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Abstract

Mitochondrial morphology and metabolism play an important role in cellular homeostasis. Recent
studies have shown that the fidelity of mitochondrial morphology is important in maintaining
mitochondrial shape, number, size, membrane potential, ATP synthesis, mtDNA, motility,
signaling, quality control, response to cellular stress, mitophagy and apoptosis. This article
provides an overview of the current state of knowledge of the fission and fusion machinery with a
focus on the mechanisms underlying the regulation of the mitochondrial morphology and cellular
energy state. Several lines of evidence indicate that dysregulation of mitochondrial fission or
fusion is associated with mitochondrial dysfunction, which in turn impacts mitophagy and
apoptosis. Metabolic disorders are also associated with dysregulation of fission or fusion and the
available lines of evidence point to a bidirectional interplay between the mitochondrial fission or
fusion reactions and bioenergetics. Clearly, more in-depth studies are needed to fully elucidate the
mechanisms that control mitochondrial fission and fusion. It is envisioned that the outcome of
such studies will improve the understanding of the molecular basis of related metabolic disorders
and also facilitate the development of better therapeutics.
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1. Mitochondrial dynamics

Mitochondria, in Greek means thread grain (1), are structurally divided into three aqueous
compartments including a matrix, an inter-membrane space (IMS) and an intra-cristae space.
Mitochondria contain an outer-membrane (MOM), an inner-membrane (IM) and a cristae-
membrane (2). Among these sub-compartments, mitochondrial IM is the major site of ATP
generation and respiration. The electron carrier, NADH and FADH2, produced during
tricarboxylic acid cycle (TCA cycle) or Krebs cycle, are transferred to the electron transport
chain (ETC) in IM. The flow of electrons from the matrix to IMS via complexes I, 11l and
IV releases the free energy that fuels the translocation of protons from matrix to IMS via
ATP synthase (complex V) with oxidative phosphorylation (oxphos) of ADP to ATP. It
makes mitochondria the major site of ATP synthesis.

Mitochondria are considered as the power house of cells and are also involved in various
activities including calcium signaling, carbohydrates metabolism, fats and amino acids
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synthesis, reactive oxygen species (ROS) generation, regulation of cell cycle and cell death.
Mitochondrial size, shape and location within a cell play important roles in regulating
mitochondrial activity. Mitochondria, as the hame suggests are dynamic organelles
undergoing balanced fission and fusion (3). Mitochondrial dynamics regulates mitochondrial
morphology, mitophagy, apoptosis, oxphos, Ca2+ signaling, mitochondrial DNA (mtDNA)
stability, mitochondrial quality, ROS generation and cellular stress response. Being involved
in a variety of cellular processes, it is not surprising that mitochondrial dysfunction is linked
to various metabolic stresses as well as metabolic and neurodegenerative disorders. This
article provides an overview of the current state of knowledge of mitochondrial fission and
fusion, and their relationship to metabolic stresses and disorders. For detailed general
reviews on these topics, the authors suggest additional excellent articles (4-7) that along
with other articles also served as sources for our current review.

2. Proteins involved in the maintenance of mitochondrial morphology

Mitochondrial morphology is maintained, in part, by a balance between the components of
mitochondrial fission and fusion (Figures 1 and 2). For example, the expression, availability
and activity of the proteins that constitute fission and fusion machineries are tightly
controlled. Although the fission and fusion machineries have been studied in various
organisms, the focus of this article is the mammalian system.

(2A) Mitochondria fission

Mitochondrial fission plays an important role in maintaining mitochondrial quality control.
Fission helps in separating the healthy mitochondria from the defective ones. The defective
mitochondria are further removed by mitophagy and recycled or degraded. In mammalian
system, mitochondrial fission is considered as one-step process because there appears to be a
lack of machinery needed for IM fission (8). In the case of mammals, the most well studied
components of fission machinery are by Dynamin related protein-1 (Drpl) and fission
protein 1 (Fis1) (Figure 1).

Drp1—Drpl is a mechanochemical enzyme that plays a significant role in apoptosis,
calcium signaling (9), and peroxisomal and mitochondrial fission (10). Drp-1 shares similar
domains with Dynamin including the GTPase domain, dynamin-2 domain and GTPase
effector domain (GED) (11). However, unlike Dynamin, Drpl contains a variable domain,
or B-insert involved in regulation of Drpl assembly (12). Structurally, Drpl oligomerizes
into an X-shaped dimer on mitochondrial outer membrane (MOM) with the help of two stalk
interfaces. The stalk tips constitute two conserved regulatory domains, the GPRP domain
and the B-insert domain (13). Drpl lacks a transmembrane domain, indicating the role of
other MOM proteins in Drpl's MOM localization. Drpl is located in cytosol, peroxisomes
and MOM. In the case of the peroxisomes and MOM, Drp1 is concentrated in discrete
regions (14, 10). Drpl is mainly present in the cytosol whereas only 3% is located on
mitochondria (14). Therefore, Drpl's activity is mainly dependent on its mitochondrial
translocation. Various studies have suggested that Fis1, Mff1, MiD49 and MiD51 (described
below) are involved in Drpl's mitochondrial enrollment. Additionally, endoplasmic
reticulum (ER)-mitochondria contact points also mark Drpl binding sites on MOM (15).
Once localized to the MOM, Drp1 rims the mitochondria (16) but the exact mechanism of
Drpl-mediated fission is not completely understood. Like Dnm1, Drpl is believed to form
multimeric spirals at the constriction site, with GTPase domain pointing away from the
membrane (17). Formation of a complete spiral activates the GTPase domain causing GTP
hydrolysis. Consequently, the dynamins change its confirmation leading to spiral
constriction (18).This suggests that GTP hydrolysis by the GTPase domain drives
constriction and scission of outer membrane. Mutation in GTPase domain of Drpl (K38A)
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leads to mitochondrial elongation (16) that further supports the role of GTPase domain in
Drpl activity.

Drpl-mediated fission plays an important role is segregation of dysfunctional mitochondria.
During apoptosis, Drpl is also involved in Bax oligomerization on the MOM and
cytochrome c release (19, 20). As a positive feedback, Bax and Bak SUMOylate Drpl and
stabilize the MOM-bound Drp1, causing apoptotic mitochondrial fission (21). Drpl
involvement in the variable processes needs precise regulation. Various post-translational
modification including phosphorylation, S-nitrosylation, ubiquitination, SUMOQylation and
O-linked-N-acetyl-glucosamine glycosylation are involved in regulating Drpl activity
(Table 1). Depending upon the type and site of modification, Drp1 post-translational
modifications may have an activating or inhibiting effect.

hFis1—Human fission protein 1 homologue, Fisl is another MOM protein. Fis1 binds to
MOM with the help of C-terminal transmembrane domain and the C-terminal tail hanging in
the IMS (22, 23). Unlike Drp1, Fis1 is distributed evenly on outer mitochondrial membrane
surface, which forms punctate appearing complexes (22, 23). Functionally, Fis1, aided by
Mdv1 and Caf4, facilitate the binding of Dnm1 (a yeast homologue of Drp1l), but not of
mammalian Drp1, on the MOM (24). Thus, unlike Dnm1, hFis1 knockdown does not affect
mitochondrial localization of Drpl (25, 26). However, hFisl interaction with TBC1D15, a
protein involved in mitochondrial fission, aids TBC1D15 mitochondrial localization,
suggesting hFisl's role as a receptor for mitochondrial fission machinery (27). Alterations in
hFis1 expression affect mitochondrial morphology. For example, hFisl or Drpl knockdown
causes mitochondrial elongation (26), decrease in mtDNA and cellular respiration (28).
Whereas, hFis1 overexpression amplifies mitochondrial fragmentation (29) (unlike Mff1
and Drpl) suggesting hFisl to be a limiting factor in the mitochondrial fission. hFis1
expression is also regulated via ubiquitination by MITOL, a mitochondrial ubiquitin ligase
(30).

