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Mitochondria homeostasis is sustained by the mitochondrial quality control (MQC) system,
which is crucial for cellular health, especially in the maintenance of functional mitochondria.
A healthy mitochondria network is essential for life as it regulates cellular metabolism pro-
cesses, particularly ATP production. Mitochondrial dynamics and mitophagy are two highly
integrated processes in MQC system that determines whether damaged mitochondria will
be repaired or degraded. Neurons are highly differentiated cells which demand high en-
ergy consumption. Therefore, compromised MQC processes and the accumulation of dys-
functional mitochondria may be the main cause of neuronal death and lead to neurode-
generation. Here, we focus on the inseparable relationship of mitochondria dynamics and
mitophagy and how their dysfunction may lead to neurodegenerative diseases.

Introduction
Mitochondria are semi-autonomous organelles known as the powerhouse of cells, generating ATP via the
oxidative phosphorylation (OXPHOS) system. The mitochondrion possesses a dual membrane structure:
the outer mitochondrial membrane (OMM) interacts with the cytoplasm, and the inner mitochondrial
membrane (IMM) is folded into the cristae and contains the mitochondrial matrix. Mitochondria are vi-
tal in controlling calcium homeostasis, generating reactive oxygen species (ROS), modulating signaling
transduction, and deciding cell fate [1–3]. These functions are highly dependent on the homeostasis of
the mitochondrion network. Therefore, the mitochondrial quality control (MQC) system is important in
the maintenance of mitochondria function. Mitochondria experience constant dynamic changes, includ-
ing fusion and fission, to sustain their integrity and satisfy metabolic demands at the level of the organelle
[4]. If damage is beyond repair, the dysfunctional mitochondria are engulfed in double-membrane phago-
somes and fused to lysosomes for degradation through mitophagy [5,6]. Neurons have a high demand for
energy consumption, and thus damaged mitochondria may lead to neuronal death [7]. Moreover, much
evidence has suggested that impaired MQC system contribute to the progression of the pathogenesis of
neurodegenerative diseases [8–10]. In this review, we will discuss the mechanisms within the MQC sys-
tem, their co-operation in the sustaining of a healthy mitochondria network, and how their dysfunction
may cause neurodegenerative disorders.

Cellular and molecular processes of MQC (What is
MQC?)
Mitochondria undergo continuous dynamic processes that not only regulate their morphology and size
but also decide whether damaged mitochondria are to be repaired or degraded [11]. In the life cycle of mi-
tochondria, fission, fusion, and subcellular translocation always occur, placing the whole mitochondrion
network in a constant dynamic process that not only remodels mitochondrial size but also maintains its
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normal function [12]. Fission leads to uneven generation of daughter mitochondria, where the depolarized mito-
chondrion loses its normal function and easily undergoes mitophagy [13]. In contrast, fusion results in elongated mi-
tochondria, which contributes to the preservation of crucial proteins for meeting the increased energy and metabolic
demand in cells, thus protecting cells against death or autophagy.

Mitochondrial fission is mainly mediated by dynamin-related protein 1 (Drp1), an evolutionarily conserved GT-
Pase in eukaryotic cells that is normally distributed in the cytosol [14,15]. Different cellular processes induce unique
signals that cause distinct DRP1 post-modifications; however, the specific mechanisms involved need further inves-
tigation [16]. Fission protein 1 (Fis1) and mitochondrial fission factor (Mff) are regarded as major Drp1 receptors,
and their reduced expression causes a decline in Drp1 recruitment and results in elongated mitochondria [17]. In
contrast, overexpressed Mff leads to an increased number of fragmented mitochondria [18]. Recent research has
shown that two homologous proteins, Mid49 and Mid51 (MIEF1), are new mediators that promote the recruitment
of Drp1 to OMM [19]. In the process of mitochondria fission, GTP hydrolysis drives self-assembled spiral Drp1 to
constrict mitochondrial tubules, thus separating both the IMM and OMM. Evidence shows that the endoplasmic
reticulum (ER) interacts with mitochondria before DRP1 recruitment, thereby narrowing mitochondrial tubules and
facilitating mitochondria division [20]. After the cycle of mitochondrial fission, Drp1 spirals disassemble for the next
mitochondrial fission cycle. However, recent studies have demonstrated that other OMM proteins or even exogenous
molecules can also lead to mitochondrial fission in a DRP1-independent way, indicating other potential mechanisms
that regulate mitochondrial fission [21,22].

Mitochondrial fusion is a two-step process mediated by OMM protein mitofusins (Mfn1 and Mfn2) and
IMM protein optic atrophy 1 (OPA1) [11]. While the mitofusin-mediated mitochondria physical interaction is
GTP-independent, GTP hydrolysis is indispensable in the process of OMM fusion. After two mitochondria phys-
ically interact with each other, mitofusins insert into the OMM, thus mediating the mixture of OMM structure in
either a homotypic or heterotypic way [23]. However, only Mfn2 tethers ER to mitochondria, mediating calcium
uptake in mitochondria-ER/sarcoplasmic reticulum and regulating calcium signaling in ER stress [24,25]. OPA1 is
located on the IMM and mediates its fusion, whereas Mfn-mediated OMM fusion occurs in a GTP-dependent manner
[26]. OPA1 dysfunction not only results in fragmented mitochondria but also disturbs the inner membrane potential,
which suggests its role in mediating electron transport chain (ETC) complexes as well as cell fate [27,28]. Furthermore,
the functions of these dynamic proteins are not separate. The whole mitochondrial dynamic network is regulated in a
complex but delicate system. As will be discussed later, the pathological implications of these mitochondrial dynamic
factors extend far beyond simply regulating mitochondrial morphology.

