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Abstract

Mitochondria sense both biochemical and energetic input in addition to communicating signals regarding the energetic state of the cell.
Increasingly, these signaling organelles are recognized as key for regulating different cell functions. This review summarizes recent advances
in mitochondrial communication in striated muscle, with specific focus on the processes by which mitochondria communicate with each
other, other organelles, and across distant organ systems. Intermitochondrial communication in striated muscle is mediated via conduction of
the mitochondrial membrane potential to adjacent mitochondria, physical interactions, mitochondrial fusion or fission, and via nanotunnels,
allowing for the exchange of proteins, mitochondrial DNA, nucleotides, and peptides. Within striated muscle cells, mitochondria-organelle
communication can modulate overall cell function. The various mechanisms by which mitochondria communicate mitochondrial fitness to the
rest of the body suggest that extracellular mitochondrial signaling is key during health and disease. Whereas mitochondria-derived vesicles
might excrete mitochondria-derived endocrine compounds, stimulation of mitochondrial stress can lead to the release of fibroblast growth
factor 21 (FGF21) and growth differentiation factor 15 (GDF15) into the circulation to modulate whole-body physiology. Circulating
mitochondrial DNA are well-known alarmins that trigger the immune system and may help to explain low-grade inflammation in various
chronic diseases. Impaired mitochondrial function and communication are central in common heart and skeletal muscle pathologies, including
cardiomyopathies, insulin resistance, and sarcopenia. Lastly, important new advances in research in mitochondrial endocrinology,
communication, medical horizons, and translational aspects are discussed.
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of outer mitochondrial membrane 20.

ESSENTIAL POINTS

¢ Mitochondria in striated muscle provide energy for
contraction but they are also signaling organelles
and modulate different cell functions

o Intermitochondrial communication between adja-
cent mitochondria contributes to optimal energy pro-
duction during high energy demand and the
synchronization of the mitochondrial reticulum can
signal cellular stress

¢ Mitochondrial communication with other organelles
highlights the role of mitochondria in optimizing
overall cell function

® Myomitokines, such as FGF21, GDF15, and
mtDNA, can alter whole-body physiology and sys-
temic responses

Skeletal and cardiac muscles depend on vast amounts of en-
ergy for optimal excitation-contraction coupling and require
efficient energy supply and demand pathways, such that glu-
cose and fat can be taken up, stored, and utilized by the mito-
chondria (1-4). Mitochondria harbor key processes of cellular

energy metabolism, such as oxidative phosphorylation for the
synthesis of adenosine triphosphate (ATP), and a large num-
ber of anabolic and catabolic pathways. In the last decade, it
has become clear that mitochondria are not solely on the re-
ceiving end of substrate oxidation, but that mitochondria ac-
tively communicate with other mitochondria as well as other
organelles, such as the nucleus, lipid droplets, peroxisomes,
and endo-/sarcoplasmic reticulum (5). Cardiac and skeletal
muscle mitochondria even communicate with other cells or or-
gans by compounds we now consider as myokines, mitokines,
or myomitoRines (6).

In this review, we provide an overview of the state-of-the-
art in the field of mitochondrial communication with the focus
on striated muscle. Here, we define mitochondrial communi-
cation as the processes by which mitochondria share content
and bioenergetic potential with neighboring mitochondria in
the reticulum, as well as the physical interactions and ex-
change of molecules and metabolites between other mitochon-
dria and organelles. Mitochondrial endocrine communication
is discussed, as this represents the molecular information
transferred between mitochondria and distant organ systems.
We specifically focus on skeletal and cardiac muscle mito-
chondria, due to their role under conditions of high energy
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Figure 1. Mitochondrial distribution in skeletal and cardiac muscle. Due to physical constraints within the muscle fibers, intrafibrillar mitochondria of
striated muscle undergo a lower rate of dynamics and can communicate through direct intermitochondrial interaction. A) Schematic view of striated
muscle fiber organization. Skeletal muscle fibers are polynucleated and juxtaposed, while cardiomyocytes are mononucleated and branched. B) Electron
microscopy images showing the “grid-like” mitochondrial distribution (in dark) in striated muscle fibers.

demands; the mitochondrial reticulum is a clear example of in-
termitochondrial communication and skeletal muscle is the
largest organ in the body that produces myokines. Striated
muscle fibers are postmitotic cells, and hence they cannot div-
ide. As a result, their mitochondria predominantly rely on in-
trinsic fitness for optimal function. While striated muscle
mitochondria were traditionally only seen as energy-
producing organelles, their roles of sensing, integrating, and
communicating with other organelles are emerging as multifa-
ceted, and are discussed here in more detail.

Communication Between Neighboring
Mitochondria in the Reticulum

The molecular machinery that regulates mitochondrial
morphology and ultrastructure is coordinated with mitochon-
drial pathways that respond to the metabolic demand, cellular
stress, and damage (7-9). The coordination of mitochondrial
morphology and structure can therefore provide greater in-
sight into different types of stressors and how the cells in stri-
ated muscle respond to them. The next section describes the
role of mitochondrial morphology and structure as determi-
nants of mitochondrial integrity and how these may be altered
under physiological and pathological conditions (Fig. 1).

Intermitochondrial Communication via the Electrical
Grid

Due to the physical constraints, and high energy requirement
in striated muscle, mitochondria develop in a network that

facilitates energy distribution (10-13). This mitochondrial re-
ticulum was first described in rat diaphragm in the 1970s (10).
Already in 1988, scientists observed that contact points be-
tween adjacent mitochondria, called intermitochondrial junc-
tions, are permeable for H* ions, allowing for the
mitochondrial proton motive force to be transmitted between
mitochondria (11).

Mitochondrial subpopulations within striated muscle may
have different roles, as subsarcolemmal mitochondria prefer-
entially contain more mitochondrial complex IV while intra-
myofibrillar mitochondria have more ATP synthase (1, 14).
The communication between these different subpopulations
through specific contact sites (15) underscores the importance
of shared power conduction through the networks for optimal
energy production during conditions of high energy demands.

The oscillatory behavior of mitochondrial network mem-
brane potentials was demonstrated through computational
model analyses, where individual mitochondria were shown
to affect the behavior of their neighboring mitochondria in a
coordinated network (16, 17). Moreover, the patterns of os-
cillations differed under normal vs abnormal conditions.
Membrane potential oscillates within a wide frequency range
in normal conditions, whereas cellular stress and subsequent
accumulation of reactive oxygen species (ROS) to a critical
threshold caused a synchronization of membrane potential
to act as a cellular alarm signal of a stressed mitochondrial net-
work (17, 18). Further evidence has supported the highly co-
ordinated function of the mitochondrial network, similar to
that of an electrical power grid, via conduction of the mito-
chondrial membrane potential to adjacent mitochondria in
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Figure 2. Schematic representation of intermitochondrial communication. A) Mitochondrial fusion, nanotunnels, and intermitochondrial junctions
(IMJ) promote intermitochondrial communication and exchange of proton-motive force, mtDNA, and mitochondrial proteins. Optic atrophy 1 (OPA1) and
Mitofusin 1/2 (MFN1/2) are the main proteins involved in the mitochondrial fusion process. B) Magnification of mitochondrial cristae organization. The
mitochondrial contact site and cristae organizing system (MICQOS), ATP synthase, and OPA1 determine the cristae shape. The mitochondrial respiratory
complexes, localized in the inner mitochondrial membrane (IMM), may also communicate through formation of supercomplexes that dynamically adapt

to the metabolic requirements within the cell.

both skeletal muscle (1) and cardiomyocytes (12). As such, re-
gional uncoupling of the skeletal muscle mitochondria net-
work by dissipation of the membrane potential could be
rapidly restored through the intermitochondrial conduction
of the electrical gradient (19) at intermitochondrial junctions
(1, 19) (Fig. 2). Following stress, the synchronization of the
mitochondrial membrane potentials was dependent on the
strength of the coupling between adjacent mitochondria as
well as the size of the oscillating cluster in cardiomyocytes
(20), resulting in altered network behavior, also shown to be
substrate-dependent (12). The significance of the coordination
of the network is underscored by the rapid quality control
mechanisms in place to electrically separate depolarized mito-
chondria from the mitochondrial reticulum (21), limiting the
spread of dysfunction within the cardiomyocyte (19).

Interestingly, cristae are both more abundant and aligned at
the intermitochondrial junction (22) between adjacent mito-
chondria. The formation of intermitochondrial junctions be-
tween mitochondria may be modulated by their energetic
demand (12), that is, can be increased in correlation with in-
creasing oxidative phosphorylation capacity (23-25) in add-
ition to the electrochemical coupling discussed above (16).
These intermitochondrial junctions are dynamic (22) and re-
spond to changes in cellular metabolic demand (26). This
might further enhance electrochemical communication be-
tween neighboring mitochondria (26).

Under stress conditions or mitochondrial damage, the syn-
chronization of the network oscillations in membrane poten-
tial toward a stable depolarized state (18) led to broken
intermitochondrial junctions where damaged mitochondria

were physically separated from the network, allowing frag-
mented mitochondria to be cleaned up by mitophagy (19).
Mitochondrial fragmentation has been linked to both in-
creased fission and impaired fusion in heart failure (27), in-
duction of apoptosis (28, 29), and may also indicate
activation of mitochondrial quality control processes in the
heart (28, 30). Moreover, this has been demonstrated under
many pathological conditions in striated muscle (6, 31-33).
Overall, these findings demonstrate the mechanisms in which
altered coordination of the mitochondrial network plays a key
role and possibly a key cellular signal to adapt to a new ener-
getic state and prevent further damage.

Nanotunnels

Adjacent mitochondria may participate in a sudden intermito-
chondrial content transfer, known as kissing, both in the heart
(34, 35) and skeletal muscle (36). Although shared contact
sites between adjacent mitochondria, including the intermito-
chondrial junctions (22), are frequently observed, the actual
exchange of contents happens less often (34, 35) and the steps
occurring prior to content exchange are not fully known.
Mitochondrial nanotunnels provide means for communica-
tion between distant mitochondria within the network.
Previously called string mitochondria (37), these rapidly ex-
tending and retracting tubules can be formed between mito-
chondria that may be nearby but can even occur across long
distances (35, 38, 39). The tunnels are characterized by thin,
double membrane, tubular extensions with a diameter of no
more than 200 nm (40) that reach out from the original
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mitochondria. Nanotunnels have an inner- and outer mito-
chondrial membrane and contain matrix components as
well as extensions of cristae (34, 35, 40).