Other proteins involved in mitochondrial fission—Mitochondrial fission factor-1
(Mff1) is a MOM protein, linked to the mitochondrial fission (31). Mff1 knockdown causes
decrease in the mitochondrial Drpl levels (32), suggesting Mffl to be a Drpl MOM
receptor. Also, Drpl phosphorylation affects Drpl interaction with Mff1, thereby affecting
Drpl's mitochondrial translocation. Another set of proteins involved in fission is the
mitochondrial dynamics proteins (MiDs), Mid49 and Mid51. MiDs are transmembrane
proteins that bind to the MOM with the help of N-terminus and also involved in Drpl
recruitment to MOM independent of Fis1/Mff1 (33). Interestingly, overexpression of
MIEF1/MiD51 causes increase in Drp1-MiD51 interaction and Drpl mitochondrial
localization, but also negatively affects GTP binding to Drpl, decreasing Drpl's fission
activity (34). This results in increased mitochondrial fusion on MiD49/51 overexpression
(33, 34, 6). These studies project Drpl as a key player in fission and fusion, whose activity
is regulated via binding to different components of fission-fusion machinery.

Various other proteins including mitochondrial protein 18kDa (MTP18), ganglioside-
induced differentiation associated protein 1 (GDAP1), endophillin B1, Dna-J3 and
mitochondrial ubiquitin ligase activator of NFxB (MULAN), DDP/TIMM8a, and OPA 3 are
involved in mitochondrial fragmentation (35, 36, 37, 38, 31, 39, 40). Like Mff1, DDP/
TIMMB8a interaction with Drp1 helps in Drp1 mitochondrial localization and mitochondrial
fragmentation, during apoptosis (41, 5). Also, INF-2, an ER protein, involved in actin
assembly is also associated with mitochondrial fission (42) and is also found mutated in
some cases of Charcot-Marie-Tooth (CMT) disease (43). Interestingly, MTP18 is the only
known mitochondrial inner membrane protein linked to fission.
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(2B) Mitochondria Fusion

Mitochondrial fusion is reported as a two-step process, involving fusion of the MOM
followed by that of the IM (44). The outer membrane fusion requires the MOM proteins
mitofusins namely Mfnl and Mfn2, whereas the IM fusion mainly involves IM-localized
protein, Opal. Sukhorukov et al. (45) have reported that the frequency of fusion depends on
the number of mitochondrial tips available and is also suggested that fusion machinery is
localized at these tips (46). Therefore, to understand the fusion mechanism, one needs to
determine the role of Mfn1, Mfn2 and Opal that are believed to constitute mitochondrial
fusion machinery (Figure 2).

Mitofusins (Mfn1 and Mfn2)—In mammals, the mitofusins, Mfn1 and Mfn2, exist as
transmembrane dynamin-related GTPases (47). Presence of Mfn1 and Mfn2 is a requisite for
the inter-mitochondrial fusion as Mfn-deficient mitochondria are unable to fuse with
mitochondria that are Mfn-proficient (48).

In humans, Mfn1 and Mfn2 are 63% identical and have common functional domains (48).
Mfnl and Mfn2 contain a GTPase domain at the N-termini, whereas the C-termini contain
two hydrophobic heptad regions, HR1 and HR2. Studies have suggested that the region
between HR1 and HR2 contains two transmembrane domains. These transmembrane
domains confer upon mitofusins a U-shaped structure such that the N and C-termini face
towards the cytosol (49, 4). The HR region between any two mitochondria dimerizes
(homotypic or heterotypic) to form a coiled-coil structure and homotypic interactions
probably place MOM of adjacent mitochondria in juxtaposition, at ~160° (50, 48). This
tethering of mitochondria could be followed by GTP hydrolysis, bringing conformation
changes, finally causing mitochondrial fusion in a SNARE-like mechanism (51). For this
reason, mutations in the GTPase domain alter mitofusins' activity, thereby affecting
mitochondrial fusion (50). Furthermore, defect in the Mfnl or Mfn2 function causes
placental lethality in mice (50). Interestingly, Mfn2 shows tissue specific expression
whereas Mfn1 shows ubiquitous expression. Moreover, mitochondrial fusion is more severe
with the Mfn1 overexpression than that due to Mfn2 overexpression which could be due to
increased GTPase activity of Mfnl than Mfn2 (52, 53). These findings were further
confirmed by Cipolat et al. (54) suggesting the role of Mfn1 but not Mfn2 in Opal-mediated
mitochondrial fusion.

Mitofusins activity is regulated by ubiquitination leading to Mitofusins degradation (55).
This degradation is mainly induced by stress and involves various proteins such as PINK1,
Parkin (56), E3 ligase Huwel (57), MULAN (39, 58), mitochondrial ubiquitin ligase
(MITOL/MARCH V) (30), stomatin like protein-2 and Bcl-2 family members (59, 60, 61).
It has been reported that whereas Mfn2 and Bax interaction plays a role in apoptosis (62),
MITOL-Mfn2 interaction helps in the mitochondria-ER association (63, 59) and decrease in
Mfn2 levels causes ER stress (reviewed in (60)). Furthermore, during apoptosis, JINK
phosphorylated Mfn2 leads to Mfn2 ubiquitin-proteasome degradation by Huwel (57).
Various mitofusin deubiquitination enzymes have also been studied including an ubiquitin-
specific protease 30 (Ubp16/USP30) and the decrease in Usp30 causes mitochondrial
elongation (64). Mitofusin activity is also regulated by Mfn-binding protein (MIB), a
cytosolic protein which negatively regulates mitofusin activity (65).

Mfn2 plays a significant role in response to stress stimuli, as exposure to cold or exercise
induces Mfn2 expression. Stress-induced increase in Mfn2 expression is mediated by
amplification in Mfn2 transcription, with the help of PGC1-a (66). Furthermore, mutations
in Mfn2 cause mtDNA depletion, suggesting a role of Mfn2 in mtDNA stability (67).
Mutations in Mfn2 have also been linked to Charcot-Marie-Tooth disease (CMT type 2A).
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Opal—Opal, a mitochondrial protein, is named following its identification as a mutated
gene in optic atrophy. Opal is a dynamin-related GTPase that contains an N terminal
mitochondrial import signal (MIS), a transmembrane domain, a coiled coil variable domain,
a GTPase domain, a GED and proteolytic cleavage sites (68). Like other dynamin-related
GTPases, Opal has a variable domain, which in the case of Opal is involved in interaction
with the cardiolipin, a mitochondrial IM protein (69). Opal is localized to mitochondria and
lipid droplets (70). In the case of mitochondria, most of the Opal is localized in cristae,
leaving about 8 % on the IM rim (71), suggesting its role in maintaining cristae morphology.
Functionally, Opal is mainly associated with the mitochondrial fusion. Coordination
between the MOM and IM fusion is possibly mediated by interaction between Opal C-
terminus and mitofusin loop formed by a U-shaped topology (54). Like mitofusins, Opal
also helps in maintaining mitochondrial function, calcium homeostasis (72, 73), apoptosis
by regulating cytochrome c release (74, 75), mtDNA level (76), mitophagy (77), respiratory
capacity (78) and maintenance of mitochondrial membrane potential (MMP). Opal-
mediated mitochondrial fusion usually follows fission. However, in various physiological
processes mitofusins and Opal lack coordination (reviewed in (5)), suggesting the
involvement of other proteins in mitofusins and Opal regulation.