Mitophagy is a highly conserved process in which damaged mitochondria are engulfed in double-membrane au-
tophagosomes and transferred to lysosomes for degradation and recycling [29]. Mitophagy is believed to have a cen-
tral role in the MQC system. Eukaryotic cells process several different mechanisms inducing mitophagy, of which
PINK1-Parkin pathway is the most well-known [30]. When mitochondria depolarization is irreversible, PTEN in-
duced putative kinase 1 (PINK1) is recruited to OMM and phosphorylates its downstream proteins, ubiquitin and
Parkin. Parkin ubiquitination activates its E3-ligase activity, thus binding to downstream mitophagy receptors and
leading to the formation of LC3-positive autophagosomes that warp the damaged mitochondria [31]. Recent evidence
shows that Mfn dysfunction disrupts the mitochondrial membrane potential, preventing Parkin’s translocation from
the cytosol to OMM [32]. Moreover, PINK1 or Parkin deletion can both hinder mitophagy and result in elongated
mitochondria simultaneously [33].

Mitochondria dynamics and mitophagy are highly integrated (Figure 1). Mitochondria experience symmetrical
fission, replicating itself into two healthy daughter mitochondria, whereas damaged mitochondria experience asym-
metrical fission, which is an economical way of recycling functional parts from the damaged organelle resulting in the
biogenesis of one healthy mitochondrion and one depolarized mitochondrion [34]. The depolarized mitochondrion
will then undergo the process of mitophagy. A recent study demonstrated that the loss of DRP1 increased mitochon-
dria length and defected PINK1-Parkin-independent mitophagy in mouse brain, resulting in a neurodegenerative
phenotype [35]. The study also showed that Mfn2 plays a role as a phosphorylation substrate of PINK1, which is
phosphorylated at Thr111 and Ser442, ensuring binding of Mfn2 and Parkin, thereby suggesting a potential pathway in
the MQC process [36]. As demonstrated above, a subtle change in the whole MQC system would affect mitochondria
homeostasis greatly.
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Figure 1. The regulation of MQC system

Symmetrical fission results in two healthy daughter mitochondria, while asymmetrical fission leads to selective mitophagy of the

impaired mitochondria.

MQC and mitochondrion damage (Why is MQC important?)
Mitochondria experience constant tiny but not serious damage. The MQC system is an effective weapon maintaining
mitochondrial health. While neuronal mitochondria have a long longevity, it is likely that they suffer from accumu-
lated damage [37], which compromises mitochondrial function, disturbs mitochondrial homeostasis, and eventually
causes neuronal death.

Mitochondrial dysfunction occurs under many conditions. Dysfunctional mitochondria experience increased ox-
idative damage which causes the decline in energy production, reduced enzyme catalytic activity, and changes in
protein function. Mitochondria are semi-autonomous organelles that contain their own DNA (mtDNA) [38]. Tons of
studies have demonstrated a strong link between mtDNA mutation and mitochondria damage. Point mutations and
gene deletion are the two most frequent mtDNA damages in mitochondria. In addition, mtDNA insertion and gene
copy number variation also interrupt the stability of the mitochondrial internal environment and lead to neuronal
death [39–42]. ROS are generated as natural byproducts of oxidative metabolism and can be rapidly removed by the
generation of H2O2 through the help of superoxide dismutases (SODs). The imbalance between ROS generation and
the impaired antioxidant process leads to excessive ROS accumulation, causing peroxidation of biomacromolecules
including lipid, proteins, and nucleic acids, which eventually lead to cell death and neurodegeneration [29,43]. The
ATP is generated through a combination of the tricarboxylic acid (TCA) cycle and proton transport on ETC at the
inner membrane through the OXPHOS system [38,44]. The ETC complex consists of a series of multi-subunit com-
plexes (I, II, III, and IV) that drive the formation of a proton gradient. The perturbation of the normal function of
these complexes easily reduces the ATP production, resulting in difficulty in meeting the metabolic needs of the cell
[45,46]. In addition, Ca2+ retention is also important in the maintenance of mitochondrial membrane potential, the
loss of which leads to mitochondria dysfunction and cell apoptosis [47].

The MQC system plays a vital role in the maintenance of mitochondria homeostasis and neuronal health. There-
fore, developing measures to enhance mitochondrial function via the MQC system is of great importance for the
clearance of damaged mitochondria and for promoting a healthy mitochondrial network.

