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An overview of the recent knowledge about mitochondrial fusion 
and fission and related neurodegenerative diseases

 A B S T R A C T  
Mitochondria undergo fusion and fission events and are called as dynamic or-
ganelles. The combined effect of these opposing events gives rise to a mitochon-
drial network that is necessary for cells to maintain effective and dynamic sub-
cellular organization. The counterbalance of these two mechanisms determines 
morphology and size of the organelle. Moreover, fusion and fission regulate and 
maintain function and distribution of organelle, as well as cellular homeosta-
sis. They are recognized to be an important constituent of cellular quality con-
trol mechanisms at the organelle level. The underlying mechanisms of mito-
chondrial fusion and fission machinery appear to be conserved in different spe-
cies. Recently, identification of key molecular components and their extensive 
post-translational regulation has opened new directions for exploring mitochon-
drial biology and novel therapeutic targets for various diseases related to mito-
chondrial dysmorphology and dysfunction. This review summarizes recent ad-
vances in the detailed understanding of mitochondrial dynamics and the role of 
fusion and fission events in specific diseases.
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Introduction
Mitochondria are vital organelles involved in var-
ious functions within the cell, including cellular 
respiration through the production of ATP, ami-
no acid and iron/sulfur cluster biosynthesis, fat-
ty acid β-oxidation, cell death, as well as Ca2+ buff-
ering and signaling [1-3]. They are considered as 
semi-autonomous organelles that contain special-
ized and complete genetic systems that must be co-
ordinated with cellular demands. Mitochondrial 
DNA is a double-stranded, circular molecule con-
sisting of 16.569 base pairs (bp.) that encodes 37 
genes, 13 of which encode structural subunits of 
the oxidative phosphorylation system. The major-
ity (~98%) of mitochondrial proteins is encoded by 
the nuclear DNA and is imported from the cyto-
sol. It is noteworthy to mention that mitochondri-
al function is important for cell life and death, and 
is controlled by several factors [4-6]. In the cell, mi-
tochondria form highly dynamic, interconnected 
networks that are sustained by continuous oppos-
ing events of mitochondrial fission and fusion [7-
8]. Mitochondrial movement and fission were first 

observed in live chick embryonic cells with light 
microscopy in the 1910s [9]. During 1950s, mito-
chondria have been observed by electron micros-
copy as bean-shaped organelles. This idea was ac-
cepted until the 1990s, when mitochondria were 
recognized to be mobile organelles that continu-
ously move, fuse, and divide as observed by phase 
contrast microscopy [10-11].

Mitochondrial fusion occurs by joining both in-
ner and outer membranes of two mitochondria syn-
chronically in order to produce single mitochon-
drion. Conversely, mitochondrial fission is the pro-
cess of separation of a single mitochondrion into 
two or more morphologically distinct structures 
[12]. These two mechanisms, called as mitochon-
drial dynamics, create a connected tubular mito-
chondrial network throughout the cell [4]. The mor-
phology and number of mitochondria differ accord-
ing to cell type and cellular metabolic needs [13]. 
Mitochondrial fusion and fission are the prima-
ry processes controlling mitochondrial size, length 
and number [14], and the balance between these 
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two events affect mitochondrial morphology [15]. 
Increased rate of fusion gives rise to elongated, in-
terconnected mitochondrial networks, and unbal-
anced fission causes fragmented, separate mito-
chondria [16]. In addition, mitochondrial fission me-
diates the movement of intermembrane space pro-
teins (IMS) to the cytosol, thereby aiding apoptosis 
[14]. Therefore, mitochondrial dynamics has an im-
portant role in maintenance of organelle function, 
distribution and development, and these antagonis-
tic events participate in mitochondrial quality con-
trol at the organelle level. They have also appeared 
as important regulators of mitophagy and apoptosis 
pathways [15]. In the past decade, altered mitochon-
drial dynamics has also been linked to the patho-
mechanism of various diseases that are not consid-
ered to involve mitochondria, such as cancer, car-
diovascular, neurodegenerative, and neuromuscu-
lar diseases. Impaired mitochondrial dynamics have 
negative effects on bioenergetic supply and associ-
ated with the pathogenesis of several different dis-
eases. Although some disorders related to altered 
mitochondrial dynamics [Parkinson’s Disease (PD), 
Charcot- Marie-Tooth Disease Type 2A (CMT2A), 
Autosomal Dominant Optic Atrophy (ADOA), and 
Alzheimer’s Disease (AD)] result from a defect in 
any of the genes encoding molecular mediators of 
mitochondrial dynamics or their post-translation-
al regulators, most reflect changes in mitochondri-
al dynamics triggered by changes in the cellular mi-
lieu. Extensive studies have been conducted to clar-
ify the exact mechanisms underlying mitochondri-
al dynamics and the regulation of the mitochondrial 
network. In this review, we summarize the most re-
cent studies about mitochondrial dynamics and the 
role of impaired mitochondrial dynamics in neuro-
logical disorders.

