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Mitochondrial OXP​HOS and 
neurodegeneration
In the nervous system, mitochondria provide a large proportion 
of ATP for high energetic expenditure required for neuronal 
function. The mitochondrial oxidative phosphorylation system 
(OXP​HOS) utilizes substrates derived from glucose, fatty acids, 
and amino acids to produce reducing equivalents (i.e., NADH) 
that are delivered to the respiratory chain in the mitochondrial 
inner membrane (IM). The OXP​HOS is comprised of enzymes 
needed for the oxidation of NADH and for the phosphorylation 
of ADP. Components of OXP​HOS are the respiratory chain and 
the ATP synthase complex (ATPase and complex V). The respi-
ratory chain consists of four protein complexes (complex I–IV), 
three of which (I, III, and IV) couple electron transfer to proton 
pumping across the mitochondrial IM to generate a transmem-
brane electrochemical potential (Brand and Nicholls, 2011).

Mitochondrial membrane potential is the fundamental 
energy source for essential mitochondrial processes including 
ATP synthesis by the ATPase complex as well as calcium up-
take from the cytosol into the matrix through the mitochondrial 
calcium uniporter (MCU) system (De Stefani et al., 2015). Mi-
tochondria are also central to intermediary metabolism, both in 
the biosynthesis and catabolism of most classes of molecules, 
from nucleotides to amino acids to lipids. Alterations of inter-
mediary metabolism from impaired respiratory chain function 
impeding the flow of NADH from the Krebs cycle can contribute 

to neuronal dysfunction. An example of a key pathway affected 
by mitochondrial dysfunction is glutamate metabolism, which 
is essential in neurons and glial cells for catabolic and signaling 
purposes (McKenna et al., 2016). For these reasons, it can eas-
ily be surmised that defective mitochondrial bioenergetics can 
result in impaired neuronal activity and synaptic transmission.

Mitochondrial biogenesis requires more than 1,500 
proteins (Calvo et al., 2016). Although mitochondrial DNA 
(mtDNA) only encodes for 13 components of OXP​HOS, nu-
clear DNA encodes for a wide array of proteins encompassing 
structural components, transporters, metabolic enzymes, prote-
ases, kinases, and all the members of the mtDNA replication 
and transcription systems. Therefore, mitochondria depend 
on the integration of a few critical mtDNA-encoded proteins 
synthesized within the matrix along with many nuclear DNA– 
encoded proteins, which are synthesized by cytosolic ribosomes 
and imported into mitochondria through specialized import sys-
tems (Wiedemann and Pfanner, 2017).

Mitochondria are often involved in the pathogenesis of 
neurodegeneration, either as primary disease targets or sec-
ondary to pathogenic events taking place elsewhere in the cell 
(DiMauro and Schon, 2008). Numerous examples of mito-
chondrial alterations have been illustrated in studies of cellular 
and animal models of neurodegeneration as well as of human 
biopsies or postmortem tissues from affected individuals. Dis-
ease models have been focused mainly on genetic forms of 
neurodegenerative diseases and have characterized alterations 
in mitochondrial functions, specifically OXP​HOS defects. The 
value of such models, however, is often questioned because of 
the limited adherence to the human condition. However, human 
studies of mitochondrial dysfunction in neurodegeneration have 
been difficult to pursue, because they have been limited to eas-
ily accessible samples such as blood cells and fibroblasts, which 
are typically unaffected, or to postmortem neural tissue, which 
is suboptimal for investigating mitochondrial functions. These 
limitations need to be recognized when reviewing the evidence 
for and against the involvement of mitochondrial dysfunction in 
the pathogenesis of neurodegenerative diseases.

Neurodegenerative proteinopathies and 
mitochondrial dysfunction
Among the multitude of neurodegenerative proteinopathies that 
have been shown to be associated with mitochondrial dysfunc-
tion, the most common and extensively studied are Alzheimer’s 

Mitochondria participate in essential processes in the ner-
vous system such as energy and intermediate metabolism, 
calcium homeostasis, and apoptosis. Major neurodegen-
erative diseases are characterized pathologically by accu-
mulation of misfolded proteins as a result of gene mutations 
or abnormal protein homeostasis. Misfolded proteins as-
sociate with mitochondria, forming oligomeric and fibril-
lary aggregates. As mitochondrial dysfunction, particularly 
of the oxidative phosphorylation system (OXP​HOS), oc-
curs in neurodegeneration, it is postulated that such defects 
are caused by the accumulation of misfolded proteins. 
However, this hypothesis and the pathological role of pro-
teinopathies in mitochondria remain elusive. In this study, 
we critically review the proposed mechanisms whereby 
exemplary misfolded proteins associate with mitochondria 
and their consequences on OXP​HOS.
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disease (AD), Parkinson’s disease (PD), frontotemporal de-
mentia (FTD), amyotrophic lateral sclerosis (ALS), and Hun-
tington’s disease. These diseases have very different genetic 
makeups. In AD, only a small minority of cases is linked to 
autosomal dominant mutations in amyloid precursor protein 
(APP) or presenilin-1/2 (PS). In PD, ALS, and FTD, numerous 
genetic forms with recessive or dominant Mendelian inheri-
tance exist, but sporadic cases are also the majority. Despite 
genetic differences, one feature that these neurodegenerative 
diseases have in common is the accumulation of misfolded pro-
teins that can interact with themselves or with other proteins to 
form aberrant aggregates and inclusions.

