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Abstract

Mitochondrial dynamics and mitophagy are recognized as two critical processes underlying mitochondrial
homeostasis. Morphological and bioenergetic characterization of the life cycle of an individual mitochondrion
reveals several points where fusion, fission, and mitophagy interact. Mitochondrial fission can produce an
impaired daughter unit that will be targeted by the autophagic machinery. Mitochondrial fusion, on the other
hand, may serve to dilute impaired respiratory components and thereby prevent their removal. The inverse
dependency of fusion and mitophagy on membrane potential allows them to act as complementary rather than
competitive fates of the daughter mitochondrion after a fission event. We discuss the interplay between mito-
chondrial dynamics and mitophagy in different tissues and in different disease models under both stress-

induced and steady-state conditions. Antioxid. Redox Signal. 14, 1939-1951.

Introduction

URING THE PAST DECADE, mitochondrial dysfunction has
been demonstrated to be a central characteristic of sev-
eral metabolic diseases such as diabetes and obesity as well as
heart failure, Alzheimer disease, Parkinson disease, and ag-
ing. Under these conditions, accumulation of dysfunctional
mitochondria leads to oxidative stress and impairs cell func-
tion (21, 63, 99, 107). This phenomenon drew attention to two
processes, mitochondrial dynamics and mitophagy, identified
as key determinants of mitochondrial quality control.
Mitophagy refers to the selective removal of mitochondria
by the autophagic machinery. Mitophagy appears to be a
universal route for the degradation of dysfunctional mito-
chondria. Under certain physiological settings, mitophagy
can also eliminate functional mitochondria as seen during
erythroid differentiation (106), oocyte fertilization (98), or
during starvation (27). Although there is evidence that other
organelles and cellular compartments, such as endoplasmic
reticulum (ER) (104), perixosomes (24, 92), and ribosomes (6),
also undergo selective autophagy, mitophagy seems to be of
special importance for two reasons: (i) mitochondria are one
of the main sources of reactive oxygen species (ROS) gener-
ation (therefore, they are also the immediate targets of ROS
damage). (ii) Dysfunctional mitochondria that are not de-
graded can produce higher amounts of ROS, be more sus-
ceptible to the release of cytochrome c and apoptosis-inducing
factor, and thereby, amplify ROS damage (15, 34).

Mitochondrial dynamics refers to repetitive cycles of fusion
and fission between mitochondria (56, 97, 119). These op-
posing processes determine the architecture of the entire mi-
tochondrial population of the cell and influence nearly every
aspect of mitochondrial functions, including respiration, cal-
cium buffering, and apoptosis (1, 2, 28, 51, 100). In addition,
fusion and fission events per se (and not only the resultant
effect on architecture) are suggested to impact mitochondrial
homeostasis. Fission events were demonstrated to play a role
in segregating dysfunctional mitochondria from the entire
mitochondrial web (5, 30, 112) and to sort out mutant mtDNA
copies (61, 103). Fusion events were suggested as a comple-
mentary route by which mitochondria quickly equilibrate
matrix metabolites (43, 44, 47, 86, 111), intact mtDNA copies
(3,73, 80, 95), and mitochondrial membrane components (10,
122).

The simplistic view of a slowly metabolically deteriorating
mitochondrion is complicated, given the high rate of mito-
chondrial content exchange permitted by fusion and fission
events. When a small fraction of mitochondria within a cell are
tagged by matrix-targeted photoactivatable (PA) GFP, the
latter can reach equilibration in some cells within ~1h (47, 48,
70, 110). Given that the turnover of mitochondrial proteins is
in the range of hours to days (69), it is predicted that the
mitochondrial population within a cell will be homogenous in
protein content and, consequently, in function. This contra-
diction was addressed by the understanding that fusion is a
selective process and that mitochondria that are destined to
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mitophagy exist in a preautophagic pool. The preautophagic
pool is characterized by mitochondria that are relatively de-
polarized and are fusion deficient.

During the last 4 years, numerous studies reported on the
interaction between mitochondrial dynamics and mitophagy
in neurons, skeletal and cardiac myocytes, and pancreatic
p-cells. We focus this review on aspects that concern mito-
chondrial dynamics.

