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are crucial organelles involved in cellular energy
production and in the regulation of numerous aspects of cellular activity, including, but not limited to, apoptosis, Ca2⫹
signaling, and redox homeostasis (41). Over the last decade,
mitochondria have moved to the forefront of cell biology
research for their ability to undergo regulated events of membrane fusion and fission, which remodel the architecture of the
mitochondrial network within the cytoplasm (43, 36, 146).
Processes of mitochondrial fusion and fission are collectively
termed mitochondrial dynamics. Importantly, abnormal mitochondrial dynamics cause bioenergetic defects (26), induce
embryonic lethality in transgenic animal models (27), and
underly a heterogenous group of human diseases (164), attesting to the pivotal role of these processes in physiopathology
(25, 50, 91). In addition, experimental work has shown that
mitochondrial dynamics are involved in regulating cellular
activity and that mitochondria participate in important cellular
signaling pathways (136, 158).
Mitochondrial retrograde signaling is defined as the transfer
of information from mitochondria to the cytoplasm and nucleus. Retrograde signaling pathways have been established to
occur in response to metabolic perturbations, with the aim to
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trigger adaptive cellular responses orchestrated by coordinated
changes in gene expression (reviewed in Refs. 21 and 93).
Among the retrograde signals produced by mitochondria
that are known to regulate different aspects of cellular
activity, the most studied include reactive oxygen species
(ROS), pro-apoptotic molecules, ATP/ADP/AMP, metabolic intermediates (NAD⫹/NADH), and Ca2⫹ (20, 39, 58).
From recent discoveries revealing that mitochondrial dynamics regulate cellular activity in response to various
stressors, it is hypothesized that changes in mitochondrial
morphology regulate, either directly or indirectly, various
aspects of mitochondrial function involved in retrograde
signaling.
The purpose of this review is to integrate current knowledge
on the mitochondrial morphology-function relationship to gain
insights into the potential role of mitochondrial dynamics in
shaping cellular function. In so doing, we note that most of the
available evidence on the functional consequences of mitochondrial fusion/fission, and hence reviewed here, is derived
from molecular studies in which chronic and widespread perturbations were induced either by knocking down or overexpressing fusion/fission proteins. Such chronic perturbations of
mitochondrial dynamics may also compromise autophagic
quality control system (147), lead to morphological abnormalities (10), impair interactions between mitochondria and endoplasmic reticulum (34), and cause accumulation of mitochondrial DNA (mtDNA) damage (mutations and deletions) (29). It
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doi:10.1152/ajpregu.00584.2012.—In response to cellular and environmental
stresses, mitochondria undergo morphology transitions regulated by dynamic processes of membrane fusion and fission. These events of mitochondrial dynamics are
central regulators of cellular activity, but the mechanisms linking mitochondrial
shape to cell function remain unclear. One possibility evaluated in this review is
that mitochondrial morphological transitions (from elongated to fragmented, and
vice-versa) directly modify canonical aspects of the organelle’s function, including
susceptibility to mitochondrial permeability transition, respiratory properties of the
electron transport chain, and reactive oxygen species production. Because outputs
derived from mitochondrial metabolism are linked to defined cellular signaling
pathways, fusion/fission morphology transitions could regulate mitochondrial function and retrograde signaling. This is hypothesized to provide a dynamic interface
between the cell, its genome, and the fluctuating metabolic environment.
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Mitochondrial Structure-Function Relationship
Shaping the mitochondrion: molecular machinery. The notion that mitochondrial dynamics bears functional significance
impacting on cellular life and death is relatively recent. This
has largely been established through the identification and
molecular genetic manipulation of the major fusion and fission
proteins interacting with the double membrane system of
mitochondria (reviewed in Refs. 136 and 158). Briefly, the
fusion machinery consists of the dynamin-like proteins mitofusins 1 and 2 (Mfn1 and Mfn2) and optic atrophy 1 (OPA1),
which, respectively, have a role in the sequential fusion of the
outer (OMM) and inner mitochondrial membranes (IMM) (87,
135). Mitofusins and OPA1 form an antiparallel intermolecular
coiled coil, and GTP hydrolysis by the GTPase domains of
Mfn1, Mfn2, and OPA1 induces a conformational change
generating the mechanical force necessary for fusion of adjacent organelles (70, 81), effectively resulting in elongation and
formation of mitochondrial tubules in the cytoplasm.
On the other hand, mitochondrial fission, the splitting of one
mitochondrion into two or more smaller mitochondria, mainly

results from the constriction of mitochondria by dynaminrelated protein 1 (DRP1, also DLP1) (134). The cytoplasmic
dynamin-related protein DRP1 is presumably recruited at the
OMM by Fis1 (human fission protein 1) to assemble into
oligomeric rings around the OMM to fragment the mitochondrion (36, 97). Some other structural membrane-bending proteins are also suggested to assist in mitochondrial tubulation by
insertion of ␤-barrels, hydrophobic and scaffolding proteins
(reviewed in Refs. 130 and 158), but comparatively little is
known about those accessory proteins. We therefore focus our
discussion below on the major pro-fusion and pro-fission
proteins that ultimately control gross mitochondrial morphology. Importantly, maintenance of mitochondrial shape depends
on a constant equilibrium between fusion and fission events,
and interfering with either of these processes results in the
extension of the mitochondrial network or its fragmentation.
As detailed below, altering mitochondrial fusion and fission
has several potential functional consequences (Fig. 1).
Morphology, mitochondrial permeability transition, and
apoptosis. Among the consequences of changes in mitochondrial morphology on mitochondrial function, the sensitivity of
mitochondria to permeability transition and apoptotic signaling
are the most extensively documented (39) (Table 1). The
mitochondrial permeability transition pore (mPTP) is presumed to consist in a multiprotein complex located in the
IMM, which is modulated by interactions with OMM proteins
(32, 144). The composition and regulation of the mitochondrial
PTP (mPTP) is still a matter of debate (89), but putative mPTP
components include cyclophilin D (CypD) and the adenine
nucleotide translocase (ANT), and postulated regulatory proteins include hexokinase, creatine kinase, and peripheral benzodiazepine receptor (PBR) (89, 131, 132). Although the full
details of these events are still only partially characterized and
are in need of further clarification (13, 62), it is established that
irreversible opening of the mPTP in a high conductance mode
occurs in response to diverse cellular stressors such as matrix
Ca2⫹, loss of membrane potential, and ROS (14, 17, 57),
leading to the release of proapoptotic factors inducing cell
death (131, 155). Furthermore, because mitochondrial respiration becomes uncoupled when the mPTP is open, prolonged

