism,
the higher activity and specific regulations of glycolytic enzymes
in this stage of development (Jones and Rolph, 1985) favor the
production of anaerobic ATP (Bristow et al., 1987; Ascuitto and
Ross-Ascuitto, 1996). For example, the intracellular distribution
of the hexokinase isoform (a glycolysis enzyme) expressed at
birth is different from that of the adult one, contributing to the
orientation of metabolism toward glycolysis (Calmettes et al.,
2013).

In the fetal heart, thus 50% of ATP production derives from
anaerobic glycolysis (Lopaschuk et al., 1991) the other part
coming from oxidative phosphorylations. Although in the early
stages of development, activity of the respiratory chain and
mitochondrial mass are definitely lower (Werner et al., 1982;
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FIGURE 1 | Energy production in immature cardiomyocyte. Carbohydrates
are the main substrates for energy production of the immature cardiomyocyte.
About 50% of ATP production derives from anaerobic glycolysis which also
produces pyruvate that can be used by mitochondria to generate energy from
oxidative phosphorylations. Lactate that is in high concentration in the fetal
blood participates in energy production through its conversion to pyruvate.
Energy is essentially produced in the form of ATP molecules which diffuse
within the cytosol to reach ATP consumers of the cell. CD36, fatty acid
translocase; GLUT4, glucose transporter 4; MCT, monocarboxylate
transporter; ATP, adenosine triphosphate; ADP, adenosine diphosphate; NAD
and NADH, oxidized and reduced nicotinamide adenine dinucleotide; FAD and
FADH2, oxidized and reduced, flavin adenine dinucleotide. Acyl-CoA,
acyl-coenzyme A.

Minai et al., 2008), the fetal myocardium remains nonetheless
endowed with real oxidative capacities (Warshaw, 1969; Muhlfeld
et al., 2005). Indeed, early in cell differentiation, oxidative
metabolism is necessary for establishing a functional cardiac
phenotype in stem cells (Chung et al., 2007), showing the
importance of energy metabolism for cardiac development. If
glucose is a major source of energy for the early fetal heart, its
role extends beyond that of energy substrate. Glucose is involved
in the pentose phosphate pathway and nucleotide biosynthesis.
It was recently shown that glucose dose-dependently inhibits
cardiac maturation and favors cardiomyocyte proliferation in
human embryonic stem cell-derived cardiomyocytes (Nakano
et al., 2017) through nucleotide biosynthesis (Nakano et al.,
2017), strongly suggesting that glycolytic metabolism contributes
to cardiac growth by hyperplasia in utero. Interestingly, glucose

FIGURE 2 | Energy production and transfer in adult cardiomyocyte. Fatty
acids are far and away the main substrates for energy production of the adult
cardiomyocyte when the relative contribution of carbohydrate is much smaller
than in the fetal cardiomyocyte. About 90% of energy is provided by oxidative
phosphorylations taking place in mitochondria. The major part of ATP
produced by mitochondria is transformed into phosphocreatine (PCr) by
mitochondrial creatine kinase (CK) which initiates energy transfer to energy
consumers using the CK shuttle to overcome diffusion issue resulting from the
packed intracellular organization of the adult cardiomyocyte. This complex
intracellular architecture allows the emergence of energy micro-domains in
which adenine nucleotides are directly exchanged between mitochondria and
energy consumers (DANC).

uptake is drastically reduced during the late gestational and
early postnatal stages creating an intracellular glucose deprivation
during natural in vivo development (Nakano et al., 2017). The
pseudo-hypoxia of the fetal heart plays a key role, through the
action of the hypoxia inducible factor (HIF1) in particular, which
participates in the regulation of energy metabolism (Breckenridge
et al., 2013; Hollinshead and Tennant, 2016), cell proliferation
(Guimaraes-Camboa et al., 2015) and controls many maturation
processes such as vasculogenesis and angiogenesis (Patterson
and Zhang, 2010). It was shown recently in mice that at mid-
gestation, the von Hippel-Lindau ubiquitin ligase (VHL)/HIF1
complex controls the metabolic shift from glycolysis to oxidative
metabolism of the compact myocardium thus participating to
the cardiac maturation (Menendez-Montes et al., 2016). The
link between glucose availability and utilization and cardiac
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maturation seems to be the basis of perinatal cardiomyopathy
associated with diabetic pregnancy (Amatayakul et al., 1970;
Smoak, 2002; Corrigan et al., 2009).

In the late phase of cardiac fetal development, circulating
lactate is responsible for the majority of cardiac oxygen
consumption (Fisher et al., 1980; Werner and Sicard, 1987;
Bartelds et al., 2000), while glucose and fatty acids oxidation
contribute relatively less (Warshaw and Terry, 1970; Werner
et al., 1989). In humans, it has also been shown that the fetal
period is marked by a gradual increase in expression of genes
involved in cardiac fatty acid metabolism (Iruretagoyena et al.,
2014). The late fetal phase would be the scene of the first
metabolic changes which would prepare the transition to a
metabolism less dependent on glucose, a metabolism favorable to
the maturation/differentiation of cardiomyocytes. What triggers
these phenomena remains to be established but it is clear that
metabolism plays a key role in cardiac growth and maturation.

THE POSTNATAL TRANSITION TO A
NEW ENERGY STATE

The postnatal transition of the heart is characterized by an
increase in the contractile demand due to the rapid growth, the
increase in activity of the newborn, and the relative diminution
of the cardiac mass. This results in an increase in energy demand
that can only be provided by mitochondrial ATP production and
lipid oxidation.

The metabolic transition occurs quickly and is triggered at
least in part by birth which leads to profound changes in the
blood concentration of substrates. Whereas the prenatal period
is marked by a significant intake of lactate by the placenta, the
first meals of the newborn are enriched in lipids from maternal
milk (Girard et al., 1992), thereby leading almost immediately to
the reversal of the lactate/fatty acid ratio in the blood (Lopaschuk
and Jaswal, 2010). The high lipid content of the colostrum
(Bitman et al., 1983) accentuates this phenomenon, which plays
a major role in the transition of the cardiomyocyte metabolism
from carbohydrate to lipid metabolism. The great upheavals
(circulatory, respiratory and nutritive) of the first moments of
life are the starting point of cellular maturation that ensures
the establishment of a highly oxidative metabolism necessary
for the development of the postnatal heart (Chung et al., 2007;
de Carvalho et al., 2017).

Postnatal development is actually marked by an increase
in the cardiac mitochondrial mass and the expression
of mitochondrial proteins including those controlling the
fusion/fission mechanisms (Hallman, 1971; Glatz and Veerkamp,
1982; Taha and Lopaschuk, 2007; Piquereau et al., 2010; Martin
et al., 2014). Note that deletion of both mitofusin 1 and 2, the
proteins involved in mitochondrial fusion, postnatally leads to
ultrastructural disorganization and heart failure (Papanicolaou
et al., 2012). In general, in animals as well as in humans, many
genes involved in mitochondrial biogenesis have increased
expression during the first weeks of life (Pohjoismaki et al., 2012,
2013). This is combined with the strengthening of the processes
responsible for the degradation of fatty acids, in particular due

to an increase at birth of the expression of the peroxisome
proliferator-activated receptor α (PPARα) (Barger and Kelly,
2000; Lehman et al., 2000), which is activated by fatty acids and
increases expression of enzymes and transporters required for
fatty acid oxidation (for review, see Warren et al., 2017), the
lipids becoming rapidly (in just a few days in the rodent and
rabbit) the main energy source of the cardiomyocyte (Lopaschuk
et al., 1992; Fukushima et al., 2016).