Depolarized Mitochondria Are the Substrate
for Mitophagy

Mitochondrial membrane potential (Ayy,) is the driving
force for mitochondrial ATP synthesis. Depolarization below
a certain Ay, may indicate impaired mitochondrial function
and is a prerequisite for mitophagy (27, 90, 110). Mitochon-
drial depolarization appears to precede the translocation of
the proteins that tag mitochondria for mitophagy such as
Parkin and PTEN-induced putative kinase 1 (Pink1) (75, 76).
Yet, although an essential condition depolarization alone is
insufficient to trigger mitophagy.

Mitochondrial depolarization may be the result of a grad-
ual or spontaneous deterioration or, alternatively, may occur
as a result of a regulated event. To understand the events
leading to appearance of depolarized mitochondria and the
subsequent mechanism(s) that target them to mitophagy or
metabolic rescue, one must characterize the bioenergetic and
biochemical properties of the life cycle of mitochondria.

Spontaneous Generation of Depolarized Mitochondria
Is Not a Frequent Event (Fission-Independent Pathway)

In both plants and mammalian cells, mitochondria go
through continuous cycles of fusion and fission events in a
kiss-and-run pattern, that is, a brief fusion event (~tens of
seconds) that is followed by fission (3, 57, 110, 113). As a
result, mitochondria spend most of their time in their post-
fission state as solitary units before entering a subsequent
fusion phase. It is therefore suggested that the life cycle of
mitochondria can be divided into two periods, the prefusion
period (solitary period) and the postfusion period when the
mitochondrion is connected to another (networked period).

Depolarized mitochondria may therefore be the result of a
spontaneous depolarization during the solitary or networked
period or during the transition between them. A number of
studies have reported on the monitoring of individual mito-
chondria over time and the observation of a specific depo-
larization event. Loew et al. provided one of the earliest
quantitative measurements of individual mitochondria (using
the Ay,-dependent dye TMRE) that were tracked in the
z-stack with high temporal resolution. They reported stable
Ay, for a period of 40-80s that could be followed by a drop
of >15mV (58). This pioneering study was, however, limited
by the lack of technology to assure that the detected mito-
chondrion did not go through fusion and/or fission events
during the recording time. As fission can occur without
movement of the two daughter mitochondria or involve only
the inner (but not the outer) mitochondrial membrane (62,
111), it cannot be reliably identified by observation of sepa-
ration of a mitochondrion into two organelles.

In COS7,1INS1, and primary f-cells, prolonged tracking (up
to 2h) revealed that mitochondria retain a stable Ay, during
the solitary period (110, 121). During most of the time (95% of
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the recording period), Ay, of the mitochondrion was within
+2.7mV of its average baseline. This observation indicates
that continuous deterioration in Ay, during the solitary
phase is an unlikely (or infrequent) route for the generation of
depolarized mitochondria under normal conditions.

Fission-Induced Mitochondrial Depolarization

In contrast to the remarkable stability of Ay, under control
conditions during the solitary period, fission events are asso-
ciated with large changes in Ay,. Interestingly, electron mi-
croscope tomography shows that fission events can yield
asymmetric daughter mitochondria (5, 64) and unequal nu-
cleoid distribution (3). Direct measurements of Ay, in INS1
cells and COS7 cells show that in the majority of the fission
events one of the two daughter mitochondria will leave the
fission event with some level of depolarization (A, differ-
ence >5mV) (110) (Fig. 1). The depolarization phase is often
transient (Fig. 1i, iii), and in only ~5% of events it is of sus-
tained nature (Fig. 1ii). Given the high frequency of mito-
chondrial fission in these and other cell lines (47, 113) (a fission
event occuring every 22min or less), mitochondrial fission
constitutes a principal route for generating (depolarized) mi-
tochondria that are later targeted by the mitophagy machinery.

Altered Expression of Fusion and Fission Proteins
Modify Mitophagy

Table 1 summarizes studies that linked mitochondrial dy-
namics and mitophagy. The view of mitochondrial fission as a
prerequisite for mitophagy is supported by genetic manipu-
lation of the pro-fission proteins Fisl and Drpl (Table 1).
Knockdown of FIS1 (by siRNA) or overexpression of a dom-
inant negative isoform of DRP1 (DRP1¥#4) reduces mito-
chondrial autophagy exclusively, as confirmed by the lack of
an increase in ER mass inside the autophagosomes (APs) (4,
110). Overexpression of hFis1 reduces the mitochondrial (but
not ER) mass in HeLa (28, 30) and INS1 cells (83), consistent
with the notion that stimulation of fission facilitates mito-
chondrial autophagy under some circumstances. Arnoult et al.
showed that overexpression of Drp1 facilitates mitochondrial
elimination under various proapoptotic stimuli (4). En-
dophilin Bl (also known as Bif-1), a Drp1-dependent mediator
of mitochondrial fission (48), interacts with Beclin 1 and co-
localizes with AP markers LC3, Atg5, and Atg9 in response to
nutrient starvation (105). Its loss is associated with tubulation
of mitochondria (48) and suppression of autophagy (105).