Mitochondrial Fusion
Mitochondrial fusion is a multistep process in which 
the inner and outer mitochondrial membranes fuse 
in a coordinated manner. This is assisted by sever-
al dynamin family of proteins, which includes var-
ious large GTPases having different cellular func-
tions. The fusion mechanism is conserved in evo-
lution across multiple species. As shown in Figure 1, 
the first step in mammalian mitochondrial fusion is 
the tethering of two fusing mitochondria and sub-
sequent fusion of the outer membranes mediated 
by Mitofusin 1 and 2 (Mfn1 and Mfn2, respective-
ly). Two isoforms of mitofusin, Mfn1 and Mfn2, were 
the first key components identified in mitochondri-
al fusion machinery [17] and are 81% identical. They 
are localized to the mitochondrial outer membrane 
and can form homo- and hetero-oligomeric antipar-
allel coiled-coil structures between adjacent fusing 
mitochondria in trans [18-19]. However, the fusion of 
the inner membranes requires the interaction of an 
IMS protein, Optic atrophy protein 1 (OPA1) in the 
second step. OPA1, unlike mitofusins, is not required 
on both mitochondria to promote membrane fusion 
[20]. These two steps in the fusion process depend 
on energy released by the hydrolysis of GTP (Figure 
1) [21]. In addition, mitochondrial membrane lipids, 
such as cardiolipin, phosphatidic acid and phospha-
tidylethanolamine also play an important role in mi-
tochondrial fusion by mixing and structural rear-
rangement of mitochondrial membrane lipid bilay-
ers and matrix contents which are essential for or-
ganelle function [20-22]. Fusion of the mitochondri-
al outer membrane is usually synchronized with in-
ner membrane fusion. However, in some instances, 
when the mitochondrial membrane potential is dis-
rupted, outer mitochondrial membrane fusion can 
take place without inner membrane fusion [23].

Figure 1. Schematic representation of the mammalian mitochondrial fusion machinery, mediated by dynamin fami-
ly of GTPases; Mfn1, Mfn2, and OPA1 proteins. Mfn1 and Mfn2 have been shown to facilitate tethering of two mito-
chondria and fusion of outer membranes while OPA1 plays a role in fusion of inner membranes.
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Mitochondrial fusion rate is increased by low 
levels of cellular stress. In order to reduce the accu-
mulation of mitochondrial DNA mutations and oxi-
dized proteins, healthy mitochondria fuse with par-
tially damaged ones and override the damaged mi-
tochondrion’s function [24]. Also, components that 
are missing in defective mitochondria can be re-
stored by adjacent mitochondria as a consequence 
of fusion [3]. Impaired mitochondrial fusion can 
lead to the cellular accumulation of damaged mito-
chondria, which may result in mitophagy. Since mi-
tochondrial fusion is vital for mitochondrial DNA 
stability and cellular respiration, cells that lack mi-
tochondrial fusion activity have reduced respiratory 
capacity and cell growth. It is also suggested that in 
fusion-deficient cells, mitochondrial DNA is absent 
in many mitochondria [16].

Mitochondrial fusion is also essential for embry-
onic development and survival, even if it was demon-
strated to be unnecessary for cell survival in vitro. It 
was shown that Mfn1 or Mfn2 single knockout mice 
die during midgestation owing to mitochondrial fu-
sion deficiency in the placenta. However, Mfn1 and 
Mfn2 double knockout embryos die even earlier, al-
though embryonic fibroblasts obtained from double 
knockout mice can survive in cell culture [25-26].

