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Adult striated muscle cells present highly organized structure with densely packed
intracellular organelles and a very sparse cytosol accounting for only few percent of cell
volume. These cells have a high and fluctuating energy demand that, in continuously
working oxidative muscles, is fulfilled mainly by oxidative metabolism. ATP produced
by mitochondria should be directed to the main energy consumers, ATPases of the
excitation-contraction system; at the same time, ADP near ATPases should rapidly
be eliminated. This is achieved by phosphotransfer kinases, the most important being
creatine kinase (CK). Specific CK isoenzymes are located in mitochondria and in close
proximity to ATPases, forming efficient energy shuttle between these structures. In
addition to phosphotransfer kinases, ATP/ADP can be directly channeled between
mitochondria co-localized with ATPases in a process called “direct adenine nucleotide
channeling, DANC.” This process is highly plastic so that inactivation of the CK system
increases the participation of DANC to energy supply owing to the rearrangement
of cell structure. The machinery for DANC is built during postnatal development in
parallel with the increase in mitochondrial mass, organization, and complexification
of the cell structure. Disorganization of cell architecture remodels the mitochondrial
network and decreases the efficacy of DANC, showing that this process is intimately
linked to cardiomyocyte structure. Accordingly, in heart failure, disorganization of the cell
structure along with decrease in mitochondrial mass reduces the efficacy of DANC and
together with alteration of the CK shuttle participates in energetic deficiency contributing
to contractile failure.

Keywords: sarcoplasmic reticulum, creatine kinase, organelle interaction, energy metabolism, mitochondria,
skeletal muscle cells, cardiac muscle

INTRODUCTION

In mammals, evolutionary and ontological changes have progressed toward a high degree of
specialization and complexification of all cell types. Striated muscle cells are exquisitely modeled
and adapted to the specificity of each kind of movement: slow or fast, repetitive or sustained,
phasic or tonic. This is true whether morphological, histological, biochemical, or energetic points
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of view are considered. The muscle-specificity of the
cytoarchitecture reflects the functional role of each muscle type.
Myofilaments are forming the contractile apparatus to induce
cell contraction; sarcoplasmic reticulum maintains calcium
release and reuptake, glycolytic complexes and oxidative abilities
within mitochondria, are necessary for energy provision. These
main cell components vary in morphologic, quantitative and
qualitative biochemical composition and organization. Muscle
cells are the main energy consumers of the organism. Energy
yield, transport and regeneration are adequately adapted to each
contractile pattern. Striated muscle cells have thus developed
specialized energy transport systems and organelle interactions.

ENERGETIC COMPARTMENTATION IN
MUSCLE CELLS

Striated muscles can be divided in two main types: the fast
skeletal muscle involved in fast running and escape for short
periods of time, and the slow muscles designed to maintain
continuous contraction for posture or cyclic contractions for
the cardiac pump. In both types, ATP is provided either
by glycolytic complexes or mitochondria but in different
proportions. Mitochondria produce a high amount of energy-
rich phosphates mostly from carbohydrates and fatty acids but
at a relatively slow rate, while glycolysis and energy reserve
[phosphocreatine (PCr), and ATP] can quickly provide energy for
fast contraction but in limited amount.

The heart, being slow muscle, has to function permanently and
cyclically, thus it mainly relies on oxidative metabolism allowing
provision of enough energy on a “pay as you go” manner,
achieved by high mitochondria volume (30–40% cell volume)
densely packed and organized in rows between myofibrils (40%
cell volume) (Figure 1A). On the other hand, fast skeletal muscle
has low mitochondrial volume (5–10%) mainly arranged around
T tubules near Z-lines and high content of contractile apparatus
(70%) (Figure 1B). It relies mostly on quickly mobilizable energy
reserves in the form of ATP and PCr, to sustain fast and
intense contractile activity on a “twitch now, pay later” manner
(Katz, 2001).