Recently, Hailey et al. suggested that under starvation
conditions the mitochondrial outer membrane contributes
components of the AP (36). In this process, mitofusin 2 (Mfn2)
(18) was found to be essential (36). These findings indicate that
the proteins that are generally classified as “profusion pro-
teins” have additional roles that affect autophagy. Future
studies need to test whether the findings of Hailey et al. can be
generalized to other conditions where damaged mitochondria
(with potentially damaged components in their membrane)
need to be removed by autophagy.

Mitochondrial Fission, Organelle Length,
and Mitophagy—Size Does Not Matter

Several studies have linked mitochondrial size to the rate of
mitophagy. Studies that visualize mitochondria within APs
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FIG. 1. An example of a fission
event that yields an ~9mV dif-
ference between the two daughter
mitochondria. The pseudocolor
represents the membrane potential
and is derived from a ratio image of
TMRE and matrix-targeted photo-
activatable (mtPA) GFP. The pseu-
docolored image depicts two time
spots, 60s before fission and 160s
after fission. Scale bar: 2 um. Charts
of mitochondrial membrane poten-
tial (AY,) over time under control
conditions are shown to the right.
Numbers (i)-(iii) depict the three
most common changes to mem-
brane during a fission events as
observed in INS1 cells. (see text for
further details). Data are modified
from Twig et al. (110). (To see this
illustration in color the reader is
referred to the web version of this
article at www.liebertonline.com/
ars).
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reported that the organelles” size was small (<1 um in most
cases) in a variety of cell types (27, 31, 37, 75, 77, 112). Yet,
reduction of organelle size independently of its energetic
status does not trigger mitophagy. Mitophagy rate in INS1
cells is reduced by ~ 65%-75% by Opal overexpression or by
the inhibition of fission (110). The latter is associated with
highly ramified architecture, whereas high levels of Opal
overexpression in these mitochondria are associated with
fragmented architecture with an intact fusion capacity and
Ay, cellular heterogeneity (70, 110).

Mitochondrial Fragmentation as a Universal
Stress Response

The above observations indicate that fission is an event that
can alter the energetic state of the mitochondrion and thereby
the organelle fate. Although under some conditions, mito-
chondria hyperfuse as a first line of defense to non-
mitochondrial metabolic insults (109), other insults that
directly affect mitochondrial metabolism are associated with
significant unbalanced fission mainly because of a decreased
fusion rate (also referred to as mitochondrial fragmentation).
Depletion of ATP either by inhibiting ATP synthase (22, 87),
collapsing Ay, (41, 50, 52, 62), or inhibiting the Na* /K"
ATPase (87) triggers general fragmentation of the mitochon-
drial web due to cleavage of Opal (see below). Oxidative
stress induced by hyperglycemia (25-50 mM) fragments the
mitochondria in cardiac cells (124, 125) and pancreatic ff-cells
(9). Direct application of hydrogen peroxide is associated with
a similar architecture phenotype (60). In an animal model of

Alzheimer disease (116, 117) and a culture model of Parkinson
disease (17), mitochondrial architecture was fragmented and
the relative mitochondrial mass in APs was shown to be se-
lectively increased (71).

Common to the above observations is a stress-induced
mitochondrial damage, parallel to fragmentation, and a se-
lective increase of mitochondrial localization in APs. This
raises the possibility that mitochondrial fragmentation, which
can be induced by various insults, is a common stress re-
sponse that is principally required to segregate and eliminate
dysfunctional mitochondria from the web.

The Dark Side of Excessive and Unbalanced Fission

The above view of fission as a critical process to mito-
chondrial homeostasis is in accordance with clinical and
experimental data testing the role of fission under control
conditions. Drpl, a profission protein, is essential for den-
dritic spine formation during the embryonic period (42). Its
mutated form causes fatal encephalopathy in the newborn
(118). In neural cultures, Drp1 loss-of-function is associated
with reduction in spine mass and altered neural activity (8,
53, 55). Altered respiration was reported in HeLa cells
transfected with Drpl shRNA (7). Altered glucose-
stimulated insulin secretion, which is dependent on in-
creased respiration, was reported in pancreatic f cells treated
with Drp1 shRNA (110).