Mitochondrial nanotunnels are more common in cardiac
muscle than in skeletal muscle (13) and are not observed in
mitochondria from other organs (13, 19). Thus, without
changing mitochondrial position, nanotunnels likely contrib-
ute to slower, albeit efficient, content exchange between mito-
chondria in the heart (34, 35, 41) and would be advantageous
in striated tissue where the mitochondria are constrained
within the muscle fibers. In particular, cardiac nanotunnels
have been observed in pools of mitochondria residing close
to capillaries (also called paravascular mitochondria (1)), con-
necting to form an intermitochondrial junction with one or
more adjacent mitochondria (19). In skeletal muscle, mito-
chondrial DNA (mtDNA) mutations and highly fragmented
mitochondrial networks were associated with increased nano-
tunnel formations (8, 42). This suggests that under conditions
where many small, fragmented mitochondria and a disrupted
mitochondrial network are observed, increased nanotunnel
formation could indicate mitochondrial stress and/or defi-
ciency in oxidative phosphorylation. Impairments in calcium
handling and homeostasis, through cardiac ryanodine recep-
tor 2 (RyR2) mutations, also led to higher frequency of
long-distance nanotunnels, and specifically between smaller
mitochondria (35). Despite disruption of calcium homeosta-
sis, and subsequent mitochondrial stress, intermitochondrial
communication was ensured via nanotunnels. In this case,
the induction of nanotunneling was not associated with in-
creased fragmentation (35, 43) but rather linked to the prox-
imity of microtubules which followed the path of the
nanotunnels.

In vitro studies have elucidated that dynamic mitochondrial
tubulation, a process like nanotunneling, is required for the
maintenance and growth of the mitochondrial network (44).
Driven by the microtubule kinesin KIFSB, thin tubules extend
from the mitochondria and are formed into lattices that gener-
ate a series of interconnected lattices within the mitochondrial
network (40). These tubules have been shown to follow in par-
allel with nanotunnels and thus may also contribute to dy-
namic changes in tunneling (35), potentially generated by an
active pull on the mitochondria (335).

Although deficiencies in oxidative phosphorylation cap-
acity, mitochondrial stress and/or altered calcium homeostasis
are involved in the stimulation of nanotunnels (8, 35, 42, 45),
the physiological and pathophysiological conditions that
drive nanotunnel formation are still largely unknown. In ac-
cordance, the extent to which nanotunnel formation may im-
prove bioenergetic status of dysfunctional mitochondria,
prior to separation from the network, remains unknown.
The physical interaction and exchanged cargo between the
nanotunnel and the receiving mitochondria must be explored
further (41) under conditions of normal physiology and
disease.

Fusion and Fission—Mitochondrial Dynamics

Mitochondria fuse and divide such that their structure and
morphology meet the energetics needs of the muscle fiber
and maintain the distribution and maintenance of mtDNA
(7) and also to optimize mitochondrial quality control systems
(46-48). As such, morphological changes alter the physical in-
teractions between neighboring mitochondria and contribute

Endocrine Reviews, 2023, Vol. 44, No. 4

to altered coupling of membrane potential, exchange of con-
tents, or other signaling factors (49). Despite occurring at a
slower rate in striated muscle as compared to other organs,
mitochondrial fusion and fission remain essential for the
health of both cardiac and skeletal muscle mitochondria
(28, 33, 50-56). Mitochondrial dynamics are controlled by a
set of dynamin-related GTPase proteins, including fission pro-
teins (Dynamin-related protein 1 [Drp1] and its outer mem-
brane receptors Fis1l, Mitochondrial Fission Factor [Mff],
Mitochondrial Dynamics protein 49 and 51 [MID49] and
[MID51]), as well as fusion proteins (Optic atrophy type 1
[OPA1], and Mitofusins 1 and 2 [MFN1/2]).

OPA1 is an important modulator of inner mitochondrial
membrane fusion (57, 58), located on the inner mitochondrial
membrane or in the intermembrane space where it participates
in mitochondrial fusion with the outer mitochondrial
GTPases, MFN1 and MFN2 (57, 59). In addition, OPA1
has an independent role in maintaining cristae structure
(55). In cardiac muscle, fusion was dependent on intracellular
calcium oscillations occurring during excitation-contraction
coupling (60), as well as maintained mitochondrial DNA sta-
bility and metabolic state (61).

OPA1 mutations are associated with a wide range of path-
ologies in which mitochondrial dysfunction occurs, including
neuromuscular degenerative and cardiac diseases (62).
Impaired respiration is a hallmark of the obese/diabetic heart
(63-65) and is associated with the downregulation of OPA1
(66). Increased OPA1 expression levels (through targeted
pharmaceutical treatment) were reported to promote mito-
chondrial fusion and inhibition of apoptosis through in-
creased expression levels of 2 components of ATP synthase
(66, 67), rescuing cardiac function (66). The mild systemic
overexpression of Opal protects from muscle atrophy as
well as heart and brain ischemia (68). The general consensus
is that fusion promotes oxidative phosphorylation (69).
Therapies designed to stimulate mitochondrial fusion may
do so through targeting the processing and oligomerization
status of OPA1 (55) although future translational studies
are warranted to study the full potential for the cardiac mito-
chondrial reticulum and cell function.

In skeletal muscle, the pro-fission molecule DRP1 plays an
important role in development of contractile strength as well
as during muscle wasting (50, 70-73). The critical role of fis-
sion was demonstrated by skeletal muscle-specific inhibition
of DRP1 that led to a disruption of the mitochondrial-sarco-
plasmic reticulum (SR) tethering by MFN2. Subsequently,
mitochondrial calcium uptake was increased, reducing cal-
cium availability for muscle contraction (50). Conversely to
fusion, mitochondrial fragmentation may be a response to
lowered ATP-availability mediated by the adenosine mono-
phosphate (AMP)-activated protein kinase (AMPK) (50,
72). Furthermore, this was associated with activation of a
retrograde response to the nucleus to drive a FoxO-dependent
atrophy program modulated by AMPK activation (72).

When this balance in mitochondrial dynamics is disrupted,
this can lead to pathological consequences such as heart fail-
ure, diabetes, and sarcopenia (28, 33, 50-56, 74). Similarly,
in the heart of animal models of overload-induced cardiac
hypertrophy and failure (27) and metabolic disturbances
(64, 75), the balance between mitochondrial fission, fusion,
and fragmentation is disturbed. Dysregulation of either mito-
chondrial fusion or fission machinery is associated with a
decreased mitochondrial respiration (28, 50, 66, 76),
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supercomplex formation (50, 69), and membrane potential
(31, 56) that suggests that the mitochondrial shape and/or net-
work organization are crucial for overall function. It is, how-
ever, difficult to dissociate the role of mitochondrial dynamics
proteins in regulating mitochondrial structure from their im-
portance in mitochondrial quality control. Fusion and fission
can trigger different signaling pathways and biological proc-
esses, and as such are not direct opposites of the same spec-
trum. This phenomenon has recently been highlighted in a
study where both knockdown and overexpression of DRP1
late in life caused skeletal muscle atrophy and impaired mito-
chondrial quality (77). In accordance, mitochondrial fission in
cardiac muscle is an early step in the induction of PINK1/
Parkin-mediated mitophagy (78, 79), and similarly, deficiency
of the fusion protein MFN2 is also associated with dysregu-
lated PINK1/Parkin-mediated mitophagy (28) in the failing
myocardium. These findings are supported by other studies
that demonstrate the importance of mitochondrial dynamics
for maintenance of mitochondrial integrity and regulation of
key mitochondrial functions in striated muscle (32).
Although the physiological cues driving mitochondrial shape
changes in striated muscle during disease remain to be eluci-
dated, regulating the balance between fusion and fission
may be an important therapeutic strategy.

Endocrine effects on mitochondrial dynamics are an excit-
ing new perspective that may shed light on the physiological
cues underlying shape and network organization (covered in
the section “Extracellular Communication of Mitochondria
to Maintain Function and Homeostasis”). Whether future
therapeutic targets to block fission (and stimulate fusion) or
to block fusion (and stimulate fission) will provide transla-
tional perspective for patients suffering from metabolic dis-
ease affecting heart or skeletal muscle, remains to be
answered.

Mitochondrial Cristae Ultrastructure and Function

Mitochondrial cristae are tubular or lamellar invaginations of
the inner mitochondrial membrane into the mitochondrial
matrix. In line with the notion of a mitochondrial reticulum
in striated muscle, the cristae of neighboring mitochondria
are also coordinated at intermitochondrial junctions (22,
80) allowing for communication between neighboring mito-
chondria in the network, and the formation of a mitochon-
drial microcompartment optimized for ATP production
(81). Important determinants of cristae shape are the mito-
chondrial contact site and cristae organizing system
(MICOS), and the F{Fy-ATP synthase (82, 83). MICOS is lo-
cated at the cristae junctions and contains several identified
subunits that are linked to regulation of cristae membrane
shape and oxidative phosphorylation capacity (82, 84) as
well as formation of the cristae junctions (Mic60) and laminar
cristae (Mic10) (82). MICOS subunits interact with a variety
of different proteins that are essential for basal mitochondrial
function, such as mitochondrial calcium transport (85), au-
tophagy/mitophagy (86-88), and the lipid composition of
the mitochondrial membrane (86, 89).

Following loss of membrane potential, apoptotic signaling
passes through a mitochondrial network in waves (90),
through OPA1-mediated cristae aligned intermitochondrial
junctions between neighboring mitochondria (80). In this
case, the inversion of the curvature of the cristae is necessary
for cytochrome c to be completely released (55, 91) in addition
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to promoting interaction between the fusion protein OPA1
and MICOS (specifically Mic60) (86, 92).

In addition to its role in apoptotic signaling, OPA1 deter-
mines both the cristae width as well as the width of the cristae
junction (92) supporting ATP-linked respiration (80). There is
general consensus that cristae ultrastructure is a determinant
of mitochondrial respiration (93-95) in part through mainten-
ance of the assembly and stability of mitochondrial respira-
tory complexes and supercomplexes (9, 69). Depending on
the cell type, energy requirements, and tissue location, the cris-
tae membrane morphology can vary greatly. Cristae density is
highest in metabolically active tissues, such as cardiac and
skeletal muscle, with a cristae surface packed with respiratory
(super)complexes and ATP synthase (58, 96). Recent work
has indicated that, in cultured cells, cristae can be regarded
as independent operating individual bioenergetic units within
the mitochondria (97). Whereas lower intra-cristal space was
associated with low respiration levels, higher respiration rates
were associated with higher intra-cristal space (58, 86, 98,
99). As such, mitochondrial cristae density increased in line
with increased leg muscle power in endurance-trained athletes
after training (93). Because of the large amount of cellular and
molecular adaptations associated with mitochondrial dys-
function, it remains unclear whether changes in cristae archi-
tecture are a symptom or a cause of altered mitochondrial
function. Likely however, cristae morphology represents a
marker of overall mitochondrial fitness in striated muscle.