Fig. 1. Hypothesized relationship linking mitochondrial morphology and function. Dynamic regulation of mitochondrial morphology
involves regulated processes of fusion and fission, which modify mitochondrial function.
Pro-fusion [mitofusin 1 and 2 (Mfn1, Mfn2),
optic atrophy 1 (OPA1)] and pro-fission [dynamin-related protein (DRP1), fission 1 (Fis1)]
core proteins modulate mitochondrial morphology and physiology. Altering the balance
of fusion/fission dynamics results in mitochondrial elongation and branching (pro-fusion) or
mitochondrial fragmentation (pro-fission). For
detailed review of these processes, see Ref.
158. Listed on both sides of the figure are the
putative functional consequences generally associated with mitochondrial fusion and fission.
Insets: fluorescence microscopy images of mitochondria from cultured human myoblasts labeled with Mitotracker Green (45 min, 125
nM) depicting different states of mitochondrial
morphology.
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should therefore be kept in mind that these aftereffects inherent
to long-term experimental perturbations of mitochondrial dynamics could alter mitochondrial functions independently from
morphology itself. In comparison, it is less clear what the
immediate functional effects of stochastic, localized, and temporary fusion and fission events are on mitochondrial function
in vivo.
Here, we review experimental evidence linking mitochondrial morphology and sensitivity to permeability transition
(PT) and apoptotic signaling, mitochondrial respiratory chain
function, and ROS production. We then outline putative mitochondrial retrograde signals relevant to these functions and
outline their known roles in regulating cellular activity. While
minimal direct evidence currently exists that mitochondrial
morphology transitions result into altered retrograde signaling,
modulation of mitochondrial signals by fusion and fission
appears as a candidate mechanism to promote normal cellular
responses to metabolic stresses, and therefore, as a possible
contributor to the etiology of metabolic diseases.
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Table 1. Effect of mitochondrial morphology regulation on sensitivity to mitochondrial PT and apoptotic cell death
Manipulation/Condition

Pro-fusion (elongation)
DRP1 RNAi
DRP1 RNAi
DRP1K38A overexpression
DRP1 shRNA

Cell Type

HeLa
HeLa
COS-7
HeLa
HL-1 (cardiac)

DRP1K38A overexpression

H9c2 myoblasts

DRP1 inhibition (mdivi-1)

HL-1 (cardiac)

␣DRP1 antibody microinjection
Fis1 shRNA

HeLa
HeLa

MNF2 overexpression

Primary CGNs

MFN2 overexpression

HL-1 (cardiac)

MFN1 overexpression

HL-1 (cardiac)

OPA1 overexpression
Pro-fission (fragmentation)
OPA1 RNAi
Fis1 overexpression

Primary CGNs

MFN1/2 RNAi
MFN2 KO
Mechanical isolation of
mitochondria

HeLa
HL-1 (cardiac)
Hela
CGN (in vivo)
Myofibers

Reference

Delayed but does not inhibit apoptosis (STS, Act D)
Reduced apoptosis (Eto) 40–50% at 24 h
Prevented release of cyt. c, decreased number of apoptotic cells with STS.
Decreased apoptosis in response to pharmacological inducers (STS, Act D,
␣-Fas); less potent than DRP1
Decreased cell death 60–80% 2 h after ischemia-reperfusion, decreased
time to PT 50–60%*
Prevented 1–7 fold induction of apoptosis (annexin V, caspase activation)
during hyperglycemia
Decreased cell death 50–60% 40 mins after ischemia-reperfusion;
prevented loss of membrane potential in permeabilized cardiomyocytes
Decreased nuclear fragmentation 20 h after STS
Decreased apoptosis in response to pharmacological inducers (STS, Act D,
Eto, ␣-Fas)
Decreased cyt. c release and cell death after H2O2 treatment and DNA
damage
Decreased cell death 50–70% 2 h after ischemia-reperfusion, decreased
time to PT by 50–60%*
Decreased cell death 60–80% 2 h after ischemia-reperfusion, decreased
time to PT by 50–60%*
Protected against cell death from excitotoxicity (Ca2⫹ stress)

46
141
48
86

Increased sensitivity to apoptosis and increased spontaneous death
Increased cell death 40–60% 2 h after ischemia-reperfusion, no effect on
time to PT
Increased apoptosis (Eto) 40–50% at 24 h
Neurodegeneration and increased abundance of TUNEL-positive CGN.
Reduced time to Ca2⫹-induced PT opening by 98%, reduced calcium
retention capacity by 50%

86
106

106
162
106
48
86
71
106
106
72

141
28
115

PT, permeability transition; STS, sautosporine; Act D, actinomycin D; Eto, etoposide; ␣-Fas, anti-Fas receptor agonist; CGN, cerebellar granular neurons;
DRP1K38A, dominant negative version of DRP1. *Effect similar in magnitude to that of cyclosporin A. MFN, mitofusin; OPA1, optic atrophy 1; shRNA, short
hairpin RNA; RNAi, interfering RNA.