Because muscle cell is densely packed and contains only a few
percent of free cytosol, it cannot be considered as a well-mixed
bag. Some intracellular organelles are in close contact; others
need specialized energy transport systems to interact. Indeed, it
is now evident that cellular energy metabolism occurs in many
specialized “microcompartments,” where energy is transferred
preferentially from generating modules directly to consuming
ones (Zala et al., 2017).

Efficient transfer systems allow production, transfer and
utilization of energy between the different cell compartments
(Ventura-Clapier et al., 1998). The main one is the creatine kinase
(CK) system (Figure 2). CK catalyzes the reversible transfer of
a phosphate moiety between ATP and creatine (ATP + creatine
⇔ ADP + PCr + H+). An important property of the CK
system is that its total activity, its isoform distribution, and
the concentration of guanidino substrates are highly variable
among muscles. In striated muscles, specific CK isoenzymes

are bound to intracellular compartments, and are functionally
coupled to enzymes and transport systems involved in ATP
production and utilization. The dimeric MM-CK is bound to
myosin and sarcoplasmic reticulum in close vicinity to myosin
ATPase and Ca2+-ATPase of the SR (SERCA). This bound-
CK is functionally coupled to these ATPases so that ADP
produced is immediately and locally re-phosphorylated at the
expenses of PCr. This kinetically and thermodynamically favors
ATPase activity by increasing concentration of its substrate (ATP)
and decreasing accumulation of the reaction product, ADP.
A specific dimeric or octameric isoenzyme of CK is present in the
intermembrane space of mitochondria (mi-CK) where it transfers
the phosphate moiety from ATP to creatine, thus allowing ADP
to be immediately rephosphorylated by mitochondria and PCr
to be transferred to cytosol and channeled by cytosolic MM-
CK to sites of utilization. MM-CK is also bound to glycolytic
complexes in the cytosol. Additional energy transfer systems are
represented by adenylate kinase for example (Dzeja and Terzic,
2003). The importance of such energy transfer systems has been
largely documented by different groups and well-described in
books and reviews (Saks and Ventura-Clapier, 1994; Saks et al.,
1998, 2006; Joubert et al., 2001; Dzeja and Terzic, 2009; Guzun
et al., 2015). CK compartmentation determines high cellular
efficiency and fine specialization of differentiated muscle cells
(Ventura-Clapier et al., 1998). Efficiency of phosphotransfer
circuits declines significantly during aging, participating in
vulnerability of the aging myocardium (Nemutlu et al., 2015;
Tepp et al., 2017).

A structural energy transfer system coexists with the
enzymatic ones. In cardiomyocytes, due to the close proximity
between mitochondria and sarcoplasmic reticulum or myofibrils,
a direct adenine nucleotide channeling (DANC) of ATP
from mitochondria and ADP from contractile proteins or
SR exists that is more efficient that bulk ATP diffusion
to fulfill energy requirements. Therefore, ATP produced by
mitochondria is able to sustain calcium uptake and contractile
speed (Kaasik et al., 2001) better than cytosolic ATP (Figure 2).

Importance and plasticity of the different energy transfer
systems are exemplified in transgenic animals. In cardiomyocytes
deficient in MM and mi-CK, effectiveness of DANC between
mitochondria and SR or myofibrils is largely increased and is
accompanied by marked cytoarchitectural modifications (Kaasik
et al., 2001). More numerous mitochondria are reorganized
within myofilaments, providing decreased diffusion distances
for adenine nucleotides (Figure 1C). CK deficiency also
induces a redirecting of phosphotransfer flux through alternative
adenylate kinase, glycolytic and guanine nucleotide systems
(Dzeja et al., 1999, 2011). Such energetic re-wiring, together with
increased mitochondrial and glycolytic capacities, ultrastructural
rearrangements and increased DANC, represent an adaptive
mechanism to CK deficiency.