Altered cristae shape following deletion of mitochon-
drial fusion protein OPA1 in skeletal muscle contributes
to the destabilization of the respiratory complexes and
supercomplexes (33,57,58, 69). Barth’s syndrome is a car-
diolipin-associated disease with a clinical manifestation of
cardiomyopathy and loss of skeletal muscle strength (100),
as well as severely impacted cristae ultrastructure and al-
tered MICOS complex assembly (86). Similarly, in type 2
diabetes, the MICOS protein Mic19 was among other
mitochondrial proteins shown to be downregulated in
skeletal muscle (101). As cristae generally respond to alter-
ations in metabolic factors including glucose and ADP lev-
els or hypoxia (102), cristae restructuring may provide
insight to many pathological conditions in striated muscle.

Communication Between Mitochondria
and Other Organelles

Not only do mitochondria communicate with each other
within the reticulum, mitochondria extensively communicate
with other organelles in cardiac and skeletal muscle fibers.
Traditionally, this communication has been linked to either
the intracellular concentration of ATP or ATP production
rates, as energy demand is high in striated muscle. Here we
particularly highlight some of the more novel ways that mito-
chondria use to communicate with other organelles. First, we
describe the concept of mitochondrial-derived vesicles and
subsequently discuss the structural and functional link be-
tween mitochondria and nucleus, glycogen, lipid droplets,
peroxisomes, and endoplasmic/sarcoplasmic reticulum

(Fig. 3).

Mitochondrial-Derived Vesicles

Mitochondrial-derived vesicles were originally characterized
based on 3 criteria: they contained mitochondrial cargo but

€20z Ainp g1 uo Jasn gswol] jo Areiqi Ausieniun Aq 81./2202/899/¥/y/8101e/Alpajuod dnoojwapede//:sdily woly papeojumoq



674

Lipid
droplets
Fatty acid
oxidation
TFAM,
apoptosis

Retrograde signal
(ROS, Ca2*, UPRmt)

Nucleus

Ca?*-dependent

Endocrine Reviews, 2023, Vol. 44, No. 4

Lipid metabolism
Redox balance

Mitochondrial
supercomplex
assembly

Peroxisomes

Mitochondrial-derived
vesicles

K%/ Lysosomes
Mitochondria

mitochondrial quality control

metabolism

Sarco/Endoplasmatic

reticulum

Figure 3. The physiological relevance of mitochondrial-organelle communication. Intracellular mitochondria-organelle communication is mediated
by direct membrane contact sites, the exchange of metabolites, redox state, as well as through mitochondrial-derived vesicles. Whereas mitochondr-
ia-sarcoplasmic reticulum interaction is required for calcium-dependent energy metabolism and mitochondria-peroxisome communication regulates lipid
metabolism and peroxisomal biogenesis, these mitochondria-organelle interactions also contribute to redox balance and respiratory supercomplex
assembly. In turn, fatty acid oxidation is modulated by the metabolic interplay between mitochondria and lipid droplets. Mitochondrial biogenesis and
apoptosis can dictate cell fate and are regulated by mitochondrial-nucleus crosstalk. Reactive oxygen species (ROS) play important signaling roles, in
addition to altered ATP levels, calcium accumulation, triggering mitochondrial unfolded protein response (mtUPR), the integrated stress response and
mitonuclear retrograde signaling. Various stressors, including ROS, stimulate the release of mitochondrial-derived vesicles, and the delivery of

mitochondrial cargo to the lysosomes for degradation.

not cristae; they were highly uniform single or double
membrane-bound circular structures with a diameter from
60 to 150 nm; and they were formed independently from
Drp1l-induced mitochondrial fragmentation (103-106).

To date, mitochondrial-derived vesicles have been shown to
transport cargo to the peroxisomes (105-107), lysosomes
(104), and endosomes (106). More recent evidence has dem-
onstrated that mitochondrial-derived vesicles may also deliver
their cargo to extracellular vesicles (108-110) and, as such,
circulate from source tissues with potential to functionally im-
pact distant target organ systems (49). The fate of the vesicles
is not always clear but likely depends on the incorporated car-
go. Mitochondrial-derived vesicles are important as a first line
of defense against mitochondrial stress (104, 108, 111) in add-
ition to mitochondrial housekeeping (104). Although the pro-
tein cargo is mostly undefined, proteins from oxidative
phosphorylation complexes, Krebs’ cycle enzymes, and other
major enzymes related to metabolic and redox signaling, have
been identified as destined for lysosomal degradation after
(oxidative) stress-induced damage (104, 108). Other studies
have linked the exposure to stress to a several-fold higher con-
centration of these proteins and enzymes, reenforcing the role
for mitochondrial-derived vesicles as a response to cellular
stress and their contribution in the removal of damaged mito-
chondria or oxidized mitochondrial components (112, 113).
Thereby, mitochondrial-derived vesicles act as a mechanism
of mitochondrial quality control (39, 106), and allow for
the quick removal of damaged mitochondrial proteins prior

to detectable mitochondrial dysfunction or mitophagy
(104). In the heart, mitochondrial-derived vesicles were
shown to contain transporters of the outer membrane 20
(TOM20) and matrix-derived pyruvate dehydrogenase (45),
and vesicle formation was observed under basal conditions
as an active quality control condition, whereas increased for-
mation of TOM20-containing mitochondrial-derived vesicles
was seen following oxidative stress where mitochondria be-
came fragmented and dysfunctional (45, 111).

Emerging evidence indicates that cells package and release
some of their mitochondrial content to circulating extracellu-
lar vesicles (108, 110). This was demonstrated either by detec-
tion of cell-free mitochondria within the extracellular vesicle
(114, 115) or through the detection of mitochondrial compo-
nents, such as TOM20 (116). Thus, it is possible that, in line
with what has been shown in mesenchymal stem cells (115),
mitochondrial-derived vesicles use extracellular vesicles to
outsource mitophagy to other cells (110, 115). On the other
hand, the transfer of mitochondrial content may also be a
mechanism to rescue metabolic activity, through mtDNA
transfer (117), or potentially also as a biomarker or passing
on information to the rest of the body regarding mitochon-
drial stress. In fact, the nature of mitochondrial stress, and/
or extent of damaged proteins within the mitochondrial con-
tent, was shown to play a determining role in whether
mitochondrial-derived vesicles were sent to extracellular
vesicles or to lysosomes for degradation (116). In this case,
the PINK/Parkin pathway was shown to inhibit incorporation
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of oxidized mitochondrial components in extracellular
vesicles, thereby possibly preventing a deleterious inflamma-
tion and immune response (116) elicited by mitochondrial
damage-associated molecular patterns (mtDAMPs; see sec-
tion “Mitochondrial DNA”). PINK/Parkin regulates the
transport of mitochondrial-derived vesicles induced by stress
to the lysosomes (118), thus avoiding immune activation un-
less the stress is excessive and above their transport capacity
(110, 116). The role of mitochondrial-derived vesicles in anti-
gen presentation during infection has been elegantly demon-
strated in the etiology of Parkinson disease (119, 120).
Thus, determination of a wider physiological role of
mitochondrial-derived vesicles clearly deserves further atten-
tion in cardiac and skeletal muscle, under both pathological
and physiological conditions, particularly during the progres-
sion of metabolic diseases.

Communication Between Mitochondria and
Nucleus

While most cardiomyocytes have a single nucleus, skeletal
muscle cells have multiple nuclei due to their much larger fiber
size. The DNA of almost all mitochondrial proteins (including
the subunits of the mitochondrial complexes) is in the nucleus.
Mitochondria still retain their own circular DNA (mtDNA),
encoding the mitochondrial 16S and 12S rRNA, 22 tRNAs,
and 13 core subunits of the oxidative phosphorylation system,
including 7 crucial subunits of mitochondrial complex I (435,
121, 122). Mitochondria therefore require their own tran-
scription and translation machineries. The stoichiometric bal-
ance between both genomes is tightly regulated via
mitochondria-nuclear (mitonuclear) communication, and is
crucial for increasing mitochondrial volume density, for ex-
ample, in the heart (24). Hence, intricate mitonuclear commu-
nication facilitates both coordination and synchronization of
transcription and translation, and a dedicated import of mito-
chondrial proteins.

There are various forms of mitonuclear communication,
one of which occurs via transcription factor A, mitochondrial
(TFAM). The gene for TFAM is located in the nucleus and is
transcribed and translated upon activation by peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-10a) and nuclear respiratory factors (NRF1 in particu-
lar). Together with mitochondrial transcription factor Bl
and 2 (TFB1M; TFB2M), TFAM initiates mitochondrial tran-
scription by specifically binding to transcriptional start sites in
the mtDNA (21).

The pathways that are involved in the activation of PGC-1a.
in skeletal muscle are relatively well studied (123).
AMP-dependent protein kinase (AMPK) becomes activated
after acute endurance exercise due to higher AMP concentra-
tions and lower glycogen concentrations. This cellular stress
sensor is the starting point of gene transcription and transla-
tion at the nucleus that ultimately leads to a higher PGC-1a,
TFAM, NRF1 and other proteins required for increasing
mitochondrial biosynthesis (124), and subsequent mitochon-
drial transcription and translation. The importance of
TFAM for regulating mitochondrial volume density is high-
lighted by the observation that mice with a skeletal muscle—
specific disruption of TFAM appear healthy until ~13 weeks,
after which the mice suffer from ragged-red muscle fibers, ac-
cumulation of abnormally appearing mitochondria, excessive
mitochondrial calcium uptake, progressively deteriorating
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oxidative phosphorylation capacity, and reduced muscle force
production (125, 126).

While most mitochondria are located between the myofila-
ments in longitudinal chains (intramyofibrillar mitochondria),
there is another population of mitochondria located around
nuclei: the perinuclear (sometimes called paranuclear) mito-
chondria (15, 19, 127). These perinuclear mitochondria are
much less studied but are exclusively found in cardiac muscle
(15, 19, 127). Recent work has highlighted that the majority
of translation occurs in the perinuclear region of the mito-
chondrial network (127, 128). Perinuclear mitochondria are
also more mobile and appear to participate readily in fis-
sion/fusion dynamics (127). As such, the nuclear mitochon-
drial subpopulation may be more critical during
mitochondrial turnover and for the regulation of nuclear func-
tion and protein import and export.