Mitochondrial Fission
The key components of mitochondrial fission ma-
chinery in mammals are Dynamin-related protein 1 
(Drp1) and Mitochondrial fission 1 protein (Fis1) [17]. 
Drp1 is a dynamin family member GTPase that is 
mostly found in the cytosol. It is also found in asso-
ciation with spotted vesicles attached to endoplasmic 
reticulum and microtubules, the sites where fission 
starts [27]. As shown in Figure 2, Drp1 accumulates on 
outer mitochondrial membranes and squeezes both 
outer and inner membranes simultaneously by build-
ing up spirals around mitochondria through GTPase 
activity. Fis1, anchored in outer mitochondrial mem-
brane, is accepted as the main receptor protein for 
Drp1. Previous studies showed that decreased level 
of human Fis1 (hFis1) results in elongation of the or-
ganelle while overexpression leads to mitochondrial 
fragmentation [28-29]. In addition to Fis1, there are 
other proteins localized in the outer membrane in-
volved in Drp1 recruitment, such as Mitochondrial 
fission factor (Mff) and Mitochondrial dynamics 
proteins MiD49 and MiD51 [15]. Downregulation of 
Mff prevents the recruitment of Drp1 from the cy-
tosol, while Mff overexpression results in the asso-
ciation of Drp1 with the outer mitochondrial mem-
brane [30]. MiD49 and MiD51 are known to recruit 

Figure 1. Schematic representation of the mammalian mitochondrial fission machinery, mediated by Fis 1 and Drp 1. 
Drp1 is shown to be recruited to fission site by Fis1. After recruitment, Drp1 forms spirals around mitochondrion and 
helps split of the mitochondrion by squeezing inner and outer membranes.
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Drp1 to mitochondria. However, it is controversial 
whether these proteins affect fission event positively 
or negatively [31-32]. One study indicated that knock-
down of MiD51 gene gives rise to an increase in mi-
tochondrial fission, suggesting that MiD51 inhib-
its Drp1 activity [32]. However, a more recent study 
demonstrated that single or double knockdown of 
MiD49 and MiD51 genes cause a reduction in mito-
chondrial fission [33]. Clearly, further studies are re-
quired to elucidate the exact function of MiD49 and 
MiD51 proteins. In addition to these proteins, car-
diolipin, one of the mitochondrial membrane lipids, 
has been shown to facilitate Drp1 activity by recruit-
ing it to outer membrane [34]. The exact mechanism 
of Drp1 recruitment to mitochondrial fission sites 
is still under investigation. Recent studies suggest 
an endoplasmic reticulum (ER)-associated mecha-
nism in which the ER surrounds mitochondrial tu-
bules at the site where fission will start. Then, elon-
gation of actin filaments and recruitment of Myosin 

2, regulated by phosphatidic acid metabolism, facili-
tate mitochondrial constriction at the ER contact site 
prior to Drp1 recruitment [22]. After the accumula-
tion of Drp1 on the outer membrane, it builds up spi-
rals around mitochondrial tubules and constricts 
outer and inner mitochondrial membranes [3-35-36].

Regulation of Mitochondrial Fusion and 
Fission
Fusion and fission events should be tightly regulat-
ed to retain a healthy mitochondrial population in 
the cell. Although complex regulatory mechanisms 
were not understood yet, several cellular signaling 
pathways are suggested to play vital roles in mod-
ulating the activity of fusion and fission mecha-
nisms [4]. These mechanisms include control of key 
proteins involved in mitochondrial dynamics at ei-
ther transcriptional or post-translational level [17]. 
Known post-translational regulatory components 
are summarized in Table 1.

Table 1. Key regulatory components of mitochondrial dynamics [21-66]

Function Protein Regulator Activity

Fusion

Mfn2

Bcl-2-associated X protein (Bax) &
Bcl-2 homologous antagonist killer (Bak)

Assembly of Mfn2- containing complexes

B-cell lymphoma-extra large (Bcl-xL) Unknown 

Mfn 1 Complementation of mutant forms of Mfn2 in CMT2A

Membrane-associated RING-CH protein 5 (MARCH-V / MITOL) Possible ubiquitination and degradation

Mitofusin-binding protein (MIB) Negative regulator of mitofusins

Stomatin-like protein 2 (STOML2) Unknown

OPA1

Presenilins-associated rhomboid-like protein (PARL) Proteolytic processing

Paraplegin Proteolytic processing

High Temperature Requirement Protein A2 (HTRA2) Proteolytic processing

Fission
Drp1

Cyclin B- Cyclin-dependent kinase (Cyclin B-CDK) Phosphorylation during cell cycle

Cyclic adenosine monophosphate dependent kinase  
(cAMP-dependent kinase)