The mitochondrial fusion activity of Opal involves coordination of long isoform of Opal
and its cleaved short isoform (79). Opal long isoform is grounded to mitochondrial IM and
faces IMS, whereas short isoform is soluble in IMS (80). Various studies have suggested a
major role for long-isoform in Opal-mediated mitochondrial fusion than that for short
isoform (reviewed in (5)), which makes Opal proteolytic cleavage an important step in
regulation of Opal activity. Opal contains three cleavage sites-S1, S2 and S3. Cleavage at
S1 is mediated by various proteases including overlapping activity with m-AAA protease
(OMA-1), presenilin-associated rhomboid-like (PARL) and mitochondrial matrix-complexes
comprising parapleign and/or Afg3L1 and Afg3L2 (m-AAA) (11, 81-84). On the other
hand, cleavage at S2/S3 is mediated by mitochondrial IMS protease, YmeL-1, an i-AAA
metallo-protease, leading to formation of s-Opal (82, 79). Opal proteolytic cleavage is
regulated by MMP, apoptosis, ATP level and mtDNA stability (83, 85, 78). Moreover, Opal
proteolytic cleavage is considered as pro-fission marker as PARL-mediated Opal cleavage
leads to cytochrome c release and apoptosis (81). Interestingly, direct interaction between
Opal and hypoxia-induced gene domain protein-1a (Higd-1a) prevents cleavage of long-
Opal, mitochondrial fission and apoptosis (86). Furthermore, S1 cleavage forming Opal
long and short isoform is influenced by MMP and ATP levels (79, 87, 88), which suggests a
role for MMP in regulating Opal cleavage and therefore, mitochondrial IM fusion.
However, Opal interaction with Mfn1 and Mfn2 is not affected by MMP (87). Furthermore,
Opal knockout causes a decrease in mitochondrial IM fusion and matrix mixing but has no
effect on MOM fusion (89, 90). These lines of evidence suggest that MOM fusion is
independent of MMP. Looking into fusion mechanism, unlike MOM, IM does not require
tethering. During fusion, inter-mitochondrial short-MgM1 and long-Mgm1 (the yeast
homologue of Opal), are activated in the presence of cardiolipin and form multimeric
complex (91). It may be possible that these activated isoforms form a multimeric structure
between two mitochondria that are undergoing fusion, followed by a pull utilizing energy
from GTP hydrolysis, which pushes the IM apart. Regarding the developmental role of
Opal, it is of note, that Opal depletion in mice is embryonically lethal (92). Furthermore, an
ADOA mutation (R290Q and G300E) in Opal GTPase domain has been found to disrupt
Opal fusion activity, causing mitochondrial fragmentation (93).

3. Coordination of fission and fusion

Mitochondrial fission and fusion are cyclic events (77). Recently, Cagalinec et al (94)
suggested that the rate of a mitochondrial fission depends on the length of mitochondria,
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whereas the rate of mitochondrial fusion depends upon mitochondria motility. It has been
proposed that in neurons, the probability of the mitochondrial fusion after fission is 0.864
and that of fission after fusion is 0.835 (94). Various mechanisms are involved in fission-
fusion coordination. In a healthy cell, mitofusin-mediated MOM fusion causes activation of
phospholipase D. Phospholipase D further hydrolyzes cardiolipin of another mitochondria
involved in fusion, forming phosphatidic acid D (51). Phosphatidic acid D then activates
Lipinl, which is involved in the formation of DAG, a PKC activator. Activated PKC in turn
phosphorylates Drpl at Ser616, causing Drpl mitochondrial localization, activation and
fission. Fission activation is again followed by mitochondrial fusion (88). Interestingly,
Drpl-Mfn2 interaction promotes Mfn2 activity and mitochondrial fusion, by limiting HR1-
HR2 heterotypic interaction (95). Furthermore, it has been reported that fragmentation
induced by deficiency in Mitofusins or Opal require Mff1 activity (7, 31).

4. Need for fission and fusion

Mitochondrial fission and fusion are involved in regulating various cellular processes
including cell cycle, response to stresses, apoptosis, mitochondrial quality control,
mitophagy, mtDNA stability, oxphos and mitochondrial cellular distribution via regulation
of mitochondrial motility. Additionally, mitochondrial dynamics are also involved in
senescence and intracellular signaling (reviewed in (5)).

(4A) Cell Cycle regulation

Mitochondrial morphology changes with change in the phases of cell cycle. G1/S phase
transition needs increase in ATP levels to generate biomolecules. To increase the efficiency
of ATP synthesis, mitochondria fuse and elongate (96). To achieve this, anaphase-promoting
complex/cyclosome and its coactivator Cdhl (APC/C (Cdhl)), an E3 ubiquitin ligase,
ubiquitinates and degrades Drpl during interphase, thereby decreasing mitochondrial fission
(97). Cellular ATP levels also stabilize cyclin E, suggesting a role of mitochondrial fusion
during G1/S and entry into S phase (98). Furthermore, during mitosis mitochondrial
fragmentation is also needed to ensure distribution of mitochondria to daughter cells. Mitotic
fragmentation of mitochondria involves (i) Drp1 phosphorylation by Cdk1/cyclin B aided by
RALA and RALBP1 (99; 100, 101) and (ii) Drp1 deSUMOlIyation by SENP5 SUMO
protease to increase mitochondrial Drp1 levels (102). Mitochondrial fission-fusion-mediated
cell cycle regulation also influences cellular ability to differentiate. Enhanced mitochondrial
fusion is expected to cause entry into S phase and therefore, increased cellular division,
whereas increased fission will support cellular differentiation (reviewed in (103)).

(4B) Cellular response to stress

Under conditions of stress such as starvation, exposure to UV radiation, actinomycin D
treatment and oxidative stress, mitochondria undergo stress-induced hyperfusion (SIMH)
and decreased fission (104, 105). Hyperfusion increases mitochondrial ATP synthesis (104)
and therefore, could be considered as a protective step against stress.