Mitochondria also communicate with the nucleus via retro-
grade signaling, which modifies the transcriptome to over-
come cellular stress. This consists of various signaling
pathways that involve perinuclear mitochondria (127), the
production of reactive oxygen species, local ATP concentra-
tions, and the mitochondrial unfolded protein response
(mtUPR) (129). The mtUPR system is activated upon mito-
chondrial (proteotoxic) stress, and breakdown products
(from proteostasis) communicate to the nucleus via retrograde
signaling to inhibit nuclear protein translation, breaking
down misfolded proteins, induce chaperones that help with
protein folding, or even initiate apoptosis via the release of
cytochrome ¢ into the cytosol. Typical markers for the
mtUPR are ATP-dependent zinc metalloprotease (YmelL1),
heat shock protein 60 (Hsp60), LON protease 1 (Lonpl),
and caseinolytic peptidase P (CLpP) (129).

In the heart, initiating activating transcription factor 5
(ATFS5)-mediated mtUPR signaling may be cardioprotective
following ischemia-reperfusion (130) and in chronic
pressure-overload (131, 132). Thus, stimulation of an endo-
plasmic reticulum (ER)-stress response via mtUPR activation
is linked to preserved mitochondrial function and cell viabil-
ity. Similarly, mitochondrial dysfunction in skeletal muscle
during insulin resistance also induced ATF5-mediated
mtUPR (133). Yet, this stress response has a critical, physio-
logical role in skeletal muscle demonstrated by the
exercise-induced elevation in mtUPR markers in muscle
from aged mice that corresponded with enhanced mitochon-
drial function (134). These effects are associated with higher
nicotinamide adenine dinucleotide (NAD*) levels in both
heart (131) and skeletal muscle (135, 136).

Various cell culture and invertebrate studies have observed
a crosstalk between mitochondrial stress and the activity of
the proteasome. However, little is known about the regulation
of these in skeletal and cardiac muscle during more physio-
logical relevant (environmental) stressors such as physical
(in)activity.

In mammals, the mtUPR may not be the primary response
to mitochondrial dysfunction, but it is embedded within the
integrated stress response helping the cell adapt to a variable
environment (137). Both the mtUPR and the integrated stress
response reduce cytosolic translation, protein folding cap-
acity, ubiquitination, and proteasome degradation and au-
tophagy (129), partly via the phosphorylation of eukaryotic
translation initiation factor 2a (elF2a) and the activation of
ATF4-dependent adaptive stress cellular response. The inte-
grated stress response can lead to either beneficial or
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detrimental effects depending on the duration of the type of
initial stress. Recent work on cardiac cells identified a regula-
tory mechanism mediated by C/EBP homologous protein
(CHOP) that fine-tunes integrated stress response activation
upon mitochondrial dysfunction (137). CHOP competes
with ATF4 to bind to CCAAT/enhancer-binding protein b
(C/EBPb), reducing the transcriptional levels of ATF4 and
the downstream targets of the integrated stress response.
The effects of CHOP are independent of mtUPR and rely on
the attenuation of the integrated stress response overactiva-
tion by reducing the excessive ATF4-mediated stress response
activation that results in cardiotoxic effects. Accordingly,
CHOP deficiency exacerbates mitochondrial dysfunction
and switches the integrated stress response from acute to
chronic activation, which is detrimental for overall cell func-
tion (137). Therefore, the mitochondrial stress response de-
pends on the interplay between CHOP, C/EBPb, and ATF4
to regulate an adaptive transcriptional response, which over-
laps with the integrated stress response. Upon activation of
the integrated stress response, CHOP and ATF4 regulate the
transcription of fibroblast growth factor 21 (FGF21) and
growth and differentiation factor 15 (GDF15), two metabolic
hormones with autocrine, paracrine, and endocrine actions.
Muscle-derived FGF21 and GDF15 are systemic mediators
of the integrated stress response (138, 139), and mediate the
communication between cardiac and skeletal muscle with
distant organs upon mitochondrial stress (see section
“Extracellular ~ Communication of Mitochondria to
Maintain Function and Homeostasis™).

Communication Between Mitochondria and
Glycogen
Metabolic flexibility is the ability of striated muscle to adapt
cellular metabolism by substrate sensing, transport, storage,
and utilization, depending on availability and requirement
(3). Glycogen and lipid droplets are local energy stores that
mitochondria interact with to produce the required energy
for muscle contractions. As such, mitochondria are metabolic
sensors that are sensitive to nutritional overload (140).
Glycogen is a major source of energy in skeletal muscle cells,
particularly during high-intensity exercise (3). Granules of
these branched glucose polymers are visible by transmission
electron microscopy. In skeletal muscle, these granules have
a distinctive distribution depending on species, fiber type,
and the history of activity (141). About 65% to 80% of the
glycogen is located in the intermyofibrillar space, in the close
vicinity of mitochondria (141, 142), with other glycogen
stores located near the sarcoplasmic reticulum (SR) or adja-
cent to the sarcolemma (142). Only with detailed and
labor-intensive electron microscopy imaging is it possible to
provide physiological insights into the spatial-temporal be-
havior of glycogen deposition and utilization in skeletal
muscle during exercise (141, 142). The utilization rates of
the various subcellular muscle glycogen storages are higher
in glycolytic type 2 fibers and depend on its subcellular local-
ization and exercise duration, albeit with a large single-fiber
heterogeneity (141). Chronic aerobic exercise increased rest-
ing skeletal muscle glycogen content, but only in the subsarco-
lemmal region (143). In skeletal muscle of patients with type 2
diabetes mellitus, skeletal muscle glycogen content was not
significantly different from healthy controls (143), likely due
to insulin resistance and subsequent reduced glucose uptake.
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Currently, it is unknown how exactly the glycogen pool com-
municates with the mitochondria. It is conceivable that the ac-
tivity and subcellular location of glycogen phosphorylase
(rate-limiting step in glycogen breakdown) and other enzymes
play a key role here.

Studies with such spatio-temporal resolution in subcellular
glycogen stores are currently lacking in the heart. While the
overlap in substrate utilization and metabolic pathways be-
tween skeletal and cardiac muscle might suggest a similar
glycogen accumulation, the constant energy requirement of
the heart might result in different glycogen uptake and utiliza-
tion rates. Glycogen accumulation was higher in cardiomyo-
cytes, particularly around mitochondria, in a porcine model
of experimental type 2 diabetes mellitus (75).

It is currently unknown whether glycogen accumulation
causes advanced glycation end products (AGEs) which can
negatively affect mitochondrial function in conditions of nu-
tritional oversupply in the heart. Shunting of glucose into al-
ternative pathways, including glycogen storage, has been
linked to cardiac hypertrophy and dysfunction but not with
mitochondrial structural changes (144). Nonetheless, that ex-
cessive glycogen accumulation causes cardiac dysfunction and
myopathy is evident from glycogen storage diseases, which are
heterogenous inherited inborn errors of carbohydrate metab-
olism. Hypertrophic cardiomyopathy, skeletal muscle myop-
athy, and exercise-induced rhabdomyolysis are common
symptoms in various glycogen storage diseases, such as
McArdle disease (145). A clear contributing role for a defect
glycogen to mitochondrial communication in these genetic
metabolic diseases requires further studies. The involvement
of insulin resistance and altered mitochondrial metabolites
suggests that glycogen-induced mitochondrial overload clear-
ly has physiological and pathological consequences in these
diseases (146).

Communication Between Mitochondria and Lipid
Species
Not only do mitochondria communicate with glycogen, but
also with intracellular lipid droplets. These lipid droplets can
vary dramatically in size and number and have a phospholipid
monolayer coated with proteins involved in lipid droplet syn-
thesis and degradation. In contrast to insulin-mediated glucose
uptake, lipid import into striated muscle mitochondria is a less-
strictly regulated process and occurs via the transmembrane
glycoprotein cluster of differentiation 36 (CD36) (147).
Intramuscular lipid storage and oxidation in skeletal muscle
is highly muscle-fiber-type-specific, and depend critically on
the abundance of key proteins, such as adipose triglyceride lip-
ase, hormone-sensitive lipase, and the lipid droplet—coating
proteins perilipin 2 (Plin2) and perilipin 5 (Plin5) (148).
Intramyocellular lipid storage in skeletal and cardiac muscle
has often been negatively associated with insulin resistance
(64, 149). Paradoxically, also endurance-trained athletes
have similar levels of lipid droplets, but do not suffer from in-
sulin resistance. This athlete’s paradox suggests that lipid
droplets are not solely responsible for the compromised insu-
lin sensitivity (150). In endurance-trained athletes, lipid drop-
lets are smaller and more abundant in the intramyofibrillar
region of type I fibers, whereas the lipid droplets are larger
and in the subsarcolemmal region of type II fibers in individu-
als with type 2 diabetes mellitus (150). In addition, the make-
up of the lipids probably plays a role, as the lipotoxicity of
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long-chain acylcarnitines, but also diacylglycerols and ceram-
ides, contributes to the development of intracellular insulin re-
sistance (64).

An excessive lipid accumulation in the diaphragm muscle
has been suggested to underlie the alterations in mitochon-
drial and metabolic alterations after mechanical ventilation
(140). This nutritional overload and subsequent responses
of cellular metabolic sensors (AMP-activated protein kinase
and sirtuins) induced diaphragmatic oxidative stress, which
caused mitochondrial (DNA) damage, with functional conse-
quences for overall muscle function (140). In addition, disor-
ders of mitochondrial long-chain fatty acid oxidation and the
carnitine shuttle are associated with a compromised energy
homeostasis and accumulation of long-chain acylcarnitines
(151). Similar to lipotoxicity in the diabetic heart, an excessive
accumulation of lipid species reduces cardiac function, leading
to the induction of ventricular fibrillation in patients and ani-
mal models of long-chain fatty acid oxidation disorders (151,
152). Also exercise-induced rhabdomyolysis has been
observed in these patients (151). In a mouse model of very
long-chain acyl-coenzyme A dehydrogenase deficiency, mito-
chondria in heart and soleus muscle appear more heteroge-
neous in size, increased in number, and are disorganized in
the subsarcolemmal region (152).

