
 International Journal of 

Molecular Sciences

Review

When the Balance Tips: Dysregulation of Mitochondrial
Dynamics as a Culprit in Disease

Styliana Kyriakoudi 1, Anthi Drousiotou 1,2 and Petros P. Petrou 1,2,*

����������
�������

Citation: Kyriakoudi, S.; Drousiotou,

A.; Petrou, P.P. When the Balance Tips:

Dysregulation of Mitochondrial

Dynamics as a Culprit in Disease. Int.

J. Mol. Sci. 2021, 22, 4617. https://

doi.org/10.3390/ijms22094617

Academic Editor: Anna Atlante

Received: 7 April 2021

Accepted: 25 April 2021

Published: 28 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biochemical Genetics, The Cyprus Institute of Neurology and Genetics, P.O. Box 23462,
Nicosia 1683, Cyprus; stylianak@cing.ac.cy (S.K.); anthidr@cing.ac.cy (A.D.)

2 Cyprus School of Molecular Medicine, P.O. Box 23462, Nicosia 1683, Cyprus
* Correspondence: petrosp@cing.ac.cy

Abstract: Mitochondria are dynamic organelles, the morphology of which is tightly linked to their
functions. The interplay between the coordinated events of fusion and fission that are collectively
described as mitochondrial dynamics regulates mitochondrial morphology and adjusts mitochondrial
function. Over the last few years, accruing evidence established a connection between dysregulated
mitochondrial dynamics and disease development and progression. Defects in key components
of the machinery mediating mitochondrial fusion and fission have been linked to a wide range
of pathological conditions, such as insulin resistance and obesity, neurodegenerative diseases and
cancer. Here, we provide an update on the molecular mechanisms promoting mitochondrial fusion
and fission in mammals and discuss the emerging association of disturbed mitochondrial dynamics
with human disease.
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1. Introduction

Mitochondria represent a tubular, remarkably dynamic system of membrane-bound
cell organelles that were first observed in high-resolution electron micrographs in the early
1950s [1]. Since their endosymbiotic biogenesis through the fateful integration of an alpha-
proteobacterium within an archaeal host cell [2], mitochondria have become indispensable
constituents of multicellular life. They are responsible for the production of the chemical
energy required for cell metabolism through oxidative phosphorylation (OXPHOS) in the
form of adenosine triphosphate (ATP) and thus, are often called the “energy factories” of
the cell [3,4]. In the 1890s, the microbiologist Carl Benda coined the term mitochondrion
from the Greek words “mitos”, which means “thread”, and “chondrion”, which means
“small granule”, as he perceived, under a microscope, hundreds of tiny bodies with the
tendency to form long chains in the cytoplasm of eukaryotic cells [5].

As a result of their endosymbiotic origin, mitochondria carry their own genome,
which is denoted as mtDNA and encodes 13 components of the OXPHOS system that are
synthesized by ribosomes present within mitochondria. The remaining subunits of the
system, as well as proteins required for mtDNA replication, transcription and translation,
are encoded by nuclear genes [6]. Structurally, mitochondria consist of an outer membrane
that encloses the entire content of the organelle and an inner membrane that houses
the OXPHOS system and delineates the mitochondrial matrix. The inner mitochondrial
membrane (IMM) has a larger surface area than the outer mitochondrial membrane (OMM)
and is characterized by a specific spatial arrangement consisting of a series of invaginations
known as “cristae”, which extend into the matrix. Between the outer and inner membranes,
there is an enclosed compartment, referred to as the intermembrane space [7].

As highly dynamic structures, mitochondria undergo morphological changes and
spatial rearrangements in order to adapt to cellular demands and to maintain energy
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homeostasis. These changes are modulated through the coordinated cycles of mitochon-
drial fusion and fission, commonly referred to as mitochondrial dynamics, which control
mitochondrial number, size, shape and distribution within the cell [8,9]. The delicate
equilibrium between fusion and fission confers important benefits that are brought about
through the exchange of mitochondrial content, maintenance of their genome and seg-
regation of dysfunctional organelles that are targeted for autophagic degradation [10], a
mitochondrial quality-control process known as mitophagy. This selective form of au-
tophagy acts in concert with mitochondrial biogenesis for the control of mitochondrial
turnover. Mitophagy is a crucial process in maintaining mitochondrial homeostasis, and
aberrant sequestration of dysfunctional mitochondria due to impaired mitochondrial fis-
sion contributes to disease development [11,12].

In mammals, mitochondrial dynamics are mainly progressed by large GTPases that
belong to the dynamin superfamily. In particular, mitochondrial fusion requires three
key proteins, mitofusin 1 and 2 (MFN1 and MFN2) and optic atrophy 1 (OPA1) while
mitochondrial fission is promoted by the dynamin-related-like protein 1 (DRP1) [13–16].
Dysregulation of these processes results in an abnormally fused or fragmented mitochon-
drial network that is unable to respond to cellular energy demands. An increasingly large
number of mutations affecting the function of the aforementioned core proteins of the
mitochondrial dynamics machinery have been associated with perturbed mitochondrial
morphology [17–21] and a broad spectrum of human diseases [22,23].