Oxidative stress has closely been related to increase in mitochondria fusion. It is further
supported by mitochondrial fusion induction by oxidized glutathione (GSSG) (106). The
amount of damage caused by oxidative stress depends on mitochondrial dynamics to certain
extent (107, 108). Interestingly, inhibiting mitochondrial fragmentation reduces mtROS
(109) and treatment with N-acetyl-cysteine reduces mitochondrial fragmentation followed
by decrease in ROS level under hyperglycemic conditions (110). Cumulative lines of
evidence suggest that ROS and mitochondrial fragmentation play a bidirectional role.
Defective mitochondrial morphology increases oxidative stress and show association with
various metabolic and neurodegenerative disorders.
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(4C) Apoptosis induction

Mitochondrial fission and fusion also play a role in apoptosis. Increased mitochondrial
fission is believed to favor apoptosis, whereas elevation in fusion suppresses apoptosis (20).
Apoptosis could be mediated by the extrinsic or intrinsic pathway. The intrinsic apoptotic
pathway involves mitochondrial permeabilization with the help of Bax and Bak
oligomerization on the MOM, further causing cytochrome c release. Fission-fusion
machinery has been reported to interact with Bcl2 family proteins (3). For example, Drpl
mitochondrial localization is believed to increase during apoptosis, which appears to
facilitate increased Bax oligomerization on the MOM, leading to mitochondrial
fragmentation (20) and mitochondrial pore opening for cytochrome c release (19).
Conversely, a decrease in the Drpl level is believed to cause delayed cytochrome c release
(111). Moreover, Bax-Bak-mediated Drpl SUMOylation, also causes mitochondrial fission.
Clearly, although various reports have suggested the relevance of Drpl in the pathways to
apoptosis, whether Drp1 is absolutely required for cell death remains to be fully elucidated.
Further evidence that fission-fusion are linked to regulating cell death can be gleaned by the
findings that Opal-mediated cristae remodeling also regulates cytochrome c release out of
mitochondria (81). It is now well-known that cytochrome c release out of mitochondria is a
critical step in the pathway to cell death.

(4D) Mitochondrial quality control

Fusion and fission are also implicated in regulating mitochondrial quality control.
Mitochondrial fission segregates damaged mitochondria. In most cases, mitochondrial
fission results in a polarized and depolarized daughter mitochondria (77). Depolarized
mitochondria are unable to fuse due to deficient Opal processing, and therefore, become
target of mitophagy. Furthermore, fusion helps in mtDNA mutation compensation and
continuous fusion-fission cycles also offer homogenous mitochondrial population per cell
(112).

(4E) Mitophagy

Mitophagy is autophagic degradation of the defective mitochondria. Mitophagy is believed
to predominantly involve PTEN-induced putative kinase protein 1 (PINKZ1) and Parkin.
PINKZ1 is a serine threonine kinase, whereas Parkin is an E3 ubiquitin ligase. Dysfunctional
and depolarized mitochondria are marked by PINK1, which further recruits Parkin, (113,
114) to undergo proteasome-ubiquitin degradation. Parkin localization in depolarized
mitochondria also involves interaction with voltage-dependent anion channels (VDACS)
(115). To keep the depolarized mitochondria segregated, PINK-1 phosphorylates Mfn2 and
Miro, helping Parkin to ubiquitinate Mfn2 and Miro, thereby inhibiting fusion and
mitochondrial motility, respectively (116, 113, 117, 118). Mfn2 deficiency in
cardiomyocytes prevents Parkin translocation to depolarized mitochondria and mitophagy
(61). Furthermore, defects in mitophagy cause an accumulation of dysfunctional
mitochondria leading to oxidative stress and various disease states including Parkinson's
disease (119, 120).

(4F) Mitochondrial DNA stability

Mitochondrial DNA (mtDNA) undergoes frequent mutations due to close proximity with the
ROS generation site i.e., ETC and limited repair mechanism. These mutations make mtDNA
unstable. Mitochondrial dynamics plays an important role in compensating for these
mutations. As a result, mammalian cells with defects in mitochondrial fusion or fission
machinery have less mtDNA content and increase in the rate of mtDNA mutation (67, 28).
Mitochondrial fission machinery is also involved in mtDNA distribution as mitochondrial
fission proteins Drpl and Mff1 localize adjacent to mtDNA (121). Mitochondrial fission and
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fusion events start close to mitochondrial nucleoids (122). This close proximity helps in
equal mtDNA distribution to the daughter mitochondria.

(4G) Mitochondrial motility

Fission and fusion help in intracellular mitochondrial movement to serve various purposes
including ATP supply and calcium buffering. Neurons are examples to highlight the
significance of mitochondrial motility as ATP demand and calcium concentration are not
homogenous in neurons. Mitochondrial outer membrane calcium regulated GTPases, Mirol
and Miro2 interact with Kinesin-1 motor on microtubule for mitochondrial movement (123,
124). Furthermore, increase in mitochondrial motility has been linked to increase in
mitochondrial fusion which may lead to increase in ATP synthesis (94).

(4H) Oxidative phosphorylation

Mitochondrial morphology and bioenergetics exhibit mutual regulation as will be discussed
in the subsequent sections.

5. Mitochondria and cellular energy state

The cellular energy state plays an important role in cell death and survival. A minor
decrease in cellular ATP levels induces apoptosis but a sharp decrease induces necrosis
(125). In resting states, cells mainly utilize energy for protein synthesis (~25-30%) (126),
ion gradient maintenance (~15-58%) (127), gluconeogenesis (~7-8%), urea genesis (~3%),
DNA transcription and replication (~10%) (126). Therefore, at the time of stress due to
alterations in cellular energy state, cells undergo decreased DNA transcription, decreased
protein synthesis, increased protein and mRNA half-life and channel arrest (128). Cellular
energy (ATP) is mainly produced by aerobic metabolism involving mitochondrial oxphos,
except in cultured cells (129, 130). Mitochondrial oxphos is regulated by various factors
including cellular ATP/ADP content, mitochondrial dynamics, mitochondrial membrane
potential (MMP), calcium homeostasis, intracellular oxygen pressure, and substrate
availability.

Cellular homeostasis involves a balance between energy input and utilization. Inability of
cells to utilize the nutrient supply or excessive nutrient supply is expected to cause
conditions such as adiposity and obesity, associated with various diseases including type 2
diabetes, atherosclerosis and cancer (131). Mitochondria are the major site of energy
production and mitochondrial activity is regulated by mitochondrial morphology. With this
idea, various studies have reported interdependence between mitochondrial dynamics and
bioenergetics. In 2007, Benard et al. (132) suggested an interdependent relationship between
mitochondrial shape/distribution and bioenergetics. Increase or decrease in mitochondrial
bioenergetics affects MMP which further regulates mitochondrial morphology. Various
studies have reported mitochondrial elongation following cellular starvation, and
mitochondrial fragmentation following excessive nutrient availability (133). Moreover,
cristae morphology is also regulated by mitochondrial respiratory state and rate of ATP
production (134). Interestingly, both hyperpolarization (20) and depolarization (135) result
in increased fission. Mechanistically, the MMP and energy state regulate the ratio of short to
long Opal isoforms and therefore, also regulate mitochondrial fusion. As has been reported,
patients with decrease in respiratory chain complex 1 show fragmented mitochondria (136,
132). Likewise, inhibition of ETC complexes in mammalian cells causes mitochondrial
fragmentation (137, 138). On the other hand, decrease or increase in mitochondrial fusion by
regulation of Mfn2 expression in muscle cells, affect glucose oxidation by causing decrease
or increase in oxphos complex subunits, respectively (139). Decrease in Mfn1/2 or Opal
levels in mammalian cells also cause MMP and mitochondrial respiration reduction (112, 6).
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Similar results of reduced oxphos and ATP synthesis have been observed following
repression of Drpl expression in HeLa cells (28). Moreover, disruption of MMP has been
reported to also lead to mitochondrial fission (140, 141).