The lipid droplet-mitochondria interaction provides a rap-
id transfer of fatty acids from lipid droplets to mitochondria
for breakdown and ATP production. In addition, fatty acids
released by the autophagic degradation of membranous or-
ganelles can shuttle back to lipid droplets, acting as a lipid buf-
fering system that prevents lipotoxic dysregulation of
mitochondria (153). Peridroplet mitochondria in brown adi-
pose cells have distinct characteristics, such as a unique prote-
ome due to reduced fusion and fission dynamics and enhanced
ATP production that promotes triacylglycerides synthesis ra-
ther than fatty acid breakdown to support lipid droplet expan-
sion (154). It is currently unknown if a similar subpopulation
exists in striated muscle. The directionality between lipid syn-
thesis and lipid breakdown might be regulated by the Plin pro-
tein family. Plin5 regulates lipid storage and utilization by
establishing close contacts between lipid droplets and mito-
chondria (155). Plin5 inhibition causes skeletal muscle insulin
resistance associated with ceramide accumulation (156),
while its overexpression, specifically in skeletal muscle, causes
protective metabolic effects in mice fed a high-fat diet, and the
beneficial effects are mediated by the myokine FGF21 (157).
Conversely, Plin5 overexpression in the heart leads to myocar-
dial steatosis and dysfunction (158). Plin2 regulates lipid ac-
cumulation, and its levels mirror the lipid content (159).
Accordingly, Plin2 levels are increased in several metabolic
disorders, such as type 2 diabetes, insulin resistance, athero-
sclerosis, and cardiovascular diseases (160). In age-related sar-
copenia, increased Plin2 levels correlate with the decline in
muscle mass and force (161). Plin2 inhibition in skeletal
muscle increases myofiber size and intramuscular lipidome
modulation, while its overexpression does not affect muscle
mass (162). Mitochondria-lipid droplet interaction is im-
paired in type 2 diabetes. Mitochondria are fragmented, lipid
droplets are higher in size but reduced in number, and Plin2
levels are higher than Plin5 compared with healthy individu-
als, suggesting that the Plin composition might regulate lipid
droplet dynamics (163).

As substrate storage and utilization is important for optimal
mitochondrial function, the interplay between glycogen and
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lipid droplets is still relatively poorly understood. Studying
this communication in striated muscle requires a combination
of imaging (electron microscopy) and metabolite and molecu-
lar analyses, preferably combined with functional assays of
contraction and/or fatigue resistance. Particularly the role of
peroxisomes, important for very long-chain fatty acid oxida-
tion, in skeletal and cardiac muscle is not studied in detail.

Communication Between Mitochondria and
Peroxisomes

Peroxisomes are ubiquitous organelles that participate in sev-
eral pathways, such as overall cellular lipid and reactive oxy-
gen species metabolism. A critical role of peroxisomes in
skeletal muscle is thought to be the maintenance of lipid me-
tabolism by breaking down very long-chain fatty acids before
they are further processed in the mitochondria via the
B-oxidation (151). Mitochondria and peroxisomes are physic-
ally and functionally connected (164), and this close inter-
action is a prerequisite for efficient transfer of metabolic
intermediates. These 2 organelles work together to achieve
key cellular processes, such as lipid metabolism, redox bal-
ance, antiviral signaling, and peroxisomal proliferation.

In mammals, B-oxidation requires both mitochondria
and peroxisomes, and there is a need for bidirectional
peroxisome-mitochondria metabolite transfer. Since peroxi-
somes in mammals can only metabolize very long-chain fatty
acids, intermediates must be shuttled to mitochondria in the
form of acylcarnitine ester or free acids to ensure complete
oxidation. These coordinated metabolic processes also
produce reactive oxygen species (ROS) and alterations in per-
oxisomal ROS metabolism impact the mitochondrial redox
balance (165). Moreover, to maintain peroxisomal
B-oxidation, NADH generated in peroxisomes must be routed
to the mitochondria for energy-efficient reoxidation of NADH
back to NAD* (166). Peroxisomal membrane protein 34
(PMP34) is encoded by the SLC25A17 gene, and it is so far
the only transporter identified in human peroxisomes that
shows substrate specificity toward NAD* (167).

Another example of the metabolic link between peroxi-
somes and mitochondria is that peroxisomal-derived ether lip-
ids drive the mitochondrial respiratory supercomplexes
assembly under pyrimidine deficiency (168). Peroxisomes pri-
marily proliferate by growth and asymmetric division (fission)
of pre-existing organelles. The peroxisomal fission machinery
comprises Pex11b, Fis1, MFF, and DRP1, which except for
Pex11b, are shared with mitochondria, suggesting coordi-
nated division under certain conditions (169, 170).
Peroxisomal fission in yeasts occurs at peroxisomal-
mitochondrial contact sites, and it is required to eliminate
superfluous or dysfunctional organelles through selective au-
tophagy, known as pexophagy (171). How this process is
regulated in skeletal and cardiac muscle is currently unknown.
Another route for peroxisomal biogenesis in mammalian cells
is the de novo formation of peroxisomes which requires the
contribution of mitochondria and the endoplasmic reticulum
(ER) (107). Under certain experimental conditions, mitochon-
dria selectively release mitochondrial-derived vesicles contain-
ing Pex3 and Pex14, which fuse with ER-derived vesicles
carrying Pex16 to form pre-peroxisomes (107).

Although the mechanisms of communication between the 2
organelles are not clear, the close interaction between them
might be mediated by membrane contact sites (172) and
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mitochondrial-derived vesicles (173). To date, most of this
work has been performed in yeast cells. The peroxisomal
Pex34 protein physically interacts with the mitochondrial pro-
tein Fzo1, the yeast homolog of the mammalian mitofusin 2
(174). This interaction is responsible for transfer of
B-oxidation products from peroxisomes to mitochondria
(174).

In mammalian cells, peroxisome-mitochondria contact sites
have been observed (175), but the tethering components are
still elusive. The dual-localized peroxisomal and mitochon-
drial acyl-CoA binding protein ACBD2, has been proposed
as a molecular mechanism to drive peroxisomes and mito-
chondria into proximity promoting steroid biosynthesis in
Leydig cells (176).

The importance of peroxisomes for optimal mitochondrial
function in striated muscle is exemplified by the observation
that peroxisomal dysfunction is known to cause mitochon-
drial abnormalities (177). Muscle biopsies from patients
with peroxisomal biogenesis disorders display a secondary
mitochondrial myopathy with enlarged mitochondria, re-
duced mitochondrial respiration, and lipid accumulation
(178, 179). Whether the metabolic alterations seen in patients
with disorders of mitochondrial long-chain fatty acid oxida-
tion are due to an abnormal peroxisome-mitochondria com-
munication is currently unknown and requires further study.
The complete elucidation of the communication mechanisms
of the 2 organelles is crucial to understanding how organelle
cooperation contributes to human health and disease.

Mitochondria and the Sarcoplasmic/Endoplasmic
Reticulum

Mitochondria and the sarco/endoplasmic reticulum (SR/ER)
in striated muscle are connected at multiple sites through
what are known as mitochondria-associated ER membranes
(MAMs) (180, 181). These membrane associations regulate
important basal functions such as altering intracellular cal-
cium concentrations upon contraction (4, 182), as well as lipid
metabolism (183, 184), autophagy (28), oxidative stress (9,
185, 186), and handling of unfolded proteins (180, 187). In
striated muscle, mitochondria are located near the SR, in so-
called calcium hotspots, where mitochondria form junctions
with sarcolemmal T-tubules and the SR terminal cisternae
(188-192). The structural organization differs slightly be-
tween heart and skeletal muscle; in the heart, one junctional
SR and one t-tubule form a dyad whereas 2 junctional SR
and one t-tubule form triads in skeletal muscle (181, 193).
This allows calcium to accumulate inside the mitochondrial
matrix on a contraction-to-contraction basis (194) and allows
for bidirectional signaling between these 2 organelles (192).
Mitochondrial calcium uptake is tightly regulated both by
the electrochemical gradient across the mitochondrial mem-
brane and via the mitochondrial calcium uniporter (MCU)
complex on the inner mitochondrial membrane. The complex
is comprised of various pore-forming proteins (195), and the
calcium-sensitive “gatekeepers” MICU-1 and 2 (196) that in
combination, regulate the threshold for calcium import and
coordinate channel opening (197, 198). As such, the MCU
complexes are strategically located at calcium hotspots
(188-190).

Elevated mitochondrial calcium in turn activates major ma-
trix dehydrogenases (including pyruvate dehydrogenase,
a-ketoglutarate dehydrogenase complex, and isocitrate
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dehydrogenase) which contribute to NADH generation
(199). Furthermore, mitochondrial calcium uptake activates
the aspartate/glutamate shuttle, the ATP-Mg/P; carrier and
ATP synthase (199-202) thereby linking respiration to ATP
synthesis (182, 199, 202, 203) In the heart, this
contraction-energetic coupling is considered the key mechan-
ism during dynamic changes in cardiac workload (199, 204)
and is necessary for mitochondrial fusion to occur (60). In
turn, mitochondrial calcium accumulation in skeletal muscle
is key for muscle hypertrophy through the regulation of
IGF-1/AKT/protein kinase B (PKB) and PGC-104 pathways
(205) as well as playing a role in muscle strength (206) and re-
generation (207). Despite its central role in driving mitochon-
drial metabolism, calcium is also a powerful trigger of
mitochondrial permeability transition pore (mPTP) opening
and subsequently release of cytochrome ¢ (normally between
complex III and 1IV) into the cytosol, where it interacts with
the intrinsic apoptotic pathways (208, 209). The intimate
interaction between the SR/ER-mitochondria is therefore im-
portant for the sensitization of injured cells to calcium over-
load (210, 211) and, as such, the determination of overall
cell fate.

The relevance of SR/ER-mitochondria communication in
striated muscle physiology is again demonstrated by the phys-
ical tethering of mitochondria and SR via the outer mitochon-
drial membrane fusion protein MFN2 (210, 212, 213),
considered to be central for the maintenance of local calcium
microdomains or calcium “hotspots” (189, 214). As such, the
knockdown of MFN2 increased SR-mitochondria distance
(215,216) and resulted in a hampered activation of matrix de-
hydrogenases in the heart (211). Similarly, low MFN2 abun-
dance in human skeletal muscle, also seen during type 2
diabetes, was associated with increased SR-mitochondria dis-
tance and altered calcium homeostasis. In addition, lower cris-
tae density, reduced muscle strength, lower maximal oxygen
uptake, and altered blood lipid profile (217) were observed.
Emerging evidence has elegantly linked altered integrity of
SR-mitochondria interaction, detectable prior to mitochon-
drial dysfunction, to muscle insulin sensitivity (218, 219),
possibly underlying the development of insulin resistance dur-
ing obesity. Although it remains unclear whether the
SR-mitochondria membrane associations are dispersed (218)
or increased (220), both occur during insulin resistance, where
pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4)
was shown to play a role in modulating integrity of the
SR-mitochondria membrane association (220).

The communication between SR/ER-mitochondria ensures
the formation of autophagosomes (221) and depletion of
MFN2 compromises their formation (222). In cardiac muscle,
SR-mitochondria tethering by MFN2 also regulates mito-
chondrial quality control processes (28) through binding of
Parkin to the outer mitochondrial membrane initiating outer
membrane protein ubiquitination and the amplification of
PINK1/Parkin-mediated mitophagy (78, 79). Mitochondrial
shaping proteins such as DRP1 have also been shown to
reversibly impact calcium homeostasis and alter SR-mito-
chondria tethering in skeletal muscle (50). DRP1 deletion re-
sulted in upregulated levels of mitochondrial calcium
uniporter and mitochondrial swelling (65), in parallel with
unfolded protein response pathway activation and ER stress,
all associated with lower SR/ER-mitochondria association
(9, 219, 223). Importantly, lipid biosynthesis and transfer
also occur at the SR/ER-mitochondria membrane association
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(221). This includes the enrichment of the mitochondrial
membrane with phosphatidylethanolamine (PE) and other
lipids essential for mitochondrial morphology (224) and
cristae biogenesis (225). During unfolded protein response
(see section “Communication Between Mitochondria and
Nucleus”), the ER increases its folding capacity to counteract
aggregation of misfolded proteins (226) and ER-mitochondria
membrane association is increased (227).