The remodeling of mutant CK-deficient fast skeletal muscle
is even more impressive (Figure 1D). In normal fast skeletal
muscle, mitochondrial content is low and DANC is absent.
CK-deficiency induces increased mitochondrial content, marked
ultrastructural rearrangement and building of DANC between
mitochondria and myofilaments or SR showing that spatial

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 October 2020 | Volume 8 | Article 581045

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-581045 September 30, 2020 Time: 16:16 # 3

Piquereau et al. Energetic Crosstalks in Muscle Cells

FIGURE 1 | Electron microscopic pictures of mitochondrial organization in mouse muscle cells. (A) Cardiomyocyte with regularly arranged mitochondrial rows
between myofibrils. (B) Muscle fiber from white gastocnemius with small mitochondria occurring near the Z-lines. (C) Mitochondrial clusters and branching of
myofibrils in CK-deficient cardiomyocyte. (D) increased mitochondrial content in CK-deficient gastrocnemius muscle. Long arrows: mitochondria; short
arrows—branching of myofibrils. (E) Mitochondrial environment in 3-days old cardiomyocyte. (F) Occurrence of mitochondria in 21-days old cardiomyocyte.
(G) Environment of mitochondria in control adult cardiomyocyte. (H) Mitochondrial environment in cardiomyocyte of adult failing heart. Long arrow: sarcoplasmic
reticulum; ∗cytosol; mf, myofibrils.

relations among organelles of muscle cells undergo adaptation
in response to non-structural stimuli like metabolic deficiency
(Kaasik et al., 2003; Novotova et al., 2006). However, these

adaptive mechanisms are still limited as CK-deficient mice
exhibit muscle atrophy and decreased exercise capacities
(Momken et al., 2005).
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FIGURE 2 | Intracellular adenine nucleotide transport by DANC and CK shuttle in oxidative muscle cells. ATP generated in the mitochondrial matrix by ATP synthase
is transported by adenine nucleotide translocase (ANT) across the inner mitochondrial membrane to the intermembrane space whereas ADP is transported by ANT
in the opposite direction. Co-localization of the mitochondria with cell ATPase (like myosin ATPase or sarcoplasmic reticulum Ca2+-ATPase, SERCA) allows for
bi-directional direct adenine nucleotide channeling (DANC). Functional mitochondrial creatine kinase (mi-CK) coupled with ANT uses ATP and creatine to produce
phosphocreatine (PCr) which diffuses in the cytosol, and ADP which is taken back in the matrix by ANT. MM-CK bound to different organelles near ATPases traps
cytosolic PCr to locally rephosphorylate ADP thus replenishing local ATP concentration near ATPases. Creatine liberated by this reaction can be reused by mi-CK.
Cytosolic soluble MM-CK maintains the equilibrium between all chemical actors of the CK shuttle (ATP, ADP, PCr, and creatine). Relatively high cytosolic
concentrations of PCr and creatine make efficient the bi-directional flux of these two substances.
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ENERGETIC COMPARTMENTATION
DURING DEVELOPMENT

During development, the heart faces an increase in the contractile
demand owing to the growth and the increase in activity
level of the fetus/newborn as well as the relative diminution
of the cardiac mass. Consequently, this period is marked by
development of higher capacities and increased efficiency of ATP
production involving a progressive increase in mitochondrial
mass (Piquereau et al., 2010). Mitochondria quickly become the
main energy source of the growing cardiomyocyte (Piquereau
and Ventura-Clapier, 2018), and the cellular machinery thus
becomes more and more dependent on energy transfer from
these organelles to ATPases. In parallel, development is a
period during which cardiomyocyte is subjected to a profound
reorganization of intracellular structure which gets denser and
denser because of a significant augmentation in the amount of
myofilaments, sarcoplasmic reticulum and mitochondria (Porter
et al., 2011). Whereas this complexification of cytoarchitecture
allows cardiomyocyte to contract more efficiently, it also makes
adenine nucleotide diffusion within cytosol less easy owing
to densification (Saks et al., 2008; Piquereau et al., 2010).
Simple ATP/ADP diffusion becomes less and less efficient as
the cardiomyocyte grows and the early period of postnatal
development is the scene of the establishment of the energy
transfer systems (CK shuttle and DANC) required for a suitable
energy input in particular for SERCA and ATPase of myosin
myofilament (Piquereau et al., 2010).