permeability transition can lead to ATP depletion and bioenergetic crisis contributing to cell death.
In addition to its role in apoptosis, transient opening of the
mPTP in a low-conductance mode that allows diffusion of ions
but not higher molecular weight solutes serves a physiological
function (113). Indeed, such mPTP flickering is suggested to
1) serve as a Ca2⫹ release valve to regulate mitochondrial Ca2⫹
levels and likely cellular Ca2⫹ transients (45); 2) provide a
means to rapidly and reversibly depolarize mitochondria, possibly controlling their autophagic removal (44); 3) modulate
superoxide production since transient mPTP opening yields
superoxide flashes in myocytes (156); and 4) allow the release
from the mitochondrial matrix into the cytoplasm of other molecules including the nicotinamide adenine nucleotides (NAD⫹ and
NADH) (42) and possibly metabolic intermediates (see first 5
headings under Mitochondrial Retrograde Signaling).
Despite the fact that overt (or unbalanced) mitochondrial
fission and network fragmentation are well known to be associated with cell death, it is only recently that some of the
molecular mechanisms underlying this phenomenon have been
described (157). Mitochondrial fission alone does not necessarily induce apoptosis, but it sensitizes cells to death stimuli
(86). In cultured cardiomyocytes, enhancing fission by overexpressing Fis1 induced mitochondrial fragmentation, decreased the time required for the opening of the mPTP in
response to oxidative stress, and promoted cell death following
ischemia-reperfusion (106). Mitochondrial network fragmentation and concomitant sensitization to apoptotic death was
also obtained in various cell types upon inhibition of mitochon-

drial fusion by RNA interference (RNAi) against the fusion
proteins Mfn1, Mfn2, and OPA1 (71, 86, 141). Furthermore, in
an in vivo model, normal expression of Mfn2 conferred protection against apoptotic cell death in mice Purkinje neurons
and its ablation increased cell death (28). Collectively, evidence indicates that cells containing extensively fragmented
mitochondria resulting from chronic disruption of mitochondrial dynamics are more susceptible to apoptotic cell death
through mechanisms possibly involving the mPTP.
Conversely, overexpression of the fusion proteins, which
promote the formation of elongated and branched mitochondria, protects against mitochondria-induced apoptosis. For instance, induction of apoptosis with oxidative stress in different
cell types was reduced by overexpressing the fusion proteins
Mfn1 (106), Mfn2 (71, 106), or OPA1 (72). Inhibition of
mitochondrial fission by downregulating Fis1 and DRP1
yielded a similar hyperfused morphology, preventing fragmentation and conferring resistance to mitochondrial depolarization and cell death in response to a variety of exogenous
apoptotic inducers (48, 86, 141, 162). Furthermore, overexpression of a dominant-negative DRP1K38A, which inhibits
fission-induced mitochondrial fragmentation, also prevented
the loss of the mitochondrial membrane potential, the release
of cytochrome c, and reduced apoptosis in cardiomyocytes and
COS-7 cells (48, 106). However, careful examination of these
processes revealed that the majority of cases, inhibition of
DRP1-mediated fission does not completely prevent apoptosis
but delays it (46), raising the possibility that studies assessing
apoptosis at only one time point may confuse inhibition and
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cose oxidation in response to Mfn2 downregulation (6, 117). In
line with this, fibroblasts from patients with mutations in either
Mfn2 (24, 94) or OPA1 (105) showed decreased ATP synthesis
and/or impaired respiratory coupling efficiency (the ratio of
ATP generated per oxygen molecule consumed). DRP-1-mediated mitochondrial fragmentation also increased oxygen consumption in response to high-glucose exposure, possibly suggesting that fragmentation of mitochondrial tubules favors
respiratory uncoupling (162).
On the contrary, overexpression of Mfn2 had the opposite
effect and doubled maximal glucose oxidation in one study
(117), but this may have been caused by upregulation of
respiratory chain genes, which appeared to be independent
from changes in mitochondrial morphology. Although mitochondrial fusion may preserve and/or enhance respiration,
excessive fusion in the absence of fission is deleterious. In
HeLa cells, 4 days postinduction with RNAi targeting DRP1
caused excessive budding and branching of poorly ramified
mitochondria along with decreased mitochondrial respiration
(10). Thus altering the expression of mitochondrial fusion and
fission proteins, which leads to abnormal mitochondrial morphology, impairs mitochondrial respiration and possibly coupling efficiency.
Studies in patients with OPA1 mutations indicate that OPA1
promotes mitochondrial fusion in tandem with complex Idriven oxidative phosphorylation (166). In mouse embryonic
fibroblasts (MEFs), ATP synthase activity was enhanced in
fused elongated mitochondria induced by starvation, a phenomenon that was absent in OPA-1-deficient MEFs (54).
Recent work also suggested that OPA1 is involved in remodeling IMM cristae morphology, and that this may impact
respiratory properties of mitochondria through action on the
assembly of respiratory supercomplexes (complexes I1, III2,
IV1) (54), which are believed to optimize downstream electron
transport from complex I during normal mitochondrial respiration (126, 149).
At the transcriptional level, Mfn2 overexpression in myotubes increased the expression of oxidative phosphorylation
genes, mitochondrial membrane potential, and maximal glucose oxidation rates (117). In obese individuals, increasing

Table 2. Effect of mitochondrial morphology regulation on mitochondrial respiratory properties
Manipulation/Condition

Pro-fusion (elongation)
DRP1 RNAi
DRP1K38A overexpression
Mfn2 overexpression
Pro-fission (fragmentation)*
Mfn1/Mfn2 double
mutant
Mfn2 antisense cDNA
Mfn2 mutations
Mfn2 mutations
OPA1
OPA1
OPA1
OPA1

mutation
RNAi
mutations
KO

Cell Type

HeLa
Clone 9 hepatocytes
H6E9 myotubes

MEFs
10T1/2 fibroblasts
Human fibroblasts
Human fibroblasts
Human fibroblasts
MEFs
Human fibroblasts
MEFs

Effect on Mitochondrial Respiration and ETC Function

Decreased respiration 60–70%, decreased ATP synthesis (abnormal budding of
perinuclear mitochondria, experiments performed 96 h postinduction)
Prevented a 40–50% increase in respiration during hyperglycemia
Increased membrane potential and glucose oxidation rate (in the absence of
network remodeling)
Decreased respiration 30–70% under different energized states
Decreased respiration 20–40%, decreased membrane potential (in L6E9 myotubes)
Decreased coupling efficiency 20–30% (ATP/O ratio)
Decreased coupling efficiency 50–70% (ATP/O ratio), increased respiration with
complex II-linked substrate
Decreased coupling efficiency 50% (ATP/O ratio)
Decreased respiration 50–80% under different energized states
Decreased complex I-driven ATP synthesis
Decreased ATP levels with starvation, impaired dimerization of ATP synthase