Following the increase in mitochondrial mass, the postnatal
heart also strengthens the mechanisms protecting the cells against
possible oxidative damage (Das et al., 1987; Bodi et al., 2017)
since mitochondria are the main source of reactive oxygen species
(ROS) (Taverne et al., 2013). While the latter play an important
role in maturation processes (Murray et al., 2014), they can also
cause intracellular damages affecting cardiomyocyte functions
(Tsutsui et al., 2011; Hafstad et al., 2013), thereby leading the
cardiac muscle cell to develop defense mechanisms.

During the cardiac fetal-to-adult transition, the remarkable
increase in mitochondrial biogenesis and maturation, as well
as the dramatic shift in substrate utilization are controlled
by nuclear receptor signaling that responds to developmental
signals and postnatal physiologic conditions. A subset of cardiac-
enriched nuclear receptors serves to match mitochondrial fuel
preferences and capacity for ATP production with changing
energy demands of the heart (Vega and Kelly, 2017). Moreover,
important post-translational modifications like acetylation and
succinylation of key metabolic enzymes and transcription factors
play a crucial role in maturation of cardiac energy metabolism
(Fukushima et al., 2016).

TOWARD INTRACELLULAR
COMPLEXITY AND INCREASED
EFFICIENCY

While development is the stage of obvious metabolic
maturations, it is also a period marked by profound evolutions of
the intracellular structure of the cardiomyocyte. Establishment
of the definitive architecture of the cardiomyocyte is a long
process that takes place during all the prenatal period but also
during the early phase of postnatal development. The early
postnatal growth is achieved by hyperplasia and is followed by
a second phase involving hypertrophy of the cardiomyocyte
which occurs very rapidly (3 days after birth in the mouse heart)
(Leu et al., 2001). The cardiac cell thus passes from a polygonal
shape to an elongated form (Leu et al., 2001; Hirschy et al.,
2006) and its intracellular organization becomes more and more
complex with, in particular, a significant increase in the amount
of intracellular structures like myofilaments, sarcoplasmic
reticulum and mitochondria (Piquereau et al., 2010; Porter
et al., 2011). Whereas the spatial organization of these entities
seems rather random at birth, major rearrangements occur
during the early phase of postnatal development to establish
a highly organized cytoarchitecture adapted to the functions
of the mature cardiomyocyte (Piquereau et al., 2010). In
mouse, a marked change is the drastic decrease in the cytosolic
compartment from more than 30% after birth to less than 2% in
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adult heart (Piquereau et al., 2010). The increase in myofilament
volume as well as the development of the sarcoplasmic reticulum
network and the structures involved in excitation–contraction
coupling provide the cardiomyocyte with a compartmented Ca2+

handling system and efficient amplification of the calcium signal.
In parallel, mitochondrial volume increases and mitochondria
which appear as isolated ellipsoids or tubules in embryonic
cardiomyocytes, reorganize into a reticular network in the adult
heart (Muhlfeld et al., 2006). The result is the emergence of an
organized mitochondrial network allowing the formation of
energy micro-domains.

TRAVELING IN THE INTRACELLULAR
ENVIRONMENT

It is clear that the metabolic pathways selected during
development allow optimal energy production at each moment
within the cardiomyocyte and this would be useless without
efficient transfers of this energy. In the complex architecture
of adult cardiomyocytes, where the main energy consumers
are sarcoplasmic reticulum ATPases (SERCA) and ATPases of
myosin myofilaments (myosin-ATPases), the energy must indeed
be transferred from the mitochondrial compartment to these
two ATPases (Ventura-Clapier et al., 1998). However, this is
not as easy as it seems since the high density of myofilaments
and mitochondria and the dense structure of the mature
cardiomyocyte largely limit diffusion phenomena (Saks et al.,
2008).

Early on, Bessman suggested that CK may play the role
of a “shuttle” carrying energy within the striated muscle cell
(Bessman and Geiger, 1981). This enzyme, responsible for the
reversible transfer of the high energy bound of ATP to creatine
(Cr) (ATP + Cr ↔ ADP + PCr) is at the heart of a system
of energy transfer that is based on a complex organization
of the different isoforms of CK (Figure 2). Cytosolic CK
[predominantly represented by the MM-CK isoenzyme in the
heart (Wallimann et al., 1992)] is either free in the cytoplasm
or bound near ATPases of myofilaments and sarcoplasmic
reticulum (Wallimann and Eppenberger, 1985; Rossi et al.,
1990), whereas mitochondrial CK (mi-CK) is located in the
mitochondrial intermembrane space near the adenine nucleotide
translocase (ANT) (for reviews, see Saks et al., 1977; Wallimann
et al., 1992; Schnyder et al., 1994). Insofar as ANT ensures
the importation of ADP into the mitochondrial matrix and the
export of the newly synthesized ATP to the intermembrane space
(Saks et al., 1994), it supplies the mi-CK with ATP which can
then produce PCr in the vicinity of the mitochondria. In the
adult heart, nearly 90% of energy leaves mitochondria in the
form of PCr, not ATP. The high-energy phosphate moiety of
PCr is transferred, via cytosolic CK and the bound MM-CK,
near ATPases where it can then be used to rephosphorylate the
locally produced ADP to adjust the ATP/ADP ratio. Interestingly,
this compartmentation of CK isoenzymes close to ATPases
increases the local ATP/ADP ratio which thermodynamically
and kinetically favors ATPases activity by relieving inhibition
by-products (low inhibition constant for ADP) and providing

high concentration of substrate (ATP). Close to the ANT in the
energy production compartment, enzymatic coupling between
mi-CK and translocase produces a high ADP/ATP ratio favorable
to stimulate oxidative phosphorylation. This mechanism is
the main pathway by which oxygen consumption adjusts to
cardiac work (Saks et al., 2006a). While this shuttle is very
efficient in transporting energy to the consumption sites, it
also allows energy consumption information to be brought to
the mitochondria where an accumulation of Cr stimulates the
production of ATP, thereby ensuring perfect coordination of
energy production and consumption (Saks et al., 1991; Ventura-
Clapier et al., 1998). Other shuttles based on compartmentalized
energy transfer systems are also present in the cardiomyocyte like
the adenylate kinase system, or the nucleotide diphosphokinase
(NDPK) system (Dzeja and Terzic, 2003).

Although highly effective, the phosphotransfer shuttles are
not the only systems that optimize energy transfer within the
cardiomyocyte. In the early 2000s, it was shown in rodents
that the close arrangement of cellular organelles (mitochondria,
sarcoplasmic reticulum, and myofilaments) allows the emergence
of energetic micro-domains where the transfer of nucleotides
is more efficient than the mere diffusion of this compounds
through the cytoplasm (Kaasik et al., 2001; Wilding et al., 2006)
(Figure 2). This mechanism, called direct adenine nucleotide
channeling (DANC), also maintains a favorable ATP/ADP ratio
in the vicinity of ATPases. This transfer system, which makes
possible to overcome ADP diffusion hindering (Jacobus, 1985),
plays a significant role in the energetic supply of ATPases since
it displays a yield comparable to the CK system (Kaasik et al.,
2001). These two energy transfer systems constantly compete
with each other. In physiological conditions, the CK system
is predominant and provides about two-thirds of the energy
transfer when the DANC only participates for one-third (Kaasik
et al., 2001). These proportions are not frozen since CK shuttle
and DANC can compensate one another when required by the
conditions (Ventura-Clapier et al., 2004; Tylkova, 2009).