In the present review, we discuss the dynamic nature of mitochondria and summarize
the current knowledge with regards to the molecular mechanisms of mitochondrial fusion
and fission in mammals. In addition, perturbations in the dynamic transitions of the
mitochondrial network caused by aberrant fusion and fission will be highlighted in the
context of representative human diseases.

2. Mitochondrial Fusion in Mammals
2.1. The Fusion Machinery

As previously mentioned, under physiological conditions, mitochondrial dynamics
are regulated by the balanced interplay between the opposing processes of fusion and fis-
sion. The identification of several key molecules involved in mitochondrial fusion provided
important insights into the molecular mechanisms underlying this process [24]. The term
mitochondrial fusion signifies the merging of two originally distinct mitochondria into a
single unit by a two-step process. This complex regulatory process involves the merging of
the OMM and the IMM in two functionally distinct events [25]. Within a cell, mitochondria
constantly migrate along the cytoskeleton to subcellular regions of high energy demand
and, during migration, nearby mitochondria can fuse together, producing elongated inter-
connected tubules [26]. Mitochondrial connectivity that is enabled by fusion allows genetic
coupling between mitochondria and confers “functional complementation” by compen-
sating for the defective components of a damaged organelle. In addition, the energetic
demands of the cell are covered through the exchange and distribution of mitochondrial
material favored by the physical integration of the mitochondrial content [27].

The Drosophila fuzzy onions (Fzo) was the first mitochondrial-fusion-related gene to
be identified [28]. In mammals, the key molecules implicated in the fusion process are
the mitofusins (MFN1 and MFN2), which are membrane-anchored proteins promoting
OMM fusion, and the OPA1 protein, which mediates the fusion of the IMM (Figure 1).
Human mitofusins share approximately 80% sequence similarity and are about 50% similar
to Drosophila’s Fzo [14,15]. As predicted by their amino acid sequence, MFN1 and MFN2
are structurally similar and display a multidomain configuration. The N-terminal region
of the proteins contains a GTPase domain followed by a hydrophobic heptad (7-residue)
repeat region, termed HR1. The C-terminal region contains a second heptad repeat domain,
termed HR2, while a long transmembrane domain lies between the two HR domains [29].
Both MFN1 and MFN2 are targeted to the OMM, however, MFN2 is also localized on endo-
plasmic reticulum (ER) membranes, where it mediates the physical association between the
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ER and mitochondria [30]. Mitofusins are functionally redundant, and it has been shown
that cells lacking both MFN proteins can be fully rescued by overexpressing either protein,
clearly indicating their common biological role [14]. Furthermore, it has been demonstrated
that the ablation of either MFN1 or MFN2 results in reduced frequency of mitochondrial
fusion events in mouse embryonic fibroblasts, while the absence of both MFN1 and MFN2
leads to a complete loss of mitochondrial fusion with deleterious consequences on cellular
function [31].
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Figure 1. Schematic illustration of mitochondrial fusion and fission. Mitochondria are dynamic
organelles undergoing coordinated cycles of mitochondrial fusion and fission. A balance in the
processes of mitochondrial dynamics maintains mitochondrial network homeostasis, which is central
to proper cell function. (A) Mitochondrial fusion (left) involves the merging of two originally distinct
mitochondria into a single organelle, while mitochondrial fission (right) describes the division of
a single mitochondrion in two or more individual mitochondrial units, a process that involves
a membrane preconstriction step at the ER–mitochondria contact sites. (B) OMM tethering and
fusion are promoted by the formation of MFN1/MFN2 homotypic or heterotypic complexes and
the physical interaction of the mitofusins GTPase and HR domains, while IMM fusion is mediated
by the inner-membrane-anchored protein OPA1. Mitochondrial fission is mainly regulated by the
DRP1 protein, which is recruited to the mitochondrial division site by interacting with the adaptor
proteins MFF, MiD49 and MiD51. As indicated, the ER has a prominent role in delimiting the
exact site of mitochondrial division by wrapping itself around the mitochondrial tubule prior to the
oligomerization of multiple DRP1 molecules in a ring-shaped structure that further constricts the
membrane and reinforces mitochondrial scission. (C) hFIS1 interacts with the fusion mediators MFN1,
MFN2 and OPA1, blocks their GTPase function and shifts the balance of mitochondrial dynamics
towards fission. OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; HR,
heptad repeat.
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The OPA1 gene encodes the mammalian homologue of the mitochondrial genome
maintenance 1 (MGM1) protein that was originally described in yeast [32]. Like mitofusins,
OPA1 is a critical determinant of mitochondrial fusion and is specifically responsible for
the fusion of the IMM. Although OPA1 localization within mitochondria was a matter
of debate for several years, with studies supporting the presence of the protein either
on the OMM [32] or in the mitochondrial matrix [33], ensuing studies indicated that
OPA1 is inserted into the IMM through an N-terminal matrix-targeting signal followed by
a transmembrane domain, with the major part of the protein facing the intermembrane
space [34–36]. Several studies demonstrated that the loss of OPA1 expression in mammalian
cells leads to mitochondrial fragmentation and dysfunction, as well as to disorganized
cristae as a result of impaired fusion, whereas OPA1 overexpression results in mitochondrial
elongation [31,37,38]. Even though the crystal structure of OPA1 has not yet been resolved,
a predicted three-dimensional model of the protein revealed an evolutionarily conserved
C-terminal region consisting of multiple functional domains and an alpha-helix-rich N-
terminal region that lacks specific domains. The functional domains of the C-terminus
include a GTPase domain, a middle domain, a pleckstrin-homology region and a GTPase
effector domain [39].