Reference

10
162
117

26
6
94
24
105
26
166
54

MEF, mouse embryonic fibroblasts; *Loss of function of MFN2 and OPA1 has been linked to mitochondrial DNA instability (see text for details), which may
impair respiratory chain function via mtDNA damage over periods exceeding several days, rather than via direct of mitochondrial morphology.
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retardation of cell death. Nevertheless, these findings demonstrate a role of fusion and fission proteins in regulating mitochondrial permeability transition and apoptotic signaling (63).
In addition to apoptotic signaling, mPTP dynamics influences mitochondrial Ca2⫹ signaling and physiological regulation of mitochondrial function (120, 154). Likewise, mitochondrial shape also influences cytoplasmic Ca2⫹ handling (reviewed
in Ref. 143). In high-resolution microscopy experiments, histamine-induced elevations in endothelial cell cytoplasmic [Ca2⫹],
small fragmented mitochondria experienced significantly greater
rises in matrix [Ca2⫹] (and greater increase in superoxide
production) than adjacent elongated mitochondria (109). In
line with this, compared with reticular mitochondria within
permeabilized muscle fibers, fragmentation of skeletal muscle
mitochondria during mechanical isolation reduced the ability
of mitochondria to buffer exogenous Ca2⫹ and dramatically
increased mPTP sensitivity in response to an exogenous Ca2⫹
challenge (115). Because high mitochondrial [Ca2⫹] is a trigger of mPTP opening, mitochondrial morphology may impact
the response of mitochondria to given intracellular Ca2⫹ levels,
whereby elongated branched mitochondria may be more resistant to Ca2⫹-induced mPTP opening than smaller fragmented
mitochondria. The molecular mechanisms accounting for differential sensitivity in permeability transition between elongated branched mitochondria and fragmented mitochondria
remain unclear but may be caused by alterations of the IMM
structure upon fission/fragmentation (111, 128) differences in
the distribution volume of Ca2⫹ within the mitochondrial
matrix (15) or possibly by other nonmorphological factors (see
Altering mitochondrial dynamics: effects on quality control
and beyond).
Morphology and respiration. Oxygen consumption and ATP
synthesis by the oxidative phosphorylation (OXPHOS) system
are also affected by mitochondrial dynamics (12) (Table 2).
Mitochondrial fragmentation induced by downregulation of
OPA1, or gene invalidation of Mfn1 and Mfn2, strongly
decreased mitochondrial respiratory capacity in permeabilized
cells when fueled with substrate for electron transport chain
(ETC) complexes I, II, and IV (26). Other experiments have
demonstrated similar decreases in cellular respiration or glu-
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Morphology and reactive oxygen species. Mitochondria produce ROS as a function of electron transport and redox status
within the IMM (7). A bidirectional relationship between ROS
and mitochondrial fragmentation has been documented in certain conditions (Table 3). In response to a hyperglycemic
challenge, mitochondrial fission was a prerequisite for increasing mitochondrial ROS production in cultured cells (162). In
congruence with this, abrogating mitochondrial fission effectively prevented hyperglycemia-induced ROS production. Inhibition of mitochondrial fission by expression of a dominant
negative construct of DRP1 prevented mitochondrial fragmentation and subsequent ROS production (162, 163), thus suggesting that mitochondrial fragmentation allows increases in
ROS production under these conditions. Given that diabetes is
thought to involve oxidative stress and fragmented mitochondria (161), and that diabetic insulin resistance is associated
with skeletal muscle mitochondrial dysfunction, it has been
suggested that mitochondrial dynamics mediates the deleterious effects of high blood glucose on skeletal muscle (161,
167). This possibility has recently received strong empirical
support from in vitro (129) and in vivo (76) models of diabetes
where mitochondrial fragmentation was required for hyperglycemia- and hyperlipidemia-induced increases in mitochondrial
ROS production in endothelial cells and skeletal muscle, respectively. In line with this, mitochondria isolated using homogenization, which induces fragmentation of the mitochondrial network, released 5- to 10-fold more H2O2 compared
mitochondria within permeabilized fibers, which retain a more
intact network morphology (115), substantiating molecular
genetic experiments where mitochondrial fragmentation might
directly enable increased ROS production.
Although mitochondrial morphology might influence ROS
production, experimental support also exists for the reverse
scenario whereby ROS induces alterations in mitochondrial
morphology. Fibroblasts from patients with genetic mtDNA
defects demonstrated that severe complex I deficiency yield
increased ROS production was associated with mitochondrial
fragmentation (79). Similarly, exposure of cultured cells to
sublethal doses of exogenous ROS (H2O2) induced mitochondrial fragmentation in mouse embryonic fibroblasts (MEFs)
(31, 73, 92), neuronal cells (71), and in C2C12 myocytes (47).

Table 3. Effect of mitochondrial morphology regulation on mitochondrial ROS production
Manipulation/Condition

Pro-fusion (elongation)
DRP1K38A overexpression
MFN2 overexpression
MFN2 overexpression

Cell Type

Clone 9 hepatocytes

DRP1 RNAi

H9c2 myoblasts
H9c2 myoblasts, endothelial cells,
smooth muscle cells
Endothelial cells

Fis1 RNAi

Endothelial cells

DRP1 inhibition (Mdivi-1)
Pro-fission (fragmentation)
Hyperglycemia
Mechanical isolation of
mitochondria

C2C12 myoblasts
Endothelial cells, myoblasts,
hepatocytes
Myofibers

Effect on Mitochondrial ROS Production

Reference

Prevented 1- to 1-fold increase in ROS [DHE] during
hyperglycemia
Prevented 1.5-fold increase in ROS [DHE] during hyperglycemia
Prevented 50% increase in ROS [DHE] during hyperglycemia

162

Prevented 3-fold increase in ROS [MitoSOX] and further
reduced ROS by 60–70% during hyperglycemia
Prevented 3-fold increase in ROS [MitoSOX] during
hyperglycemia
Prevented 15–20% increase in ROS [H2DCFDA] with palmitate