ESTABLISHMENT OF ENERGY
TRANSFER SYSTEMS DURING
POSTNATAL DEVELOPMENT

These efficient energy transfer systems do not seem to operate
in the fetal heart. The production of energy mainly dependent
on glycolysis and the organization of glycolytic enzymes in
supramolecular complexes in the vicinity of ATPases allows
an effective control of the local ATP/ADP ratio (Brooks and
Storey, 1991; Ventura-Clapier et al., 2011). Therefore, this does
not require a particular transfer system. The relatively loose
cellular architecture of the fetal cardiomyocyte (Hirschy et al.,
2006; Lozyk et al., 2006) is also much more favorable for
the diffusion of energy molecules that does not require a real
transfer system to reach the consumption and production sites
(Figure 3). Moreover, the energy fluxes are much lower and
can accommodate the low diffusion rate. The fetal heart can
thus operate without these highly organized transfer mechanisms
(Hoerter et al., 1991, 1994; Tiivel et al., 2000).
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FIGURE 3 | Highlights of the maturation of cardiac energy metabolism. During the cardiac perinatal development, the heart adapts to the increased workload by
increasing its size by hyperplasia and then by hypertrophy. Over this period, the heart undergoes profound metabolic upheavals, notably marked by a significant
increase in its oxidative capacities. This leads to the progressive establishment of a metabolism that is overwhelmingly oxidative and based on the use of fatty acids.
Then, efficient energy transfer systems emerge, correlating with the appearance of an intracellular architecture displaying an increasingly complex level of
organization. Pictures A and B are electron micrographs of 3-day-old cardiomyocytes of papillary muscle while pictures C and D are electron micrographs of
63-day-old cardiomyocytes of papillary muscle (adapted from Piquereau et al., 2010 with permission).

In view of the complex mechanisms responsible for energy
supply in adult cardiomyocytes, it is clear that a maturation
phase ensures the establishment of the aforementioned energy
transfer systems. While the very low CK activity of the fetal
heart prohibits any transfer by the CK shuttle (Hoerter et al.,
1991, 1994; Fischer et al., 2010), the important increase in CK
activity around birth, associated with an increase in the cellular
content of creatine allows a progressive implementation of this

phosphotransfer system (Hoerter et al., 1991; Fischer et al., 2010;
Anmann et al., 2014). Progressively with the increase in CK
activity, the complexification of the intracellular structure and
the increase in energy demand, the CK system becomes able to
support the work of ATPases and to ensure an effective positive
feedback on energy production (Hoerter et al., 1991; Piquereau
et al., 2010; Anmann et al., 2014) (Figure 3). During the
early postnatal period, the mitochondrial permeability to ADP
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decreases in parallel with the increased efficiency of mi-CK, while
MM-CK is progressively compartmentalized in myofilaments,
allowing mitochondrial respiration to be under the control of
the CK shuttle (Hoerter et al., 1991). Changes in mitochondrial
sensitivity to ADP during postnatal development seems to be
linked to cytoskeletal rearrangement but further studies are
needed to determine which cytoskeletal proteins are needed
(Anmann et al., 2014). Studies on different species seem to show
that effectiveness of the CK shuttle would depend on the general
state of maturity of the cardiac cell rather than the physiological
changes induced by birth. It has been shown that the crucial
phase of CK compartmentation takes place in the first 3 weeks of
postnatal life in mice or rabbit while these systems would be able
to support the ATPase activity of myofilaments before birth in the
guinea pig, a species whose maturation state is more advanced at
birth (Hoerter et al., 1994).

As the DANC is dependent on the architecture of the
cardiomyocyte which ensures a precise arrangement of the
organelles (Wilding et al., 2006; Piquereau et al., 2010, 2012),
it is obvious that this system of energy transfer only occurs
during the architectural maturation of the cardiomyocyte. The
transition from the loose spatial organization of these entities
at birth to the complex cytoarchitecture established during the
early phase of postnatal development results in the emergence
of an organized mitochondrial network allowing the formation
of energy micro-domains (Piquereau et al., 2010). In mouse,
this reorganization takes place in the first week of postnatal life,
a pivotal period for the establishment of an effective DANC
(Piquereau et al., 2010). Interestingly, in mice the DANC and
the CK shuttle mature before the hypertrophic phase of the
neonatal heart around 11 days after birth (Alkass et al., 2015).
This seems to suggest that the hyperplasic phase of the heart
growth corresponds to the period when the cardiac cell acquires
its adult characteristics before beginning the hypertrophic phase
of growth that would allow a mature heart to increase its
mass as the body grows. The link between cytoarchitecture
and energy metabolism is highlighted by the architectural
remodeling induced by CK deficiency. In the heart of CK null
mice, mitochondria are reorganized within myofilaments thus
decreasing diffusion distances and increasing DANC efficiency,
showing that subcellular organization is sensitive to energy
deficiency (Kaasik et al., 2001).

CONCLUSION

The study of the metabolism of the cardiac cell during the
development shows how the cellular energy is reactive to
the evolution of the organ. The constant increase in cardiac

workload leads to an increase in the contractile capacity of
the cardiomyocyte which adapts on the one hand by moving
toward a more efficient energy source (lipids) and on the other
hand by implementing highly specialized energy transfer systems
due to the density of emerging cytoarchitecture (Figure 3).
Interestingly, metabolic maturation precedes the maturation of
excitation–contraction coupling as a prerequisite for efficient
energy yield. There is much evidence that energy metabolism
plays a major role to drive cardiac cell maturation and
cytoarchitecture but their exact interaction and triggers remain to
be established. It seems that the period of hyperplasia of cardiac
growth is the scene of the acquisition of adult physiological
characteristics of the cardiomyocyte, whether metabolically or
morphologically. Synchronization of the transition between
hyperplasic and hypertrophic growths with the establishment of
cellular architecture and the emergence of oxidative metabolism
is not surprising. While it is conceivable that the pseudo-
organized neonatal cardiomyocyte can divide in order to
increase cardiac muscle mass at the beginning of postnatal life,
this process seems to be unlikely for a cell having already
acquired a cellular architecture presenting the complexity of
the adult cardiomyocyte. Densification of the internal structures
of the cardiomyocyte would thus be a major component
of the transition to strict hypertrophic cardiac growth (Li
et al., 1997a,b). The latter would only increase the density of
myofilaments an SR and the amount of mitochondria, without
major metabolic changes.

AUTHOR CONTRIBUTIONS

JP wrote the first version of the review. JP and RV-C wrote the
final version.

FUNDING

This work was supported by the ‘Fondation pour la Recherche
Médicale’ (Grant No. DPM2012-1255546); the Université
Paris-Sud Equipement de Recherche Mutualisé (ERM);
the Cardiovasculaire et Diabète Domaine d’Intérêt Majeur
(CODDIM) (Grant No. COD110153) from Région Ile de France.
“Servier Medical Art” was used for the illustrations.

ACKNOWLEDGMENTS

Our laboratory is a member of the Laboratory of Excellence
LERMIT. RV-C is emeritus scientist at CNRS.