On the other hand, excessive and unbalanced fission under
a variety of metabolic insults has deleterious effects in a va-
riety of tissues:
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TABLE 1. EFFECT OF MANIPULATIONS IN MITOCHONDRIAL PROTEINS OpPal, MFN1/2, Drrl,
AND F1s1 ON AUTOPHAGY AND MITOPHAGY

Manipulation Cell type Effect on mitophagy Reference Comments
Fis1 RNAi INS1 Reduction of 70% in APs (110) No change in the mass of APs
p-cells containing mitochondria containing ER
Fis1 Overexpression HelLa cells,  Reduces total mitochondrial (28, 83)  No change in ER morphology or
INS1 volume by ~50% total ER area
p-cells
HeLa cells 50% increase in total APs mass.  (30) Qualitative analysis suggests
No direct assessment medium-high correlation between
of mitophagy LC3 and mitochondrial markers
Drp1*384 INS1 Reduction of 75% in APs (110) No change in the mass of APs
p-cells containing mitochondria containing ER
Drpl RNAi HelLa cells  Decrease in mitophagy (85) A general increase in autophagy.
(qualitative)
Drpl overexpression = HelLa cells ~ 70% decrease in mitochondrial 4) No specific tests for mitophagy
mass
Opal Overexpression ~ INS1 Reduction of 63% in APs (110) No change in the mass of APs
p-cells containing mitochondria containing ER
Opal heterozygous Retinal An increase in general (120) No specific tests for mitophagy
mutant mice Ganglion autophagy
cells
Minl overexpression  INS1 40% decrease in (83) No specific tests for mitophagy
p-cells mitochondrial volume
Mfn1 loss of function ~ INS1 Unchanged mitochondrial (83) Insignificant slight decrease in
(overexpression of p-cells mass mitochondrial volume. No
Mfnl DN) specific tests for mitophagy.
Mfn2 KO MEFs Inhibition of autophagy (36) No specific tests for mitophagy

Note that in some works mitophagy was assessed directly by colocalization between mitochondrial and AP markers, indirectly as changes

in mitochondrial mass, or not distinguished from autophagy.
AP, autophagosome; ER, endoplasmic reticulum; KO, knockout.

Cardiac and skeletal myocytes

Knockdown of Drp1 reduces significantly hyperglycemia-
induced apoptosis in H2c9 (124) and HL-1 cardiac cells (125)
and prevents ROS formation under increased glucose levels.
Knockdown of Drpl (79) prevents ischemia/reperfusion-
induced mitochondrial fragmentation and is associated with
reduced cell death in HL-1 cells following ischemia/reperfu-
sion insult. In HL-1 cells, enhancement of autophagy by
overexpressing ATG5 protects against Bnip3-mediated cell
death, whereas inhibition of autophagy by ATG5*'*’% en-
hances cell death (37). These findings suggest a case wherein
forcing mitochondria to the fusion state or eliminating mito-
chondria by autophagy, both have protective effects.

Treatment of adult murine cardiomyocytes with mito-
chondrial division inhibitor-1 (mdivil), a pharmacological
inhibitor of Drp1, reduces cell death and inhibits mitochon-
drial permeability transition pore opening after simulated
ischemia/reperfusion injury. In vivo treatment with mdivil
reduces myocardial infarct size in mice subject to coronary
artery occlusion and reperfusion (79).

Inhibition of mitochondrial fission during myoblast dif-
ferentiation is critical for the development of the ramified
mitochondrial reticulum in adult myocytes (20). Romanello
et al recently suggested that fragmentation of the mitochon-
drial network triggers the activation of the proteasome-
ubiquitin system and the autophagy-lysosome axis, two key
players in muscle atrophy (91). In starved mice, knockdown
of Fis1 inhibits the activation of MuRF-1 and Atrogin-1 [key
genes related to muscle atrophy (94)], results in retained

muscle and mitochondrial mass, prevents mitochondrial
fragmentation, and decreases autophagy (91). Over-
expression of the dominant negative form of Drp1 (Drp1%**4)
causes a similar phenotype in muscle with reduced levels of
Fis1, even when it is cotransfected with FoxO3, a transcription
factor that stimulates mitophagy and remodels the mito-
chondrial network in atrophying fibers. These results suggest
that prevention of fragmentation plays a key role in starva-
tion-induced muscle atrophy. It would be of interest to de-
termine whether overexpression of Opal is equivalent to the
protective effect of fission inhibition, given its inhibitory effect
on autophagy (110), increased fusion rate (57), and its am-
biguous effect on mitochondrial architecture as described
earlier. In skeletal myocytes, both fusion and fission proteins
are induced following exercise. This induction is blunted in
type 2 diabetic patients, which makes this experiment physi-
ologically relevant (11, 23, 38).