129

Increases ROS 1- to 3-fold, which can be prevented by blocking
fission (see above)
Increased total ROS 5- to 10-fold [Amplex Red], and free radical
leak 9- to 23-fold (per unit O2 consumed)

162
163

129
76

115

ROS, reactive oxygen species; DHE, dihydroethidium is a superoxide probe; H2DCFDA, carboxy-dichlorodihydrofluorescein is a broad-scope ROS probe;
MitoSox is a mitochondria-targeted superoxide probe; Amplex Red is a H2O2 probe.
AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00584.2012 • www.ajpregu.org
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body mass index was associated with lower levels of Mfn2
transcripts in skeletal muscle, which was in turn strongly
correlated with lower glucose oxidation rates (99). In addition,
exercise training, which enhances mitochondrial biogenesis
and muscles’ oxidative capacity (66), also increased Mfn1 and
Mfn2 gene expression (23), suggesting a genetic synergy and a
possible evolutionary overlap between the signaling pathways
regulating mitochondrial morphology and respiration (167,
168). Increases in Mfn2 expression with exercise could be
expected to link muscle activity and mitochondrial fusion, but
because fusion and fission processes are heavily regulated by
posttranslational mechanisms (106, 136), whether physical
activity acutely or chronically translates into more fused mitochondria is uncertain. Moreover, Mfn2 levels are more abundant in skeletal muscle than in other tissues and are even more
abundant in cardiac muscle (where mitochondrial content is the
highest) (64), suggesting that Mfn2 levels may simply mirror
mitochondrial density and that the activity of fusion proteins
may be mostly regulated by posttranslational modifications in
response to diverse cellular cues, such as local redox state and
[Ca2⫹] (64, 74, 133).
Collectively, available evidence point to a bidirectional
relationship between mitochondrial morphology and oxidative
metabolism (12, 18), whereby fused mitochondrial tubules
have generally been regarded as having greater respiratory
capacity than fragmented globular units. However, Mfn2
may directly increase expression of oxidative phosphorylation (OXPHOS) genes (117), and long-term disruption of
mitochondrial dynamics may have deleterious effects on bioenergetics through other processes (see Altering mitochondrial
dynamics: effects on quality control and beyond). Therefore,
whether manipulating fusion and fission proteins influences
mitochondrial respiration directly through effect on mitochondrial morphology, or indirectly via other effects, remains unclear. Notably, a study where mitochondria were fragmented
via mechanical isolation showed no difference in maximal
coupled respiration between reticular and fragmented mitochondria (115). Additional properly controlled studies investigating the effects of acute (within minutes to hours) changes in
mitochondrial morphology on mitochondrial respiration are
required to clarify this point.
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Furthermore, mtDNA damage and respiratory chain deficiencies do not only impair ETC function but also increases
apoptosis (5) and ROS production (69). Chronic impairments
of mitochondrial dynamics could thus impair all three aspects
of mitochondrial function discussed above. Globally, longterm impairments in mitochondrial dynamics, such as those
induced by chronic/widespread abrogation of dynamics proteins in cell lines, directly impact the integrity of the mitochondrial genome, which can translate into altered mitochondrial
function through mechanisms other than primary changes mitochondrial morphology.
Further to the inhibitory effect on mitophagy and damage to
mtDNA, altering the function of the fusion (Mfn1, Mfn2,
OPA1) and fission (Fis1 and DRP1) proteins may impact other
cellular processes that could confound the effects of their
experimental knockdown/overexpression on mitochondrial
bioenergetics and retrograde signaling. As mentioned above,
Mfn2 does not only allow fusion of mitochondria but also
regulates the expression of oxidative phosphorylation genes
independently from its role in fusion (117); and OPA1 can
remodel cristae independent of organelle fusion or permeation
of the OMM (51), suggesting that fusion proteins also influence mitochondrial function without necessarily involving
overt changes in mitochondrial network morphology and
OMM permeability (4).
Moreover, Mfn2 tethers mitochondria to the endo/sarcoplasmic reticulum and is thus important for Ca2⫹ homeostasis (34),
Mfn1 may regulate the activation of the proapoptotic Bax on
the mitochondrial surface (125), OPA1 is found in lipid droplets where it acts to regulate lipolysis (118), and both Fis1 and
DRP1 localize to peroxisomes where they mediate peroxisomal
fission (77, 90). Mitochondrial fusion proteins also participate
in mitochondrial transport and localization; Mfn2 interacts
with the Miro/Milton complex on the OMM (100) and contributes to axonal mitochondrial positioning, for example
(101), and OPA1 could indirectly modulate mitochondrial
motility by regulating mitochondrial Ca2⫹ uptake (52). Thus it
is clear that mitochondrial dynamics proteins execute multiple
functional roles, involving other cellular organelles, and it
cannot therefore be assumed than their experimental manipulation selectively affects mitochondrial morphology (Fig. 2).
Gaining insight into the functional effects of stochastic,
localized, and temporary mitochondrial fusion/fission events
will require experimental conditions where mitochondrial morphology can be acutely disrupted, thus eliminating the chronic
“side effects” of altered mitophagy and/or accumulation of
mtDNA damage. Ideally, experimental paradigms should be
developed where involvement of other potential influence on
mitochondrial bioenergetics can be ruled out. This will allow to
more accurately investigate the specific effects of morphology
transitions on defined mitochondrial functions and resulting
retrograde signals.
Mitochondrial Retrograde Signaling
Key aspects of cellular function are influenced by signaling
molecules produced and released by mitochondria as part of
their normal metabolism (reviewed in Refs. 11 and 124).
Below, we briefly review fundamental principles of mitochondrial biology and their link to five groups of molecules that act
as retrograde signals (Fig. 3). We then discuss direct evidence
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However, observations contrary to these have also been made
showing that ROS production secondary to inhibition of complex I with rotenone, induced mitochondrial fusion (78). Furthermore, in a cell-free isolated mitochodria fusion assay,
oxidized glutathione (GSSG) induced fusion, whereas antioxidants inhibited mitochondrial fusion (133), suggesting that the
oxidized cytosol favors mitochondrial fusion. Discrepancies in
intact cells could have been confounded by the different
timelines (e.g., initial fusion and subsequent fragmentation)
and the fact that rotenone may alter the cytoskeleton (microtubule assembly) that interacts with mitochondria (19). It must
also be noted that experiments conducted with inhibitors of the
ETC may be confounded by the critical role of the ETC in
maintaining mitochondrial membrane potential, as mitochondrial depolarization leads to mitochondrial network fragmentation and autophagy (56).
Globally, available data linking mitochondrial dynamics and
ROS production suggest a causal relationship, at least in the
context of hyperglycemic stress, where fragmented mitochondrial
release significantly more ROS than fused mitochondrial tubules.
A bidirectional relationship, whereby mitochondrial fission increases ROS emission, and ROS causes mitochondrial network
fragmentation appears to pervade (161). Properly controlled studies are needed to clarify the exact sequence of events linking
mitochondrial morphology and ROS production in different physiological conditions.
Altering mitochondrial dynamics: effects on quality control
and beyond. In interpreting the above-reviewed literature, one
must consider that studies performed in stable cell lines lacking
fusion proteins may be confounded by deleterious side effects
of halted mitochondrial dynamics on other cellular functions,
including the cellular quality control process. The removal of
damaged/dysfunctional mitochondria requires cycles of mitochondrial fusion and fission enabling the selective removal of
poorly functioning organelles via mitochondrial autophagy—
mitophagy (145). Mitophagy is in turn important to eliminate
damaged (mutated) copies of mtDNA (140). The mtDNA
partially encodes the enzymatic protein complexes that perform mitochondrial respiration (150). Mutations and deletions
in mtDNA therefore impair mitochondrial function and are as
a result a cause of human diseases (55, 80).
Disruption of mitochondrial fusion (and likely fission) results in the rapid accumulation of mtDNA damage and prevents normal functional complementation of mtDNA gene
products (29, 102, 107). Preventing mitochondrial fission has
also been shown to deplete mtDNA (110). In skeletal muscle,
lack of both Mfn1 and Mfn2 chronically disrupted mitochondrial fusion in vivo and resulted in accumulation of mtDNA
damage and mutations, mtDNA depletion, and impairment of
maximal respiratory capacity (29). In addition to the role of
mitochondrial dynamics for mitophagy, an adequate level
of mitochondrial fusion appears essential for functional complementation of mtDNA and gene products (e.g., mRNA, proteins)
within the mitochondrial network (25, 29, 86, 102, 107).
Eliminating Mfn2 from mouse embryonic fibroblasts impaired the distribution of mtDNA nucleoids (28) and respiratory chain proteins (29). In humans, it was recently demonstrated that loss-of-function mutations in both OPA1 (2,
165) and Mfn2 (123) genes also impair mtDNA stability,
leading to multisystemic disease.
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that mitochondrial morphology transitions are involved in
retrograde signaling pathways, which may contribute to regulate cellular activity and adaptive responses under certain
physiological states.
Calcium ion. Upon its entry into the cytoplasm from extracellular or intracellular stores, Ca2⫹ is removed from the
cytoplasm by active mitochondrial and sarcoplasmic reticulum
(SR) import (8, 35). Ca2⫹ is also released back into the
cytoplasm by the mitochondrial Na⫹/Ca2⫹ exchanger and by
opening of the mPTP (68, 154), making the mitochondrion a
central component of intracellular Ca2⫹ signaling (142). In
many cell types, Ca2⫹ and other proapoptotic factors released
by mitochondria can activate Ca2⫹-dependent pathways of cell
death (both apoptosis and necrosis) (120). In the presynaptic
terminals of axons, where mitochondria are far removed from
the SR and must buffer Ca2⫹ locally in a confined space (i.e.,
small volume, acting over short time scales), mitochondrial
Ca2⫹ uptake and release might have profound effects on
synaptic transmission. In other excitable cells like skeletal
muscle fibers, mitochondrial Ca2⫹ dynamics act in tandem
with their close neighbor the SR to define cytoplasmic Ca2⫹
levels (49), which regulate Ca2⫹-sensitive kinases/phospha-