MQC deficiency and neurodegenerative diseases
Since mitochondria deficiency and dysfunctional MQC system are regarded as common features in neurodegenera-
tive diseases, herein, we will discuss their role in the pathological progress of several neurodegenerative disorders.
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Alzheimer’s disease
Alzheimer’s disease (AD) is the most common neurodegenerative disease among the elderly, causing a severe eco-
nomic burden in society [48]. The pathological hallmark that characterizes AD includes extracellular Aβ deposition
and intracellular hyperphosphorylated tau containing neurofibrillary tangles [49]. Although the specific mechanism
causing AD still remains to be discovered, dysfunctional MQC system that progress AD pathologies have been found.
An interesting study showed that while the fusion protein is decreased, fission-associated protein Fis1 is increased in
the brain of AD patients, indicating a disrupted mitochondrial dynamic process [50]. A transcriptome and proteome
study in AD patients also demonstrated the same result [51]. An in vitro experiment found that the fibroblasts of
AD patients showed an increased number of elongated mitochondria aggregated around the nucleus that was accom-
panied by a decreased level of DRP1 [52]. Therefore, extracellular Aβ deposition and mitochondria dysfunction are
closely linked. Another study found that damaged mitochondria can easily accelerate Aβ deposition [53]. In contrast,
Aβ aggregation leads to excessive ROS accumulation, thus causing mitochondria dysfunction [54]. The deposition
of oligomeric Aβ reduced mitochondria number and caused fragmented mitochondria, which could be rescued by
overexpression of DRP1 [50]. With the accumulation of damaged mitochondria, a compromised mitophagy process
is also an important aspect that leads to AD pathology. A mutation in the AD-related protein presenilin-1 (PS1)
elevated lysosomal pH, thereby reducing its hydrolase activity that inhibits the clearance of autophagosomes [55].
Together, these findings demonstrate that defected MQC system are essential in AD pathogenesis.

Parkinson’s disease
Parkinson’s disease (PD) is the second most common neurodegenerative disease and is characterized by dopamine
neuronal loss in the substantia nigra as well as intracellular α-synuclein aggregation [56]. The clinical feature of
PD is a progressive movement disorder [57]. In recent years, genome-wide association studies (GWAS) have as-
sociated MQC genes and their products with the progression of PD [58,59]. Mutations in either PINK1 or Parkin
are the most well-known causes of autosomal recessive forms of PD [60,61]. Studies of mutant PINK1 or Parkin in
Drosophila models demonstrated that degenerated DA neurons are filled with swollen mitochondria [62–64]. Con-
ditional PINK1 knockout in mouse substantia nigra directly leads to dopamine neuronal death [65]. However, in
the cell model of PINK1 knockout mammalian neurons, calcium accumulated in the mitochondria, resulting in in-
creased ROS production, and ultimately cell death [66]. Mutant LRRK2 is associated with autosomal-dominant PD
[67]. Under physiological conditions, LRRK2 interacts with mitochondrial dynamic protein, regulating the balance
of the mitochondrial network [68,69]. Studies have demonstrated that G2019S mutant LRRK2 cells have a decreased
level of ATP production accompanied by mitochondrial uncoupling and a compromised mitophagy process [70,71].
Impaired mitophagy facilitates the deposition ofα-synuclein, which aggregates into oligomers and leads to cell dealth
[72,73].

Huntington’s disease
Huntington’s disease (HD) is an inherited neurodegenerative movement disorder that mostly occurs in the
middle-aged population [74]. A variation in CAG copy number of the HTT gene is regarded as the main reason caus-
ing striatal GABAergic neuronal loss. The brain tissue from HD patients exhibits highly fragmented mitochondria as
well as impaired respiration function [75]. Mutant Htt is strongly neurotoxic. Both in vivo and in vitro experiments
have demonstrated that mutant Htt disturbs calcium buffering capacity, thereby reducing mitochondrial membrane
potential, impairing OXPHOS process, and resulting in mitochondrial damage [76,77]. A shift from fusion to fission is
observed in Htt mutant mitochondria [78]. Recent findings demonstrated that DRP1 is a potential target that mutant
Htt can bind to disturb the DRP1 assembling process. These findings suggest a strong link between mitochondrion
dynamics and HD [79,80].

Amyotrophic lateral sclerosis disease
Amyotrophic lateral sclerosis disease (ALS) is a late-onset motor neuronal affected neurodegenerative disease [81].
Mutations in TDP-43 and Cu/Zn-binding SOD1 are the main causes of ALS. Mutant SOD1 preferentially binds to
mitochondria, thus interfering with the OXPHOS process and resulting in damaged mitochondria as well as disrupted
mitochondrial transportation [82,83]. Both TDP-43 overexpression and mutation decreased mitochondrial length
and density, which could be reversed by co-expression of Mfn2 [84]. The effective removal of abnormal protein is
crucial in maintaining motor neuronal health in ALS [85]. However, the impaired capability of activating effective
autophagy is the consequence of ALS [86].
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Charcot–Marie–Tooth neuropathy type 2A
Charcot–Marie–Tooth neuropathy (CMT) type 2A (CMT2A) is a heterogeneous neurodegenerative disorder char-
acterized by peripheral axonal degeneration of long sensory and motor neurones. Although the mechanism of this
disease is not well-known, Mfn2-induced mitochondria dynamic dysfunction plays an important role in the patho-
genesis [87]. Mfn2 deficiency hinders mitochondria dynamics toward fusion, which results in an inability to meet
the metabolic needs of these long sensory motor neurons. Moreover, Mfn2 deficiency reduces ATP production, thus
progressing CMT2A pathology [88].

Concluding remarks
Significant progress has been made in understanding the mechanisms between MQC dysfunction and neurodegen-
erative diseases. A healthy mitochondrial network is sustained by the co-operation of both mitochondrial dynamics
and an effective mitophagy pathway. Investigations into how mitochondria damage occurs in each neurodegenerative
disorder will elucidate potential therapeutic targets in each disease. The future goal of our studies is mainly focussed
on personalized and accurate modulation of MQC system.