Protein misfolding and aggregation are prominent events 
in the initiation of the pathogenic cascades that occur in neu-
rons and other affected cell types in the degenerating nervous 
system, and mitochondria are heavily entangled in this process. 
However, the mechanisms leading to mitochondrial dysfunc-
tion are not always well understood, as misfolded proteins can 
exert a multiplicity of noxious effects on mitochondria. In some 
cases, they can act from within the boundaries of the mitochon-
drial membranes. In other cases, they can affect mitochondria 
from their surface or even exogenously, by interfering with mi-
tochondrial maintenance processes such as mitochondrial dy-
namics (i.e., mitochondrial fission, fusion, and transport), the 
interaction with other organelles, or the regulation of mitochon-
drial biogenesis and turnover (e.g., mitophagy).

Mitochondria possess systems to keep misfolded pro-
teins and damage to mitochondria in check. There are three 
known pathways: protein degradation, vesicular degradation, 
and mitophagy. The first involves proteostatic selective elimi-
nation of damaged proteins by internal proteases, such as the 
AAA–protease complex of the IM (Gerdes et al., 2012) and the 
Lon protease of the matrix (Matsushima and Kaguni, 2012). 
Mitochondria are also endowed with their own unfolded pro-
tein response mechanisms, which are activated when misfolded 
protein accumulates in the matrix (Pellegrino et al., 2013) or in 
the intermembrane space (IMS; Papa and Germain, 2011). Mi-
tochondria rely on the cytosolic ubiquitin–proteasome system 
to eliminate damaged proteins destined to the outer membrane 

(OM) or, in the case of the IMS, before they engage in the mi-
tochondrial import pathway (Radke et al., 2008; Karbowski and 
Youle, 2011). Ub ligases such as Parkin ubiquitinate oxidized or 
misfolded OM proteins (Heo and Rutter, 2011). Parkin recruit-
ment has been ascribed to the kinase PINK1 after its incomplete 
processing and import across the OM of depolarized mitochon-
dria (Narendra et al., 2008, 2010). OM protein ubiquitination 
can recruit p97 (Kim et al., 2013), whose segregase activity 
extracts ubiquitinated proteins from the OM and targets them 
for proteasomal degradation (Ye et al., 2005). Ubiquitination 
of OM proteins can also be performed by other ligases such as 
MUL1 (Li et al., 2008) and MAR​CH5 (Yonashiro et al., 2006; 
Karbowski et al., 2007).

Notably, there are pediatric and adult neurodegenera-
tive conditions caused by mutations in mitochondrial genes 
in the nucleus and in the mtDNA, resulting in primary mi-
tochondrial dysfunction (DiMauro and Schon, 2008). How-
ever, in this article, we critically review and discuss the 
evidence of how misfolded and aggregated proteins accu-
mulating in mitochondria cause bioenergetic defects that 
lead to neuronal dysfunction and death during disease. In 
some cases, these proteins have been proposed to normally 
localize in mitochondria and in other cell compartments. In 
others, their proposed association with mitochondria has 
been shown to be pathological. We analyze the literature that 
addresses the following questions: do proteinopathies asso-
ciated with neurodegenerative diseases cause OXP​HOS dys-
function, and if so, how? We zoom in on OXP​HOS defects 
because they are measurable hallmarks of mitochondrial 
functional demise. This review is not meant to provide an 
extensive compendium of countless studies on mitochondrial 
alterations in neurodegeneration; rather, we wish to convey 
the intriguing and often controversial nature of the evidence. 
Although we limit our review to a subset of the most com-
mon neurodegenerative disorders and link them to how their 
related misfolded proteins intersect with mitochondria, we 
think that events leading to mitochondrial dysfunction in 
these diseases also occur in other pathologies and apply to 
different types of proteins.

Figure 1.  Schematic illustration of the pro-
posed interactions of Aβ with mitochondrial 
components and their effects on OXP​HOS 
function. Amyloid precursor protein (APP) 
and its secretase complex processing prod-
uct, Aβ, can enter mitochondria through the 
mitochondrial import pore complexes, repre-
sented in this figure in a simplified form by 
TOM40 and TIM23. Proposed interactors 
of Aβ and Aβ oligomers are depicted on the 
electron transport chain (Complexes I–V) and 
on the outer mitochondrial surface. PreP and 
ABAD are Aβ oligomer targets that have been 
described in the matrix.
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Mitochondrial Aβ and OXP​HOS in AD
Amyloid β (Aβ) derives from APP through processing by β and 
γ secretases, which produce a 36–44-amino-acid peptide, with 
Aβ1–42 being the most toxic species. Although oligomerization 
of Aβ-forming extracellular amyloid plaques is largely regarded 
as a key event in AD pathogenesis, overwhelming evidence sug-
gests that APP and Aβ play a detrimental role in mitochondria.