tases, proteases, and contractile activity (21, 33, 121). The loss
of mitochondrial membrane potential can increase cytoplasmic
[Ca2⫹] three- to eightfold, activating Ca2⫹-sensitive proteins
such as calcineurin, protein kinase C (PKC), calmodulin kinase
IV (CamK IV), and MAPK (mitogen-activated protein kinase)/
JNK (21). Furthermore, alteration of mPTP dynamics in CypD
knockout mice altered Ca2⫹ dynamics and resulted in abnormal skeletal muscle metabolic profiles and death upon physiological stress (e.g., exercise) (45). Thus Ca2⫹ signals derived
from mitochondria interact closely with intracellular signaling
pathways that play roles in regulating cellular activity.
Reactive oxygen species. ROS are potent oxidizing molecules that influence the cellular redox state. The redox state is
reflected in the balance of reduced glutathione/glutathione
disulfide (GSH/GSSG) and the cysteine/cystine (Cys/CySS)
couples, which regulate the activity of several enzymes and
cellular processes (40). Redox-sensitive targets and processes
include the binding of transcription factors to DNA, activation
of the ubiquitin/proteasome and autophagic quality control
pathways (30), and the activity of several metabolic enzymes
(reviewed in Refs. 53 and 58). As further evidence that mitochondrial ROS are signaling molecules, mitochondria-targeted
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Fig. 2. Potential consequences of altering the mitochondrial fusion and fission proteins in experimental systems. Mitochondrial fusion and fission proteins directly
influence mitochondrial morphology and the architecture of the mitochondrial network but also influence other cellular processes that impact bioenergetics. These
include the mitochondrial autophagic quality control processes (mitophagy), interactions with other intracellular structures (endo-/sarcoplasmic reticulum,
cytoskeleton, lipid droplets), membrane interactions between mitochondria, transcriptional effects (transcriptional regulation of OXPHOS genes by Mfn2), and
possibly other processes not depicted here. Experimental manipulation of mitochondrial dynamics proteins, especially if of long duration, may impact
mitochondrial bioenergetics and downstream retrograde signals through mechanisms independent from mitochondrial morphology transitions. LD, lipid droplet;
ER, endoplasmic reticulum.
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Fig. 3. Substrates of mitochondrial retrograde signaling. Shown are selected second
messengers derived from mitochondrial
function, which directly yield cellular effects
(see first 5 headings under Mitochondrial
Retrograde Signaling for discussion). Second messengers can in turn influence molecular targets that induce specific cellular effects. mPTP, mitochondrial permeability
transition pore.