Inhibition of assembly and GTPase activity by phosphorylation

Small ubiquitin-like modifier-1 (SUMO-1) SUMOylation

SUMO1/Sentrin Specific Protease 5 (SENP5) Removal of SUMO

Bax and Bak Mitochondrial association of Drp1

Fis1 Mitochondrial association of Drp1

MARCH-V / MITOL Ubiquitination and degradation

Fis1 MARCH-V / MITOL Ubiquitination and degradation
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Diseases Associated with Defects in 
Mitochondrial Dynamics
Maintaining healthy mitochondrial dynamics is vi-
tal for cells since defects in any step of mitochon-
drial fusion and fission leads to human diseases. 
Disorders associated with mitochondrial dynam-
ics can be divided into two groups. The first group 
consists of diseases primarily associated with im-
paired mitochondrial fusion and fission. Monogenic 
mutations in nuclear or mitochondrial genes en-
coding proteins involved in mitochondrial dynam-
ics or their regulatory elements result in neurolog-
ical diseases such as Charcot-Marie-Tooth Disease 
Type 2A (CMT2A) and Autosomal Dominant Optic 
Atrophy (DOA). Additionally, recent studies have re-
vealed that impaired mitochondrial dynamics can 
also affect complex diseases that are not assumed 
to be associated with mitochondria such as cancer, 
cardiovascular and neurodegenerative diseases like 
Alzheimer’s and Parkinson’s diseases [16].

Charcot-Marie-Tooth Disease Type 2A 
(CMT2A)
CMT2A is characterized by degeneration of periph-
eral nerves, particularly the neurons with the lon-
gest axons, that is why the distal extremities are the 
first affected parts of the body [37]. Neuronal de-
generation leads to the deterioration of distal senso-
ry and motor neurons [38]. Patients suffer from dis-
tal muscle weakness [39] and exhibit atypical gait 
and foot deformation [40]. The age of onset differs 
among patients and the disease tends to progress 
slowly [17]. Defects in the intracellular transporta-
tion of mitochondria to synapses are observed in 
CMT2A, which negatively affects bioenergetics of 
neurons [40-41]. However, the exact pathomecha-
nism has not yet been clarified [42]. Heterogeneous 
mutations in Mfn2 gene cause a neurogenic disease 
termed Charcot-Marie-Tooth Disease Type 2A [43]. 
More than 40 different mutations have been ob-
served in Mfn2, most of which accumulate in the 
GTPase domain [14]. Since Mfn2 can form heterod-
imers with Mfn1, wildtype Mfn1 can compensate 
for the damage caused by mutations in Mfn2. This 
has led to speculation that differences in Mfn1 ex-
pression level determine disease severity, so CMT2A 
may be treated by regulating Mfn1 expression level 
in neurons [44]. Since most Mfn2 mutations occur in 
the GTPase domain that is necessary for Mfn2 func-
tion, it has been hypothesized that Mfn2 haploinsuf-
ficiency causes CMT2A [43]. Another possibility is 

that normal Mfn2 alleles are negatively affected by 
mutant Mfn2 alleles due to a dominant negative ef-
fect [45].

Autosomal Dominant Optic Atrophy 
(ADOA)
ADOA, the first disorder of mitochondrial dynam-
ics, is the most common inherited childhood optic 
neuropathy [42-46]. The disease generally presents 
in childhood or early adolescence and patients slow-
ly undergo progressive vision loss due to death of 
ganglion cells which receive visual information from 
photoreceptors and transmit it to the related part of 
the brain [47]. At the cellular level, defective mito-
chondrial fusion is observed in ADOA, which con-
sequently makes neurons vulnerable to apoptosis 
[40]. The responsible gene in ADOA is OPA1. Nearly 
half of OPA1 mutations give rise to severe immature 
truncated proteins and therefore, haploinsufficiency 
may be the cause of optic atrophy [48-49]. In addi-
tion, minor truncations or single amino acid chang-
es may lead to the formation of a dominant-negative 
form of OPA1 which can have a negative effect on 
wild-type OPA1 [42].

It was thought that ADOA and CMT2A affect 
specific tissues; however, it is now known that clini-
cal features of these diseases can coincide with each 
other. That is, the optic nerve may be affected by 
mutations in Mfn2, likewise, peripheral nerves can 
be affected by OPA1 mutations [50]. It has been sug-
gested that defective mitochondrial replication and 
increased deletion of mitochondrial DNA are also 
associated with pathogenic OPA1 and Mfn2 muta-
tions in post-mitotic tissues [51-52].

Parkinson’s Disease (PD)
PD is an age-related progressive neurodegenerative 
disease in which the death of dopaminergic neurons 
in the substantia nigra results in resting tremors, 
muscle rigidity, and bradykinesia [40]. Several stud-
ies have led to the identification of monogenic forms 
of the PD which are caused by mutations in different 
genes, including α-synuclein (SNCA), Parkin RBR E3 
Ubiquitin Protein Ligase (PARK2), PTEN-induced 
putative kinase 1 (PINK1), Parkinsonism Associated 
Deglycase (DJ1) and Leucine-rich repeat kinase 
2 (LRRK2) and High Temperature Requirement 
Protein A2 (HTRA2) associated with mitochondri-
al dysfunction and oxidative stress [53].