The general consensus is that disruption of skeletal muscle
calcium homeostasis and subsequent altered mitochondrial
calcium uptake (204) resulted in oxidative stress, mitochon-
drial damage, and muscle atrophy (50, 203, 228).
Importantly, these are at the core of common pathological con-
ditions such as age-related sarcopenia (229) and insulin resist-
ance (218, 219), as described above. In the heart,
mitochondrial calcium accumulation is important for in-
creased cardiac workload in health (194) and is higher in
type 2 diabetes mellitus (230). Increasing mitochondrial cal-
cium uptake through MCU overexpression in the diabetic my-
ocardium resulted in ameliorated cardiac energetics and
substrate metabolism (231). Similarly, the sodium-glucose in-
hibitor empagliflozin, a highly promising therapy for heart
failure, was not only associated with acutely increased mito-
chondrial calcium accumulation and improved cardiac con-
tractility (232), but also improved ER stress (233), resulting
in restored unfolded protein response and reduced inflamma-
tion and oxidative stress (234). Combined with the
empagliflozin-induced increase in MFN2 (235), these findings
suggest that SR/ER-mitochondrial communication is import-
ant for cardiac health. Re-establishing physiological calcium
dynamics and SR/ER-mitochondrial membrane association
are therefore potential novel therapeutic targets for insulin re-
sistance and overall mitochondrial fitness.

A complicating factor in the understanding of
SR-mitochondrial communication is the interacting contribu-
tion of the peroxisomes. Lipid droplets and peroxisomes are
structurally located close to mitochondria and their contact
sites increase with increased fatty acid oxidation (236).
Excessive cardiac lipid droplet accumulation was recently ob-
served upon a disrupted SR-mitochondrial contact sites and
calcium handling (237). Furthermore, subtle changes in local
calcium concentrations modulate contact sites between lipid
droplets, mitochondria and SR (184). Thus, calcium may
play a yet-to-discover role in the regulation of peroxisomal
fatty acid oxidation in the heart. In skeletal muscle, the per-
centage of intermyofibrillar SR-mitochondria interactions
positively related to whole-body lipid oxidation and smaller
lipid droplet size (183). Although a direct cause-and-effect
relationship has not been demonstrated yet, communication
between peroxisomes, sarco/endoplasmic reticulum, and
mitochondria via calcium signaling seems crucial for optimal
striated muscle function.

Extracellular Communication of Mitochondria
to Maintain Function and Homeostasis

Striated muscle fibers communicate with each other through
direct interaction via axonal signaling, by secreting soluble
factors such as enzymes, cytokines, hormones, and growth
factors (238), and/or extracellular vesicles (exosomes) con-
taining peptides, DNA (such as mtDNA), mRNA,
microRNA (miRNA), and other RNA species (238, 239).
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Also, heat is an important nonmolecular signal transduc-
tion function of mitochondria. A stable body temperature in
endotherms is primarily derived from mitochondrial activity.
Using a temperature-sensitive fluorescent probe, mitochon-
dria were ~10 °C warmer at maximal respiration at a constant
external temperature of 38 °C (240, 241). This process in skel-
etal and cardiac muscle is likely mediated by thyroid hor-
mones (242) and uncoupling proteins (241). This
temperature gradient between mitochondria and other intra-
cellular and extracellular compartments is required to keep
body temperature around 37 °C.

In this review, we particularly focus on molecular factors
that can exert autocrine, paracrine, or endocrine effects on
other skeletal or cardiac muscle fibers, but their communica-
tion also includes distant organs, such as the liver or brain.
Myokines are small muscle-derived substances including cyto-
kines, peptides, and metabolites (239). Mitochondria also
contribute to the release of these substances into the blood-
stream as mitochondrial dysfunction induces stress signals,
which are known as myomitokines (6).

Mitochondrial stress activates the mitochondrial unfolded
protein response and the integrated stress response (see sec-
tion “Communication Between Mitochondria and
Nucleus”). FGF21 and GDF1S5 respond to mitochondrial
stress by inducing a mitohormetic dual-dose response via
autocrine, paracrine, and endocrine signaling (138). FGF21
and GDF135 have been reported to have a role in both health
promotion as well as disease progression (6, 243) (Fig. 4). A
low level of stress promotes health and lifespan by activating
local adaptive responses to increase stress resistance and sys-
temic effects, improving whole-body metabolism. In contrast,
higher stress stimuli can lead to adverse outcomes (138), sug-
gesting a failure in the capacity of myomitokines to exert
homeostatic compensatory mechanisms that protect against
the insult. As such, a functional mitochondrial network is crit-
ical for preserving cardiac and skeletal muscle homeostasis
(244), and impaired mitochondrial function results in the ac-
tivation of catabolic pathways leading to muscle loss and
weakness (2, 53). In this section, we describe the latest re-
search on how FGF21, GDF15, and mtDNA in striated
muscle is produced and what endocrine effects these com-
pounds have outside striated muscle tissue.

Fibroblast Growth Factor 21

FGF21 is an atypical member of the FGF family because it
lacks the heparin-binding domain and therefore can be re-
leased into the bloodstream to regulate lipid and glucose me-
tabolism. The expression of FGF21 in striated muscle is
almost undetectable under healthy conditions, and the circu-
lating FGF21 is predominantly produced and released by the
liver (245, 246). However, FGF21 and the expression of its
co-receptors B-klotho, FGFR1, and FGFR4 are highly in-
creased in the heart under stress and in catabolic conditions.
Muscle-derived release of FGF21 occurs under physiological
and pathological conditions, particularly the integrated
stress response. Examples include physical exercise, starva-
tion, ER stress, mitochondrial dysfunction, obesity, cardiac
stress, mitochondrial myopathies, and during aging (247,
248). FGF21 exerts local autocrine/paracrine signaling ef-
fects, as well as endocrine interorgan crosstalk, aimed at re-
storing tissue homeostasis (33, 245, 246, 248-251).
However, FGF21 displays a double-edged sword behavior,
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Figure 4. Endocrine communication of mitochondrial stress-derived FGF21 and GDF15 to maintain whole-body homeostasis and metabolism.
A) Autocrine/paracrine effects of FGF21 and GDF15 include muscle fiber size reduction and increased insulin sensitivity in skeletal muscle, while in the
heart, FGF21 and GDF15 induce glucose uptake and are associated with cardioprotective effects. B) When muscle-derived FGF21 and GDF15 are sy-
stemically released, they induce several effects in distant organs, such as white adipose tissue (WAT) browning. C) FGF21 and GDF15 respond to m-
itochondrial stress by inducing a mitohormetic dual-dose response. A low dose of stress stimuli promotes health and lifespan by activating local adaptive
responses to increase stress resistance and systemic effects, improving whole-body metabolism. Conversely, higher stress stimuli can lead to adverse
outcomes, suggesting a failure in the myomitokines capacity to exert homeostatic compensatory mechanisms that protect against the insult. Question
marks indicate that it is still unknown how the peripheral GDF15 effects are mediated since the only GDF15 receptor identified so far is the GFRAL
receptor localized in the hindbrain. The cardiac contribution of FGF21 and GDF15 to the general circulation has not been demonstrated to date.

establishing a fine line between its associated positive and
negative outcomes. As such, both cardiac and skeletal
muscles are a source but also a target for FGF21 (33, 246,
249).

Muscle-derived FGF21 finds its origin in mitochondrial
stress. A dysbalance in skeletal muscle mitochondrial fusion
and/or fission increased circulating FGF21 with negative
dose-, time-, and context-dependent effects on survival (6).
For example, deletion of the muscle-specific mitochondrial fu-
sion protein OPA1 results in higher muscle and serum FGF21,
systemic inflammation, accelerated aging and premature
death (33). Conversely, muscle-specific mitochondrial fission
protein DRP1 null mice have lower FGF21 levels than
OPA1 knockout mice, no inflammatory cytokine production,
and a normal lifespan (50). Rebalancing mitochondrial dy-
namics by the simultaneous ablation of OPA1 and DRP1 in
muscle leads to a transient increase in circulating FGF21
and GDF15, and the mitigation of age-associated features
that rescues the lethal phenotype of OPA1 (51).

Recent work from Lehtonen and colleagues, in
Suomalainen’s group, has dissected how FGF21 in skeletal
muscle coordinates a stage-specific integrated stress response
and metabolic remodeling progression from early to chronic
response in mice and humans with a genetic mitochondrial
disease (252). This integrated stress response is controlled
by the anabolic mTOR pathway in skeletal muscle and can
lead to the occurrence of ragged-red fibers (139).

Increased muscle-derived FGF21 has beneficial effects in
diet-induced obesity and insulin resistance (76, 253), and
overexpression of FGF21 in mice increases longevity (254).
In skeletal muscle FGF21 is sufficient to activate muscle

atrophy by activating the removal of damaged mitochondria
through Bnip3-dependent mitophagy (245). Similarly,
muscle-specific FGF21 knockout mice are protected from
fasting-induced muscle loss by lower mitophagy and main-
tained protein synthesis rate (245). FGF21 in muscle enhances
basal and insulin-stimulated glucose uptake in mouse and hu-
man myotubes via a currently unknown autocrine/paracrine
mechanism (249, 255, 256).

A mild increase in FGF21 in the heart is required for physio-
logical cardiac remodeling during pregnancy (257). FGF21
also displays a cardioprotective role against pathologic car-
diac hypertrophy, myocardial ischemia, hypertensive heart
disease, and atherosclerosis (248). FGF21 might prevent car-
diomyopathic cardiac remodeling by regulating the mitochon-
drial integrated stress response through ERK1/2, ATF5, and
¢c-Myc activation only under mild-to-moderate mitochondrial
dysfunction, while during severe mitochondrial dysfunction
FGF21 effects in the heart are dispensable (258).