(cAMP) involved in signal transduction pathways (59). Importantly, mitochondrial OXPHOS dysfunction that impairs ATP
synthesis activates AMP-activated protein kinase (AMPK)
(148). Failure to resynthesize ATP increases both cytoplasmic [AMP] and [ADP], which directly activates AMPK
through allosteric effects (61). AMPK is a broadly acting
protein kinase that regulates whole body and cellular energy
metabolism (98, 139), and its activation constitutes an
important retrograde signal that controls cellular functions
such as mitochondrial biogenesis, autophagy, cell cycle
progression, and proliferation (60, 108). Thus the ability of
mitochondria to actively synthesize ATP can impact overall
cell function via defined signaling mechanisms such as
AMPK.
Acetyl coenzyme A. Acetyl coenzyme A (Ac-CoA) is derived
from the metabolism of pyruvate (the catabolic intermediate of
glucose) by pyruvate dehydrogenase within the mitochondrial
matrix and can be exported to the cytoplasm (159). In the
cytosol, Ac-CoA acts as substrate for lysine acetylation by
protein acetyltransferases (137). Some evidence suggests that
mitochondrial acetylcarnitine, a derivative of Ac-CoA, is exported to the cytoplasm by carnitine/acylcarnitine translocase
where it can enter the nucleus and be converted back to AcCoA
to act as source of acetyl group for histone acetylation (95).
Like protein phosphorylation, acetylation and deacetylation
(by NAD⫹-dependent deacetylases) are function-defining posttranslational modifications regulating the function of numerous
proteins, including membrane-associated receptors, transcriptional coactivators and transcription factors, and histones involved in chromatin remodeling (137, 160). Acetylation/
deacetylation reactions thus modulate cell signaling pathways
and gene expression (137, 160). To the authors’ knowledge,
besides one study (95), data demonstrating direct mitochondrial signaling by Ac-CoA is lacking. However, changes in the
production and export of Ac-CoA by mitochondria could
theoretically impact cellular function.
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antioxidant molecules have been shown to abolish retrograde
signaling and osteoclast differentiation in vitro (138). Likewise, pharmacological closure of the open mPTP during embryonic development reduced mitochondrial ROS production
(and allowed fusion and elongation of mitochondria), and
induced progenitor cell differentiation into cardiomyocytes as
a result (65). In vivo, administration of a mitochondria-targeted
antioxidant molecule (SS-31) reduced mitochondrial ROSemitting potential by 50% in rat muscle cells (3) and consequently prevented dietary glucose-induced cellular oxidation of
GSH into GSSG and inhibited the development of insulin
resistance in a model of high-fat diet (3). Likewise, abolishing
mitochondrial ROS release with SS-31 also prevented the
activation of the muscle ubiquitin-proteasome atrophy pathway
in a rat model of diaphragm disuse (119); similar results were
obtained by overexpression of the endogenous mitochondrial
antioxidant enzyme peroxiredoxin 3 (PRX3) in mice (114). Furthermore, hypertriglyceridemia-induced mitochondrial ROS production in the hypothalamus was found to alter cellular oxidative
stress and signal satiety, such that blocking this mitochondrial
signal with antioxidants prevented satiety in rats and increased
calorie intake (9). Collectively, significant evidence demonstrate a
role of mitochondria-derived ROS in cellular signaling and function (88). Because cellular ROS are mainly produced by mitochondria under normal conditions (84), cytoplasmic redox regulation by mitochondria is considered an important signal of cellular adaptation (58).
ATP/ADP/AMP. Mitochondria are the major source of ATP
in the cell. The mitochondrial membrane potential (⌬⌿) generated by the transport of electrons through proton pumps
within the OXPHOS system is harnessed to resynthesize ATP
from ADP and Pi. In turn, ATP is the primary substrate for
protein phosphorylation, which is a highly conserved type of
reversible posttranslational modification involved in signal
transduction processes and the regulation of a large number of
enzymes (1, 127). In addition, ATP is the substrate for the
synthesis by adenylyl cyclases of the second messenger cAMP
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mitochondrial function, represent an important cellular signaling mechanism (Fig. 4). The notion that mitochondrial morphology transitions directly control cellular signals is reinforced by the fact that mitochondrial fission and fusion constitute early events having downstream consequences on cell
function and survival (112). For example, inhibiting mitochondrial fragmentation in vitro and in vivo with the DRP1 inhibitor
Mdivi-1 conferred protection against the deleterious effects of
hyperglycemia/hyperlipidemia on skeletal muscle (insulin resistance) (76), suggesting that mitochondrial fragmentationinduced ROS production plays a causal role in the development
of insulin resistance with metabolic oversupply in vivo (i.e.,
hyperglycemia) (3, 76). In endothelial cells subjected to hyperglycemia, increased ROS production secondary to mitochondrial fragmentation blunted the normal activation of nitric
oxide synthase and production of cGMP, which were restored
by blocking Fis1 or DRP1-mediated mitochondrial fragmentation (129). Also with hyperglycemia, mitochondrial fission is a
required early event that mediates cell death, such that blocking mitochondrial fission in cultured cells prevented hyperglycemia-induced ROS production and apoptotic cell death (163).
Additional mechanistic studies have shown that mitochondrial fragmentation in mouse skeletal muscle was a required
upstream event from AMPK activation and induced transcriptional activation of the atrophy program to permit skeletal
muscle atrophy (122). Together, these reports demonstrate that
inhibiting the mitochondrial fission machinery prevents mitochondrial fragmentation and blocks specific retrograde signals
(e.g., ROS) and downstream cellular processes ranging from