Author contribution
F.G. wrote the manuscript. J.Z. edited the manuscript.

Funding
This work was supported by the National Key Research and Development Program of China [grant number 2016YFA0101001]; the
CAMS Initiative for Innovative Medicine [grant number 2016-I2M-1-008]; and the CAMS Central Public Welfare Scientific Research
Institute Basal Research Expenses [grant number 2018PT32004].

Competing interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations
AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis disease; CMT2A, Charcot–Marie–Tooth neuropathy type 2A; DRP1,
dynamin-related protein 1; ER, endoplasmic reticulum; ETC, electron transport chain; Fis1, fission protein 1; HD, Huntington’s
disease; IMM, inner mitochondrial membrane; Mff, mitochondrial fission factor; MQC, mitochondrial quality control; OMM, outer
mitochondrial membrane; OPA1, optic atrophy 1; OXPHOS, oxidative phosphorylation; PINK1, PTEN induced putative kinase 1;
ROS, reactive oxygen species; SOD1, superoxide dismutase 1.

References
1 Nicholls, D.G. (2005) Mitochondria and calcium signaling. Cell Calcium 38, 311–317, https://doi.org/10.1016/j.ceca.2005.06.011
2 Hunt, R.J. and Bateman, J.M. (2018) Mitochondrial retrograde signaling in the nervous system. FEBS Lett. 592, 663–678,

https://doi.org/10.1002/1873-3468.12890
3 Srivastava, S. (2016) Emerging therapeutic roles for NAD(+) metabolism in mitochondrial and age-related disorders. Clin. Transl. Med. 5, 25,

https://doi.org/10.1186/s40169-016-0104-7
4 Mishra, P. and Chan, D.C. (2014) Mitochondrial dynamics and inheritance during cell division, development and disease. Nat. Rev. Mol. Cell Biol. 15,

634–646, https://doi.org/10.1038/nrm3877
5 East, D.A. and Campanella, M. (2016) Mitophagy and the therapeutic clearance of damaged mitochondria for neuroprotection. Int. J. Biochem. Cell Biol.

79, 382–387, https://doi.org/10.1016/j.biocel.2016.08.019
6 Youle, R.J. and Narendra, D.P. (2011) Mechanisms of mitophagy. Nat. Rev. Mol. Cell Biol. 12, 9–14, https://doi.org/10.1038/nrm3028
7 Luetjens, C.M., Bui, N.T., Sengpiel, B., Münstermann, G., Poppe, M., Krohn, A.J. et al. (2000) Delayed mitochondrial dysfunction in excitotoxic neuron

death: cytochrome c release and a secondary increase in superoxide production. J. Neurosci. 20, 5715–5723,
https://doi.org/10.1523/JNEUROSCI.20-15-05715.2000

8 Lin, M.T. and Beal, M.F. (2006) Alzheimer’s APP mangles mitochondria. Nat. Med. 12, 1241–1243, https://doi.org/10.1038/nm1106-1241
9 Knott, A.B. and Bossy-Wetzel, E. (2008) Impairing the mitochondrial fission and fusion balance: a new mechanism of neurodegeneration. Ann. N.Y.

Acad. Sci. 1147, 283–292, https://doi.org/10.1196/annals.1427.030
10 Briston, T. and Hicks, A.R. (2018) Mitochondrial dysfunction and neurodegenerative proteinopathies: mechanisms and prospects for therapeutic

intervention. Biochem. Soc. Trans. 267, BST20180025
11 Chan, D.C. (2012) Fusion and fission: interlinked processes critical for mitochondrial health. Annu. Rev. Genet. 46, 265–287,

https://doi.org/10.1146/annurev-genet-110410-132529
12 Miettinen, T.P. and Björklund, M. (2017) Mitochondrial Function and Cell Size: An Allometric Relationship. Trends Cell Biol. 27, 393–402,

https://doi.org/10.1016/j.tcb.2017.02.006

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

5

https://doi.org/10.1016/j.ceca.2005.06.011
https://doi.org/10.1002/1873-3468.12890
https://doi.org/10.1186/s40169-016-0104-7
https://doi.org/10.1038/nrm3877
https://doi.org/10.1016/j.biocel.2016.08.019
https://doi.org/10.1038/nrm3028
https://doi.org/10.1523/JNEUROSCI.20-15-05715.2000
https://doi.org/10.1038/nm1106-1241
https://doi.org/10.1196/annals.1427.030
https://doi.org/10.1146/annurev-genet-110410-132529
https://doi.org/10.1016/j.tcb.2017.02.006


Neuronal Signaling (2018) 2 NS20180062
https://doi.org/10.1042/NS20180062

13 Liesa, M. and Shirihai, O.S. (2013) Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure. Cell Metab. 17, 491–506,
https://doi.org/10.1016/j.cmet.2013.03.002

14 Kageyama, Y., Zhang, Z. and Sesaki, H. (2011) Mitochondrial division: molecular machinery and physiological functions. Curr. Opin. Cell Biol. 23,
427–434, https://doi.org/10.1016/j.ceb.2011.04.009