REFERENCES
Alkass, K., Panula, J., Westman, M., Wu, T. D., Guerquin-Kern, J. L., and

Bergmann, O. (2015). No evidence for cardiomyocyte number expansion in
preadolescent mice. Cell 163, 1026–1036. doi: 10.1016/j.cell.2015.10.035

Amatayakul, O., Cumming, G. R., and Haworth, J. C. (1970). Association of
hypoglycaemia with cardiac enlargement and heart failure in newborn infants.
Arch. Dis. Child. 45, 717–720. doi: 10.1136/adc.45.243.717

Anmann, T., Varikmaa, M., Timohhina, N., Tepp, K., Shevchuk, I., Chekulayev, V.,
et al. (2014). Formation of highly organized intracellular structure and energy
metabolism in cardiac muscle cells during postnatal development of rat
heart. Biochim. Biophys. Acta 1837, 1350–1361. doi: 10.1016/j.bbabio.2014.0
3.015

Ascuitto, R. J., and Ross-Ascuitto, N. T. (1996). Substrate metabolism in the
developing heart. Semin. Perinatol. 20, 542–563. doi: 10.1016/S0146-0005(96)
80068-1

Frontiers in Physiology | www.frontiersin.org 7 July 2018 | Volume 9 | Article 959

https://doi.org/10.1016/j.cell.2015.10.035
https://doi.org/10.1136/adc.45.243.717
https://doi.org/10.1016/j.bbabio.2014.03.015
https://doi.org/10.1016/j.bbabio.2014.03.015
https://doi.org/10.1016/S0146-0005(96)80068-1
https://doi.org/10.1016/S0146-0005(96)80068-1
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00959 July 17, 2018 Time: 16:7 # 8

Piquereau and Ventura-Clapier Development of Cardiac Energy Metabolism

Barger, P. M., and Kelly, D. P. (2000). PPAR signaling in the control of cardiac
energy metabolism. Trends Cardiovasc. Med. 10, 238–245. doi: 10.1016/S1050-
1738(00)00077-3

Bartelds, B., Gratama, J. W., Knoester, H., Takens, J., Smid, G. B., Aarnoudse,
J. G., et al. (1998). Perinatal changes in myocardial supply and flux of fatty
acids, carbohydrates, and ketone bodies in lambs. Am. J. Physiol. 274(6 Pt 2),
H1962–H1969. doi: 10.1152/ajpheart.1998.274.6.H1962

Bartelds, B., Knoester, H., Smid, G. B., Takens, J., Visser, G. H., Penninga, L., et al.
(2000). Perinatal changes in myocardial metabolism in lambs. Circulation 102,
926–931. doi: 10.1161/01.CIR.102.8.926

Bessman, S. P., and Geiger, P. J. (1981). Transport of energy in muscle: the
phosphorylcreatine shuttle. Science 211, 448–452. doi: 10.1126/science.6450446

Bitman, J., Wood, L., Hamosh, M., Hamosh, P., and Mehta, N. R. (1983).
Comparison of the lipid composition of breast milk from mothers of term and
preterm infants. Am. J. Clin. Nutr. 38, 300–312. doi: 10.1093/ajcn/38.2.300

Bodi, B., Toth, E. P., Nagy, L., Toth, A., Martha, L., Kovacs, A., et al. (2017).
Titin isoforms are increasingly protected against oxidative modifications
in developing rat cardiomyocytes. Free Radic. Biol. Med. 113, 224–235.
doi: 10.1016/j.freeradbiomed.2017.09.015

Brand, T. (2003). Heart development: molecular insights into cardiac specification
and early morphogenesis. Dev. Biol. 258, 1–19. doi: 10.1016/S0012-1606(03)
00112-X

Breckenridge, R. A., Piotrowska, I., Ng, K. E., Ragan, T. J., West, J. A., Kotecha, S.,
et al. (2013). Hypoxic regulation of hand1 controls the fetal-neonatal switch in
cardiac metabolism. PLoS Biol. 11:e1001666. doi: 10.1371/journal.pbio.1001666

Bristow, J., Bier, D. M., and Lange, L. G. (1987). Regulation of adult and
fetal myocardial phosphofructokinase. Relief of cooperativity and competition
between fructose 2,6-bisphosphate, ATP, and citrate. J. Biol. Chem. 262, 2171–
2175.

Brooks, S. P., and Storey, K. B. (1991). Where is the glycolytic complex? A
critical evaluation of present data from muscle tissue. FEBS Lett. 278, 135–138.
doi: 10.1016/0014-5793(91)80101-8

Calmettes, G., John, S. A., Weiss, J. N., and Ribalet, B. (2013). Hexokinase-
mitochondrial interactions regulate glucose metabolism differentially in adult
and neonatal cardiac myocytes. J. Gen. Physiol. 142, 425–436. doi: 10.1085/jgp.
201310968

Christoffels, V. M., Habets, P. E., Franco, D., Campione, M., de Jong, F., Lamers,
W. H., et al. (2000). Chamber formation and morphogenesis in the developing
mammalian heart. Dev. Biol. 223, 266–278. doi: 10.1006/dbio.2000.9753

Chung, S., Dzeja, P. P., Faustino, R. S., Perez-Terzic, C., Behfar, A., and
Terzic, A. (2007). Mitochondrial oxidative metabolism is required for the
cardiac differentiation of stem cells. Nat. Clin. Pract. Cardiovasc. Med. 4(Suppl.
1), S60–S67. doi: 10.1038/ncpcardio0766

Clubb, F. J. J., and Bishop, S. P. (1984). Formation of binucleated myocardial cells
in the neonatal rat. An index for growth hypertrophy. Lab. Invest. 50, 571–577.

Corrigan, N., Brazil, D. P., and McAuliffe, F. (2009). Fetal cardiac effects of
maternal hyperglycemia during pregnancy. Birth Defects Res. A Clin. Mol.
Teratol. 85, 523–530. doi: 10.1002/bdra.20567

Das, D. K., Flansaas, D., Engelman, R. M., Rousou, J. A., Breyer, R. H., Jones, R.,
et al. (1987). Age-related development profiles of the antioxidative defense
system and the peroxidative status of the pig heart. Biol. Neonate 51, 156–169.
doi: 10.1159/000242647

de Carvalho, A., Bassaneze, V., Forni, M. F., Keusseyan, A. A., Kowaltowski, A. J.,
and Krieger, J. E. (2017). Early postnatal cardiomyocyte proliferation requires
high oxidative energy metabolism. Sci. Rep. 7:15434. doi: 10.1038/s41598-017-
15656-3

Dzeja, P. P., and Terzic, A. (2003). Phosphotransfer networks and cellular
energetics. J. Exp. Biol. 206(Pt 12), 2039–2047. doi: 10.1242/jeb.00426

Fischer, A., Ten Hove, M., Sebag-Montefiore, L., Wagner, H., Clarke, K.,
Watkins, H., et al. (2010). Changes in creatine transporter function during
cardiac maturation in the rat. BMC Dev. Biol. 10:70. doi: 10.1186/1471-213X-
10-70

Fisher, D. J., Heymann, M. A., and Rudolph, A. M. (1980). Myocardial oxygen and
carbohydrate consumption in fetal lambs in utero and in adult sheep. Am. J.
Physiol. 238, H399–H405. doi: 10.1152/ajpheart.1980.238.3.H399