(5A) Effect of cellular energy state on mitochondrial fission and fusion

Excessive nutrient supply leads to increase in substrate availability to mitochondrial ETC. A
recent study has shown an initial increase in ATP synthesis followed by mitochondrial
fragmentation on glucose stimulation (142). The increased ATP levels are responsible for
insulin secretion in healthy pancreatic $-cells. However, increase in substrate supply also
causes increase in basal proton conductance/proton leak and ROS production. Under high
glucose conditions, oxidative stress ensues due to decrease in antioxidants, NADH and
glutathione levels on increased conversion of glucose to polyalcohol sorbitol (143).
Furthermore, increased proton leak could be responsible for decrease in the amount of ATP
produced on oxidation of a unit nutrient (ATP synthesis efficiency), at later stages of
glucose stimulation. Another reason for decrease in ATP levels could be reduced stability of
ATP synthase dimer observed during hyperglycemia (144). The increased ROS and
decreased ATP levels during hyperglycemia is considered as the main cause of
pathophysiology of diabetes and obesity, as ROS perturbs insulin secretion ability of
pancreatic P cells and increases respiratory uncoupling.

Hyperglycemia or hyperlipidemia-induced ROS production usually follows mitochondrial
fragmentation and consequently, inhibition of fission reduces oxidative stress (109, 145).
Hyperglycemia causes increase in the level of mitochondrial fission proteins (Drpl and
Fisl) and decrease in fusion proteins (Opal and Mfn2) (146). These studies suggest that
mitochondrial fragmentation induced by nutrient excess is due to imbalanced mitochondrial
fission-fusion machineries. Another mechanism involves reduction in Opal activity on
hyperpolarization/depolarization, caused by excessive nutrient (147, 6) inhibition of
phospholipase activity mediated by excess fatty acids, thereby affecting mitochondrial
fusion (51, 95, 148). Furthermore, post-translational modifications of mitochondrial fission-
fusion machinery also play a major role in regulating mitochondrial fission-fusion and
therefore, hyperglycemic conditions. In support of this, high glucose causes increase in
Erk1/2 and CaMMK1a-mediated Drpl phosphorylation, increasing Drpl activity (149,
150). Moreover, increase in the glucose availability leads to increase in O-glcNAcylation of
proteins (151) such as Drpl. Increased O-gIcNAcylation of Drpl causes decrease in Drpl
Ser637 phosphorylation and increase in Drpl mitochondrial localization, causing
fragmentation under high glucose conditions (152). Inhibition of mitochondrial
fragmentation reduces hyperglycemia-induced ROS production and apoptosis of 3 cells,
however it affects insulin secreting ability of pancreatic 8 cells (153, 142).

Cells undergo energy stress or metabolic stress (defined as energy deficiency) during
physical exercise, nutrient depletion, or hypometabolism induced during diapause (154).
Low amounts of energy stress at early stages cause increase in fusion and decrease in fission
suggesting a protective move where further increase in stress accelerates fission and
decreases fusion (88). During limited nutrient supply, cells intend to increase the ATP
synthesis capacity and autophagy to use cellular organelles and metabolites as source of
energy. To support this idea, HepG2 cells show increase in cytochrome ¢ oxidase activity
and mtDNA on glucose starvation (155). Furthermore, mitochondria, the power house,
undergo elongation to increase ATP synthesis and reduce mitophagy (96, 148). A similar
phenomenon is also observed during stress-induced hyperfusion (104). Studies have
suggested a role of SLP-2, a mitochondrial inner membrane protein, which has been
reported to interact with prohibitin 1 and 2 (156) in stress-induced mitochondrial
hyperfusion (SIMH) (104). Mitochondrial elongation offers increased cristae density helping
ATP synthase oligomerization and increased activity (96). Like hyperglycemia, nutrient
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starvation also affects the fission-fusion machinery. Starvation induces mitochondrial
elongation with the help of cCAMP amplification causing PKA activation. Activated PKA
phosphorylates Drp1, inhibiting its mitochondrial translocation, thereby leaving elongated
mitochondria (96, 157). Furthermore, oxygen glucose starvation causes increase in the Mfnl
levels and decrease in the Drpl levels (158). Oxygen glucose deprivation also leads to
increase in Drpl SUMOylation (by SENP-3 degradation), thereby decreasing Drpl
mitochondrial localization and mitochondrial fission. SUMOylated Drpl further prevents
cytochrome c release inhibiting apoptosis, suggesting a protective mechanism (159). The
mitochondrial elongation further protects mitochondria from mitophagy, thereby giving
them a chance to recover (157). It has been proposed that long exposure to glucose
starvation leads to an uncontrolled decrease in the cellular ATP levels and mitochondrial
fusion (132). To support this line of evidence, it has been reported that a decrease in ATP
synthesis enhances Opal cleavage, thereby negatively regulating mitochondrial fusion (85).
In addition, defects in oxphos cause Opal degradation, leading to increased mitochondrial
fragmentation (83). Another reason for reduced fusion following ATP depletion is believed
to be the need for GTP for mitochondrial outer membrane and inner membrane fusion and
MMP for inner membrane fusion (160). These studies suggest the role of cellular energy
state in regulating mitochondrial dynamics (85).

(5B) Effect of mitochondrial fission and fusion on metabolism

6. Defects

Mitochondrial dynamics and bioenergetics exhibit mutual regulation. Balanced fission-
fusion is required for efficient bioenergetic capacity (148). Defective mitochondrial fusion
reduces mitochondrial metabolism. In rat skeletal muscle, it has been reported that a
reduction in the Mfn2 expression causes decreases in glucose oxidation, complex IV
activity, MMP and mtDNA, which further lead to a decrease in respiration (161, 162). These
effects due to Mfn2 reduction have been found to be reversed following restoration of Mfn2
expression (112). Furthermore, Liesa et al have suggested that decrease in oxphos following
Mfn2 deficiency could result due to disruption of ER-mitochondria calcium flux (5).
Additionally, Opal deficiency also causes a decrease in MMP and respiration (163), and this
decrease in respiration is normalized following Opal overexpression (112). Dominant optic
atrophy-related mutations in Opal affect mitochondrial encoded complex 1 subunits and,
thereby ATP synthesis (164). On the other hand, affected mitochondrial fission also alters
mitochondrial energy production. Drpl depletion in HeLa cervical cancer cells leads to
increase in the mitochondrial fluidity and associated decreases in the complex IV activity,
mitochondrial ATP synthesis and mtDNA (132, 28). Collectively, these studies suggest that
mitochondrial morphology is regulated by cellular energy state.

in mitochondrial dynamics and metabolic disorders

Defects in mitochondrial morphology have recently been found to be associated with disease
states (78, 165, 166, 88), including genetic or acquired metabolic disorders. Mutations in the
components of mitochondrial fission and fusion machinery precede various
pathophysiological disorders including autosomal dominant optic atrophy (ADOA), Charcot
Marie Tooth type 2A, Charcot-Marie-Tooth type 4A and neonatal lethality (167, 168, 169,
170).