Pancreatic B-cells

In pancreatic f-cells, exposure to high glucose and fatty
acids (also termed glucolipotoxicity) leads to fragmentation of
mitochondrial architecture (70). In a type 2 diabetes animal
model (ZDF rats), this sequence of events preceded the onset
of diabetes (9). We recently showed that knockdown of Fis1 in
p-cells prevents the glucolipotoxicity-induced recruitment of
Drp1 to mitochondria and restores the ramified mitochondrial
architecture as well as the exchange of mitochondrial contents
through fusion events. Fis1 knockdown also reduced the level
of cell death that is associated with glucolipotoxicity (70). In
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INS1 and primary f-cells, overexpression of hFis1 or dominant-
negative Drpl reduces both mitochondrial mass and cellular
ATP levels by ~25% and, as a consequence, impairs glucose-
stimulated insulin secretion (83). Although ATP is a critical
signal for insulin secretion in f-cells, the excessive mitophagy
seems to be protective, despite the decrease in mitochondrial
mass and overall potential for ATP production. AP formation is
increased in f-cells under high-fat diet and prediabetic condi-
tions (26). Mice lacking Atg?7 in f-cells show decreased insulin
secretion, morphological and functional abnormalities, and
faster onset of diabetes under high-fat diet (26, 46).

Neurons

Excessive fragmentation is associated with several chronic
and acute neuropathological conditions. In Alzheimer disease,
immunoblot analysis of brain tissue reveals that levels of
Opal, Mfnl, and Mfn2 are significantly reduced, whereas
levels of Fisl are significantly increased. Oligomeric amyloid-
beta—derived diffusible ligands induce mitochondrial frag-
mentation as well as mitophagy-mediated reduction in mito-
chondrial density in the neuronal processes, subsequently
leading to loss of dendritic spines (12, 116). In a culture model
of Huntington disease, cytotoxicity induced by expanded
polyglutamine tracts is mediated, at least in part, by excessive
mitochondrial fission (115). Mutations in PINK1 cause auto-
somal recessive Parkinson disease. These pathogenic muta-
tions also cause a defect in mitochondrial dynamics that can be
reversed by the mitochondrial fission inhibitor, mdivi-1 (16),
or by overexpressing the dominant negative form of Drp1 (17).
In a different model of neuronal cell death, mitochondrial
fission was shown to be an early event in ischemic stroke
in vivo and in nitric oxide-induced oxidative stress, two con-
ditions that are associated with neural death. In these models,
inhibition of fission is associated with neural protection (5, 74).
In a glaucoma model, exposure of differentiated retinal gan-
glion cells (RGC5) to elevated hydrostatic pressure results in
mitochondrial fragmentation and decreased ATP (45).

Stem cells

Todd et al. reported recently a novel connection between
mitochondrial morphology and homeostasis of mouse
embryonic stem cells (108). Knockdown of growth factor erv1-
like (Gfer) in embryonic stem cells leads to decreased em-
bryoid body formation, elevated Drpl levels, and increased
mitochondrial fragmentation and mitophagy.

