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Abstract

Fascinating links are beginning to be discovered between mitochondrial function and cardiac
physiology and disease in the context of diverse signaling mechanisms, energy production, and
intersection with pathways producing reactive oxygen species. Proteins long known to drive
mitochondrial fusion and fission are now reported to have emergent functions in intracellular
calcium homeostasis, apoptosis, and vascular smooth muscle cell proliferation, all key issues in
cardiac disease. Moreover, mitochondrial fusion has been demonstrated to be required for normal
myofibril organization in skeletal muscle, and decreasing fission may confer protection against
ischemic heart disease. These processes broaden the traditional role in energy production
undertaken by mitochondria and provide new directions for potential therapeutic leads.

Keywords
Mitochondria; Fusion; Fission; ROS; Signaling

Introductory mini-review

Capture of proteobacteria by early eukaryotic cells resulted in a commensal and potentially
symbiotic relationship. Evolution of the bacteria into modern day mitochondria provided a
generating source of energy to the host eukaryotic cell, while the mitochondria might be
viewed as having benefited through being able to transfer most of its genetic components to
the more powerful and complex host genome. From the onset, it would have been vital to
regulate mitochondrial biogenesis in relationship to the rate of cell division of the host cell
—but in addition, as is now increasingly appreciated, mitochondria have become imbedded
in fabric of eukaryotic cell biological processes, including signal transduction, vesicle
trafficking, apoptosis, autophagy, lipid biosynthesis, and regulation of calcium levels [1].

Mitochondria were long viewed as relatively static organelles. This picture changed though,
with the identification of a gene that regulated mitochondrial fusion in Drosophila and was
critical for spermatogenesis [2]. The mammalian homologs, known as Mitofusin (Mfn) 1
and 2, were found to undertake similar roles in fusion and to be required, non-redundantly,
for viability, as discussed in detail in the article in this special issue by R. Youle. Mutations
in Mfn2 and in Opal, another gene required for fusion, have been associated with
neurological human diseases. Conversely, genes required for mitochondrial fission such as
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Drp1 have also been identified and similarly are required for viability [3,4]. In the most
fundamental sense, fission is required to ensure that the number of mitochondria is
maintained subsequent to cell division; however, mitochondrial fusion and fission have
become associated with many other functions (Fig. 1).

Drp1, the dynamin-related protein that physically carries out the fission process, has been
linked to the regulation of apoptosis, by interacting with components of the cell death
pathway and ultimately triggering cytochrome c release from mitochondria [5,6]; however,
the regulation of fission is also important in normal cell physiology in the context of
directing the production of ATP at the subcellular sites where it is most needed. Extended
mitochondrial tubules are less mobile than small mitochondria, and the capacity to undergo
fission is critical for movement of mitochondria to the trailing edge of migrating cells where
myosin motors are assembled [7] or to synapses in response to nerve growth factor signaling

[8].

The fusion process plays important roles in the signal transduction-mediated mitochondrial
response to altering energy demands and substrate availability such as during insulin
stimulation. Among other issues, larger mitochondria are more efficient producers of energy
than smaller ones [9]; however, mitochondrial fusion is also important for maintaining the
integrity of mitochondrial DNA and for facilitating mitochondria association with
sarcomeres in muscle cells and, indirectly, normal organization of myofibril arrays [10].
Intriguingly, Mfn2, initially thought solely to mediate fusion through a mechanism involving
trans-dimerization on the surface of closely apposed mitochondria, has acquired additional
unexpected roles. Mfn2 can also be found on the endoplasmic reticulum (ER), where it
again transdimerizes but this time to tether mitochondria in close approximation with the
ER, enabling efficient capture of Ca2* released by the ER during phospholipase C/inositol
triphosphate (IP3)-generating signaling events and lipid transfer important for biosynthetic
processes [11]; however, the interaction of mitochondria with the ER may be more complex
than simply via Mfn2 dimerization, since other approaches have identified an additional
protein complex called ER-mitochondria encounter structure that appears to perform a
similar function [12,13]. Finally, as described in the article by R.P. Xiao in this collection,
Mfn2 was independently identified as a protein that suppresses Ras-mediated
hyperproliferation of vascular smooth muscle cells in spontaneously hypertensive rats, via a
mechanism, potentially involving the promotion of apoptosis that is distinct from its
function in mediating mitochondrial fusion [14,15].