2.2. Molecular Mechanisms of Mitochondrial Fusion

The fusion of biological membranes is a generic cellular process that occurs during
several vesicular trafficking processes. Endosome–lysosome fusion, synaptic vesicle fusion
and ER to Golgi tethering are a few examples of biological membrane merging, all sharing
a common set of steps promoting fusion. At first, a close apposition of membranes known
as membrane “docking” is facilitated through the interaction of proteins on opposing
membranes and the assembly of protein complexes. During the second step of contact,
the bridging of the two membrane compartments takes place, driven by the assembly
of helical bundles that brings membranes into closer proximity, thereby promoting their
fusion [40]. It has been suggested that the common steps of tethering, docking and merging
of biological membranes also apply to the fusion between mitochondria, with the MFN1
and MFN2 proteins playing a crucial role during the initial contact. Located on the
OMM, MFN1 and MFN2 initiate the early stage of mitochondrial tethering by acting
in trans on adjacent mitochondria. It has been shown that mitofusins are capable of
forming homotypic oligomers, as well as heterotypic complexes, thus acting individually
or synergistically to promote mitochondrial fusion. This observation further supports the
idea that mitochondrial fusion requires that mitofusin complexes be located on adjacent
mitochondria [14,31]. Immunoprecipitation assays and structural studies revealed that
the HR2 domains at the C-terminus of either MFN1 or MFN2 can form homotypic or
heterotypic complexes by folding into a dimeric antiparallel 9.5 nm long coiled coil. This
large interface promotes the tethering of adjacent mitochondria by leaving a small gap
between the opposing membranes. While in this trapped stage, adjacent mitochondria are
driven to complete fusion by a subsequent conformational change involving the GTPase
domain. Mutations that disrupt the structure of the HR2 domain of MFN2 resulted in
defective mitochondrial morphology, demonstrating that this specific domain is essential
for the activity of mitofusins during mitochondrial fusion [41]. Additional structural data
revealed that GTP hydrolysis induces conformational changes in MFN1 that are crucial for
GTPase domain dimerization. Furthermore, disruption of this domain abolishes MFN1
fusogenic function [42].

Despite the fact that the fusion of the outer and inner mitochondrial membranes are
separate events that are mechanistically distinct, the fusion machineries must be coordi-
nated to complete fusion [25]. To date, most of the mitochondrial components mediating
inner-membrane fusion are still unknown, however, the localization of OPA1 in the inter-
membrane space close to the cristae supports the notion that it exhibits a salient function in
IMM fusion and cristae morphology [10,34]. OPA1 is encoded by at least eight different
spliced variants that produce two distinct isoforms of the protein: the unprocessed long
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isoform (L-OPA1), which is anchored to the inner membrane via the N-terminal domain,
and the proteolytically cleaved short isoform (s-OPA1) which lacks the transmembrane
domain and remains soluble in the intermembrane space. The proteolytic processing of
OPA1 is suggested to represent a checkpoint of mitochondrial fusion and is primarily
affected by the membrane potential [43,44]. Interestingly, respiratory chain failure and
the loss of membrane potential result in enhanced proteolytic cleavage of L-OPA1 and
accumulation of the short isoform, thus leading to the attenuation of mitochondrial fu-
sion [43,45]. Several studies suggest that a dimer consisting of both long and short forms
of OPA1 is required for efficient fusion, whereas long or short isoforms have little activity
on their own [43,46,47]. In concert with this, a recent study reports that s-OPA1 is capa-
ble of mediating IMM tethering but is not sufficient for membrane docking alone, while
L-OPA1 can hemifuse the bilayers but is unable to finalize the fusion [48]. All together,
these observations support that a stoichiometric balance between L-OPA1 and s-OPA1 is
important for efficient mitochondrial fusion. A further study proposed the existence of
a minimal IMM fusion machinery composed of L-OPA1 and the mitochondrial-specific
phospholipid cardiolipin. Located on opposing membranes, recombinant L-OPA1 and
cardiolipin were shown to form a heterotypic complex that is sufficient to drive membrane
fusion. It has been suggested that the formation of this minimal fusion complex serves as
the initial step of IMM fusion that occurs independently of GTP and primes the subsequent
GTP-dependent fusion step, which is completed in the presence of s-OPA1 [49]. Despite
the reported findings of the above studies, the lack of purified active L-OPA1 protein
raises the need for additional studies to establish a more detailed mechanistic model of
inner-membrane fusion.

3. Mitochondrial Fission in Mammals
3.1. The Fission Machinery

Mitochondrial fission describes the division of one mitochondrion into separate or-
ganelles through a multistep process in response to cellular cues. Fragmentation of the
mitochondrial network can occur upon stimulation of fission activity and/or inhibition
of mitochondrial fusion. As in the case of mitochondrial fusion, the core components
of the fission machinery were originally identified in yeast [50,51], while later studies
identified the dynamin-related protein 1 (DRP1) as the main effector of mitochondrial
fission in mammals [16,52,53]. This is demonstrated by the fact that mutations in DRP1
result in hyperfused mitochondrial tubules secondary to the inhibition of mitochondrial
fission [16,54]. DRP1 is an evolutionarily conserved, primarily cytosolic GTPase that is
recruited to the OMM to drive membrane constriction and eventually mitochondrial fission.
In its soluble form, DRP1 exists in dimers, tetramers and other oligomeric states [55]. It
is composed of the typical units of dynamin-family GTPases, including an N-terminal
GTPase domain followed by a central element and a C-terminal GTPase effector domain.
The crystal structure of the protein further confirms the presence of a bundle-signaling
element (BSE) located on top of a helical stalk [56].