Mutations in PINK1 and PARK2 genes, encod-
ing PINK1 and Parkin proteins respectively, are the 
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major causes of the autosomal-recessive early-onset 
form of PD. These mutations cause upregulation of 
Drp1-mediated mitochondrial fission, and therefore 
neuronal cell death [3-4].

PINK1 is a serine-threonine kinase that prevents 
stress-induced mitochondrial depolarization and 
apoptosis and decreases oxidative stress, thereby 
protecting neurons [54-55]. In addition, it is essen-
tially repressed in healthy mitochondria via trans-
location to the inner mitochondrial membrane and 
degradation by the Presenilins-associated rhom-
boid-like protein (PARL) [3]. However, in damaged 
mitochondria translocation of PINK1 is inhibited; 
therefore, PINK1 cannot be degraded by PARL pro-
tease, and is concentrated on the outer mitochon-
drial membrane. PINK1 accumulation, a sign of an 
unhealthy mitochondrion, mediates Parkin recruit-
ment from the cytosol to damaged mitochondrion 
via its kinase activity. Parkin is a ubiquitin E3 ligase 
that ubiquitinates abnormal proteins in neurons and 
flags them for degradation, thereby protecting neu-
ral cells [56]. After PINK1 phosphorylates Parkin, 
Parkin ubiquitinates proteins on the outer mito-
chondrial membrane, leading to elimination of the 
damaged mitochondrion, a process called mitoph-
agy [57]. Although mutations in PINK1 and PARK2 
genes give rise to defects in the mitochondrial dy-
namics and so leads to PD, the exact relationship be-
tween mitochondrial dynamics and PINK1/Parkin 
is far from clear. Understanding the detailed path-
way of mitochondrial dynamics in neurons may lead 
to further therapeutic applications for PD.

Alzheimer’s Disease (AD)
AD, the most frequently diagnosed form of dementia, 
is characterized by the accumulation of extracellu-
lar amyloid-β (Aβ) plaques and intracellular neuro-
fibrillary tangles in the hippocampus and other sub-
cortical regions vital for cognitive function, result-
ing in selective neuronal death [40-58-59]. Patients 
undergo progressive memory loss due to synaptic 
dysfunction [60]. Even though the exact molecular 
pathway is not clear, it is suggested that Aβ plaques 
lead to functional disruption of synapses by binding 

dendritic spines [61]. While most AD cases are spo-
radic, a minority of them are familial resulted from 
mutations in the genes encoding amyloid β precur-
sor protein (AβPP), presenilin 1 (PS1), or presenilin 2 
(PS2) [59]. In one study, elevated expression of Drp1, 
OPA1, Mfn1, and Mfn2 and decreased expression 
of Fis1 was observed in hippocampi of AD patients 
compared to age-matched control individuals [62]. 
Another study showed that amyloid β accumulation 
gives rise to decrease in Drp1 expression. Therefore, 
it was concluded that an imbalance in mitochondri-
al fusion and fission could play a role in the patho-
mechanism of AD by causing dysfunction of mito-
chondria in neurons [63].

Conclusion
Mitochondrial fusion and fission, quality control 
mechanisms at the organelle level, are vital pro-
cesses for mitochondrial morphology and function. 
Although the exact mechanisms of fusion and fis-
sion are yet to be clarified, it is known that main-
taining proper mitochondrial dynamics is crucial 
for cellular health. In addition to the neurologi-
cal diseases directly associated with mitochondri-
al dynamics, organelle dysfunction and structural 
abnormalities have also been linked to the patho-
mechanism of various diseases that are not classi-
cally considered to involve mitochondria [64]. Cells 
with high and changing energy demand, such as 
neurons and skeletal muscle cells, contain a large 
number of mitochondria to maximize ATP produc-
tion by aerobic respiration. It is therefore not sur-
prising that mitochondrial dysfunction and ultra-
structural alterations also play a relevant role in 
the pathogenesis of several other neurodegenera-
tive/ neuromuscular disorders [65]. However, the 
relationship between mitochondrial dysfunction, 
structural abnormalities and mitochondrial dy-
namics has not been fully revealed. Therefore, fur-
ther studies should be conducted regarding the role 
of mitochondrial dynamics in the pathogenesis of 
these neurological diseases.
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