But how does Aβ enter mitochondria? Both APP and Aβ 
have been shown to localize within mitochondria. Cytosolic 
APP was shown to engage into the mitochondrial import ma-
chinery because of positively charged residues in its N terminus 
that drive the protein through the translocator complex, whereas 
the acidic domain in the middle of the protein arrests its import, 
forcing it to remain in a conformation where the C terminus 
faces the cytosol (Anandatheerthavarada et al., 2003). In the mi-
tochondrial IMS, APP is cleaved by the HtrA2 serine protease, 
also known as Omi, generating a C161 fragment (Fig. 1), which 
is then released into the cytosol (Park et al., 2006). This trun-
cated fragment of APP generated within mitochondria is clearly 
distinct from the Aβ peptide produced outside mitochondria 
by the secretase complex. It was shown that both full-length 
and C-terminal–truncated APP accumulates in the mitochon-
drial protein import channel of human AD brain, forming pro-
tein complexes with the translocase of the outer mitochondrial 
membrane (TOM) channel (Fig.  1) and with the translocase 
of the inner mitochondrial membrane channel, supporting the 
view that APP fragments can span the whole OM, IMS, and IM 
length. Accumulation of APP in the mitochondrial membrane 
translocases prevents the normal import of nuclear-encoded 
OXP​HOS proteins, including complex IV components (Devi 
et al., 2006). Aβ peptide is also imported into mitochondria 
through TOM and, after import, localizes to the IM, where it 
accumulates in the proximity of mitochondrial cristae, which 
are the most OXP​HOS-active compartments (Hansson Petersen 
et al., 2008). However, one study did not identify Aβ associated 
with the IM, but rather it found that Aβ peptides, particularly 
Aβ1–42, interact weakly with the surface of the OM (Cenini et 
al., 2016). The authors proposed that Aβ1–42 impairs the import 
of mitochondrial precursor proteins by causing extra-mitochon-
drial protein aggregation, without directly affecting the mito-
chondrial import machinery. It was also reported that mutations 
in pitrilysin metallopeptidase 1 (PIT​RM1), a mitochondrial ma-
trix enzyme that digests oligopeptides, cause a slowly progres-
sive form of neurodegeneration with Aβ deposits, suggesting 
that failure to degrade Aβ in mitochondria may ultimately lead 
to amyloid deposition (Brunetti et al., 2016). Together, these 
observations indicate that Aβ peptides, APP, and APP C-ter-
minal–truncated fragments can participate in impairing mito-
chondrial protein import, resulting in defects of OXP​HOS, and 
specifically of complex IV activity, in AD mitochondria.

Where does mitochondrial Aβ come from? Recent re-
search has demonstrated that mitochondria do not possess 
the enzymatic apparatus to produce Aβ peptides from APP 
(Mamada et al., 2017). Instead, Aβ is abundantly produced at 
mitochondria–ER contact sites (Schreiner et al., 2015) com-
prised of outer mitochondrial membranes and mitochondria- 
associated ER membranes (MAMs). Aβ is found in MAMs 
in cellular and animal models of AD, and Aβ producing β and  
γ secretase activities are found in MAMs (Fig.  1; Del Prete  
et al., 2017). In all cells, including neurons, mitochondria and 
ER establish extensive and dynamic interactions, which are in-
volved in various cellular functions, from lipid biosynthesis to  

mitochondrial fission to intracellular calcium homeostasis. 
Although the normal function of APP and of Aβ production at 
the mitochondria–ER contact points is completely unknown, it 
is likely to play a role in the accumulation and aggregation of 
mitochondrial Aβ in AD by providing abundant local production 
of the peptide. Importantly, Aβ can also alter the normal physi-
ology of mitochondria–ER contacts, for example by disrupting 
the regulation of calcium signaling between the two organelles 
(Fonseca et al., 2015), which may lead to excessive ER calcium 
release and mitochondrial calcium overload. The interaction be-
tween ER and mitochondria is altered in AD, as fibroblasts from 
AD patients and PS1 knockout (KO) mouse models of AD have 
significantly increased ER–mitochondrial contacts and MAM 
function, as shown by elevated cholesteryl ester and phospho-
lipid synthesis (Area-Gomez et al., 2012). These observations 
suggest that increased mitochondria–ER contacts enhance Aβ 
production in proximity to the mitochondrial import system, 
thereby increasing the amount of Aβ available for mitochon-
drial import. However, increasing ER–mitochondria contacts 
using a genetic approach to knock down Mitofusin 2 was shown 
to impair γ secretase complex activity and lower intracellular 
Aβ production (Leal et al., 2016). Therefore, the link between 
the extent of ER–mitochondrial contacts, Aβ delivery to mito-
chondria, and mitochondrial damage is not straightforward, and 
it cannot be excluded that specific molecular players including 
Mitofusin 2 could be involved in regulating Aβ production.