Aerobic exercise in mice induced the cardiac expression of
B-klotho, the co-receptor for FGF21 (259), and as such, the
heart became more susceptible to FGF21. Indeed, aerobic ex-
ercise reduced diabetes-induced cardiac dysfunction in wild-
type mice, but not in mice with dysfunctional FGF21 signaling
(259). In particular, mitochondrial damage was reduced and
increased activities of mitochondrial enzymes in hearts via
the expression of the mitochondrial deacetylase SIRT3 by
AMPK-evoked phosphorylation of FOXO3 (259). FGF21
further prevented lipotoxicity-induced mitochondrial dys-
function and oxidative stress by induction of the AMPK/
FOXO3/SIRTS3 signaling axis in human induced pluripotent
stem cell-derived cardiomyocytes (259).
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Chronic induction of the integrated stress response is not
protective for skeletal muscle in the context of mitochondrial
myopathy (139). FGF21 in mitochondrial myopathy is a cir-
culating mediator of mitochondrial dysfunction from muscle
to other organs, inducing weight loss and brain metabolic de-
fects (252). Children with severe early lethal mitochondrial
myopathy caused by mtDNA defects have higher FGF21 con-
centration (200-fold) than adults with mitochondrial myop-
athy (2- to 10-fold) (252).

As such, FGF21 is a specific serum biomarker of
muscle-specific mitochondrial disorders caused by mtDNA
defects (252,260), subclinical atherosclerosis (261), and aging
(33, 262). Overall, higher FGF21 concentrations are associ-
ated with worsening of overall health and reduced life expect-
ancy in older people (263). A chronic increase of FGF21
circulating levels is associated with age-related diseases, such
as obesity, cardiovascular disease, insulin resistance (through
altered glucose uptake), type 2 diabetes (247), and cancer
cachexia (264). In addition, high circulating FGF21 is associ-
ated with worsening health parameters and mortality in aging
and during severe acute COVID-19 infection (265).

In conclusion, a mild or transient increase in circulating
FGF21 results in adaptive responses to local and transient
mitochondrial stress. A dramatic or chronic increase can
under certain pathological conditions be detrimental for over-
all health. A healthy or unhealthy FGF21 outcome on aging
and survival can also be explained by considering that the in-
flammatory response induction might synergize with
FGF21-induced senescence. Future studies are required to
understand the role of mitochondrial stress—derived FGF21
on whole-body physiology in various cardiac and skeletal
muscle-related conditions. Further, how the positive effects
of low-grade, acute FGF21 turn into a negative consequence
for overall cell metabolism after chronic (high dose) exposure
is currently unknown.

Growth Differentiation Factor 15

Growth differentiation factor 15 (GDF15) is a distant member
of the transforming growth factor g (TGF-pB) superfamily with
pleiotropic functions (266). GDF15 expression in striated
muscle increases with different stresses and stimuli, including
mitochondrial dysfunction and the mitochondrial unfolding
protein response and integrated stress response. GDF15 in
striated muscle acts locally through autocrine/paracrine sig-
naling or spreads from muscles to other organs in an endo-
crine fashion. As with FGF21, the outcome of GDF15
critically depends on the capacity of the myomitokines to
overcome the stress condition and restore homeostasis.
Therefore, skeletal muscle GDF15 induction can be associated
with improved mitochondrial function, or it can be associated
with chronic mitochondrial dysfunction (51, 267).
GDF15-treated C2C12 myoblasts show increased mito-
chondrial respiration and improved mitochondrial fatty acid
oxidation (268), confirming the positive autocrine and para-
crine effect of GDF15. However, it has been reported that
the contamination of commercial recombinant GDF15 with
low levels of TGF-B caused GDF15-dependent activation of
the SMAD pathway (269). Metabolic phenotype improved
after treating obese mice with GDF135, as genes involved in lip-
olysis, fatty acid mobilization, and oxidation, such as PGC-1a
and adipose triglyceride lipase, increased (268).
Muscle-derived GDF15 plays protective roles against
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diet-induced obesity and insulin resistance (268). Moreover,
GDF15 displays cardioprotective effects in aging and
age-related disorders (243). Mild mitochondrial uncoupling,
specifically in skeletal muscle, results in increased muscle-
derived FGF21 and GDF135, eliciting effective adaptive stress
responses with beneficial effects on the systemic energy metab-
olism (270-272), and ultimately to an increased lifespan in
mice (273). The beneficial systemic metabolic effects on meta-
bolic flexibility and insulin sensitivity depend on the diurnal
action of GDF15 (267), while FGF21 signaling is dispensable
(274).

Cardiac release of GDF15 regulates liver growth hormone
signaling and thus, body growth in pediatric heart disease
(275). In addition, GDF15 has cardioprotective autocrine/
paracrine effects in a model of ischemia/reperfusion injury
(276, 277) and cardiac hypertrophy (278). Besides a direct
link between GDF15 and mitochondrial metabolism, recent
studies have highlighted the role of GDF15 in reducing appe-
tite in the brain, leading to reduced food intake (279). The
GFRAL receptor mediates GDF15 effects as an appetite in-
hibitor (reviewed in (266)).

Despite these positive effects, a chronic activation and high-
er concentration of circulating GDF15 has a negative effect on
overall cell function. Serum concentrations of GDF15 increase
with age (263, 280, 281) and predict all-cause mortality (282-
285). Moreover, GDF135 is an established biomarker of car-
diac hypertrophy, atherosclerosis, and heart failure (286).
The increased serum GDF15 levels in age-related disorders
such as diabetes, cardiovascular diseases, sarcopenia, and can-
cer, are probably due to an unsuccessful attempt to reestablish
homeostasis and slow disease progression (243).

Gene expression and protein concentrations of GDF15 are
elevated in serum and skeletal muscle from patients with in-
tensive care unit-acquired weakness, suggesting an associ-
ation between GDF15 and muscle wasting in the critically ill
(287). GDF135 is involved in the activation of the ubiquitin-
mediated protein degradation in skeletal muscle, potentially
via suppressed microRNA (miR) expression of miR-1,
miR-499, miR-181a, and increased atrogin 1 levels (287).
MiR-1 inactivates circulating myostatin, a major suppressor
of muscle protein synthesis, and a reduction in miR-1 contrib-
utes to lower myosin heavy chain expression (287).
GDF15-induced suppression of these microRNAs sensitizes
skeletal muscle to TGF-p signaling and primes muscle atrophy
(287), suggesting a role for GDF15 in muscle wasting. Indeed,
GDF15 muscle and serum levels inversely correlate with
muscle mass and force in people with impairments in lower
limb mobility (288), cardiometabolic (288) and lung diseases
(289). Moreover, the overexpression of GDF15 in muscle is
sufficient to induce muscle atrophy (289), likely by FoxO1
and SMAD3 activation (290). However, it has been reported
that GDF15-dependent activation of the SMAD pathway
might be caused by the contamination of commercial recom-
binant GDF15 with low levels of TGF-B (269).

The inhibition of GDF15 by targeting its receptor GFRAL
in brainstem neurons of tumor-bearing mice identified a novel
strategy to treat cancer cachexia (269). This approach pre-
serves weight loss independently of food intake, white adipose
tissue, muscle force and reverses tumor-induced muscle wast-
ing by reducing the atrophy-related genes Atrogin1, Gadd45a,
and Bnip3 (291).

The expression of the GFRAL receptor is limited to the area
postrema and the nucleus of the solitary tract in the hindbrain
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(292-295). It therefore remains unclear whether the effects of
GDF15 on muscle catabolism are due to a direct action on
skeletal muscle since the only GDF15 receptor identified so
far is the GFRAL receptor. It has not been clarified if the direct
contribution of mitochondrial stress—induced GDF13 is to
cause whole-body adaptation via a loss of appetite, since
most research to date has been performed on transgenic
GDF15 mice or monitoring the effects of injections with
supraphysiological concentrations of GDF15.

Mitochondrial DNA

Mitochondria not only share electrochemical information
with the mitochondrial reticulum but can also share mtDNA
through membrane contact points between adjacent mito-
chondria. However, mitochondrial stress can result in the re-
lease of mitochondrial damage-associated proteins
(mtDAMPs) in the cytosol, extracellular matrix, and blood
(296), and include several mitochondrial components such
as mtDNA (297). This may be one way to share contents,
for example subunits of the oxidative phosphorylation sys-
tem, with other mitochondria. However, mtDNA was also re-
cently suggested to both sense genotoxic stress as well as act as
a signaling factor to enhance nuclear DNA repair (298). The
release of cell-free mtDNA into the circulation following cel-
lular injury initiates systemic pro-inflammatory processes
and activation of the immune system (296). This may be re-
lated to the similarity of mtDNA to bacterial DNA, and sub-
sequently, the immune system recognizes mtDNA and elicits a
similar response pattern used to fight bacteria (299). The link
between mtDNA and inflammatory response has been shown
to be through the activation of polymorphonuclear neutro-
phils secretion by mtDNA/Toll-like receptor (TLR)-9 (296,
300) and NFgR-B pathway activation (300). OPA1 inhibition
in skeletal muscle causes muscle inflammation, mediated by
mtDNA-TLR-9 recognition and activation of NF-kB activa-
tion inflammatory program (52). By these means, striated
muscle mitochondrial dysfunction is sufficient to induce a lo-
cal inflammatory response.

Notably, the release of cell-free mtDNA into the circulation
has been observed following myocardial infarction (301) and
cell hypoxia and reoxygenation (302) and is related to acceler-
ated myocardial injury (301). Moreover, postoperative ele-
vated circulating mtDNA following cardiac surgery
(cardiopulmonary bypass) is associated with systemic inflam-
matory response, increased platelet activation (299), and in-
creased risk of atrial fibrillation (303). Elevated plasma
mtDNA levels in hospitalized critically ill patients are pro-
spectively associated with an approximately 6-fold increased
risk of mortality (304). Whereas monitoring cell-free circulat-
ing mtDNA is an important prognostic biomarker for patient
survival following myocardial infarction and cardiac arrest
(305). Cell-free circulating mtDNA may also be associated
with the severity of atrial fibrillation and patients at risk for
recurrence of atrial fibrillation after treatment (306).
Circulating mtDNA levels were also correlated to the success
of cardiac transplantation (307). Increased circulating
mtDNA has also been shown during hypertension, and was
associated with activation of innate immunity, via TLR-9
(308), possibly indicating an origin of vascular dysfunction
and hypertension.

As both low-grade inflammation and the disruption of
mitochondrial quality control pathways are key in many
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pathological conditions, including aging, the role of mtDNA
in this crosstalk should be further explored. For instance, it
is currently unknown whether extracellular mtDNA from
exercise-induced muscle damage serves as a local attractor
of immune cells. Similarly, the clinical relevance of mtDNA
for cardiovascular diseases is currently not well explored.