The establishment of an efficient energy transfer from
mitochondria to energy consumers is a progressive process
which occurs during the first weeks of postnatal development in
rodent (Piquereau et al., 2010). In fetal heart, the cardiomyocyte
exhibits a loose cytoarchitecture (Hirschy et al., 2006; Lozyk
et al., 2006) and energy is mainly produced by supramolecular
complexes of glycolytic enzymes locally maintaining ATP/ADP
ratio in the vicinity of the ATPases (Brooks and Storey, 1991;
Ventura-Clapier et al., 2011). These specificities of the prenatal
cardiomyocyte combined to the relatively low energy fluxes at
this stage probably explain the fact that CK shuttle and DANC
do not seem to be required in fetal heart which can operate
without these optimized energy transfer mechanisms (Hoerter
et al., 1991, 1994; Tiivel et al., 2000). The increase in cardiac
workload around birth and the progressive densification of
intracellular structure during the first weeks of ex utero life
trigger rapid energetic adaptations. Thus, whereas CK activity
in the fetal heart is very low and does not allow energy transfer
through the aforementioned phosphotransfer system (Hoerter
et al., 1991, 1994; Fischer et al., 2010), the important increase
in CK activity, creatine transporter protein amount and creatine
content in the cardiac muscle cell just before or/and after birth
leads to the establishment of a fully functional CK shuttle
in only a few weeks (depending on species) which is then
rapidly able to support ATPases activity and ensure positive
feedback on production of energy by mitochondria (Hoerter
et al., 1991, 1994; Fischer et al., 2010; Piquereau et al., 2010;
Anmann et al., 2014). For instance, CK bound to sarcoplasmic
reticulum and myofilament is able to efficiently provide energy to

SERCA and myosin-ATPase only 3 weeks after birth in mouse
(Piquereau et al., 2010). Although the modulations of energy
metabolism in the early development are often explained by the
profound changes occurring at birth, like blood concentration of
energy substrates (Lopaschuk and Jaswal, 2010), the maturation
of the phosphotransfer shuttle could rather be dependent on
the maturity state of the cardiomyocyte. While functional CK
compartmentation appears in the first 3 weeks after birth in
mouse and rabbit, it is established before birth in guinea pig
which exhibits a heart at a more advanced maturation state at
birth (Hoerter et al., 1994).

Unlike CK shuttle, the efficiency of which depends on
the expression of CK isoforms in striated muscle, functional
DANC does not require the presence of any specific energy
transfer enzyme. It only needs a precise spatial arrangement
of the organelles within the cytosol which is ensured by the
highly organized cytoarchitecture of the cardiomyocyte (Kaasik
et al., 2003; Wilding et al., 2006; Piquereau et al., 2010).
The establishment of energy microdomains, in which ATP
and ADP are directly channeled between mitochondria and
ATPases occurs at the early postnatal development during
which important architectural maturation profoundly modulates
the spatial organization of the intracellular components of
the cardiomyocyte (Piquereau et al., 2010; Figures 1E,F). In
mouse, effective DANC appears at the end of the first week
after birth (Piquereau et al., 2010) which corresponds to the
hyperplasic phase of cardiac growth (Alkass et al., 2015). This
is a period during which cardiomyocyte acquires a mature
intracellular organization; mitochondria and SERCA/myosin-
ATPases become closer and closer, thereby allowing direct
channeling of compounds between these entities and the
emergence of energy microdomains in particular. This quick
maturation of subcellular structures in cardiomyocyte during
perinatal period has also been recently shown in rat (Lipsett
et al., 2019). Although this study especially focused on
calcium microdomains that have largely been investigated in
the heart (De la Fuente and Sheu, 2019), it confirms that
efficiency of interorganelle communications largely depend on a
specific subcellular organization that is precociously established
during development.