Aβ causes OXP​HOS dysfunction, characterized by enzy-
matic defects in the cytochrome oxidase complex (complex IV; 
Fig. 1). Complex IV activity defects have been consistently ob-
served in brain mitochondria from transgenic mouse models ex-
pressing mutant human APP (Manczak et al., 2006; Rönnbäck 
et al., 2016) and in human AD brain mitochondria (Devi et al., 
2006). The reasons for the severe involvement of complex IV 
have not been not fully elucidated, but several different mech-
anisms have been proposed. First, biochemical experiments 
conducted on the isolated enzyme treated with Aβ1–42 suggested 
that a direct inhibition of complex IV is dependent on dimeric 
Aβ binding to and reducing the active Cu2+ in the enzyme via 
the methionine 35 residue of the peptide (Crouch et al., 2005, 
2006). In addition, heme-a, an essential prosthetic group needed 
for electron transfer for complex IV, has been shown to be defi-
cient in AD because of excessive Aβ aberrantly binding to reg-
ulatory heme (Atamna and Boyle, 2006). Furthermore, a direct 
physical interaction between Aβ1–42 and the mtDNA-encoded 
subunit 1 of complex IV was shown to be responsible for the 
enzymatic defect (Hernandez-Zimbron et al., 2012). Defective 
complex IV has been found to associate with increased reac-
tive oxygen species (ROS) production in the mitochondria of 
transgenic AD mice (Manczak et al., 2006; Rönnbäck et al., 
2016). Interestingly, mitochondrial ROS was shown to modu-
late β secretase activity and potentially increase Aβ production 
(Mao et al., 2012). This is an intriguing hypothesis because 
it could result in a feed-forward mechanism that potentiates 
Aβ-induced mitochondrial damage as well as amyloid deposi-
tion and plaque formation. However, it is difficult to establish 
whether the complex IV deficiency and ROS increase are func-
tionally linked, as complex IV is not particularly susceptible to 
inactivation by ROS, and its direct role as a significant source 
of ROS in mitochondria is controversial (Srinivasan and Avad-
hani, 2012). Furthermore, genetic inactivation of complex IV 
in neurons of a transgenic mouse model of AD resulted in de-
creased deposition of amyloid plaques but not in increased ROS  
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production (Fukui et al., 2007). Likewise, although the induc-
tion of mtDNA damage in neurons of an AD transgenic mouse 
led to a partial OXP​HOS defect, it did not affect Aβ accumula-
tion and instead decreased plaque burden (Pinto et al., 2013), 
suggesting that amyloid pathology may not be a direct conse-
quence of mitochondrial OXP​HOS impairment. Nevertheless, 
mitochondrial ROS are likely to play roles as disease modifiers 
in AD. A recombinant catalase localized ectopically in the mito-
chondrial matrix of AD mice resulted in a delay of disease onset 
and progression (Mao et al., 2012). It is possible that mitochon-
drially localized catalase, an enzyme normally not present in 
mitochondria, acts as a sink for hydrogen peroxidase, thereby 
limiting ROS-mediated activation of abnormal APP processing 
and enhancing Aβ-degrading enzymes.

The mitochondrial ATPase, the molecular engine using 
the proton motive force across the IM to condense ADP and Pi 
into ATP, is also defective in AD (Fig. 1). A physical interaction 
between one of the ATPase protein subunits, the oligomycin 
sensitivity conferring protein (OSCP), and Aβ was identified in 
human AD brains and transgenic AD mice. This interaction was 
accompanied by a decrease of OSCP and loss of ATPase func-
tion, leading to reduced ATP production, increased ROS pro-
duction, and increased probability of mitochondria to undergo a 
calcium-induced IM permeabilization event defined as a mito-
chondrial permeability transition (MPT; Beck et al., 2016). The 
latter observation is particularly intriguing, because dimeric 
ATPase has been proposed as one of the critical molecular com-
ponents of MPT, and OSCP was proposed to be the subunit of 
ATPase to which the MPT activator cyclophilin D binds (Gior-
gio et al., 2013). Therefore, it is tempting to speculate that the in-
teraction of Aβ with the ATPase may alter the normal regulation 
of MPT, exposing mitochondria to calcium-induced toxicity. 
The hypothesis that the c ring of the ATPase complex represents 
the physical pore (Alavian et al., 2014) has recently been ques-
tioned by work showing that the complete loss of the c ring does 
not hinder MPT (He et al., 2017). Nevertheless, that Aβ could 
play a role in MPT is supported by in vitro experiments showing 
that neuronal death caused by Aβ can be attenuated by prevent-
ing mitochondrial calcium overload (Sanz-Blasco et al., 2008). 
Interestingly, the genetic ablation of cyclophilin D ameliorates 
the pathology, memory, synaptic function, and long-term po-
tentiation in AD mice, further suggesting that calcium-induced 

MPT is linked to the synaptic dysfunction in AD (Du et al., 
2008). In addition to direct binding of Aβ, another mechanism 
of ATPase inactivation may derive from the observation that the 
α subunit (ATP5A) of the ATPase is glycosylated with O-linked 
β-N-acetylglucosamine (O-GlcNAc), and that O-GlcNAcylated 
ATP5A is decreased in the brains of AD patients, transgenic 
mice, and Aβ-treated cells (Cha et al., 2015). The alteration in 
ATPase posttranslational modifications in AD could justify a 
decline in activity without a decrease in protein levels.