3.2. Molecular Mechanisms of Mitochondrial Fission

Although the precise scission mechanism remains elusive, it has been shown that
the initial step of mitochondrial fission begins with the translocation of soluble DRP1 to
the OMM, where it binds to membrane-anchored receptors, oligomerizes and constricts
the membrane at the fission site by forming a ring-like structure [57] (Figure 1). The
recruitment of DRP1 at the division site was shown to facilitate the formation of higher-
order helical structures that initiate the constriction of both inner and outer membranes
and finally complete mitochondrial division upon GTP hydrolysis [58]. Once the helical
structure completes a turn, the GTPase domains of adjacent rungs come in close proximity
and trigger GTP hydrolysis, which in turn induces further conformational changes that
drive constriction [59]. According to contradicting studies, two possible models for DRP1
recruitment at fission sites have been proposed, termed de novo assembly and targeted
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equilibrium. In the de novo assembly model, cytosolic DRP1 is directly recruited and
oligomerized at specific fission sites immediately before division in response to fission
signals [60,61]. On the other hand, targeted equilibrium implies that DRP1 dimers or
oligomers are in constant balance between soluble and mitochondrially anchored pools.
According to this model, DRP1 recruitment and oligomerization is progressively achieved
through the incorporation of additional mitochondrially anchored DRP1 units, eventu-
ally forming a mature-sized DRP1 complex. These oligomers are motile and translocate
along the mitochondrial membrane until fission signals target the complex to the exact
division site. It has been shown that the mitochondrial accumulation of actin filaments
precedes DRP1 assembly at fission sites. Moreover, the binding of DRP1 to actin fila-
ments increases its GTPase activity, required for membrane constriction and fission [62].
To date, a number of different adaptor/receptor proteins promoting the recruitment of
DRP1 to mitochondrial membranes have been characterized. However, the mitochondrial
fission factor (MFF) [63] and mitochondrial dynamics proteins 49 and 51 (MiD49 and
MiD51) [64] are the DRP1 adaptor proteins currently receiving the most attention. Several
lines of evidence identified MFF as the primary adaptor protein for DRP1 recruitment
at mitochondrial division sites. The silencing of MFF in HeLa cells resulted in reduced
DRP1 aggregation on mitochondrial membranes, which was associated with fused and
elongated mitochondria [63]. Conversely, MFF overexpression led to excessive mitochon-
drial fragmentation accompanied by increased DRP1 recruitment on mitochondrial fission
sites [65]. Further to MFF, knockdown studies have identified the OMM proteins MiD49
and MiD51 as additional mediators of DRP1-recruitment at sites of mitochondrial fission.
DRP1 expression levels and mitochondrial membrane targeting were found to be signifi-
cantly reduced following MiD49 and MiD51 depletion, whereas MFF was still localized
to mitochondrial fission sites [64,66]. The above suggest that MiD49 and MiD51 recruit
DRP1 to the sites of mitochondrial constriction independently of MFF. On the contrary,
conflicting evidence shows that the overexpression of MiD51 accelerates mitochondrial
elongation rather than promoting mitochondrial fission and hence, the precise mechanism
of DRP1 recruitment at mitochondrial fission sites is still not completely understood [67].
An additional dynamin-related protein, DNM2, was shown to play an important role in the
physical separation of mitochondria following the recruitment and assembly of DRP1 at
constriction sites. Knockdown of DNM2 resulted in an elongated mitochondrial network
featuring constricted regions between preassembled DRP1 polymeric complexes [68]. On
the other hand, contradictory data in mouse fibroblasts and HeLa cells lacking DNM2
revealed no significant changes in mitochondrial morphology and confirmed unperturbed
fission rates, suggesting that DNM2 is dispensable for mitochondrial fission [52]. The
mitochondrial fission 1 protein (FIS1) has been initially implicated in the recruitment of
DNM1, the yeast homolog of DRP1, to the OMM through interaction with MDV1 and
CAF4 [69]. Accordingly, the overexpression of human FIS1 (hFIS1) was found to induce
mitochondrial fragmentation, whereas FIS1 depletion resulted in elongated and fused mi-
tochondria [70–73]. However, the specific role of FIS1 in mitochondrial fission in mammals
remains unknown because of the apparent absence of MDV1 and CAF4 homologs and
reported contradictory findings. It has been recently demonstrated that mitochondrial
fragmentation mediated by hFIS1 occurs independently of DRP1 and DNM2. hFIS1 was
found to not actively promote mitochondrial fragmentation but instead to interact with
MFN1, MFN2 and OPA1 and block their GTPase activity, thereby inhibiting mitochondrial
fusion and shifting the balance of mitochondrial dynamics towards fission [72] (Figure 1).