This emerging more complicated view of mitochondrial fusion proteins is matched by the
growing appreciation for how this originally distinct organelle has become integrated into
the signaling and cell biological pathways that regulate other cellular organelles, for
example, formation and trafficking of restricted cargo-laden small membrane vesicles is a
hallmark of the secretory and membrane retrieval systems, but a similar process has now
been described [16,17] for trafficking between mitochondria and peroxisomes, organelles
involved in the disposal of reactive oxygen species (ROS). Mitochondria have also been
described to undergo “kiss and run” partial fusion events [18], similar to what is seen for
secretory granules containing neurotransmitters at neuronal synapses. Finally, mitochondria
have been found to undergo autophagy like other cellular components that need to be
recycled, and the mechanism that regulates this involves a sensor on the mitochondrial
surface that signals lack of mitochondrial fitness (mitochondrial potential). The sensor is
destroyed via a cytosolic proteolysis event on healthy mitochondria, but remains intact and
thus creates a signal that targets the mitochondria for destruction when they are impaired
[19]. This process is reminiscent of the cytoplasmic proteolysis mechanisms that the ER
uses to communicate ongoing unfolded protein stress events to the nucleus [20].
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Although some of these events are coordinated in the mitochondrial matrix, a growing
number involves signaling events on the mitochondrial surface as described above. Most of
the signaling events involve recruitment of proteins, but pathways involving lipids are
beginning to emerge as well, for example, cardiolipin functions as a signaling platform on
the mitochondrial surface with vital functions at several steps during apoptosis [21],
including recruitment of tBid [22]. Phosphatidic acid (PA), a lipid generated on the
mitochondrial surface by the mitochondrial-specific phospholipase D MitoPLD, facilitates
mitochondrial fusion [23], and diacylglycerol (DAG), which can be generated by
dephosphorylation of PA or through phospholipase C-mediated hydrolysis of
phosphatidylinositol-4, 5-bisphosphate (P14,5P,), has been proposed to recruit protein
kinase D to mitochondria in the setting of ROS generation to facilitate mitochondria to
nucleus signaling [24].

How do these pathways connect to cardiac disease? There are many intriguing connections
that have been identified, including the direct observation that loss of mitochondrial fusion
results in abnormal myofibril organization and muscular atrophy in skeletal muscle [10].
Strikingly, the converse strategy, i.e., decreasing mitochondrial fission using a small
molecule inhibitor of Drpl, is protective against ischemia/reperfusion-induced injury in the
heart [25]. As noted above though, Drpl mediates functions in addition to promotion of
fission, and some of these may be critical in other contexts or in combination with fission,
since a point mutation in Drpl that alters its protein interactions causes dilated
cardiomyopathy [4]. Thus, Drpl activity and function may have to be manipulated and
assessed carefully in the setting of potential therapeutic approaches. In the contributions to
this special issue that follow, a number of topics are presented. JR Sowers discusses
mitochondrial biogenesis and dysfunction in metabolic syndrome, and focuses on the only
partially successful adaptive mitochondrial response in the setting of insulin resistance,
when substrates for mitochondrial-driven energy production become imbalanced and
consequences such as increased ROS occur. Intriguing links to this story may come to
include ones such as Lipin, an enzyme that produces DAG from PA and has been linked to a
Type lI-like diabetes syndrome (fatty lipid dystrophy) [26] that involves abnormal
mitochondrial functioning and could arise in part from altered lipid signaling on the
mitochondrial surface. Alternately, Mfn2 is upregulated by insulin signaling pathways [27]
and may act as a key player in insulin-dependent myogenesis by stimulating respiration,
substrate oxidation, and OXPHOS subunit expression [28] or by inhibiting Ras-dependent
mitogen-activated protein kinase pathways [14,15].

Potentially related to these phenomena, as discussed by Ungvari, increases in mitochondrial
oxidative stress cause vascular disease in aging. Archer, Michelakis, and colleagues in other
articles in this series note that decreases in superoxide dismutase 2 result in a reduced redox
environment that promotes pulmonary artery hyperplasia [29,30]. Moreover, impaired
mitochondrial oxidative function triggers a glycolytic shift in both the smooth muscle cells
in pulmonary arterial hypertension and the right ventricular myocytes in the associated right
ventricular hypertrophy. The glycolytic shift can be reversed by inhibitors of pyruvate
dehydrogenase kinase such as dichloroacetate, leading to increased glucose oxidation and an
associated decrease in pulmonary artery smooth muscle cell proliferation that leads to
regression of the pulmonary artery hyperplasia [31] and an improvement in RV myocyte
function. In the context of the pathways described above, the redox alterations could
decrease Mfn2, causing mitochondrial fragmentation and decreased function, and loss of
suppression of vascular or pulmonary artery smooth muscle cell proliferation, or perhaps
even more complexities in these intersecting pathways remain to be discovered.
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Fig. 1.

Mitochondrial fusion and fission connect to many other cell biological processes. Drpl, a
key protein in mitochondrial fission, also recruits key components of the apoptotic pathway
that function to trigger release of cytochrome C. Independent of apoptosis, fission is
important to enable translocation of mitochondrial to subcellular locations at which ATP
production is most needed. Mfn2, a key protein in fusion, also functions to tether the
endoplasmic reticulum to mitochondria to facilitate calcium uptake and propagation during
signaling events, and independently, to block Ras downstream pathways that lead to
vascular smooth muscle cell hyperplasia and subsequent hypertension. Fusion itself is
important for increasing the efficiency of energy production by mitochondria, for
maintenance of mitochondrial DNA integrity, and proper functioning of neurons and
skeletal muscle cells
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