Fukushima, A., Alrob, O. A., Zhang, L., Wagg, C. S., Altamimi, T., Rawat, S., et al.
(2016). Acetylation and succinylation contribute to maturational alterations in

energy metabolism in the newborn heart. Am. J. Physiol. Heart Circ. Physiol.
311, H347–H363. doi: 10.1152/ajpheart.00900.2015

Gautheron, D. C. (1984). Mitochondrial oxidative phosphorylation and respiratory
chain: review. J. Inherit. Metab. Dis. 7(Suppl. 1), 57–61. doi: 10.1007/
BF03047376

Girard, J., Ferre, P., Pegorier, J. P., and Duee, P. H. (1992). Adaptations of
glucose and fatty acid metabolism during perinatal period and suckling-
weaning transition. Physiol. Rev. 72, 507–562. doi: 10.1152/physrev.1992.72.
2.507

Glatz, J. F., and Veerkamp, J. H. (1982). Postnatal development of palmitate
oxidation and mitochondrial enzyme activities in rat cardiac and skeletal
muscle. Biochim. Biophys. Acta 711, 327–335. doi: 10.1016/0005-2760(82)
90042-X

Guimaraes-Camboa, N., Stowe, J., Aneas, I., Sakabe, N., Cattaneo, P.,
Henderson, L., et al. (2015). HIF1alpha represses cell stress pathways to
allow proliferation of hypoxic fetal cardiomyocytes. Dev. Cell 33, 507–521.
doi: 10.1016/j.devcel.2015.04.021

Hafstad, A. D., Nabeebaccus, A. A., and Shah, A. M. (2013). Novel aspects of ROS
signalling in heart failure. Basic Res. Cardiol. 108:359. doi: 10.1007/s00395-013-
0359-8

Hallman, M. (1971). Changes in mitochondrial respiratory chain proteins during
perinatal development. Evidence of the importance of environmental oxygen
tension. Biochim. Biophys. Acta 253, 360–372. doi: 10.1016/0005-2728(71)
90040-5

Hew, K. W., and Keller, K. A. (2003). Postnatal anatomical and functional
development of the heart: a species comparison. Birth Defects Res. B Dev.
Reprod. Toxicol. 68, 309–320. doi: 10.1002/bdrb.10034

Heymann, M. A., and Rudolph, A. M. (1975). Control of the ductus arteriosus.
Physiol. Rev. 55, 62–78. doi: 10.1152/physrev.1975.55.1.62

Hirschy, A., Schatzmann, F., Ehler, E., and Perriard, J. C. (2006). Establishment of
cardiac cytoarchitecture in the developing mouse heart. Dev. Biol. 289, 430–441.
doi: 10.1016/j.ydbio.2005.10.046

Hoerter, J. A., Kuznetsov, A., and Ventura-Clapier, R. (1991). Functional
development of the creatine kinase system in perinatal rabbit heart. Circ. Res.
69, 665–676. doi: 10.1161/01.RES.69.3.665

Hoerter, J. A., Ventura-Clapier, R., and Kuznetsov, A. (1994). Compartmentation of
creatine kinases during perinatal development of mammalian heart. Mol. Cell.
Biochem. 13, 277–286. doi: 10.1007/BF01267960

Hollinshead, K. E., and Tennant, D. A. (2016). Mitochondrial metabolic
remodeling in response to genetic and environmental perturbations. Wiley
Interdiscip. Rev. Syst. Biol. Med. 8, 272–285. doi: 10.1002/wsbm.1334

Hue, L., and Taegtmeyer, H. (2009). The Randle cycle revisited: a new head for
an old hat. Am. J. Physiol. Endocrinol. Metab. 297, E578–E591. doi: 10.1152/
ajpendo.00093.2009

Iruretagoyena, J. I., Davis, W., Bird, C., Olsen, J., Radue, R., Teo Broman, A., et al.
(2014). Metabolic gene profile in early human fetal heart development. Mol.
Hum. Reprod. 20, 690–700. doi: 10.1093/molehr/gau026

Jacobus, W. E. (1985). Theoretical support for the heart phosphocreatine energy
transport shuttle based on the intracellular diffusion limited mobility of ADP.
Biochem. Biophys. Res. Commun. 133, 1035–1041. doi: 10.1016/0006-291X(85)
91240-9

Jones, C. T., and Rolph, T. P. (1985). Metabolism during fetal life: a functional
assessment of metabolic development. Physiol. Rev. 65, 357–430. doi: 10.1152/
physrev.1985.65.2.357

Kaasik, A., Veksler, V., Boehm, E., Novotova, M., Minajeva, A., and Ventura-
Clapier, R. (2001). Energetic crosstalk between organelles: architectural
integration of energy production and utilization. Circ. Res. 89, 153–159.
doi: 10.1161/hh1401.093440

Lehman, J. J., Barger, P. M., Kovacs, A., Saffitz, J. E., Medeiros, D. M., and Kelly,
D. P. (2000). Peroxisome proliferator-activated receptor gamma coactivator-
1 promotes cardiac mitochondrial biogenesis. J. Clin. Invest. 106, 847–856.
doi: 10.1172/JCI10268

Leu, M., Ehler, E., and Perriard, J. C. (2001). Characterisation of postnatal growth
of the murine heart. Anat. Embryol. 204, 217–224. doi: 10.1007/s004290100206

Li, F., Wang, X., Bunger, P. C., and Gerdes, A. M. (1997a). Formation of binucleated
cardiac myocytes in rat heart: I. role of actin-myosin contractile ring. J. Mol.
Cell. Cardiol. 29, 1541–1551.

Frontiers in Physiology | www.frontiersin.org 8 July 2018 | Volume 9 | Article 959

https://doi.org/10.1016/S1050-1738(00)00077-3
https://doi.org/10.1016/S1050-1738(00)00077-3
https://doi.org/10.1152/ajpheart.1998.274.6.H1962
https://doi.org/10.1161/01.CIR.102.8.926
https://doi.org/10.1126/science.6450446
https://doi.org/10.1093/ajcn/38.2.300
https://doi.org/10.1016/j.freeradbiomed.2017.09.015
https://doi.org/10.1016/S0012-1606(03)00112-X
https://doi.org/10.1016/S0012-1606(03)00112-X
https://doi.org/10.1371/journal.pbio.1001666
https://doi.org/10.1016/0014-5793(91)80101-8
https://doi.org/10.1085/jgp.201310968
https://doi.org/10.1085/jgp.201310968
https://doi.org/10.1006/dbio.2000.9753
https://doi.org/10.1038/ncpcardio0766
https://doi.org/10.1002/bdra.20567
https://doi.org/10.1159/000242647
https://doi.org/10.1038/s41598-017-15656-3
https://doi.org/10.1038/s41598-017-15656-3
https://doi.org/10.1242/jeb.00426
https://doi.org/10.1186/1471-213X-10-70
https://doi.org/10.1186/1471-213X-10-70
https://doi.org/10.1152/ajpheart.1980.238.3.H399
https://doi.org/10.1152/ajpheart.00900.2015
https://doi.org/10.1007/BF03047376
https://doi.org/10.1007/BF03047376
https://doi.org/10.1152/physrev.1992.72.2.507
https://doi.org/10.1152/physrev.1992.72.2.507
https://doi.org/10.1016/0005-2760(82)90042-X
https://doi.org/10.1016/0005-2760(82)90042-X
https://doi.org/10.1016/j.devcel.2015.04.021
https://doi.org/10.1007/s00395-013-0359-8
https://doi.org/10.1007/s00395-013-0359-8
https://doi.org/10.1016/0005-2728(71)90040-5
https://doi.org/10.1016/0005-2728(71)90040-5
https://doi.org/10.1002/bdrb.10034
https://doi.org/10.1152/physrev.1975.55.1.62
https://doi.org/10.1016/j.ydbio.2005.10.046
https://doi.org/10.1161/01.RES.69.3.665
https://doi.org/10.1007/BF01267960
https://doi.org/10.1002/wsbm.1334
https://doi.org/10.1152/ajpendo.00093.2009
https://doi.org/10.1152/ajpendo.00093.2009
https://doi.org/10.1093/molehr/gau026
https://doi.org/10.1016/0006-291X(85)91240-9
https://doi.org/10.1016/0006-291X(85)91240-9
https://doi.org/10.1152/physrev.1985.65.2.357
https://doi.org/10.1152/physrev.1985.65.2.357
https://doi.org/10.1161/hh1401.093440
https://doi.org/10.1172/JCI10268
https://doi.org/10.1007/s004290100206
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00959 July 17, 2018 Time: 16:7 # 9