Mitochondrial Fusion—A Selective Rescue Mechanism

As stated earlier, mitochondrial fusion allows diffusion of
matrix and membrane components between the two fusion
mates (matrix components at a faster rate than the membrane
ones). This may serve as a complementary “rescue” mecha-
nism or a first line of defense from autophagy for damaged
mitochondria. Thus, fusion may recruit dysfunctional mito-
chondria into the active pool, whereas autophagy targets
depolarized mitochondria for digestion and elimination. This
theoretically places mitophagy and fusion as competing fates
of the depolarized mitochondria. The principal question is,
therefore, what is the selective barrier that prevents any ex-
change between dysfunctional mitochondria and the intact
ones in a manner that would otherwise diminish the efficient
segregation of dysfunctional material by mitophagy.
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Mitochondria fail to fuse when the Ay, is dissipated by a
mitochondrial membrane uncoupler (41, 52, 62, 66-68).
By labeling a group of mitochondria through laser
photoconversion of matrix-targeted PAGFP and observing
them over time, one can identify nonfusing mitochondria as
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FIG. 2. The in-silico model simulated a population of
mitochondria, each containing 10 copies of mitochondrial
functional components (representing the mitochondrial
DNA, protein, and lipids required to maintain mitochon-
drial respiratory function). Each copy was classified as ei-
ther “intact” or “damaged” (nonfunctional). Mitochondria
were subjected to a steady rate of random damage that ir-
reversibly converted random copies from intact to damaged.
Accordingly, the number of nondamaged copies was used to
deduct the level of mitochondrial activity (A, equivalent)
on a 0-1 scale for each mitochondrion in the cell. The plotted
cellular mitochondrial activity is generated by summing the
activity of 300 mitochondria in each individual cell and then
averaging the 100 different cells that are simulated in par-
allel. Autophagy targets mitochondria with activity level
below 0.3, which was found in the solitary phase, as giant
mitochondria fail to fuse (14, 77). Selective (a) and nonse-
lective (b) fusion are compared under low and high (fourfold
higher) damage rates. Note that, under increased rates of
damage, mitochondrial activity is severely reduced if fusion
is nonselective. Dotted line in (b) indicates the “selective” case
of fusion under low-damage rate shown in (a). Gray bars
indicate the physiological range of mitochondrial fusion in
INS1 mitochondria under normal conditions. Data are
modified from Mouli et al. (72).
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FIG. 3. A schematic illustration of the mitochondrion’s life cy-
cle and the roles of mitochondrial dynamics and autophagy in the
segregation of dysfunctional mitochondria. The mitochondrion
cyclically shifts between a postfusion state (networked) that lasts
tens of seconds and a postfission state (solitary) that can last tens of
minutes. Following a fission event, the mitochondrion can depo-
larize and restore an intact potential (thick arrow) or remain in a
depolarized level. Sustained Ay, depolarization triggers cleavage
of Opal, accumulation of PINK1/Parkin, and reduction in mito-
fusin capacity. The mitochondrion may spend several hours in this
preautophagic state before targeted by the autophagic machinery.
Protein compositions during various steps along these pathways
are indicated by a relevant close-up, which are also labeled with
numbers, corresponding to their location in the scheme. (To see this
illustration in color the reader is referred to the web version of this
article at www.liebertonline.com/ars).

those that do not share their photocoverted PAGFP. These
mitochondria do not dilute the fluorescent signal and can be
identified as the brightest mitochondria within the popula-
tion. Nonfusing mitochondria are found even when numer-
ous mitochondria with intact potential are in their close
vicinity (110). Costaining with TMRE or with an anti-Opal
antibody reveals that nonfusing mitochondria are relatively

depolarized compared to average Ay, and their OPA1 con-
tent is reduced by ~50% (110).

Opal is a protein with multiple isoforms that is localized in
the inner membrane and in the intermembrane space of mi-
tochondria (33, 78). However, it is also involved in outer mi-
tochondrial membrane fusion, as Mfn1 is required for Opal-
mediated fusion (13, 35, 96). The biochemical mechanisms
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FIG. 4. Potential consequences of reduction in the content of
PINK1/Parkin accumulation. Reduction in PINK1/Parkin results
in decreased product for mitophagy (dashed arrow) and accumula-
tion of mitofusin on damaged mitochondria. The accumulation of
mitofusin on damaged mitochondria allows them to reengage in
fusion events despite their deprived energetic state, leading to in-
corporation of potentially toxic material into the mitochondrial
pool. Protein composition at selected steps along the path is illus-
trated beneath in corresponding numbers 1-4. (To see this illus-
tration in color the reader is referred to the web version of this
A Depol arized mitochondria  article at www liebertonline.com/ars).

that link Opal processing to bioenergetic parameters have
been described in different studies. In mammalian cells, the
long isoforms (high molecular weight) of Opal undergo
cleavage (or degradation) when depolarization is induced or
ATP is depleted (25, 32, 40, 57, 101). As both long and short

isoforms of Opal are required for mitochondrial fusion (101),
a decrease in the driving force for ATP synthesis (i.e., Ay,
depolarization) triggers mitochondrial fragmentation by
processing and complete degradation of Opal isoforms.
Taken together, these findings suggest that mitochondrial
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fusion is selective for polarized, active mitochondria and that
this selectivity, in parallel with asymmetric fission events,
determines the fate of the single mitochondrion (survival or
degradation).