Mitochondrial fission enables the separation of defective and depolarized mitochon-
dria. It is thus of no surprise that mitochondrial fragmentation is often associated with
conditions of cellular stress and mitochondrial dysfunction. Furthermore, a reciprocal
relationship exists between mitochondrial fission and the process of mitophagy. In par-
ticular, mitochondrial fragmentation was found to be necessary for mitophagy since the
inhibition of fission decreases mitophagy [74]. Conversely, key mitophagy players, such
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as the ubiquitin ligase Parkin, influence mitochondrial dynamics by targeting MFN1 and
MFN2 for proteasomal degradation and thus promoting mitochondrial fission [75].

3.3. The Role of ER–Mitochondria Contact Sites in Mitochondrial Division

The observation that the diameter of DRP1 polymeric rings (~150 nm) is much smaller
than the average diameter of mitochondrial tubules (~300 nm) led to the postulation of the
existence of a “pre-DRP1 constriction” step that reduces mitochondrial tubule diameter [59].
As revealed by electron microscopy tomography and live-cell imaging, these preconstriction
sites are marked by sites of contact between ER and mitochondria. In particular, the ER
was shown to wrap around mitochondria at specific sites, facilitating constriction and
demarcating the sites of mitochondrial fission (Figure 1). Importantly, these events also
occur in cells in which DRP1 or its adaptor proteins MFF, MiD49 or MiD51 have been
knocked down, suggesting that preconstriction at ER–mitochondria contact sites (ERMCS)
occurs upstream of DRP1 assembly [76].

Further insights into the mechanism of mitochondrial constriction at ER–mitochondria
contact sites and mitochondrial fission were provided by a study that identified the ER-
associated form of inverted formin 2 (INF2) as an important player in this process. INF2 was
found to act upstream of DRP1 and promote actin polymerization at ERMCS, providing the
force to facilitate the initial mitochondrial constriction followed by DRP1 recruitment and
assembly to complete the division process [77]. It has also been shown that a population
of DRP1 oligomers is assembled on the ER and that ER-bound DRP1 can be subsequently
transferred to mitochondria. The inhibition of actin polymerization eliminates DRP1
oligomers at the ER and reduces mitochondrial division, suggesting that the ER serves as
the initial platform for DRP1 oligomerization and that actin polymerization is an essential
prerequisite for mitochondrial division [78]. A further study demonstrated the involvement
of myosin IIA and IIB in mitochondria tubule preconstriction and the recruitment of DRP1.
This may suggest that the contraction of myosin II filaments could provide the necessary
force to facilitate preconstriction by pulling mitochondrial membranes together [79]. In
addition to the activation of DRP1 recruitment at sites of mitochondrial division, actin
polymerization promoted by INF2 was shown to stimulate calcium influx into the mito-
chondrial matrix. Moreover, the above rise in mitochondrial-matrix calcium was found to
promote IMM constriction in a DRP1-independent manner. Interestingly, IMM division
occurs prior to the separation of the OMM. Collectively, the reported findings suggest a
dual effect of INF2-mediated actin polymerization at sites of mitochondrial constriction:
(a) the recruitment of DRP1 and (b) calcium influx into the matrix leading to OMM and
IMM constriction, respectively [80].

In addition to their role in determining the sites of mitochondrial fission, ERMCS
have been identified as important glucose-sensing hubs in tissues such as the liver and
muscle [81]. The availability of nutrients impacts on ER–mitochondria communication
also affecting mitochondrial dynamics. Although the precise effects of glucose on ER–
mitochondrial tethering remain controversial, nutrient availability is associated with mi-
tochondrial fragmentation, whereas nutrient restriction is associated with increased fu-
sion [82]. The above glucose-sensing function of ERMCS and its effects on mitochondrial
dynamics has important implications during nutritional transition and in pathological
conditions of imbalanced glucose homeostasis. A protein potentially implicated in the
glucose-sensing function of ERMCS is the glycogen-binding protein Stbd1. It has been
reported that Stbd1 localizes to ERMCS and influences ER–mitochondrial tethering and
mitochondrial dynamics. In particular, Stbd1 silencing was associated with reduced
ER–mitochondrial contact and enhanced mitochondrial fusion, whereas its forced overex-
pression at ERMCS increased ER–mitochondrial tethering and resulted in mitochondrial
fragmentation. Interestingly, Stbd1 is targeted to ERMCS when bound to glycogen and not
in glycogen-free form, which may signal glucose availability to ERMCS [83]. Moreover,
we have recently demonstrated that Stbd1 is a downstream target of the unfolded protein
response pathway that is activated in conditions of ER stress [84]. Interestingly, ER stress is
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transiently induced in the liver upon refeeding [85], which may further support a role for
Stbd1 in glucose sensing at ERMCS.

4. Mitochondrial Dynamics and Associated Diseases

Unequivocally, the steady-state and dynamic equilibrium of the mitochondrial net-
work is critical for preserving optimal function at the organismal level. Disruption of the
delicate equilibrium between the two opposing processes of fusion and fission results in
a fragmented or elongated mitochondrial network that has been associated with several
pathological conditions. Besides the mutations in nuclear or mitochondrially encoded
genes that are associated with monogenic diseases of mitochondrial dysfunction [86],
aberrations in mitochondrial structure have recently emerged as a pathogenic mechanism
of more complex diseases and opened a new perspective in disease pathology (Table 1).
Examples of such pathologies include various metabolic conditions, cancer and a broad
spectrum of neurodegenerative diseases [87–89].