ENERGETIC COMPARTMENTATION IN
CARDIOVASCULAR PHYSIOPATHOLOGY

In various types of cardiovascular pathology, adenine nucleotide
transfer between mitochondria and ATPases could be impaired
either due to CK functional activity lowering or cell remodeling
leading to inefficient DANC. Indeed, the CK activity in
cardiomyocytes was shown to be rather sensitive to various
pathologies. Major alterations of the CK system (decreases
in the activities of the mi-, MM-, and MB-CK isoenzymes)
in the failing heart are well-established in a wide variety
of models and species, including humans (see Lygate et al.,
2007 and references therein). Our group demonstrated that
heart failure impaired the CK-dependent phosphotransfer
systems not only in myocardium but also in skeletal muscle
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(De Sousa et al., 1999, 2000, 2001). Voluntary exercise is able to
normalize the CK system lowered in slow skeletal muscle under
conditions of heart failure (De Sousa et al., 2002). A severe
impairment of the CK-driven energy transport system was shown
in doxorubicin-induced cardiotoxicity (for review see Tokarska-
Schlattner et al., 2006). Chronic doxorubicin-induced damage
leads not only to inactivation, which was observed with all
CK isoforms, but also to further specific injury of the mi-
CK isoform, namely dissociation of octamers into dimers and
inhibition of mi-CK binding to mitochondrial membranes, in
particular to cardiolipin.

Creatine kinase system is known to be altered also in acute
models of pathology. Increased phosphate concentration in the
cytosol due to high energy phosphate degradation under short-
term ischemic conditions solubilizes mi-CK and decreases the
functional coupling between this enzyme and mitochondrial
adenine nucleotide translocase (Veksler and Ventura-Clapier,
1994). This effect lowers the efficiency of the CK system in
spite of the fact that mi-CK is still present in the mitochondrial
compartment. Ischemia followed by reperfusion leads to well-
known down-regulation of the CK system (for review see
Cao et al., 2018). Mitochondrial CK is highly susceptible to
oxidative modifications (for example by increased local reactive
oxygen species production), leading to enzymatic inactivation
and octamer dissociation, as well as formation of crystalline
mitochondrial inclusion bodies, all resulting in loss of mi-CK
function (Schlattner et al., 2006). Elevated nitric oxide production
is also able to inhibit mi-CK thus lowering the CK system
efficiency (Kaasik et al., 1999).

Interestingly, mi-CK overexpression in mice diminished
ischemic contracture and improved functional recovery
after ischemia (Whittington et al., 2018). Similarly, MM-CK
overexpression also improves contractile function and ATP
kinetics in post-ischemic myocardium (Akki et al., 2012).
Theoretically, efficiency of CK shuttle could be increased by
elevation of creatine content in the cytosol of cardiomyocytes.
Indeed, moderately elevating myocardial creatine levels by
over-expression of the creatine transporter improved energetic
and functional post-ischemic recovery and reduced myocardial
injury (Lygate et al., 2012).

Various pathologies associated with muscle cell remodeling
are also able to alter the intracellular adenine nucleotide
transfer. Importance of cell architecture for DANC was
demonstrated in studies where spatial interactions between
energy-utilizing and producing sites are perturbed by mutations
in various cytoskeletal proteins resulting in cytoarchitectural
disorganization (Wilding et al., 2006). Among them, muscle
LIM protein (MLP) is known to be a key regulator of
myogenesis, promoting myogenic differentiation. MLP-null
mouse hearts have disorganized myofibrils with widened
Z-lines; intermyofibrillar mitochondria are irregularly dispersed
and not arranged in longitudinal columns. Mitochondria,
myofibrils, and SR are less tightly packed, with more
cytosol visible, and increased content of subsarcolemmal
mitochondria. Nevertheless, this remodeling does not change
maximal respiration rate, mitochondrial content or total CK
activity. However, such modified mitochondrial network