15 Tamura, Y., Itoh, K. and Sesaki, H. (2011) SnapShot: mitochondrial dynamics. Cell 145, 1158.e1–1158.e1, https://doi.org/10.1016/j.cell.2011.06.018
16 Elgass, K., Pakay, J., Ryan, M.T. and Palmer, C.S. (2013) Recent advances into the understanding of mitochondrial fission. Biochim. Biophys. Acta

1833, 150–161, https://doi.org/10.1016/j.bbamcr.2012.05.002
17 Losón, O.C., Song, Z., Chen, H. and Chan, D.C. (2013) Fis1, Mff, MiD49, and MiD51 mediate Drp1 recruitment in mitochondrial fission. Mol. Biol. Cell

24, 659–667, https://doi.org/10.1091/mbc.e12-10-0721
18 Otera, H., Wang, C., Cleland, M.M., Setoguchi, K., Yokota, S., Youle, R.J. et al. (2010) Mff is an essential factor for mitochondrial recruitment of Drp1

during mitochondrial fission in mammalian cells. J. Cell Biol. 191, 1141–1158, https://doi.org/10.1083/jcb.201007152
19 Palmer, C.S., Osellame, L.D., Laine, D., Koutsopoulos, O.S., Frazier, A.E. and Ryan, M.T. (2011) MiD49 and MiD51, new components of the

mitochondrial fission machinery. EMBO Rep. 12, 565–573, https://doi.org/10.1038/embor.2011.54
20 Friedman, J.R., Lackner, L.L., West, M., DiBenedetto, J.R., Nunnari, J. and Voeltz, G.K. (2011) ER tubules mark sites of mitochondrial division. Science

334, 358–362, https://doi.org/10.1126/science.1207385
21 Stavru, F., Palmer, A.E., Wang, C., Youle, R.J. and Cossart, P. (2013) Atypical mitochondrial fission upon bacterial infection. Proc. Natl. Acad. Sci. U.S.A.

110, 16003–16008, https://doi.org/10.1073/pnas.1315784110
22 Neuspiel, M., Schauss, A.C., Braschi, E., Zunino, R., Rippstein, P., Rachubinski, R.A. et al. (2008) Cargo-selected transport from the mitochondria to

peroxisomes is mediated by vesicular carriers. Curr. Biol. 18, 102–108, https://doi.org/10.1016/j.cub.2007.12.038
23 Koshiba, T., Detmer, S.A., Kaiser, J.T., Chen, H., McCaffery, J.M. and Chan, D.C. (2004) Structural basis of mitochondrial tethering by mitofusin

complexes. Science 305, 858–862, https://doi.org/10.1126/science.1099793
24 de Brito, O.M. and Scorrano, L. (2008) Mitofusin 2 tethers endoplasmic reticulum to mitochondria. Nature 456, 605–610,

https://doi.org/10.1038/nature07534
25 Chen, Y., Csordás, G., Jowdy, C., Schneider, T.G., Csordás, N., Wang, W. et al. (2012) Mitofusin 2-containing mitochondrial-reticular microdomains

direct rapid cardiomyocyte bioenergetic responses via interorganelle Ca(2+) crosstalk. Circ. Res. 111, 863–875,
https://doi.org/10.1161/CIRCRESAHA.112.266585

26 Olichon, A., Baricault, L., Gas, N., Guillou, E., Valette, A., Belenguer, P. et al. (2003) Loss of OPA1 perturbates the mitochondrial inner membrane
structure and integrity, leading to cytochrome c release and apoptosis. J. Biol. Chem. 278, 7743–7746, https://doi.org/10.1074/jbc.C200677200

27 Frezza, C., Cipolat, S., Martins de Brito, O., Micaroni, M., Beznoussenko, G.V., Rudka, T. et al. (2006) OPA1 controls apoptotic cristae remodeling
independently from mitochondrial fusion. Cell 126, 177–189, https://doi.org/10.1016/j.cell.2006.06.025

28 Cogliati, S., Frezza, C., Soriano, M.E., Varanita, T., Quintana-Cabrera, R., Corrado, M. et al. (2013) Mitochondrial cristae shape determines respiratory
chain supercomplexes assembly and respiratory efficiency. Cell 155, 160–171, https://doi.org/10.1016/j.cell.2013.08.032

29 Lemasters, J.J. (2005) Selective mitochondrial autophagy, or mitophagy, as a targeted defense against oxidative stress, mitochondrial dysfunction, and
aging. Rejuvenation Res. 8, 3–5, https://doi.org/10.1089/rej.2005.8.3

30 Vives-Bauza, C., Zhou, C., Huang, Y., Cui, M., de Vries, R.L.A., Kim, J. et al. (2010) PINK1-dependent recruitment of Parkin to mitochondria in
mitophagy. Proc. Natl. Acad. Sci. U.S.A. 107, 378–383, https://doi.org/10.1073/pnas.0911187107

31 Moore, A.S. and Holzbaur, E.L.F. (2016) Spatiotemporal dynamics of autophagy receptors in selective mitophagy. Autophagy 12, 1956–1957,
https://doi.org/10.1080/15548627.2016.1212788

32 Pickrell, A.M. and Youle, R.J. (2015) The roles of PINK1, parkin, and mitochondrial fidelity in Parkinson’s disease. Neuron 85, 257–273,
https://doi.org/10.1016/j.neuron.2014.12.007