4.1. Defects in Mitochondrial Fusion Mediators and Disease

Systematic studies have shown that a plethora of human diseases are associated with
excessive mitochondrial fragmentation as a result of defective fusion.

Neurons are cells of extremely high energy demand and are thus particularly vulnera-
ble to mitochondrial dysfunction. Alterations in the mitochondrial network and consequent
mitochondrial dysfunction have been suggested to occur as prominent early features in
neurodegenerative diseases [90]. Nowadays, there is an increasing number of neurode-
generative disorders that are associated with mutations in mitochondrial fusion genes.
Genetic alterations in the MFN2 gene represent the most common molecular cause of
Charcot–Marie–Tooth disease Type 2A (CMT2A), a dominantly inherited form of periph-
eral neuropathy. To date, more than 100 different mutations affecting MFN2 have been
reported in patients with CMT2A (available from: uantwerpen.vib.be). The typical clinical
symptoms of CMT2A involve the progressive atrophy of distal limb muscles that usually
leads to wheelchair dependency in patients and a decrease of deep-tendon reflexes linked
to foot deformities and distal sensory loss [17]. Structural studies have shown that the
majority of CMT2A-associated mutations in MFN2 are mapped to four distinct functional
zones and are mostly associated with severe CMT2A phenotypes, whereas mutations
beyond the functional domains lead to milder symptoms. At the molecular level, MFN2
mutants encoding truncated or dimerization-incompetent proteins are more likely to cause
disease due to decreased levels of normal MFN2, whereas mutants capable of dimerization
and fusion tend to be pathogenic by hijacking normal MFN1 and MFN2 activity [91]. In a
recent study, the pharmacological activation of MFN2 using mitofusin agonists was shown
to overcome fusion suppression and reversed mitochondrial defects in cultured neurons
expressing CMT2A mutants [92]. Moreover, overexpression of MFN1 in a CMT2A mouse
model expressing mutant MFN2 was shown to reverse mitochondrial network defects and
mitigate phenotypic abnormalities, supporting the notion that imbalances in mitofusin
function is a key determinant in disease development [93]. MFN2 mutations have been
also linked to another type of CMT disease, designated as hereditary motor and sensory
neuropathy (HMSN) Type IV, which is characterized by subacute optic neuropathy, bilat-
eral visual impairment and color-vision defects. Interestingly, mutations in the IMM fusion
mediator OPA1 underlie the most prevalent form of autosomal dominant optic neuropathy,
suggesting a functional overlap of OPA1 with MFN2. The above further implies that
balanced mitochondrial dynamics are of particular importance for the proper function of
the optic nerve [94–96].

Given their key regulatory role in energy metabolism, mitochondria respond to the
availability of nutrients and energy demands by adjusting mitochondrial dynamics to
maintain homeostasis. As mentioned earlier, under conditions of nutrient shortage and
increased energy demand, the mitochondrial network appears elongated, whereas ample
nutrient supply and decreased energy demand are associated with mitochondrial fragmen-
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tation [97,98]. It is therefore not surprising that imbalances in mitochondrial dynamics
have been recognized as central players in the pathophysiology of obesity and diabetes. Ul-
trastructural observations in skeletal muscle of obese and type-2 diabetic subjects revealed
perturbed structural organization of the mitochondrial network, characterized by small
and fragmented mitochondria as compared to healthy controls [99]. Altered expression
of MFN1 and MFN2 has been implicated by several studies for abnormal mitochondrial
metabolism and the development of diabetes. A study examining MFN2 expression levels
in the skeletal muscle of obese and diabetic patients showed reduced MFN2 expression
and decreased insulin sensitivity associated with alterations in mitochondrial morphology
and aberrant muscle metabolism [100]. In line with the above, a different study reported
reduced mRNA levels and protein expression of MFN2 in the skeletal muscle of obese
subjects and high-fat Zucker rats, while subsequent electron microscopy analysis revealed
disturbed architecture and fragmentation of the mitochondrial network. In addition,
the partial abolishment of MFN2 expression led to abnormal mitochondrial metabolism
in vitro [101], which is a key risk factor in the development of diabetes. Additional obser-
vations in a mouse model of high-fat-diet-induced obesity associated with mitochondrial
dysfunction showed that MFN1 and MFN2 expression in skeletal muscle was significantly
decreased, concomitant with an increase in the expression of the mitochondrial fission
mediators DRP1 and FIS1, thereby shifting mitochondrial dynamics towards fission [102].
Corroborating data from another in vivo study demonstrated that mice lacking MFN1 in
proopiomelanocortin (POMC) neurons exhibit abnormal glucose levels due to perturba-
tions in insulin secretion, unveiling a new role for mitochondrial dynamics in the regulation
of insulin signaling and glucose homeostasis [103].