Piquereau and Ventura-Clapier Development of Cardiac Energy Metabolism

Li, F., Wang, X., Capasso, J. M., and Gerdes, A. M. (1996). Rapid transition
of cardiac myocytes from hyperplasia to hypertrophy during postnatal
development. J. Mol. Cell. Cardiol. 28, 1737–1746. doi: 10.1006/jmcc.1996.0163

Li, F., Wang, X., and Gerdes, A. M. (1997b). Formation of binucleated cardiac
myocytes in rat heart: II. Cytoskeletal organisation. J. Mol. Cell. Cardiol. 29,
1553–1565.

Lopaschuk, G. D., Collins-Nakai, R. L., and Itoi, T. (1992). Developmental
changes in energy substrate use by the heart. Cardiovasc. Res. 26, 1172–1180.
doi: 10.1093/cvr/26.12.1172

Lopaschuk, G. D., and Jaswal, J. S. (2010). Energy metabolic phenotype of the
cardiomyocyte during development, differentiation, and postnatal maturation.
J. Cardiovasc. Pharmacol. 56, 130–140. doi: 10.1097/FJC.0b013e3181e74a14

Lopaschuk, G. D., Spafford, M. A., and Marsh, D. R. (1991). Glycolysis is
predominant source of myocardial ATP production immediately after birth.
Am. J. Physiol. 261(6 Pt 2), H1698–H1705. doi: 10.1152/ajpheart.1991.261.6.
H1698

Lopaschuk, G. D., Ussher, J. R., Folmes, C. D., Jaswal, J. S., and Stanley, W. C.
(2010). Myocardial fatty acid metabolism in health and disease. Physiol. Rev.
90, 207–258. doi: 10.1152/physrev.00015.2009

Lozyk, M. D., Papp, S., Zhang, X., Nakamura, K., Michalak, M., and Opas, M.
(2006). Ultrastructural analysis of development of myocardium in calreticulin-
deficient mice. BMC Dev. Biol. 6:54. doi: 10.1186/1471-213X-6-54

Lunt, S. Y., and Vander Heiden, M. G. (2011). Aerobic glycolysis: meeting the
metabolic requirements of cell proliferation. Annu. Rev. Cell Dev. Biol. 27,
441–464. doi: 10.1146/annurev-cellbio-092910-154237

Makinde, A. O., Kantor, P. F., and Lopaschuk, G. D. (1998). Maturation of fatty
acid and carbohydrate metabolism in the newborn heart. Mol. Cell. Biochem.
188, 49–56. doi: 10.1023/A:1006860104840

Martin, O. J., Lai, L., Soundarapandian, M. M., Leone, T. C., Zorzano, A., Keller,
M. P., et al. (2014). A role for peroxisome proliferator-activated receptor gamma
coactivator-1 in the control of mitochondrial dynamics during postnatal cardiac
growth. Circ. Res. 114, 626–636. doi: 10.1161/CIRCRESAHA.114.302562

Menendez-Montes, I., Escobar, B., Palacios, B., Gomez, M. J., Izquierdo-Garcia,
J. L., Flores, L., et al. (2016). Myocardial VHL-HIF signaling controls an
embryonic metabolic switch essential for cardiac maturation. Dev. Cell 39,
724–739. doi: 10.1016/j.devcel.2016.11.012

Minai, L., Martinovic, J., Chretien, D., Dumez, F., Razavi, F., Munnich, A., et al.
(2008). Mitochondrial respiratory chain complex assembly and function during
human fetal development. Mol. Genet. Metab. 94, 120–126. doi: 10.1016/j.
ymgme.2007.12.007

Mitchell, P. (1979). Keilin’s respiratory chain concept and its chemiosmotic
consequences. Science 206, 1148–1159. doi: 10.1126/science.388618

Muhlfeld, C., Singer, D., Engelhardt, N., Richter, J., and Schmiedl, A. (2005).
Electron microscopy and microcalorimetry of the postnatal rat heart (Rattus
norvegicus). Comp. Biochem. Physiol. A Mol. Integr. Physiol. 141, 310–318.
doi: 10.1016/j.cbpb.2005.06.001

Muhlfeld, C., Urru, M., Rumelin, R., Mirzaie, M., Schondube, F., Richter, J., et al.
(2006). Myocardial ischemia tolerance in the newborn rat involving opioid
receptors and mitochondrial K+ channels. Anat. Rec. A Discov. Mol. Cell. Evol.
Biol. 288, 297–303. doi: 10.1002/ar.a.20315

Murray, T. V., Ahmad, A., and Brewer, A. C. (2014). Reactive oxygen at the heart
of metabolism. Trends Cardiovasc. Med. 24, 113–120. doi: 10.1016/j.tcm.2013.
09.003

Nakano, H., Minami, I., Braas, D., Pappoe, H., Wu, X., Sagadevan, A., et al. (2017).
Glucose inhibits cardiac muscle maturation through nucleotide biosynthesis.
eLife 6:e29330. doi: 10.7554/eLife.29330

Noji, H., Yasuda, R., Yoshida, M., Kinosita, K. Jr. (1997). Direct observation of the
rotation of F1-ATPase. Nature 386, 299–302. doi: 10.1038/386299a0

Papanicolaou, K. N., Kikuchi, R., Ngoh, G. A., Coughlan, K. A., Dominguez, I.,
Stanley, W. C., et al. (2012). Mitofusins 1 and 2 are essential for postnatal
metabolic remodeling in heart. Circ. Res. 111, 1012–1026. doi: 10.1161/
CIRCRESAHA.112.274142

Patterson, A. J., and Zhang, L. (2010). Hypoxia and fetal heart development. Curr.
Mol. Med. 10, 653–666. doi: 10.2174/156652410792630643

Piquereau, J., Caffin, F., Novotova, M., Prola, A., Garnier, A., Mateo, P., et al.
(2012). Downregulation of OPA1 alters mouse mitochondrial morphology, PTP
function, and cardiac adaptation to pressure overload. Cardiovasc. Res. 94,
408–417. doi: 10.1093/cvr/cvs117