Selectivity of Mitochondrial Fusion Indirectly Supplies
Mitochondria to the Mitophagic Pool

The selectivity of the fusion machinery makes fusion and
mitophagy complementary processes, rather than competing
ones. There are currently no experimental means to modify
the degree of fusion selectivity or to accurately and stably
change the rate of dynamic events over time. Recently, the
contribution of selectivity and frequency of mitochondrial
fusion to mitochondrial function was dissected by an ana-
lytical simulation (72) based on the kinetics of mitochondrial
dynamics in INS1 fS-cells (39, 110, 113). The computer-based
simulation predicted mitochondrial activity under changing
rates of mitochondrial dynamics and selectivity of the fusion
machinery. The program simulated repetitive cycles of fusion
and fission events in which intact and damaged mitochon-
drial contents were redistributed between fusion mates (see
Fig. 2 legend for a more detailed description of the model).
Redistribution had an impact upon mitochondrial function,
thereby influencing the fate of each mitochondrion, that is, to
be either destined for subsequent fusion or elimination by
autophagy.

Figure 2 shows the effect of changing the rates of fusion—
fission frequency on mitochondrial activity under low- or
high-damage rates. The illustration depicts the case of selec-
tive fusion (i.e., a mitochondrion can fuse only if its activity is
above a certain threshold) and the case of nonselective fusion
(fusion occurs independently of mitochondrial activity). In-
creasing the frequency of either selective or nonselective fu-
sion results in improved mitochondrial activity. This positive
relationship, however, is limited to a gap of fusion frequencies
for the nonselective case and the gap narrows as the rate of
damage increases.

In the case of selective fusion, segregation of the damaged
mitochondrion from the fusing population prevents the mi-
gration of damaged components into more active mitochon-
dria, but also, and equally important, leaves them available
for autophagy. The simulation suggests that the beneficial
value of this behavior becomes more apparent under high
fusion rates. If fusion is nonselective at high rate of fusion, the
duration spent in the solitary state is shortened and, thereby,
the probability of autophagy of depolarized mitochondria is
reduced (see figure legends) (14, 77, 102-107). Thus, autop-
hagy is indirectly inhibited when most units are in the fused
state, which results in the accumulation of mitochondria
containing damaged content (hence reducing the overall ac-
tivity score of the population). In the case wherein fusion is
selective, high fusion frequencies do not prevent the removal
of damaged mitochondria, because these mitochondria avoid
fusion and are, therefore, constantly accessible to the autop-
hagic machinery.

These findings emphasize the importance of selectivity of
mitochondrial fusion not only as an intramitochondrial
complementary route, but also as an isolation step preced-
ing autophagy. This property could be viewed as a mecha-
nism that allows the cell to compensate for high rates of
mitochondrial damage by increasing fusion frequency
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without compromising the mitophagy of dysfunctional
mitochondria.

Fusion, Fission, and Autophagy as a Bioenergetic
Quality Control Mechanism

The observation that mitochondrial fusion is a Ayp,-
dependent process ensures that potentially dysfunctional or-
ganelles will avoid fusion, whereas intact mitochondria will
benefit from sharing metabolites. Segregation of dysfunc-
tional mitochondria from the fusing population results in the
generation of small and depolarized mitochondria. The find-
ing that autophagy targets depolarized mitochondria places
autophagy at the end of the axis of quality control as a receiver
of the segregation output. Figure 3 summarizes schematically
how the combination of fusion, fission, and mitophagy actas a
quality control mechanism. Importantly, this view suggests
that the absolute rate of fusion and fission events per se (and
not merely the balance between fusion and fission) deter-
mines the efficiency of the proposed quality control axis (in
accordance with the data presented in Fig. 2). As fission fre-
quency increases, the cumulative probability for the genera-
tion of dysfunctional units with sustained depolarization also
increases. Under these circumstances, it is expected that the
mass of damaged mitochondria that have been segregated
from the fusing population and eliminated by mitophagy will
be increased.

Mitochondrial Ubiquitin Ligase (PINK1/Parkin,
MARCH5, and MULAN) as Molecular Regulators
of Selective Fusion

Recent studies of the substrates of mitochondrial ubiquitin
ligases, including MULAN, MARCHS5, and Parkin, identify
them as potential critical mediators that govern selective fu-
sion and mitophagy. Parkin was shown to translocate selec-
tively to energetically impaired mitochondria that were
destined to autophagy independent of ROS production and
morphology (75, 114). The translocation of Parkin is induced
by PINK1 (29, 82). The latter undergoes voltage-dependent
proteolysis in polarized mitochondria, but accumulates on
depolarized mitochondria overtime (65, 76). This cascade of
events accounts for the direct relationship between the level of
Parkin on mitochondria and their membrane potential (75).