33 Ziviani, E., Tao, R.N. and Whitworth, A.J. (2010) Drosophila parkin requires PINK1 for mitochondrial translocation and ubiquitinates mitofusin. Proc. Natl.
Acad. Sci. U.S.A. 107, 5018–5023, https://doi.org/10.1073/pnas.0913485107

34 Twig, G., Elorza, A., Molina, A.J.A., Mohamed, H., Wikstrom, J.D., Walzer, G. et al. (2008) Fission and selective fusion govern mitochondrial segregation
and elimination by autophagy. EMBO J. 27, 433–446, https://doi.org/10.1038/sj.emboj.7601963

35 Kageyama, Y., Hoshijima, M., Seo, K., Bedja, D., Sysa-Shah, P., Andrabi, S.A. et al. (2014) Parkin-independent mitophagy requires Drp1 and maintains
the integrity of mammalian heart and brain. EMBO J. 33, 2798–2813, https://doi.org/10.15252/embj.201488658

36 Chen, Y. and Dorn, G.W. (2013) PINK1-phosphorylated mitofusin 2 is a Parkin receptor for culling damaged mitochondria. Science 340, 471–475,
https://doi.org/10.1126/science.1231031

37 Ashrafi, G. and Schwarz, T.L. (2013) The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 20, 31–42,
https://doi.org/10.1038/cdd.2012.81

38 DiMauro, S. and Schon, E.A. (2003) Mitochondrial respiratory-chain diseases. N. Engl. J. Med. 348, 2656–2668,
https://doi.org/10.1056/NEJMra022567

39 Wei, Y.H. (1998) Mitochondrial DNA mutations and oxidative damage in aging and diseases: an emerging paradigm of gerontology and medicine. Proc.
Natl. Sci. Counc. Repub. China B 22, 55–67

40 Loeb, L.A., Wallace, D.C. and Martin, G.M. (2005) The mitochondrial theory of aging and its relationship to reactive oxygen species damage and
somatic mtDNA mutations. Proc. Natl. Acad. Sci. U.S.A. 102, 18769–18770, https://doi.org/10.1073/pnas.0509776102

41 Giannoccaro, M.P., La Morgia, C., Rizzo, G. and Carelli, V. (2017) Mitochondrial DNA and primary mitochondrial dysfunction in Parkinson’s disease. Mov.
Disord. 32, 346–363, https://doi.org/10.1002/mds.26966

42 Inoue, K., Nakada, K., Ogura, A., Isobe, K., Goto, Y., Nonaka, I. et al. (2000) Generation of mice with mitochondrial dysfunction by introducing mouse
mtDNA carrying a deletion into zygotes. Nat. Genet. 26, 176–181, https://doi.org/10.1038/82826

6 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1016/j.cmet.2013.03.002
https://doi.org/10.1016/j.ceb.2011.04.009
https://doi.org/10.1016/j.cell.2011.06.018
https://doi.org/10.1016/j.bbamcr.2012.05.002
https://doi.org/10.1091/mbc.e12-10-0721
https://doi.org/10.1083/jcb.201007152
https://doi.org/10.1038/embor.2011.54
https://doi.org/10.1126/science.1207385
https://doi.org/10.1073/pnas.1315784110
https://doi.org/10.1016/j.cub.2007.12.038
https://doi.org/10.1126/science.1099793
https://doi.org/10.1038/nature07534
https://doi.org/10.1161/CIRCRESAHA.112.266585
https://doi.org/10.1074/jbc.C200677200
https://doi.org/10.1016/j.cell.2006.06.025
https://doi.org/10.1016/j.cell.2013.08.032
https://doi.org/10.1089/rej.2005.8.3
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1080/15548627.2016.1212788
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1073/pnas.0913485107
https://doi.org/10.1038/sj.emboj.7601963
https://doi.org/10.15252/embj.201488658
https://doi.org/10.1126/science.1231031
https://doi.org/10.1038/cdd.2012.81
https://doi.org/10.1056/NEJMra022567
https://doi.org/10.1073/pnas.0509776102
https://doi.org/10.1002/mds.26966
https://doi.org/10.1038/82826


Neuronal Signaling (2018) 2 NS20180062
https://doi.org/10.1042/NS20180062

43 Turrens, J.F. (2003) Mitochondrial formation of reactive oxygen species. J. Physiol. (Lond.) 552, 335–344,
https://doi.org/10.1113/jphysiol.2003.049478

44 Schon, E.A. and Przedborski, S. (2011) Mitochondria: the next (neurode)generation. Neuron 70, 1033–1053,
https://doi.org/10.1016/j.neuron.2011.06.003

45 Stewart, V.C., Sharpe, M.A., Clark, J.B. and Heales, S.J. (2000) Astrocyte-derived nitric oxide causes both reversible and irreversible damage to the
neuronal mitochondrial respiratory chain. J. Neurochem. 75, 694–700, https://doi.org/10.1046/j.1471-4159.2000.0750694.x

46 Davis, M., Whitely, T., Turnbull, D.M. and Mendelow, A.D. (1997) Selective impairments of mitochondrial respiratory chain activity during aging and
ischemic brain damage. Acta Neurochir. Suppl. 70, 56–58

47 Ly, J.D., Grubb, D.R. and Lawen, A. (2003) The mitochondrial membrane potential (deltapsi(m)) in apoptosis; an update. Apoptosis 8, 115–128,
https://doi.org/10.1023/A:1022945107762

48 Jindal, H., Bhatt, B., Sk, S. and Singh Malik, J. (2014) Alzheimer disease immunotherapeutics: then and now. Hum. Vaccine Immunother. 10,
2741–2743, https://doi.org/10.4161/21645515.2014.970959

49 Huang, Y. and Mucke, L. (2012) Alzheimer mechanisms and therapeutic strategies. Cell 148, 1204–1222, https://doi.org/10.1016/j.cell.2012.02.040
50 Wang, X., Su, B., Lee, H.-G., Li, X., Perry, G., Smith, M.A. et al. (2009) Impaired balance of mitochondrial fission and fusion in Alzheimer’s disease. J.