Piquereau, J., Novotova, M., Fortin, D., Garnier, A., Ventura-Clapier, R.,
Veksler, V., et al. (2010). Postnatal development of mouse heart: formation
of energetic microdomains. J. Physiol. 588(Pt 13), 2443–2454. doi: 10.1113/
jphysiol.2010.189670

Pohjoismaki, J. L., Boettger, T., Liu, Z., Goffart, S., Szibor, M., and Braun, T.
(2012). Oxidative stress during mitochondrial biogenesis compromises mtDNA
integrity in growing hearts and induces a global DNA repair response. Nucleic
Acids Res. 40, 6595–6607. doi: 10.1093/nar/gks301

Pohjoismaki, J. L., Kruger, M., Al-Furoukh, N., Lagerstedt, A., Karhunen, P. J.,
and Braun, T. (2013). Postnatal cardiomyocyte growth and mitochondrial
reorganization cause multiple changes in the proteome of human
cardiomyocytes. Mol. Biosyst. 9, 1210–1219. doi: 10.1039/c3mb25556e

Porter, GA Jr, Hom, J., Hoffman, D., Quintanilla, R., de Mesy Bentley, K., and Sheu,
S. S. (2011). Bioenergetics, mitochondria, and cardiac myocyte differentiation.
Prog. Pediatr. Cardiol. 31, 75–81. doi: 10.1016/j.ppedcard.2011.02.002

Portman, O. W., Behrman, R. E., and Soltys, P. (1969). Transfer of free fatty
acids across the primate placenta. Am. J. Physiol. 216, 143–147. doi: 10.1152/
ajplegacy.1969.216.1.143

Rossi, A. M., Eppenberger, H. M., Volpe, P., Cotrufo, R., and Wallimann, T.
(1990). Muscle-type MM creatine kinase is specifically bound to sarcoplasmic
reticulum and can support Ca2+ uptake and regulate local ATP/ADP ratios.
J. Biol. Chem. 265, 5258–5266.

Saks, V., Beraud, N., and Wallimann, T. (2008). Metabolic compartmentation - a
system level property of muscle cells: real problems of diffusion in living cells.
Int. J. Mol. Sci. 9, 751–767. doi: 10.3390/ijms9050751

Saks, V., Dzeja, P., Schlattner, U., Vendelin, M., Terzic, A., and Wallimann, T.
(2006a). Cardiac system bioenergetics: metabolic basis of the Frank-Starling
law. J. Physiol. 571(Pt 2), 253–273.

Saks, V., Favier, R., Guzun, R., Schlattner, U., and Wallimann, T. (2006b).
Molecular system bioenergetics: regulation of substrate supply in response to
heart energy demands. J. Physiol. 577(Pt 3), 769–777.

Saks, V. A., Belikova, Y. O., and Kuznetsov, A. V. (1991). In vivo regulation
of mitochondrial respiration in cardiomyocytes: specific restrictions for
intracellular diffusion of ADP. Biochim. Biophys. Acta 1074, 302–311.
doi: 10.1016/0304-4165(91)90168-G

Saks, V. A., Khuchua, Z. A., Vasilyeva, E. V., Belikova, O. Y., and Kuznetsov, A. V.
(1994). Metabolic compartmentation and substrate channelling in muscle cells.
Role of coupled creatine kinases in in vivo regulation of cellular respiration–
a synthesis. Mol. Cell. Biochem. 133–134, 155–192. doi: 10.1007/978-1-4615-
2612-4_12

Saks, V. A., Lipina, N. V., Sharov, V. G., Smirnov, V. N., Chazov, E., and Grosse, R.
(1977). The localization of the MM isozyme of creatine phosphokinase on
the surface membrane of myocardial cells and its functional coupling to
ouabain-inhibited (Na+, K+)-ATPase. Biochim. Biophys. Acta 465, 550–558.
doi: 10.1016/0005-2736(77)90272-3

Schnyder, T., Rojo, M., Furter, R., and Wallimann, T. (1994). The structure of
mitochondrial creatine kinase and its membrane binding properties. Mol. Cell.
Biochem. 13, 115–123. doi: 10.1007/BF01267951

Sedmera, D., and McQuinn, T. (2008). Embryogenesis of the heart muscle. Heart
Fail. Clin. 4, 235–245. doi: 10.1016/j.hfc.2008.02.007

Smoak, I. W. (2002). Hypoglycemia and embryonic heart development. Front.
Biosci. 7, d307–d318.doi: 10.2741/A776

Stanley, W. C., Recchia, F. A., and Lopaschuk, G. D. (2005). Myocardial substrate
metabolism in the normal and failing heart. Physiol. Rev. 85, 1093–1129.
doi: 10.1152/physrev.00006.2004

Stepanov, V., Mateo, P., Gillet, B., Beloeil, J. C., Lechene, P., and Hoerter,
J. A. (1997). Kinetics of creatine kinase in an experimental model of low
phosphocreatine and ATP in the normoxic heart. Am. J. Physiol. 273(4 Pt 1),
C1397–C1408. doi: 10.1152/ajpcell.1997.273.4.C1397

Taha, M., and Lopaschuk, G. D. (2007). Alterations in energy metabolism in
cardiomyopathies. Ann. Med. 39, 594–607. doi: 10.1080/07853890701618305

Taverne, Y. J., Bogers, A. J., Duncker, D. J., and Merkus, D. (2013). Reactive oxygen
species and the cardiovascular system. Oxid. Med. Cell. Longev. 2013, 862423.
doi: 10.1155/2013/862423

Tiivel, T., Kadaya, L., Kuznetsov, A., Kaambre, T., Peet, N., Sikk, P., et al. (2000).
Developmental changes in regulation of mitochondrial respiration by ADP and
creatine in rat heart in vivo. Mol. Cell. Biochem. 208, 119–128. doi: 10.1023/A:
1007002323492

Frontiers in Physiology | www.frontiersin.org 9 July 2018 | Volume 9 | Article 959

https://doi.org/10.1006/jmcc.1996.0163
https://doi.org/10.1093/cvr/26.12.1172
https://doi.org/10.1097/FJC.0b013e3181e74a14
https://doi.org/10.1152/ajpheart.1991.261.6.H1698
https://doi.org/10.1152/ajpheart.1991.261.6.H1698
https://doi.org/10.1152/physrev.00015.2009
https://doi.org/10.1186/1471-213X-6-54
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1023/A:1006860104840
https://doi.org/10.1161/CIRCRESAHA.114.302562
https://doi.org/10.1016/j.devcel.2016.11.012
https://doi.org/10.1016/j.ymgme.2007.12.007
https://doi.org/10.1016/j.ymgme.2007.12.007
https://doi.org/10.1126/science.388618
https://doi.org/10.1016/j.cbpb.2005.06.001
https://doi.org/10.1002/ar.a.20315
https://doi.org/10.1016/j.tcm.2013.09.003
https://doi.org/10.1016/j.tcm.2013.09.003
https://doi.org/10.7554/eLife.29330
https://doi.org/10.1038/386299a0
https://doi.org/10.1161/CIRCRESAHA.112.274142
https://doi.org/10.1161/CIRCRESAHA.112.274142
https://doi.org/10.2174/156652410792630643
https://doi.org/10.1093/cvr/cvs117
https://doi.org/10.1113/jphysiol.2010.189670
https://doi.org/10.1113/jphysiol.2010.189670
https://doi.org/10.1093/nar/gks301
https://doi.org/10.1039/c3mb25556e
https://doi.org/10.1016/j.ppedcard.2011.02.002
https://doi.org/10.1152/ajplegacy.1969.216.1.143
https://doi.org/10.1152/ajplegacy.1969.216.1.143
https://doi.org/10.3390/ijms9050751
https://doi.org/10.1016/0304-4165(91)90168-G
https://doi.org/10.1007/978-1-4615-2612-4_12
https://doi.org/10.1007/978-1-4615-2612-4_12
https://doi.org/10.1016/0005-2736(77)90272-3
https://doi.org/10.1007/BF01267951
https://doi.org/10.1016/j.hfc.2008.02.007
https://doi.org/10.2741/A776
https://doi.org/10.1152/physrev.00006.2004
https://doi.org/10.1152/ajpcell.1997.273.4.C1397
https://doi.org/10.1080/07853890701618305
https://doi.org/10.1155/2013/862423
https://doi.org/10.1023/A:1007002323492
https://doi.org/10.1023/A:1007002323492
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00959 July 17, 2018 Time: 16:7 # 10