At resting state, the brain consumes about ~20% of the metabolic energy (171). Neurons
with long processes also depend heavily on the mitochondria, for energy supply and calcium
buffering, for synaptic neurotransmitter release (172). Furthermore, mitochondria helps in
satisfying the neuronal heterogenic energy demand (173). Consequently, Drpl deficiency in
neurons disrupts mitochondrial synaptic dispersion, affecting synaptic activity (174). This
makes neurons a preferential target of defective mitochondrial function and morphology.
Collectively, these studies suggest that defective mitochondrial morphology may lead to
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neurodegenerative disorders. Moreover, neurodegenerative diseases are not only associated
with defects in mitochondrial morphology but have also been linked to endoplasmic
reticulum (ER) and golgi fragmentation (175). Various drugs have been developed to target
mitochondrial defects associated neurodegenerative diseases.

(6A) Autosomal dominant optic atrophy

Autosomal dominant optic atrophy (ADOA) is an autosomal inherited disease, affecting
retinal ganglion cells, thereby causing optic nerve atrophy leading to visual impairment.
Mutation in the Opal gene is the most common cause of ADOA. ADOA could also result
due to haploinsufficiency and dominant-negative mechanism (167, 176). Some ADOA
related Opal mutations are associated with mtDNA deletion causing external
opthalmoplegia, ataxia and deafness (177). In order to understand the pathology of ADOA,
various researchers have made knock out/knock in mice of fission-fusion proteins. Related
studies have suggested a possible pathway underlying Othe ADOA pathophysiology i.e., the
inability of the mutated Opal to be stimulated by cardiolopin to hydrolyze GTP and
therefore, impairing the mitochondrial fusion (178). Opal knockdown in retinal ganglion
cells is also associated with a decrease in the mtDNA, oxphos, ATP synthesis and disruption
of calcium homeostasis (72).

(6B) Charcot Marie tooth type 2A

Charcot Marie tooth type 2A (CMT2A) is the most common hereditary peripheral
neuropathy (179). Most of the CMT2A cases involve Mfn2 mutations, mainly in the GTPase
domain. These mutations could be gain of function or loss of function. Interestingly, gain or
loss of Mfn2 function gives similar phenotype. For example, loss-of-function mutations
induce mitochondrial aggregation (168) and gain of function affects mitochondrial motility
on axons and therefore, mitochondria axonal distribution (180). Defects in mitochondrial
motility have also been linked to CMT2A development (181). However, human skin
fibroblast samples obtained from CMT2A patients have been reported to show wild type
mitochondrial morphology which could be due to complementary effect of Mfn1 (182, 5).
However, CMT2A patients have reduced oxphos (183). Defective oxphos in CMT2A
patients has been linked with increase in mtDNA deletion (184, 185).

Interestingly, Mfn2 mutations causing CMT2A has been linked to amyotrophic lateral
sclerosis (ALS) suggesting overlapping mechanism in pathogenesis of two diseases (186).
Various studies have also reported overlapping symptoms in CMTA-2A and ADOA as in
the case of hereditary motor and sensory neuropathy (187-189). These reports would
suggests that the signaling pathway/protein affected by mutations in Mfn2 and Opal are not
mutually exclusive.

(6C) Costeff optic atrophy syndrome

Costeff optic atrophy syndrome is also known as the Type 111 3-methylglutaconic aciduria or
optic atrophy plus syndrome (190). This disease is mainly associated with mutation in a
mitochondrial inner membrane protein, OPA3. Mutation in OPA3 is believed to cause
bilateral optic atrophy (191), and familial OPA3 mutant (G93S) is linked also to increased
mitochondrial fragmentation (40). Further studies are needed to better understand the
mechanism involved in optic atrophy plus syndrome pathogenesis.

(6D) Charcot Marie tooth type 4A

Charcot Marie tooth type 4A (CMT4A) is an inherited peripheral neuropathy that has an
association with mutations in GDAP1 (169). To date, more than 40 mutations in GDAP1
have been linked to CMT4A (192). CMTA4A patients express reduced levels of wild type
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GDAP1, glutathione and MMP. GDAP1 deficiency is believed to cause mitochondria and
peroxisome elongation (193). Noack et al. reported that the knockdown of wild type GDAP1
causes increased sensitivity to oxidative stress, decrease in glutathione (GSH) levels and
decrease in MMP, whereas overexpression of GDAP1 normalizes the above mentioned
phenotypes (194). These studies suggest a role for oxidative stress in CMT4A pathogenesis.

(6E) Wolf-Hirschhorn Syndrome

Wolf-Hirschhorn Syndrome (WHS) is characterized by a deletion of WHSC1 gene and/or
the entire WHSCR region within which WHSC1 gene resides (195). Leucine zipper-EF-
hand containing transmembrane protein 1 (Letm1), localized in WHSCR has been linked
with WHS progression. Letm1 is a mitochondrial IM Ca2+/H+ antiporter. Letm1 mRNA
and protein levels are reduced in WHS patient fibroblast (196). Letm1 knockdown is
believed to cause mitochondrial fragmentation, reduction in ATP synthesis and altered
glucose metabolism (196, 197, 198).

(6F) Non-alcoholic fatty liver disease

NAFLD is associated with fat collection in the liver and according to American Liver
Foundation, NAFLD affects ~25% of the US population. NAFLD progression has been
linked to increased mitochondrial ROS (199), reduced ATP production (200), and abnormal
mitochondrial morphology. Excess fat in NAFLD causes increase in lipid/substrate
availability for B-oxidation, forming more NADH. Increase in NADH production causes an
enhanced rate of ETC, thereby increasing electron leakage from complex I and 111 leading to
elevated levels of superoxide production (201, 6). This can explain the reduced activity of
all ETC complexes in patients with nonalcoholic steatohepatitis (NASH), a severe form of
NAFLD, have (202).

(6G) Familial amyotrophic lateral sclerosis

Familial amyotrophic lateral sclerosis (FALS) constitutes ~10% of ALS cases. This motor
neuron disease is characterized by hypometabolism (203). It is associated with mutations in
SOD1 gene (204) and possibly involves SOD1 misfolding (205). SOD1 mutation in motor
neurons show decrease in mitochondrial size, number and MMP (204). This defect has been
related to deceases in mitochondrial fusion and motility (204). Likewise, ALS transgenic
mice, with mutant-SOD1 overexpression, display altered mitochondrial structure, which
precedes defects in mitochondrial respiration (206, 207). Further, mutations in TAR DNA-
binding protein 43(TDP-43), fused/trans located in liposarcoma (FUS/TLS) protein and
transitional ER ATPase protein have also been linked to ALS (208, 209).

(6H) Alzheimer disease

Alzheimer disease (AD) is a neurodegenerative disorder marked by extracellular f-amyloid
plaques and intracellular tangles of hyper phosphorylated tau protein (210). According to
Swerdlow et al. (211) mitochondrial dysfunction follows AD pathophysiology. In 2008,
Wang et al. (212) linked p-amyloid overproduction with increase in number of fragmented
mitochondria (clustered in perinuclear region), increase in oxidative stress and losses of
MMP and ATP production. This increased mitochondrial fragmentation is associated with
increase in expression of Drpl during AD (212). Accumulated f-amyloid also causes
increase in Drpl S-nitrosylation at Cys644, thereby enhancing Drp1 activity in neurons
(213). Likewise, AD patients are characterized by having AB-Drpl mediated mitochondrial
fragmentation, mtDNA mutations (214) and decrease in oxphos (215). Further, AD is
associated with various metabolic abnormalities including decreases in pyruvate
dehydrogenase (PDH), a-ketoglutarate dehydrogenase (KGDH), and ETC complex 1V
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(216). In the AD patients, defective oxphos is believed to induce a switch to neuronal
glycolysis (217).