In addition to complex IV and ATPase, other molecular 
targets of Aβ have been suggested to alter mitochondrial func-
tion. A remarkable effect of mitochondrial Aβ is its inhibitory 
action on preprotein degrading enzymes in the matrix (Fig. 1). 
Upon import, mitochondrial targeting peptides are cleaved by 
processing peptidases and then degraded by PreP, a peptidase 
that is also thought to degrade Aβ. Mitochondrial accumulation 
of Aβ decreases PreP activity, which triggers peptidase inac-
tivation and the buildup of unprocessed proteins. This in turn 
exerts a feedback inhibition of the normal targeting peptide pro-
cessing, mitochondrial protein degradation, and an imbalance 
in the mitochondrial proteome (Mossmann et al., 2014). Inter-
estingly, an analysis of the mitochondrial proteome in synaptic 
and nonsynaptic mitochondria of AD mice detected significant 
changes in the content of OXP​HOS proteins, suggesting that 
altered proteome homeostasis could play a role in impairing 
OXP​HOS function (Völgyi et al., 2017). It is noteworthy that 
synaptic mitochondria, which are subjected to the high-energy 
requirements associated with synaptic activity, appear to be par-
ticularly affected by OXP​HOS impairment in the AD mouse 
brain (Wang et al., 2016a).

Another mitochondrial protein linked to Aβ through direct 
binding is amyloid-binding alcohol dehydrogenase (ABAD), 
also known as 17β-hydroxysteroid dehydrogenase type 10 
(17β-HSD10), a NAD+-dependent dehydrogenase with multiple 
substrates, including steroids and fatty acids (Fig. 1). Although 
ABAD is not part of the OXP​HOS, altered ABAD function 
caused by conformational modifications induced by Aβ–ABAD 
interaction was shown to result in mitochondrial dysfunction 
(Lustbader et al., 2004). In support to the role of ABAD in me-
diating Aβ mitochondrial toxicity, it was shown that inhibition 
of ABAD–Aβ interaction by a decoy peptide partially prevented 
Aβ-induced mitochondrial dysfunction (Yao et al., 2011). Most 

Figure 2.  Schematic illustration of the pro-
posed interactions of α-syn with mitochondrial 
components and their effects on OXP​HOS 
function. α-Synuclein monomers and oligomers 
can affect mitochondrial import complexes 
and various components of the electron trans-
port chain complexes. It is proposed that α-syn 
affects IM integrity through its interaction with 
cardiolipin (CL). α-Syn also affects mitochon-
drial and ER contact regions by interfering 
with the VAPB-PTP​IP51 tethering complex. 
Mutant α-syn can disrupt MAMs. PTP​IP51, 
protein tyrosine phosphate–interacting pro-
tein 51; VAPB, VAMP-associated protein B, 
an ER resident protein.
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relevant to OXP​HOS, transgenic mice expressing both mutant 
APP and ABAD have increased ROS production and decreased 
complex IV activity (Takuma et al., 2005). As mentioned above, 
complex IV activity is not directly linked to ROS production, 
but it is possible that a partial decrease in enzymatic activity 
could slow electron transfer to a degree sufficient to favor super-
oxide production from electrons escaping the respiratory chain 
upstream of complex IV. Although the mechanisms whereby 
the ABAD–Aβ interaction affects OXP​HOS function remains 
to be fully elucidated, ROS-mediated inhibition of PreP pepti-
dase has been proposed as a potential cause because decreased 
PreP activity was detected in AD brains compared with controls 
(Alikhani et al., 2011), which could be responsible for enhanced 
Aβ accumulation and imbalance of OXP​HOS components.

In summary, there is ample evidence that APP and its 
product Aβ are abundantly localized in mitochondria, where 
they establish extensive interactions with crucial components of 
the mitochondrial protein import and processing machinery as 
well as components of the OXP​HOS apparatus with detrimental 
consequences on mitochondrial function. Despite this evidence, 
in our opinion, two important questions remain unanswered. 
The first regards the existence and the nature of the physiolog-
ical role of Aβ in mitochondria. One interesting possibility is 
that monomeric Aβ could be an antioxidant, as suggested by an 
earlier study (Kontush et al., 2001), which could act in mito-
chondria to prevent lipid peroxidation. However, this hypothe-
sis contrasts with the large body of evidence on the pro-oxidant 
role of Aβ in mitochondria. The second one regards the impor-
tance of Aβ-induced mitochondrial dysfunction in the context 
of AD pathogenesis relative to other intervening pathological 
processes that affect different cellular compartments. AD mod-
els where Aβ could be specifically removed from or targeted 
to mitochondria and not elsewhere in the cell could help start 
answering these questions.