As mentioned earlier, OPA1 mutants are responsible for the autosomal dominant optic
atrophy-1 (ADOA), a neuro-ophthalmic condition primarily characterized by impairment
of visual acuity and generalized color-vision deficits [18,104]. Besides ocular symptoms, a
large number of OPA1 variants have been associated with additional clinical complications
including auditory neuropathy, myopathy and ataxia, which define a new type of disease,
termed ADOA-plus syndrome [105]. Since the precise pathomechanism of ADOA is not yet
fully clear and given the large number of OPA1 mutants that result in truncated products,
it has been suggested that haploinsufficiency may represent one of the major disease-
causing mechanisms [106]. Certainly, the broad mutation spectrum and the difficulty to
establish phenotype–genotype correlations in ADOA patients support the notion that there
are additional genetic factors implicated in disease development that have not yet been
elucidated. Regardless of the underlying mechanism, mitochondrial fragmentation has
been described as a common feature in ADOA with disease severity being proportional
to the extent of fragmentation, underscoring the involvement of defective mitochondrial
fusion in disease development [107,108]. Rare OPA1 mutants have been also reported
in patients characterized by parkinsonism and dementia, conferring further evidence of
the involvement of abnormal mitochondrial fusion in the pathogenesis of other common
neurodegenerative diseases [109,110].

4.2. Defects in Mitochondrial Fission Mediators and Disease

In addition to aberrations in the function of mitochondrial fusion mediators, perturba-
tions of the mitochondrial fission machinery have received special attention with regards
to their relevance in the development and progression of human pathologies.

Disturbances in mitochondrial fission and in particular in the function of the DRP1
protein have been proposed to play a principal role in the initiation and progression of
cancer, though different cancers are known to have distinct oncogenic backgrounds and
etiologies. It has been shown that lung-cancer cell lines and lung adenocarcinoma cells from
patients exhibit excessive mitochondrial network fragmentation as a result of increased
DRP1 expression and reduced MFN2 levels [111]. Moreover, evidence from the same
study revealed that the DRP1 protein was not only overexpressed across two different
adenocarcinoma cell lines but that its activity was further enhanced after phosphorylation
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on Ser-616. In contrast, DRP1 inhibition or MFN2 overexpression resulted in reduced
proliferation of cancer cells, increased apoptosis and significant regression of tumor growth
in vivo [111]. In a second study, DRP1 and mitochondrial dynamics were shown to have
a principal role in brain-tumor development. Brain tumor initiating cells (BTICs), which
represent a distinguished subpopulation of tumor cells, displayed an increased rate of
small and fragmented mitochondria and DRP1 hyperactivation, as compared to non-
BTICs. Selective inhibition of DRP1 eliminated tumor growth and increased tumor latency
and survival in vivo [112]. Furthermore, a DRP1-based large-scale analysis of cancer
genomes across various cancer types revealed a robust association of DRP1 with cell-
cycle genes, postulating a role for DRP1 and mitochondrial fission in the regulation of
cell proliferation [113]. It is not yet clear whether mitochondrial fragmentation triggers
the transformation of cancerous cells, promotes cell-cycle progression or changes the
susceptibility of tumor cells to apoptosis, but certainly mitochondrial division is evidently
involved in human tumorigenesis.

Over the last few years, mitochondrial fission has been increasingly implicated in a
number of neurodegenerative disorders, including Alzheimer’s disease (AD), the leading
cause of senile and presenile dementia. Pathologically, AD is characterized by generalized
cortical atrophy and aggregations of neurofibrillary tangles and amyloid plaques, the den-
sity of which appears to correlate with the clinical presentation [114]. Expression analysis
of the primary fusion and fission mediators in postmortem AD brains revealed abnormal
levels of DRP1, MFN1, MFN2, FIS1 and OPA1, suggesting that altered equilibrium of
mitochondrial dynamics may represent a mechanism underlying neuronal dysfunction in
AD [115]. AD-associated Aβ plaques’ deposition and cognitive impairment is ameliorated
upon DRP1 inhibition, as reported by recent studies [116,117]. The selective inhibition of
DRP1-mediated mitochondrial division using mitochondrial-division inhibitor 1 (Mdivi-1)
was shown to improve synaptic damage and mitochondrial function due to diminished mi-
tochondrial fission in AD neurons [116]. In a second study, the selective inhibition of DRP1
by Mdivi-1 in Aβ-treated neurons blocked mitochondrial fragmentation and improved
mitochondrial function. Furthermore, DRP1 inhibition led to a significant decrease of Aβ

plaques in the brain of an AD mouse model and alleviated cognitive symptoms [117]. More
recent evidence from fibroblasts derived from AD patients showed increased interaction
of DRP1 with its adaptor protein, FIS1, resulting in excessive mitochondrial fission and
dysfunction. Conversely, pharmacological inhibition of DRP1/FIS1 interaction improved
mitochondrial function in cultured neurons and significantly mitigated the pathological
features in the brain of an AD mouse model [118]. In line with the above, a spectrum
of mitochondrial abnormalities, including functional distress and the accumulation of
fragmented mitochondria, were identified in close proximity to areas with dense amyloid
plaque formation in the brains of transgenic animals with AD pathology [119].