Fig. 4. Potential role of mitochondrial morphology transitions as an integrating
mechanism influencing intracellular signaling. Specific environmental stimuli
and stresses impact cellular function via signaling mechanisms that may
involve mitochondrial morphology transitions. Mitochondrial dynamics (fusion and fission) are linked to certain aspects of mitochondrial function.
Mitochondrial dynamics could participate in both normal physiological adaptation (see circled 1) [e.g., promoting cell survival in response to nutrient
deprivation (54, 112)], and to pathological responses (see circled 2) [e.g.,
hyperglycemia-induced cell death death (163), diabetic insulin resistance in
skeletal muscle (76)]. Metabolic states of “undersupply” (negative energy
balance) and “oversupply” (positive energy balance) tend to induce fusion and
fragmentation of the mitochondrial network, respectively, possibly accounting
for the health effects of physical activity/inactivity and energy intake (116).
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NAD⫹/NADH. The nicotinamide adenine dinucleotide couple NAD⫹/NADH is at the heart of mitochondrial bioenergetics and regulates key cellular elements (reviewed in Ref. 67).
The metabolism of energetic substrates by the Krebs cycle
enzymes results in the reduction of NAD⫹ to NADH; and
NADH is then reoxidized to NAD⫹ by NADH oxidoreductase
(Complex I of the ETC) in respiring mitochondria (7). In
muscle cells (both cardiac and skeletal), mitochondria contain
the majority of total intracellular NAD⫹ (38). The mitochondrial and cytoplasmic NAD(H) redox states are directly connected via the activity of the malate/aspartate NAD(H) redox
and a-glycerophosphate shuttle (67) and mitochondrial permeability transition rapidly releases NAD⫹ and NADH into the
cytoplasm (37, 38, 42). In the cytoplasm, NAD⫹ acts as
substrate for various enzymes, including poly(ADP-ribose)
polymerases (PARPs) and sirtuins, which include the NAD⫹dependent class III deacetylase sirtuins (e.g., SIRT1) (22, 67)
that play important roles in DNA repair, signal transduction
events, chromatin remodeling, and regulation of gene expression partly through interaction with the circadian clock components CLOCK:BMAL1 (103). Thus the ratio of NAD⫹/
NADH within mitochondria and its propagation within the
cytoplasm can fundamentally impact cellular activity.
Linking morphology function and signaling. A number of
mitochondrial “outputs” fulfill the criteria of second messengers. As shown in Fig. 3, mitochondria release specific signals
which affect molecular targets that bring about adaptive responses within the cell. The most influential hypothesized
outcomes of mitochondrial second messengers are posttranslational modifications of proteins that regulate cellular metabolism and gene expression. This may occur as a result of both
transient posttranslational modifications of cytoplasmic proteins and posttranslational modifications of nuclear histone
tails that stably affect chromatin remodeling and gene “expressibility” through cooperative epigenetic mechanisms
(153). Strikingly, all the major known posttranslational modifications of proteins (phosphorylation, acetylation and deacetylation, succinylation, malonylation, methylation) use as substrates key byproducts produced and released by mitochondria
(153). This likely reflects the simultaneous evolution of the
eukaryotic protein-control machinery and mitochondrial bioenergetics to optimize physiological function (151).
In addition to well-defined retrograde signals listed above,
other mitochondrial signaling mechanisms may contribute to
intracellular signaling events. For example, mitochondria play
a permissive role in cellular signaling among T lymphocytes
and are thus involved in the regulation of normal immune
responses through mechanisms suggested to involve mitochondrial membrane potential (82). In addition, it was recently
discovered that mitochondria secrete vesicles mitochondriaderived vesicles (MDVs) (104). Although of unknown significance, it is interesting to consider that mitochondria’s ancestors, the bacteria, use vesicular release as a mode of signaling
(83, 96). Aside from these speculative signaling roles, evidence
reviewed here and elsewhere by Benard et al. (11) and by
Soubannier and McBride (136) demonstrate that these organelles are positioned, both topologically and functionally, to
alter cellular function through retrograde signaling pathways.
Mitochondria: hub of intracellular signaling? This brings us
to our central postulate, namely, that changes in mitochondrial
morphology, because they are intimately linked to changes in
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sitivity to numerous functional outputs from these organelles.
New discoveries about mitochondrial dynamics will undoubtedly continue to evolve our perception of mitochondria: from
a static peanut-shaped organelle primarily invested in ATP
synthesis to networks of dynamic organelles actively contributing to cellular adaptation in health and disease.
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Conclusions
The findings reviewed here suggest the existence of a bidirectional relationship linking mitochondrial morphology,
mPTP sensitivity, respiration, and ROS production. Because
functional outputs from mitochondria are second messengers
that may operate as retrograde signals regulating key aspects of
cellular function, it has been postulated that mitochondrial
morphology transitions, through their effects on mitochondrial
function, regulate intracellular signaling. However, only a
limited number of studies yet provide direct support for this
presumption. More research is thus needed to determine the
exact mechanisms by which mitochondrial dynamics contribute to cellular signaling cascades under both normal and
pathological conditions. In particular, it will be important to
differentiate, conceptually and experimentally, the functional
consequences of chronic/widespread alterations of mitochondrial dynamics in current experimental models, from the stochastic, localized and temporary events of mitochondrial fusion and fission occurring in vivo. In addition, approaches
enabling to rule out nonmorphological (and nonmitochondrial)
effects resulting from altering the fusion and fission proteins
are required to establish that morphology and function are
directly linked.
The exact role that mitochondria fulfill in the pathogenesis
of specific chronic diseases such as cancer, diabetes, neurodegeneration, and in aging itself is still unclear. Most existing
studies have sought to detect overt mitochondrial biochemical
defects that result in molecular damage or cell death as only
valid evidence for a role of mitochondrial dysfunction in
disease. However, more subtle and/or transient in vivo changes
in mitochondrial morphology and function; e.g., in response to
altered metabolic state, hyperglycemia, hyperlipidemia, could
possibly lead to chronically aberrant intracellular signaling
sufficient to cause cellular and organ dysfunction. Given that
the eukaryotic cell evolved its complexity through a process
that depended heavily on mitochondrial metabolism (85, 152),
it is logical that mammalian cells have developed astute sen-
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