Mitochondrial α-synuclein and 
OXP​HOS in PD
α-Synuclein (α-syn) is a 140-amino-acid protein normally in-
volved in the regulation of synaptic vesicle release and membrane 
fusion because of the ability of α-syn to bind lipids. In PD, 
protein inclusions (Lewy bodies) containing α-syn are typical 
pathological features of the disease. Moreover, α-syn gene trip-
lications and mutations cause rare forms of familial PD. Together, 
pathological and genetic evidence clearly indicate that α-syn is 
involved in PD pathogenesis. However, transgenic animal mod-
els in which α-syn is overexpressed often present neurological 
disease phenotypes that are not related to PD. The involvement 
of mitochondria in the pathological processes leading to PD is 
probably the most deeply investigated among the major neuro-
degenerative disease associated with aging. A strong rationale 
supporting the hypothesis that mitochondria participate in PD 
pathogenesis arise from the fact that dopamine metabolism de-
pends on mitochondrial enzymes and from the observations of 
PD-like syndromes associated with mitochondrial toxins such 
as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 
rotenone, which impair OXP​HOS function and increase ROS 
production. However, whether direct effects of α-syn on mito-
chondrial function play a role in PD pathogenesis is still debated.

There is broad consensus that a portion of α-syn is local-
ized in mitochondria. Different groups independently described 
the physical interaction of α-syn with mitochondria. Using a 
yeast two-hybrid screen, both WT and disease-associated mutant 

α-syn were found to interact with complex IV subunits (Elkon 
et al., 2002), which suggests that α-syn is localized either in 
the IM or in very close proximity to it in the IMS or the matrix 
(Fig. 2). Association of α-syn with the mitochondrial membrane 
was also suggested by early work that used immunoelectron mi-
croscopy (Li et al., 2007). Furthermore, it was proposed that 
the N-terminal portion of α-syn contains a cryptic mitochon-
dria target signal because deletion of the first 32 amino acids 
of the proteins abrogated its mitochondrial localization (Devi 
et al., 2008). The same work also showed that α-syn physically 
interacts with complex I of the respiratory chain, which is an in-
triguing finding as complex I deficiency has been convincingly 
linked to PD (Greenamyre et al., 2001; Nakamura, 2013). How-
ever, whether complex I deficiency by itself causes dopaminer-
gic neuron loss is unclear. The conditional ablation of the gene 
encoding for the complex I subunit NDU​FS4 in dopaminergic 
neurons results in complex I deficiency and a decline in striatal 
dopamine levels but not in dopaminergic neuron death, at least 
based on this mouse model (Kim et al., 2015). Moreover, in 
cells with preexisting mtDNA-encoded complex I deficiency, 
aggregated α-syn did not worsen the complex I defect (Reeve et 
al., 2013), further suggesting that a complex I defect emerges as 
a consequence of α-syn but not vice versa.

The N terminus of α-syn was also proposed to participate 
in the binding of the protein to the mitochondrial IM because 
of its positive charges on lysine residues that interact with the 
phospholipid cardiolipin (Shen et al., 2014), which is a crucial 
mitochondrial phospholipid of the IM. Biophysical methods 
have demonstrated the role of cardiolipin in the interactions of 
α-syn synthetic membranes and isolated mitochondrial mem-
branes (Robotta et al., 2014). One of the pathogenic α-syn vari-
ants (A30P) presents altered affinity for the IM (Robotta et al., 
2014), suggesting that mutant α-syn could play a pathogenic 
role in mitochondria by failing to establish physiological inter-
actions with membranes. Translocation from the cytosol to mi-
tochondria and binding of α-syn to cardiolipin is facilitated by 
low pH (Cole et al., 2008), indicating that this interaction may 
change based on intracellular environmental conditions. Using 
FRET-based reporters, it was shown that cytosolic α-syn has a 
predominantly closed conformation, which is most abundant in 
neuronal synaptic boutons, whereas a membrane-bound open 
conformation is more abundant in the cell bodies, where mito-
chondria are more concentrated (Nakamura et al., 2008).