Besides AD, mitochondrial dysfunction in neuronal cells is also regarded as one of the
main mechanisms for the development of Parkinson’s disease (PD), a degenerative disorder
of the central nervous system affecting the motor activity of millions of people worldwide.
The histopathological hallmark of PD is the intraneuronal build-up of misfolded proteins
such as a-synuclein in the substantia nigra leading to the loss of dopaminergic neurons and
concomitant dopamine deficiency [120]. Despite the so far obscure etiology of PD, multiple
lines of evidence propose mitochondrial dysfunction as an underlying mechanism with
potential deleterious effects on neuronal activity. The discovery of multiple mutations in
the mitochondrial quality-control protein PTEN-induced putative kinase 1 (PINK1), which
are responsible for the autosomal recessive familial PD [121], and, given the implication of
PINK1 in mitochondrial dynamics [122,123], the conclusion is that mitochondrial integrity
in PD pathogenesis is of central importance. Indeed, it has been demonstrated that the
depletion of PINK1 or expression of a PINK1 mutant protein heavily tipped the balance
towards fission and excessive mitochondrial fragmentation, while overexpression of the
wild-type protein promoted fusion by increasing MFN2 expression [124]. Corroborating
research indicated that PINK1 deficiency in a human dopaminergic cell line leads to in-
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creased mitochondrial fragmentation and increased mitochondrial autophagy, resulting
in “autophagic stress”, a critical determinant of neurodegeneration [123]. Consistent with
the previous studies, abnormal mitochondrial fission has been further documented as
a key factor in the pathogenic pathway of PD by a different study, which reported in-
creased expression of DRP1 and excessive mitochondrial fragmentation in a cellular model
of toxin-induced PD [125]. Additional evidence from in vivo models characterized by
mitochondrial dysfunction in the nigrostriatal system suggest that the inhibition of mito-
chondrial fission by the blocking of DRP1 function rescues dopamine-release deficits and
attenuates dopaminergic neurotoxicity, thus providing a neuroprotective effect in the ni-
grostriatal pathway [126]. Furthermore, more recent data from in vitro and in vivo models
suggest that sporadic PD is attributed to excessive mitochondrial fragmentation triggered
by elevated levels of DRP1 [127]. Accordingly, inhibition of DRP1 hyperactivation in a
mouse model of PD attenuated dopaminergic neuronal loss due to reduced mitochondrial
translocation of DRP1 and other proteins involved in programmed cell death [128].

Table 1. Major mitochondrial fusion and fission effectors in mammals and associated diseases. MFN1/MFN2, mitofusin-1
and -2; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; ER, endoplasmic reticulum; CMT2A,
Charcot–Marie–Tooth type 2A; HMSNs, hereditary motor and sensory neuropathies; OPA1, optic atrophy type 1; DRP1,
dynamin-related protein-1; MFF, mitochondrial fission factor; FIS1, fission mitochondrial 1; MIEF1 /MIEF2, mitochondrial
elongation factor 1 and 2; DNM2, dynamin 2; CNM1, centronuclear myopathy 1; DI-CMTB, dominant intermediate
Charcot–Marie–Tooth disease type B; CMT2M, Charcot–Marie–Tooth disease axonal type 2M.

Gene Symbol Protein
Localization Proposed Function

Most Common
Pathologies Related
to Gene Mutation

Cellular Effect References

MFN2 OMM and ER

Mediator of
mitochondrial
tethering and
OMM fusion

CMT2A and other
HMSNs

Altered
mitochondrial distri-

bution/Reduced
ER–mitochondria

tethering

[17,94,129,130]

MFN1 OMM

Mediator of
mitochondrial
tethering and
OMM fusion

Not known [42]

OPA1 IMM Mediator of
IMM fusion

Optic atrophy 1
Mitochondrial DNA
depletion syndrome
Parkinsonism and

dementia

Incomplete
mitochondrial

fusion/fragmented
mitochondria

[18,109,131]

DRP1 Cytosol & OMM Mediator of
mitochondrial fission

Encephalopathy
Optic atrophy

Excessive
mitochondrial fusion [20,21,132]

MFF OMM
DRP1 recruitment

protein/ fission
accessory protein

Encephalopathy
Optic atrophy

Peripheral
neuropathy

Defective
fission/tubular
mitochondria

[133,134]

FIS1 OMM
DRP1 recruitment

protein/ fission
accessory protein

Not known [135]

MIEF2/MiD49 OMM
DRP1 recruitment

protein/ fission
accessory protein

Mitochondrial
myopathy

Elongated mitochon-
dria/higher
frequency of
fusion events

[136]

MIEF1/MiD51 OMM
DRP1 recruitment

protein/ fission
accessory protein

Optic neuropathy

Disrupted
mitochondrial
fission/fusion

dynamics

[137]

DNM2 Cytosol & OMM Mediator of
mitochondrial fission

CNM1, DI-CMTB
and CMT2M

Disrupted actin
filaments and

microtubule network
[138–140]

5. Concluding Remarks

Mitochondrial fusion and fission fine-tune cardinal processes of cellular life, and cumu-
lative evidence has attracted remarkable interest into the role of mitochondrial remodeling
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in biological function. Undoubtedly, the scientific conception of mitochondrial dynamics
and a comprehensive understanding of the mechanisms controlling mitochondrial archi-
tecture have progressed considerably in the last years. Of course, there are still many
unresolved questions and additional proteins implicated in mitochondrial dynamics that
remain to be identified. Nonetheless, the association between imbalances in mitochondrial
fusion and fission with a steadily increasing number of pathological conditions and the
provided proof-of-concept that restoration of mitochondrial network structure ameliorates
disease renders mitochondrial dynamics as a major culprit for disease pathogenesis and an
attractive target for therapy.
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