Studies in Drosophila report that upon recruitment to de-
polarized mitochondria, Parkin ubiquitinates Mfn (126). In
mammalian cells, additional E3 ligases as MULAN and
MARCHS5 modify mitochondrial dynamics, and in the case of
the latter, ubiquitinates Mfn1 (54, 84). Knockout of Parkin or
MARCHS leads to accumulation of Mfn or Mfn1 and to mi-
tochondrial elongation (49, 84, 89, 123, 126). These results
suggest that in the absence of PINK1/Parkin or MARCHS5,
damaged mitochondria are “rescued” by fusion instead of
being removed by mitophagy. This compromises mitochon-
drial quality maintenance. In support of this view, knock-
down of Mfn in Drosophila or Mfnl in HeLa cells was
protective from the knockdown of Parkin or MARCHS5, re-
spectively (84, 88, 89).

It should be mentioned that the effects of manipulations on
PINK1/Parkin system had ambiguous effects on mitochon-
drial morphology. In Drosophila and COS7 cells, mutants for
PINK1 and Parkin had elongated mitochondria (19, 81, 88,
123), whereas in other mammalian systems this manipulation
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resulted in fragmented phenotypes (17, 59, 93). In these
studies, the compromised energetic state induced by PINK1/
Parkin mutants could be rescued by preventing mitochon-
drial fragmentation, for example, by inhibition of fission. (16,
59, 81, 88, 93). The reasons for these conflicting reports remain
to be fully elucidated, but, thus far, both technical factors (59)
and tissue-specific differences may contribute.

We hypothesize that the reduction in the rate of ubiquiti-
nation is finally associated with decreased mitophagy and an
increase in unselective fusion (fusion between damaged and
metabolically intact mitochondria). Figure 4 illustrates sche-
matically this hypothesis under PINK1/Parkin KO. Under
these conditions, mitophagy rate is decreased and damaged
mitochondria can reengage (at least to some extent) in fusion
events. In a very recent study, Tanaka et al. showed that upon
membrane depolarization Parkin mediates selectively the
ubiquitination and proteasomal degradation of Mfnl and
Mfn2 by the AAA+ ATPase, p97 (106a). This may provide a
mechanism for selective fusion and the segregation of depo-
larized mitochondria prior to autophagy. Following fission,
Parkin prevents or delays refusion of depolarized mitochon-
dria by the elimination of mitofusins and in parallel triggers
the accumulation of proteins that facilitate mitophagy. This
study also finds that in the absence of fission, Parkin accu-
mulation and mitofusin degradation alone are insufficient to
induce mitophagy.
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Abbreviations Used

AP = autophagosome
ATG = autophagy-related genes
Bnip3 = member of the BCL2/adenovirus E1B 19
kd-interacting protein (BNIP) family
COS7 = cell line derived from kidney cells of the
African green monkey
DRP1 = dynamin-related protein 1
EM = electron microscope
ER =endoplasmic reticulum
FIS1 = fission protein 1
FoxO3 =a transcription factor-stimulating mitophagy
Gfer = growth factor erv-like
GFP = green fluorescent protein
H2c9 = cardiac cell line
HeLa = cell line derived from human cervical cancer
HL-1 = cardiac cell line
INS1 = cell line derived from rat f-cells insulinoma
KO = knockout
LC3 =light chain 3
MARCHS5 = mitochondrial ubiquitin ligase
mdivil = mitochondrial division inhibitor-1
Mfn = mitofusin
mtDNA = mitochondrial DNA
mtPA-GFP = matrix-targeted photoactivatable GFP
MULAN = mitochondrial ubiquitin ligase
MuRF-1 = muscle RING-finger protein-1
OPAL1 = gene encoding a dynamin-related
mitochondrial protein causing autosomal
dominant optic atrophy
Pink1l =PTEN-induced Kinase 1, a nuclear-encoded
mitochondrial protein that tags mitochondria
for mitophagy
RGC5 =retinal ganglion cell line
ROS = reactive oxygen species
shRNA = small-hairpin RNA
siRNA = small-interfering RNA
TMRE = tetramethylrhodamine ethyl ester perchlorate,
a mitochondrial-specific membrane
potential-dependent dye
ZDF = Zucker diabetic fatty
Ay, = mitochondrial membrane potential
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