(6l) Parkinson's disease

Parkinson's disease (PD) is marked by deprivation of the dopaminergic neurons in substantia
niagra and accumulation of lewy bodies (210). Familial PD has been linked to mutations in
Pink1, a-synuclein, Parkin, DJ-1, LRRK2, NURR-1, tau and mtDNA (reviewed in 207, 218,
219). Tfam-deficient mice develop PD in adulthood (220) indicating that the mtDNA
appears to also have a role in PD pathogenesis. Further, mitochondrial accumulation of a-
synuclein disrupts complex 1 activity. Likewise, PD patients have reduced complex |
activity in substantia nigra and Parkin knockout mice have decrease in complex | and IV
subunits levels, thereby reduced respiratory capacity (221, 222) and metabolic defects.
Mitochondrial dysfunction observed during PD could be the result of defective mitophagy.
Recently, it has been reported that PINK1 expression inhibits Drpl mitochondrial
translocation, suggesting a possible mechanism responsible for the increase in mitochondrial
fragmentation in PD patients that harbor mutated PINK1 (223, 224). It is of note that
mitochondrial abnormality associated with mutated PINK1/Parkin could be reversed by the
overexpression of Drpl in Drosophila (225, 226), suggesting mitochondrial fission to be
downstream of PINKZ1/Parkin. Further, mitochondrial spheroids observed during PD could
also result due to the inability of mutated Parkin to degrade Mfn2 (227). Mutation in Parkin
also decreases Parkin mediated Drpl and Mfn1/2 ubiquitination and degradation, and
therefore, lessens mitophagy, ultimately leading to mitochondrial dysfunction (228, 229,
230). PD patients have also shown increased expression of cell cycle proteins such as Rb,
which are involved in up-regulation of Drpl (231). Oxidative stress has also been shown to
induce mitochondrial fragmentation in the cellular model of PD and the latter phenotype
could be rectified with antioxidant treatment (232). Collectively, these studies suggest roles
for mitochondrial dynamics, mitophagy and oxidative stress in the PD pathophysiology.

(6J) Huntington's disease

Huntington's disease (HD) is mainly caused by expansion of a CAG trinucleotide sequence
in huntington (Htt) gene, leading to an increase in the polyglutamine tract (233). HD
pathogenesis is believed to involve mitochondrial dysfunction in brain as well as peripheral
tissues (207), increase in mitochondrial fragmentation (234), mitochondrial respiration and
ATP levels (235). Consistent with these findings, studies on HD mouse model also show
reduced complex Il and IV activity (236, 237). Another possible mechanism of reduction in
mitochondrial activity involves interactions between mutant Htt and p53. These interactions
cause an increase in p53 activity leading to a drop in MMP (238). Likewise, HD patients
also suffer from decreased body weight (239) and have reduced glucose metabolism rate
(240). Collectively, these lines of evidence suggest that metabolic defects are possibly
linked to HD pathology. Interestingly, HD patients have increased mitochondrial
fragmentation or reduced fusion and that could be due to high levels of fission proteins
(Drpl and Fisl) and low levels of fusion proteins (Mfnl and Mfn2) (236). Similarly,
expression of Htt with extended poly glutamine repeats in HeLa cervical cells cause increase
in the mitochondrial fragmentation (241). This increase in fragmentation is believed to be
mediated by an increase in the GTPase activity of Drpl on MOM upon binding with
mutated Htt (234, 242, 175, 243). Drpl S-nitrosylation is reported as one of the key events
in mutated HTT pathogenesis of Huntington disease and accordingly, blocking Drpl S-
nitrosylation abrogates mtHtt-mediated toxic effects (244). MtHtt also causes increase in
oxidative mtDNA damage (245). Further, mitochondria with damaged DNA may not be able
to compensate, due to reduced fusion and thereby causing decreased energy production and
metabolic defects. HD patients also have impaired mitochondrial motility due to defective
mitochondria-microtubule association (246), this decrease in mitochondrial motility may
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further decrease mitochondrial fusion. Cagalinec et al (94) suggested that restoring
mitochondrial motility by overexpression of Mirol, helps neurons to fix defects in fusion,
thereby offer wild type mitochondrial morphology. Interestingly, like various other
neurodegenerative disorders, HD is also linked to oxidative stress, as mutant Htt lessens
PGC 1 a activity making neurons more prone to oxidative damage (247, 248).

(6K) Type 2 Diabetes and Obesity (Diabesity)

(6L) Cancer

According to American Diabetes Association, one third of the US population is obese and
~85% of those with type 2 diabetes are believed to be obese. Obesity is clearly considered as
a risk factor for type 2 diabetes. It is well-established that type 2 diabetes and obesity are
metabolic disorders. Type 2 diabetes and obese patients show decrease in mitochondrial
size, number, oxphos activity, oxphos subunit expression, ATP synthesis, mtDNA levels,
increase in lipid accumulation and altered mitochondrial morphology (249-251). The
mitochondrial dysfunction has also been related to insulin resistance either by blocking
insulin signaling or through oxidative stress (252). Obesity and type 2 diabetes are
associated with hyperglycemia and cardiac steatosis (253), and involve patients' inability
either to secret insulin or sense insulin. Hyperglycemia causes increase in substrate input to
ETC, amplifying superoxide production. ROS thus produced, are considered as the major
culprit involved in diabetic pathogenesis (254-256). The animal mice models with type 1
and type 2 diabetes also show an increase in the ROS levels. Further, inability of ROS to
induce UCP3 is believed to result in an increase in oxidative damage in the diabetic patients
(257). Increased ROS in diabetic mice also increases tumor metastasis (258). Interestingly,
oxidative stress induced during the hyperglycemia could be alleviated by inhibiting
mitochondrial fission (6). There are lines of evidence to support that ROS production and
mitochondrial fragmentation exhibit a mutual regulatory relationship. Furthermore, exposure
to high glucose is believed to also induce mitochondrial fragmentation. Likewise, pancreatic
B-cells and skeletal muscles of type 2 diabetes patients show increase in mitochondrial
fragmentation (259, 260) which could be explained with decrease in Mfn2 levels in obese
and type 2 diabetes patients (66) and increase in Drp1 mitochondrial localization in high
glucose stimulated neurons (261). Reduced Mfn2 levels have also been linked to reduced
MMP and oxphos (154). Another pathway involved in the repressed mitochondrial
networking in type 2 diabetic and obese patients is the decrease in PGC-1 a and NRF1
levels (154, 250). Decrease in Mfn2 levels could be the result of decreased PGC-1 a
activity, affecting Mfn2 transcription (262). The reduced Mfn2 levels are expected to
worsen the effect of nutrient excess (263).