having normal oxidative activity give significantly weaker
energy support to the SR calcium loading obviously due
to impaired DANC. Another model of cytoarchitectural
perturbation is myocardium lacking desmin, a muscle-specific
intermediate filament protein linking the mitochondria to the
cytoskeleton. Like for MLP-KO myocardium, mitochondrial
support for SR calcium uptake is specifically decreased in the
desmin-null hearts, despite normal oxidative capacity thus
suggesting less efficient DANC (Wilding et al., 2006). These
experiments clearly demonstrated that cytoarchitectural
perturbation could promote energetic dysfunction via
DANC impairment.

Failing myocardium is known to exhibit reduced
mitochondrial content. However, lowered CK activity and
cytoarchitectural disorganization, which may compromise
mitochondria SR and myofilament interactions, are able to
perturb intracellular energy transfer thus aggravating the
pathology. Experimental heart failure is associated with
misalignment of mitochondria and myofibrils, heterogeneity of
mitochondrial shape and size and mitochondrial degradation
so that zig-zagging Z lines appears with fewer contacts
between mitochondria and myofibrils (Joubert et al., 2008;
Figures 1G,H). These changes are the basis for the decreased
energy transfer between mitochondria and myosin-ATPase
in addition to the decrease in energy production. Indeed,
while in healthy rats both CK and mitochondria contribute
equally to SR and myofibrillar functions, in failing heart,
mitochondria are less efficient than CK in maintaining an
adequate energy supply for contraction. Such data suggest
that energetic remodeling occurs in heart failure, which
alters the ratio of efficacy between the two main energy
sources. Due to the thick structure of myofibrils, the core
of myofilaments may be more dependent on mitochondrial
form, mass and architectural arrangement than SR, which
is in closer physical interaction with mitochondria. On the
other hand, because CK is closely bound to myofilaments
and SR, CK efficacy seems to depend more on the amount of
bound CK than on architectural design. Thus, in heart failure
mitochondria could be more limiting than CK for the regulation
of ATP/ADP ratio in the vicinity of myofibrils as compared to
SR. Maintaining the close interaction between mitochondria and
myofibrils appears to be crucial for optimal energetic regulation
(Joubert et al., 2008).

Impaired adenine nucleotide channeling has also been
demonstrated in overloaded myocardium of spontaneously
hypertensive rats (SHRs) (Power et al., 2016). This myocardium
shows a significantly longer distance between the centers of
myofibril to mitochondria in the SHR hearts, which increases
transverse metabolite diffusion distances. As a result, ADP
channeling toward mitochondria is weakened, thus lowering
the stimulation of mitochondrial respiration by ADP. Along
with reduced CK functional activity, this mechanism appears
to contribute to the energy state impairment in overloaded
myocardium. Interestingly, experimental pulmonary artery
hypertension leading to right ventricle hypertrophy also induces
an increase in diffusion distances between the myofilaments
and mitochondria (Power et al., 2019) thus impairing the
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adenine nucleotide channeling. Such a remodeling seems to be
a common feature of myocardial hypertrophy induced by an
elevated afterload.

CONCLUSION

In muscle cells, cytoarchitecture, energy yield, and biochemical
composition are all intimately linked to determine specific
muscle functions. Highly structured cytoarchitecture involving
direct organelle interaction, compartmentalized phosphotransfer
kinases, and bound glycolytic enzymes allows high efficiency
and fine-tuning of energy transduction system. Consequently,
it has to be considered that genetic modifications, ontologic
development and pathologies induce joint adaptation and
remodeling of this complex network in order to match specialized
muscle cell functions.
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