This evidence suggests that mitochondrial localization of 
α-syn and its interaction with the IM through cardiolipin may 
have a physiological role (Fig.  2). Furthermore, the interac-
tion, either direct or through a lipid moiety, with the respiratory 
chain may regulate OXP​HOS. If this hypothesis were correct, 
loss of α-syn would be expected to have negative consequences 
on mitochondrial functions. To address this hypothesis, mito-
chondrial respiration was investigated in α-syn KO neurons, 
which did not display apparent OXP​HOS defects. Furthermore, 
all three synuclein isoforms (α, β, and γ) were ablated in neu-
rons, without detrimental effects on synaptic mitochondria ATP 
production (Pathak et al., 2017). In addition, it was shown that 
α-syn KO mice are more resistant to mitochondrial toxins that 
affect OXP​HOS and increase ROS production, such as MPTP 
and the complex II inhibitors malonate and 3-nitropropionic 
acid (Klivenyi et al., 2006). Collectively, these results do not 
support the hypothesis that α-syn has a significant physiological 
role in mitochondrial OXP​HOS. However, another study identi-
fied a partial loss of cardiolipin in brain mitochondria of α-syn 
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KO mice together with a reduction in phosphatidylglycerol, the 
precursor of cardiolipin. They found that α-syn–deficient mi-
tochondria display a specific but mild defect in complex I + 
III activity without impairment of individual complex I and III 
activities (Ellis et al., 2005). This may be explained by the alter-
ations in membrane lipid composition as cardiolipin is essential 
for the maintenance of respiratory chain supercomplex integrity 
(Pfeiffer et al., 2003). Furthermore, another study showed that 
monomeric α-syn localized to mitochondria interacts with sub-
unit α of ATPase and regulates ATP synthesis. This work also 
reported that brain mitochondria of mice KO for all three forms 
of synuclein have increased respiration but decreased mem-
brane potential and ATP synthesis, indicative of loss of OXP​
HOS coupling (Ludtmann et al., 2016).

Although the role of monomeric α-syn in the normal 
physiology of OXP​HOS remains far from settled, the detri-
mental effects of α-syn oligomers and fibrils on mitochondrial 
function are not disputed. Addition of soluble preformed α-syn 
oligomers inhibits complex I activity and promotes calcium- 
dependent MPT in brain mitochondria (Luth et al., 2014). 
Moreover, administration of preformed α-syn oligomers to cul-
tured dopaminergic neurons and to mouse brain in vivo results 
in enhanced mitochondrial reactive oxidation species (ROS) 
production (Tapias et al., 2017). These effects are likely related 
to α-syn oligomers and aggregates destabilizing the lipids of the 
IM, disrupting OXP​HOS integrity, and increasing solute perme-
ability (Camilleri et al., 2013). This hypothesis is also supported 
by the finding that lipid binding–defective α-syn variants do not 
cause mitochondrial uncoupling and complex I impairment 
(Zhang et al., 2016). Transgenic mice overexpressing A53T 
mutant α-syn have clear symptoms of neurodegeneration, albeit 
not of typical PD, and respiratory defects have been identified 
in primary neurons (Li et al., 2013). In the transgenic mice, 
A53T mutant α-syn localizes to the mitochondrial membranes 
both as monomers and oligomers and is associated with com-
plex I deficiency (Chinta et al., 2010). Interestingly, in neurons, 
the mitochondrial accumulation of mutant α-syn is potentiated 
by proteasomal inhibition, suggesting that failure to degrade cy-
tosolic mutant α-syn enhances the probability of its mitochon-
drial import (Chinta et al., 2010). Both overexpressed WT α-syn 
(Subramaniam et al., 2014) and disease-associated mutants can 
oligomerize and cause mitochondrial OXP​HOS defects, which 

strongly suggests that imbalance of mitochondrial α-syn levels 
are sufficient to alter the putative physiological interactions of 
the protein with membrane components and result in mitochon-
drial damage. Furthermore, the ability of overexpressed WT or 
mutant α-syn to impair OXP​HOS, and complex I specifically, do 
not appear to correlate with the presence of overt α-syn pathol-
ogy with large inclusions (Loeb et al., 2010). The lack of differ-
ence between the effects of WT and those of aggregation-prone 
mutant α-syn on complex I inhibition suggests that regulation of 
complex I activity could be one of the physiological functions 
of α-syn in mitochondria and that the extent of the inhibitory 
effect of complex I could be mostly correlated with α-syn ex-
pression levels (Loeb et al., 2010). Nevertheless, it is logical to 
hypothesize that mutant α-syn is more prone to forming intra-
mitochondrial aggregates and may impair OXP​HOS at lower 
concentrations and a faster rate compared with the WT protein.

The import of cytosolic α-syn into mitochondria to reach 
the IM and interact with cardiolipin and respiratory chain com-
ponents remains elusive. One study shows that levels of the 
major protein translocator of the OM, TOM40, are reduced in 
the brains of PD patients and in α-syn transgenic mice (Bender 
et al., 2013), suggesting that the protein may enter mitochondria 
through the TOM40 channel and establish aberrant interactions 
with TOM40, triggering its degradation (Fig.  2). Another in-
triguing observation is that α-syn interacts with the voltage-de-
pendent anion channel (VDAC), the channel allowing metabolite 
fluxes across the OM. It was shown that α-syn can block VDAC 
functionally, and it was also proposed that α-syn enters mito-
chondria through this channel (Rostovtseva et al., 2015). Fur-
thermore, the activation of MPT by α-syn was prevented by a 
blocker of the adenine nucleotide translocator (ANT), the IM 
nucleotide exchanger that is in close contact with VDAC (Shen 
et al., 2014). Combined, these findings suggest that the inter-
action of α-syn with VDAC and ANT could participate in the 
translocation process and in the OXP​HOS dysfunction.