Diabetic patients are often diagnosed with diabetic cardiomyopathy (DCM) due to
accumulation of triglyceride and cholesterol (264) causing ischemia and hypertension. This
cardiac steatosis is believed to mark the beginning of diabetes mellitus (263, 265). Diabetic
atrial tissues have higher tendency to undergo mitochondrial pore opening and
mitochondria-mediated apoptosis (266). Furthermore, artrial tissue of type 2 diabetic
patients have defect in fatty acid oxidation and show increased oxidative stress (256).
Galloway and Yoon speculated that mitochondrial dysfunction due to oxidative stress could
be among the major causes of DCM pathophysiology (6).

Cancer cells are characterized by decrease in oxphos and increase in glycolysis. Decrease
oxphos could be due to variety of alterations for example, defective TCA (mutated succinate
dehydrogenase, fumarate hydratase), ETC (SCO2), mutations in mtDNA, decrease in
mtDNA level, oxidative stress, (267, 268). Overexpression of an oncogenic protein Yorkie/
Y AP-2 has been reported to cause an increase in transcription of mitochondrial fusion
proteins (Opal and Marf), thereby leading to an increase in mitochondrial fusion (4, 269).
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Yorkie/YAP-2 appears to be also involved in cyclin E accumulation during G1/S transition
(98). Furthermore, increase in Mfn2 expression in colorectal cell lines is believed to cause
cell cycle arrest at G2/M (270). Mfn2 overexpression has also shown anti-proliferative
effects in hepatocellular carcinoma and gastric cancer (271, 272).

(6M) Other Disorders

A variety of other disorders are also associated with defective fission-fusion machinery. For
example, A395D mutation in Drpl has been related to abnormal brain development linked
to neonatal lethality (170). This heterozygous mutation is believed to cause defects in
mitochondria and peroxisome fission, which could be responsible for observed
modifications in mitochondrial and peroxisomal oxidation (170, 5, 273). Available evidence
also suggests that A395D mutation affects Drpl assembly (273). Furthermore, defects in
mitochondrial fission and fusion have been linked to mitochondrial dysfunction in critically
ill patients (274). Mutations in mitochondrial fusion machinery (Opal and Mfn2) have also
been associated with mtDNA mutation and deficiency (reviewed by (275)).

Because mitochondrial fission and fusion are believed to play important roles in the
pathophysiology of various neurodegenerative diseases, drugs are being developed to target
fission-fusion. Mitochondria division inhibitor-1 (mdivi-1) is one example of such drugs.
Mdivi-1 has been reported to inhibit Drpl activity by preventing Bax/Bak mediated
mitochondrial pore formation (276). Mdivi helps in mitochondrial networking, similar to
Mfn2 overexpression, causing cell cycle arrest in cancer cells (277). Mdivi also prevents the
oxidative stress followed by mitochondrial fission (278). M1 hydrazone is another drug that
helps in increasing mitochondrial fusion by regulation of Mfn activity. Idebenone, an
antioxidant that is used in the management of Alzheimer has recently been advanced to
clinical trials for possible treatment of ADOA (279). Thiazolidinediones and metformin are
drugs that have shown therapeutic potential to ameliorate hyperglycemic complications
during type 2 diabetes and such effects are believed to be mediated via reduction in
mitochondrial ROS (280, 281) Various other drugs including creatine, CoQ10, NAC and
similar other antioxidants are showing promising neuroprotective activity and are currently
in clinical trials (207).

7. Conclusion

This article provides the current state of knowledge of the topic by highlighting a
relationship between mitochondrial morphology and function, especially energy production.
It is becoming increasingly evident that nutrient starvation leads to mitochondrial
elongation, whereas excessive nutrient supply causes mitochondrial fission. Accordingly, a
balance between fission and fusion helps cells to adapt to conditions of varying nutrient
availability. It has also been reported that defects in or inhibition of mitochondrial electron
transport chain alter mitochondrial morphology. Oxidative stress has also been linked to
bioenergetic defects as well as abnormal mitochondrial structure, and both of the latter
events exhibit interdependent relationship. It is also becoming evident that the regulatory
pathways affecting mitochondrial morphology, bioenergetics and oxidative stress are
interconnected. Therefore, future studies are warranted to fully elucidate the details of these
mechanisms particularly in context to fission and fusion. The outcome of such studies is
expected to improve the understanding of molecular pathogenesis of the various metabolic
disorders and form the basis for future development of better therapeutics.
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Figure 1. Mitochondrial fission

(A) Mitochondrial Fission involves formation of a Drpl ring across the mitochondria with
the help of adaptor proteins. This ring further constricts to divide the parent mitochondria

into daughter mitochondria. (B) Illlustration of motifs and domains of Drpl. BSE: Bundle

Stalking Element (13)

Mol Cell Pharmacol. Author manuscript; available in PMC 2014 February 12.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Babbar and Sheikh

Page 33

HR1 HR2 1 o, i1
B Mfn1/2 GTPase Domain ..r\.r\rwm—m-/\fww : e 5 1
Mfn1/2 U i
N C 1 1
| 1
IOpal Y 1
1

| | .

N S1 s2 [

Figure 2. Mitochondrial Fusion

(A) During fusion mitochondria form a hypothetical bridge with the help of interaction
between HR domain of mitofusins on the mitochondria involved (B) Domains and motifs of
Mfn1/2 and Opal (293).
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Post-translational modifications regulating Drpl activity.
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Post-trandational Modifications

Proteinsinvolved

References

Phosphorylation/Dephosphorylation

» Cdk1/cyclinB and PK C8 phosphorylates human Drpl at
Ser616, increasing Drp1 activity

*« CAMK-la- calcium dependent phosphorylation of Drpl at
Ser637 (Ser600 of isoform3), increasing Drp1 activity

*« ROCK1 and PKA -phosphorylates at Ser600, increasing
Drpl activity

« PK A-Phosphorylates at Ser637, inhibiting Drpl GTPase
activity

* GSK 3 phosphorylates Drpl at Ser693 and Lys679. Ser693
decreases Drpl activity.

« Calcineurin-calcium dependent de phosphorylation at
Ser637, increasing Drpl activity.

99, 150, 282, 283, 284,
285, 286, 287

Ubiquitination

* APC/C(Cdh1) ubiquitinates Drpl during interphase

« Parkin-E3 ubiquitin ligase, ubiquitinates Drp1 for
degradation

« MITOL/MARCH5, MOM protein, ubiquitinates Drp1.
Different studies have given different results regarding its
effect on Drpl activity

288, 289, 97, 228

SUMOylation

« Ubiquitin carrier protein 9 (Ubc9)-SUMOylates Drpl in
variable domain and helps in Drp1 localization on MOM,
increasing fission

* Mitochondrial-anchored protein ligase (MAPL)-
SUMOylates Drpl and increases fission

21,290, 291

* SENP5, SUMO-1 protease, deSUMOylates Drpl on G2/M
transition and increases MOM bound Drp1 stability and
therefore increases fission

* SENP3, SUMO -2/3 protease deSUMOylates Drp1 during
oxygen glucose starvation and inhibits Drpl mitochondrial
localization and therefore decreases fission

102, 291, 152, 292

S-nitrosylation

« At Cysteine residues in GED domain, increases GTPase
activity and therefore fission

213

O-linked-N-acetyl-glucosamine glycosylation

* O-GIcNAcylation of Drp at Thr 585-586, increases Drpl
mitochondrial translocation and mitochondrial fission

152
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