Neurosci. 29, 9090–9103, https://doi.org/10.1523/JNEUROSCI.1357-09.2009
51 Manczak, M., Calkins, M.J. and Reddy, P.H. (2011) Impaired mitochondrial dynamics and abnormal interaction of amyloid beta with mitochondrial

protein Drp1 in neurons from patients with Alzheimer’s disease: implications for neuronal damage. Hum. Mol. Genet. 20, 2495–2509,
https://doi.org/10.1093/hmg/ddr139

52 Wang, X., Su, B., Fujioka, H. and Zhu, X. (2008) Dynamin-like protein 1 reduction underlies mitochondrial morphology and distribution abnormalities in
fibroblasts from sporadic Alzheimer’s disease patients. Am. J. Pathol. 173, 470–482, https://doi.org/10.2353/ajpath.2008.071208

53 Esposito, L., Raber, J., Kekonius, L., Yan, F., Yu, G.-Q., Bien-Ly, N. et al. (2006) Reduction in mitochondrial superoxide dismutase modulates Alzheimer’s
disease-like pathology and accelerates the onset of behavioral changes in human amyloid precursor protein transgenic mice. J. Neurosci. 26,
5167–5179, https://doi.org/10.1523/JNEUROSCI.0482-06.2006

54 Hou, Y., Ghosh, P., Wan, R., Ouyang, X., Cheng, H., Mattson, M.P. et al. (2014) Permeability transition pore-mediated mitochondrial superoxide flashes
mediate an early inhibitory effect of amyloid beta1-42 on neural progenitor cell proliferation. Neurobiol. Aging 35, 975–989,
https://doi.org/10.1016/j.neurobiolaging.2013.11.002

55 Lee, J-H, Yu, W.H., Kumar, A., Lee, S., Mohan, P.S., Peterhoff, C.M. et al. (2010) Lysosomal proteolysis and autophagy require presenilin 1 and are
disrupted by Alzheimer-related PS1 mutations. Cell 141, 1146–1158, https://doi.org/10.1016/j.cell.2010.05.008

56 Dauer, W. and Przedborski, S. (2003) Parkinson’s disease. Neuron 39, 889–909, https://doi.org/10.1016/S0896-6273(03)00568-3
57 Lang, A.E. and Lozano, A.M. (1998) Parkinson’s disease. First of two parts. N. Engl. J. Med. 339, 1044–1053,

https://doi.org/10.1056/NEJM199810083391506
58 Ryan, B.J., Hoek, S., Fon, E.A. and Wade-Martins, R. (2015) Mitochondrial dysfunction and mitophagy in Parkinson’s: from familial to sporadic disease.

Trends Biochem. Sci. 40, 200–210, https://doi.org/10.1016/j.tibs.2015.02.003
59 Nalls, M.A., Plagnol, V., Hernandez, D.G., Sharma, M., Sheerin, U.-M., International Parkinson Disease Genomics Consortium et al. (2011) Imputation of

sequence variants for identification of genetic risks for Parkinson’s disease: a meta-analysis of genome-wide association studies. Lancet 377,
641–649, https://doi.org/10.1016/S0140-6736(10)62345-8

60 Moore, D.J., West, A.B., Dawson, V.L. and Dawson, T.M. (2005) Molecular pathophysiology of Parkinson’s disease. Annu. Rev. Neurosci. 28, 57–87,
https://doi.org/10.1146/annurev.neuro.28.061604.135718

61 Zhang, J. and Ney, P.A. (2008) NIX induces mitochondrial autophagy in reticulocytes. Autophagy 4, 354–356, https://doi.org/10.4161/auto.5552
62 Park, J., Lee, S.B., Lee, S., Kim, Y., Song, S., Kim, S. et al. (2006) Mitochondrial dysfunction in Drosophila PINK1 mutants is complemented by parkin.

Nature 441, 1157–1161, https://doi.org/10.1038/nature04788
63 Cha, G-H, Kim, S., Park, J., Lee, E., Kim, M., Lee, S.B. et al. (2005) Parkin negatively regulates JNK pathway in the dopaminergic neurons of

Drosophila. Proc. Natl. Acad. Sci. U.S.A. 102, 10345–10350, https://doi.org/10.1073/pnas.0500346102
64 Clark, I.E., Dodson, M.W., Jiang, C., Cao, J.H., Huh, J.R., Seol, J.H. et al. (2006) Drosophila pink1 is required for mitochondrial function and interacts

genetically with parkin. Nature 441, 1162–1166, https://doi.org/10.1038/nature04779
65 Shin, J.-H., Ko, H.S., Kang, H., Lee, Y., Lee, Y.-I., Pletinkova, O. et al. (2011) PARIS (ZNF746) repression of PGC-1α contributes to neurodegeneration in