General Discussion and Outstanding
Questions

Mitochondrial communication can be studied at various lev-
els, from cell to whole-body studies. How mitochondria com-
municate with other organelles and organs is likely best
understood as an intricate system of interacting components.
As such, to better understand mitochondrial communication
in striated muscle, this should be assessed by focusing on vari-
ous organ(elle)s in response to temporary stressors, such as
physical (in)activity, infections, nutritional alterations, or
mental stress. This requires a combined understanding of
endocrinology and molecular signaling, where not only trad-
itional hormones, or myokines, exert autocrine, paracrine,
or endocrine effects.

Understanding Mitochondrial Communication
Within Cells

To understand mitochondrial communication at the cellular
level, signaling pathways coming from and going to the mito-
chondria, independent of phosphocreatine (PCr) redox bal-
ance or ATP energy levels, should be annotated. Metabolic
flux and pathway analyses are popular tools to study metab-
olism. In general, intracellular metabolite fluxes can be
measured using isotope labeling of substrates, after which iso-
topomer distribution in metabolites can be quantified (3, 24,
309). Future studies are required to perform subcellular loca-
tion of mitochondrial signaling metabolites and/or molecules.
More studies are required to identify the cargo content and
transfer of mitochondrial-derived vesicles and elucidate their
physiological role but will require improved markers and/or
specific antibodies (109). Similarly, it is currently unknown
how other intracellular communicators, such as various
metabolites and growth factors, communicate with other
organelles and other cells. This likely requires more sophis-
ticated technology, for instance, performing metabolomics
on subcellular fractionations and new imaging techniques
(310). Importantly, the continuous advancement of micros-
copy imaging techniques, including FRET, fluorescence life-
time imaging, and 3D/immuno-electron microscopy already
provide unprecedented detail of mitochondria structure and
function in skeletal and cardiac muscle (96, 311). The use of
optical nanoscopy for live imaging of mitochondria (39)
and cristae dynamics during metabolic adaptation in stri-
ated muscle may provide the missing links for understanding
of the regulation of cristae function, dynamic assembly
of the respiratory complexes, and local (intracellular)
communication.

Some of this state-of-the-art equipment requires the use of
cultured cells. In the field of striated muscle, the current fre-
quently used models for skeletal and cardiac muscle cells are
C2C12 myoblasts/myotubes, HL1 cells, or primary cell lines
such as neonatal cardiomyocytes or (human) skeletal muscle
cells. More recently, induced pluripotent stem cells (iPSCs)
or 3D scaffolds have been cultured as a model to understand
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metabolism in striated muscle cultures (312). In that regard, it
should be noted that currently none of these models have the
same spatial organization of myofibrils, sarcomeres, and mito-
chondrial network as intact myofibers isolated from intact
muscles (312). While these models are sufficient to study cer-
tain aspects of mitochondrial communication and metabol-
ism, independent of involvement of extracellular signaling
pathways—such as the involvement of systemic inflammation
(313) or confounding influence of (mito)myokines (314)—
these models can currently not recapitulate all intracellular
aspects of communication between mitochondria and other
organelles. Particularly, the use of antibiotics, such as strepto-
mycin and doxycycline, in cell culture has been linked to a
lower force-generating capacity in engineered muscle cells
(315), altered gene expression (316), and mitochondrial func-
tion (24, 317, 318). This is due to the working mechanism of
certain classes of antibiotics that target particularly circular
(bacterial) DNA, including mitochondrial DNA. Clearly,
studying mitochondrial-nuclear communication will be com-
plicated by a selective inhibition of these classes of antibiotics
(317). Similarly, transient doxycycline-induced knockout cell
models likely exhibit various adaptations in mitochondrial
communication, so that it remains difficult to interrogate
cause and consequence (317).

Understanding Mitochondrial Endocrine
Communication in Whole-Body Physiology

The continued use of (transgenic) model organisms to under-
stand mitochondrial communication is vital. Over the last
decades, model organisms such as transgenic fruit flies and
mice, but also large animal models such as pigs, have provided
a wealth of information about the endocrine effects of FGF21
and GDF135 exerted in other organs. In that regard, many
tissue-specific knockout models for mitochondrial proteins
often have unexpected systemic side effects. One such example
is that circulating FGF21 levels were higher after
muscle-specific OPA1 deletion, which has consequences for
understanding the development of obesity (76). These side ef-
fects can blur the understanding of the function of the protein
of interest. It is likely that many of the currently known
muscle-specific knockout models for mitochondrial proteins
have “off-target” effects in other organs, via mitomyokines.
The use of vehicle-treated animals is a semi-optimal solution,
as the combination of the altered expression of a gene of inter-
est together with the downstream effects of mitochondrial
dysfunction (or systemic off-target effects of tamoxifen/doxy-
cycline) can aggravate the combined overall phenotype of the
animal and makes the physiological interpretation from these
models sometimes difficult (317). Knowledge of how mito-
chondrial dysfunction, overall ATP levels and energy produc-
tion rates, and/or the (indirect) circulating effects of
mitochondria-derived myomitokines can cause downstream
alterations in gene/protein expression or cell function, there-
fore, is a prerequisite for the correct understanding of such
in vivo models. Crossbreeding with different knockout models
may provide valuable future information about this, but this
in turn requires large amounts of funding, time, and expertise.

The continued development of novel isotope tracers for
functional imaging using positron emission tomography
(PET) (319) will be of importance for in vivo studies to inves-
tigate roles of interorgan communication of mitochondria in
human physiology and during pathology. Noninvasive in
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vivo quantification of mitochondrial membrane potential us-
ing hybrid PET and magnetic resonance (MR)-imaging has
been shown to have various clinical applications, for example,
through assessing the response to therapy (319, 320).
Moreover, this would further the study of endocrine responses
to mitochondrial stress.

Mitochondria in immune cells are increasingly recognized
as being at the center of innate immune signaling. Increased
focus is warranted on mitochondrial functions in target or-
gans, such as striated muscle, during an immune response
(313,320, 321) as well as their contribution to a general alarm
response (alarmins) when mitochondrial components, such as
mtDNA, are released to the systemic circulation.

Muscle-derived exosomes (238) are relatively recently de-
scribed forms of interorgan communication. These exosomes
can derive from mitochondria, but also from other cellular or-
ganelles. Extracellular vesicles contain peptides and nucleic
acids, which can be hydrophobic or have a very short half-life
time in the blood. As such, exosomes can facilitate the exchange
of peptides, microRNA, mRNA, and mtDNA between cells
and tissues. That circulatory extracellular vesicle content in-
creases in an intensity-dependent manner after endurance exer-
cise suggests that these exosomes are important new features in
exercise endocrinology that deserve further study (238). What
these muscle-derived exosomes exactly contain, at what time
point, and under which experimental or environmental condi-
tions is work that will have to be conducted in the future.

Medical Horizons, Therapeutic Potential, and
Translational Aspects

Harnessing mitochondrial signaling may provide ample op-
portunities for therapeutic interventions, although not with-
out challenges. Mitochondrial dynamics and mitochondrial
quality control are closely interconnected; therefore, interven-
tions acting on one specific pathway inevitably impinge on the
activation/inhibition of the other components. This critical
interplay for the mitochondrial network function, should be
considered in studies aiming to develop therapeutic strategies
to maintain mitochondrial homeostasis in muscle diseases.
Moreover, this field of research is further complicated by the
observation that the communication of mitochondria with
other organelles is interrelated, and therefore difficult to target
individually. For instance, interfering with the gene expression
at the mitochondrial DNA level using certain classes of antibi-
otics not only reduces mitochondrial respiration in the heart,
but also affects mitochondrial morphology, and ultimately,
cardiac contractile function (24). Similarly, muscle-derived
GDF15 protects against diet-induced obesity and insulin re-
sistance via a reduced appetite (321), but this also contributes
to an altered substrate handling and metabolic flexibility of
skeletal muscle mitochondria. These inter-relationships clear-
ly complicate the simple translational application of circulat-
ing compounds, such as myomitokines, FGF21, and GDF15
and/or extracellular vesicles, for medical interventions or ex-
ercise mimetics of mitochondrial myopathies, metabolic and
cardiovascular diseases, and sarcopenia.

A similar potential opportunity for mitochondrial commu-
nication for therapy lies in the application of mitochondrial-
derived vesicles. In a proof-of-concept study using cell culture,
mitochondrial-derived vesicles obtained from a hemorrhagic
shock rat model inhibited hypoxia-induced cardiomyocyte
apoptosis (322). At least in theory, this would suggest that
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cargo from mitochondrial-derived vesicles (whether or not
therapeutically administered) could improve cell fate during
disease conditions. Full mitochondrial transplantation via
extracellular vesicles is an upcoming therapeutic possibility
(323, 324) but to fully understand the underlying process,
and benefit from its full potential to improve cardiac metabol-
ic function under various conditions, requires more funda-
mental and translational research (325). Thus, our deeper
understanding of striated muscle physiology in health and dis-
ease requires increased knowledge of the multifaceted roles of
the mitochondria.

The use of circulating cell-free mitochondrial DNA can pro-
vide new avenues for understanding physiological stress.
Outstanding questions include whether circulating cell-free
mtDNA can be transported in vesicles, bound to proteins, or
unbound in an intact or fragmented form (326), and whether
the difference in transportation affects the signal transduction
pathways. This is likely the case, as cell-free mtDNA packed
inside mitochondria that are transported in extracellular
vesicles is not in direct contact with receptors on immune cells,
and therefore does not possess the same means of mitochon-
drial communication as unbound fragments of cell-free
mtDNA. More experimental standardization on how to iso-
late, measure, and interpret cell-free mtDNA is required, to
fully understand the biological consequences of circulating
cell-free mtDNA (326).

Concluding Remarks

In summary, mitochondrial communication is driven by vari-
ous inputs that dynamically modulate the biochemical, genet-
ic, ultrastructural, and physiological properties of
mitochondria (49). Novel roles of striated muscle mitochon-
dria in interorganelle and systemic signaling are increasingly
being discovered. Recent advances in mitochondrial commu-
nication research have only partly elucidated the role of mito-
chondria in optimizing overall cell function via improvements
in the mitochondrial reticulum and communication with vari-
ous organelles such as the nucleus, peroxisomes, and SR/ER,
and also glycogen and lipid species. Mitochondrial endocrin-
ology highlights how myomitokines such as FGF21, GDF135,
mtDNA, and mitochondrial-derived vesicles can alter whole-
body physiology and metabolism. In whole-body physiology,
the whole is more than the sum of its parts. It is therefore likely
that combinations of different myo(mito)kines exert more
than additive effects on interorgan communication, possibly
even by confounding other factors such as the immune system.
As our knowledge of mitochondrial endocrinology advances,
we have demonstrated the importance of integrative physi-
ology and interorgan mitochondrial communication. We en-
vision that the complete extent of how mitochondrial
signaling mediates endocrine activity during physiology and
disease will become clearer in the near future.
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