Piquereau and Ventura-Clapier Development of Cardiac Energy Metabolism

Tsutsui, H., Kinugawa, S., and Matsushima, S. (2011). Oxidative stress and heart
failure. Am. J. Physiol. Heart Circ. Physiol. 301, H2181–H2190. doi: 10.1152/
ajpheart.00554.2011

Tylkova, L. (2009). Architectural and functional remodeling of cardiac and skeletal
muscle cells in mice lacking specific isoenzymes of creatine kinase. Gen. Physiol.
Biophys. 28, 219–224. doi: 10.4149/gpb_2009_03_219

Vega, R. B., and Kelly, D. P. (2017). Cardiac nuclear receptors: architects
of mitochondrial structure and function. J. Clin. Invest. 127, 1155–1164.
doi: 10.1172/JCI88888

Ventura-Clapier, R., Garnier, A., Veksler, V., and Joubert, F. (2010). Bioenergetics
of the failing heart. Biochim. Biophys. Acta 1813, 1360–1372. doi: 10.1016/j.
bbamcr.2010.09.006

Ventura-Clapier, R., Garnier, A., Veksler, V., and Joubert, F. (2011). Bioenergetics
of the failing heart. Biochim. Biophys. Acta 1813, 1360–1372. doi: 10.1016/j.
bbamcr.2010.09.006

Ventura-Clapier, R., Kaasik, A., and Veksler, V. (2004). Structural and functional
adaptations of striated muscles to CK deficiency. Mol. Cell. Biochem. 256–257,
29–41. doi: 10.1023/B:MCBI.0000009857.69730.97

Ventura-Clapier, R., Kuznetsov, A., Veksler, V., Boehm, E., and Anflous, K.
(1998). Functional coupling of creatine kinases in muscles: species and
tissue specificity. Mol. Cell. Biochem. 184, 231–247. doi: 10.1023/A:100684050
8139

Wallimann, T., and Eppenberger, H. M. (1985). Localization and function of
M-line-bound creatine kinase. M-band model and creatine phosphate shuttle.
Cell Muscle Motil. 6, 239–285. doi: 10.1007/978-1-4757-4723-2_8

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K., and Eppenberger, H. M.
(1992). Intracellular compartmentation, structure and function of creatine
kinase isoenzymes in tissues with high and fluctuating energy demands: the
’phosphocreatine circuit’ for cellular energy homeostasis. Biochem. J. 281(Pt 1),
21–40. doi: 10.1042/bj2810021

Warren, J. S., Oka, S. I., Zablocki, D., and Sadoshima, J. (2017). Metabolic
reprogramming via PPARalpha signaling in cardiac hypertrophy and failure:
from metabolomics to epigenetics. Am. J. Physiol. Heart Circ. Physiol. 313,
H584–H596. doi: 10.1152/ajpheart.00103.2017

Warshaw, J. B. (1969). Cellular energy metabolism during fetal development.
I. Oxidative phosphorylation in the fetal heart. J. Cell Biol. 41, 651–657.
doi: 10.1083/jcb.41.2.651

Warshaw, J. B., and Terry, M. L. (1970). Cellular energy metabolism during fetal
development. II. Fatty acid oxidation by the developing heart. J. Cell Biol. 44,
354–360. doi: 10.1083/jcb.44.2.354

Werner, J. C., and Sicard, R. E. (1987). Lactate metabolism of isolated, perfused
fetal, and newborn pig hearts. Pediatr. Res. 22, 552–556. doi: 10.1203/00006450-
198711000-00016

Werner, J. C., Sicard, R. E., and Schuler, H. G. (1989). Palmitate oxidation by
isolated working fetal and newborn pig hearts. Am. J. Physiol. 256(2 Pt 1),
E315–E321. doi: 10.1152/ajpendo.1989.256.2.E315

Werner, J. C., Whitman, V., Musselman, J., and Schuler, H. G. (1982). Perinatal
changes in mitochondrial respiration of the rabbit heart. Biol. Neonate 42,
208–216. doi: 10.1159/000241601

Wilding, J. R., Joubert, F., de Araujo, C., Fortin, D., Novotova, M., Veksler, V., et al.
(2006). Altered energy transfer from mitochondria to sarcoplasmic reticulum
after cytoarchitectural perturbations in mice hearts. J. Physiol. 575(Pt 1), 191–
200. doi: 10.1113/jphysiol.2006.114116

Williamson, J. R., Ford, C., Illingworth, J., and Safer, B. (1976). Coordination of
citric acid cycle activity with electron transport flux. Circ. Res. 38(5 Suppl. 1),
I39–I151.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Piquereau and Ventura-Clapier. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org 10 July 2018 | Volume 9 | Article 959

https://doi.org/10.1152/ajpheart.00554.2011
https://doi.org/10.1152/ajpheart.00554.2011
https://doi.org/10.4149/gpb_2009_03_219
https://doi.org/10.1172/JCI88888
https://doi.org/10.1016/j.bbamcr.2010.09.006
https://doi.org/10.1016/j.bbamcr.2010.09.006
https://doi.org/10.1016/j.bbamcr.2010.09.006
https://doi.org/10.1016/j.bbamcr.2010.09.006
https://doi.org/10.1023/B:MCBI.0000009857.69730.97
https://doi.org/10.1023/A:1006840508139
https://doi.org/10.1023/A:1006840508139
https://doi.org/10.1007/978-1-4757-4723-2_8
https://doi.org/10.1042/bj2810021
https://doi.org/10.1152/ajpheart.00103.2017
https://doi.org/10.1083/jcb.41.2.651
https://doi.org/10.1083/jcb.44.2.354
https://doi.org/10.1203/00006450-198711000-00016
https://doi.org/10.1203/00006450-198711000-00016
https://doi.org/10.1152/ajpendo.1989.256.2.E315
https://doi.org/10.1159/000241601
https://doi.org/10.1113/jphysiol.2006.114116
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Maturation of Cardiac Energy Metabolism During Perinatal Development
	Introduction
	How Different Is Energy Metabolism Between the Newborn and the Adult Heart?
	The Postnatal Transition to a New Energy State
	Toward Intracellular Complexity and Increased Efficiency
	Traveling in the Intracellular Environment
	Establishment of Energy Transfer Systems During Postnatal Development
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