Parkinson’s disease. Cell 144, 689–702, https://doi.org/10.1016/j.cell.2011.02.010
66 Gandhi, S., Wood-Kaczmar, A., Yao, Z., Plun-Favreau, H., Deas, E., Klupsch, K. et al. (2009) PINK1-associated Parkinson’s disease is caused by neuronal

vulnerability to calcium-induced cell death. Mol. Cell 33, 627–638, https://doi.org/10.1016/j.molcel.2009.02.013
67 Gan-Or, Z., Dion, P.A. and Rouleau, G.A. (2015) Genetic perspective on the role of the autophagy-lysosome pathway in Parkinson disease. Autophagy

11, 1443–1457, https://doi.org/10.1080/15548627.2015.1067364
68 Stafa, K., Tsika, E., Moser, R., Musso, A., Glauser, L., Jones, A. et al. (2014) Functional interaction of Parkinson’s disease-associated LRRK2 with

members of the dynamin GTPase superfamily. Hum. Mol. Genet. 23, 2055–2077, https://doi.org/10.1093/hmg/ddt600
69 Wang, X., Yan, M.H., Fujioka, H., Liu, J., Wilson-Delfosse, A., Chen, S.G. et al. (2012) LRRK2 regulates mitochondrial dynamics and function through

direct interaction with DLP1. Hum. Mol. Genet. 21, 1931–1944, https://doi.org/10.1093/hmg/dds003
70 Papkovskaia, T.D., Chau, K.-Y., Inesta-Vaquera, F., Papkovsky, D.B., Healy, D.G., Nishio, K. et al. (2012) G2019S leucine-rich repeat kinase 2 causes

uncoupling protein-mediated mitochondrial depolarization. Hum. Mol. Genet. 21, 4201–4213, https://doi.org/10.1093/hmg/dds244
71 Alegre-Abarrategui, J., Christian, H., Lufino, M.M.P., Mutihac, R., Venda, L.L., Ansorge, O. et al. (2009) LRRK2 regulates autophagic activity and

localizes to specific membrane microdomains in a novel human genomic reporter cellular model. Hum. Mol. Genet. 18, 4022–4034,
https://doi.org/10.1093/hmg/ddp346

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

7

https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1016/j.neuron.2011.06.003
https://doi.org/10.1046/j.1471-4159.2000.0750694.x
https://doi.org/10.1023/A:1022945107762
https://doi.org/10.4161/21645515.2014.970959
https://doi.org/10.1016/j.cell.2012.02.040
https://doi.org/10.1523/JNEUROSCI.1357-09.2009
https://doi.org/10.1093/hmg/ddr139
https://doi.org/10.2353/ajpath.2008.071208
https://doi.org/10.1523/JNEUROSCI.0482-06.2006
https://doi.org/10.1016/j.neurobiolaging.2013.11.002
https://doi.org/10.1016/j.cell.2010.05.008
https://doi.org/10.1016/S0896-6273(03)00568-3
https://doi.org/10.1056/NEJM199810083391506
https://doi.org/10.1016/j.tibs.2015.02.003
https://doi.org/10.1016/S0140-6736(10)62345-8
https://doi.org/10.1146/annurev.neuro.28.061604.135718
https://doi.org/10.4161/auto.5552
https://doi.org/10.1038/nature04788
https://doi.org/10.1073/pnas.0500346102
https://doi.org/10.1038/nature04779
https://doi.org/10.1016/j.cell.2011.02.010
https://doi.org/10.1016/j.molcel.2009.02.013
https://doi.org/10.1080/15548627.2015.1067364
https://doi.org/10.1093/hmg/ddt600
https://doi.org/10.1093/hmg/dds003
https://doi.org/10.1093/hmg/dds244
https://doi.org/10.1093/hmg/ddp346


Neuronal Signaling (2018) 2 NS20180062
https://doi.org/10.1042/NS20180062

72 Tsigelny, I.F., Bar-On, P., Sharikov, Y., Crews, L., Hashimoto, M., Miller, M.A. et al. (2007) Dynamics of alpha-synuclein aggregation and inhibition of
pore-like oligomer development by beta-synuclein. FEBS J. 274, 1862–1877, https://doi.org/10.1111/j.1742-4658.2007.05733.x

73 Luth, E.S., Stavrovskaya, I.G., Bartels, T., Kristal, B.S. and Selkoe, D.J. (2014) Soluble, prefibrillar α-synuclein oligomers promote complex I-dependent,
Ca2+-induced mitochondrial dysfunction. J. Biol. Chem. 289, 21490–21507, https://doi.org/10.1074/jbc.M113.545749

74 Walker, F.O. (2007) Huntington’s disease. Lancet 369, 218–228, https://doi.org/10.1016/S0140-6736(07)60111-1
75 Zheng, Z. and Diamond, M.I. (2012) Huntington disease and the huntingtin protein. Prog. Mol. Biol. Transl. Sci. 107, 189–214,

https://doi.org/10.1016/B978-0-12-385883-2.00010-2
76 Ferreira, I.L., Carmo, C., Naia, L., Mota, S.I. and Cristina Rego, A. (2018) Assessing mitochondrial function in in vitro and ex vivo models of Huntington’s

disease. Methods Mol. Biol. 1780, 415–442, https://doi.org/10.1007/978-1-4939-7825-0˙19
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