Accumulation of OXP​HOS-defective mitochondria re-
sulting from respiratory defects and depolarization induced 
by α-syn oligomers and aggregates triggers a quality control 
program that culminates in mitophagy, a selective form of au-
tophagy. Increased mitophagy associated with overexpression 
of α-syn in neurons has been extensively reported (Chinta et 
al., 2010; Choubey et al., 2011; Calì et al., 2012; Chen et al., 

Figure 3.  Schematic illustration of the pro-
posed interactions of SOD1 with mitochondrial 
components and their effects on OXP​HOS func-
tion. SOD1 localizes to mitochondria, where it 
provides dismutase activity in the IMS. SOD1 
is imported to the IMS via the Mia40-Erv1 
disulfide relay pathway, and its maturation is 
facilitated by the copper chaperone for SOD1 
(CCS). It is proposed that mutant misfolded 
SOD1 associates with various mitochondrial 
proteins both within the IMS and at the OM. 
Misfolded SOD1 interferes with the mitochon-
drial protein import machinery, ER–mitochon-
drial contacts, and VDAC. Among the electron 
transfer chain (ETC) complexes, mutant SOD1 
mostly inhibits complex IV activity.
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2015). Although in the short term, mitophagy represents an ef-
fective protective mechanism to clear damaged mitochondria, 
it was suggested that chronically hyperactive mitophagy can 
deplete the mitochondrial pool and accelerate bioenergetic cri-
sis in neurons (Choubey et al., 2011). The need for a balanced 
mitochondrial quality control process in maintaining neuronal 
viability in the context of PD is highlighted by the fact that two 
proteins involved in familial autosomal dominant PD, PINK1 
and Parkin, are in fact major players of mitochondrial proteo-
stasis and mitophagy (Pickrell and Youle, 2015). Therefore, an 
imbalance of the interplay between mitochondrial dysfunction 
and clearance mechanisms may significantly contribute to PD 
pathogenesis (Norris et al., 2015).

In addition to the intramitochondrial effects and simi-
larly to those described in the previous section for Aβ, α-syn 
can affect mitochondrial function by altering the physical and 
functional interactions with the ER. It was shown that α-syn 
expression in cultured cells results in an increase in the number 
of ER–mitochondria contacts and increases mitochondrial cal-
cium uptake upon hormonal stimulation of ER calcium release 
(Fig.  2). Conversely, α-syn silencing decreases mitochondrial 
calcium uptake (Calì et al., 2012). Alteration of ER–mitochon-
dria calcium signaling was not caused by changes in mitochon-
drial calcium uptake capacity but exclusively by the abnormal 
interactions between the two organelles. Abnormal calcium sig-
naling can alter mitochondrial OXP​HOS and contribute to mito-
chondrial dysfunction. Another study proposed that α-syn is not 
inside mitochondria but rather is localized within the MAMs. 
It also showed that mutant forms of α-syn linked to PD cause a 
decrease of α-syn localization in the MAMs and decreased ER–
mitochondria contacts (Guardia-Laguarta et al., 2014). The rea-
son behind the discrepancy in the effects on ER–mitochondria 
contacts by α-syn expression in these two studies is unclear, 
but it could be a result of different expression levels as well as 
WT versus mutant α-syn differences. A proposed mechanistic 
explanation of decreased ER–mitochondrial tethering induced 
by α-syn is the interference with the binding of ER protein vesi-
cle–associated membrane protein–associated protein B (VAPB) 
to the outer mitochondrial membrane protein, protein tyrosine 
phosphatase–interacting protein 51 (PTP​IP51). It was shown 
that both overexpressed WT and mutant α-syn bind to VAPB 
and disrupt the VAPB-PTP​IP51 tethers, thereby impairing ER–
mitochondria contacts (Paillusson et al., 2017). Alterations of 
VAPB-PTP​IP51 tether was shown to affect not only ER–mi-
tochondria calcium signaling but also the autophagy process, 
whereby increasing the tether decreases autophagic vacuoles 
formation and vice versa (Gomez-Suaga et al., 2017). Another 
similarity between α-syn in PD and APP in AD is their effect 
on the mitochondrial protein import machinery as it was shown 
that posttranslationally modified α-syn binds to TOM20, a key 
regulatory component of the TOM complex, thereby prevent-
ing the interaction of TOM20 with its coreceptor TOM22 and 
impairing mitochondrial protein import (Di Maio et al., 2016).

To summarize, the majority of the studies discussed in this 
review describe a direct interaction of α-syn with mitochondrial 
IM molecules, notably the phospholipid cardiolipin, and a di-
rect or indirect interaction with several OXP​HOS components. 
Fig. 2 summarizes the proposed interactions of α-syn with mi-
tochondria and the functional consequences. Although most 
studies agree that aggregated/oligomeric α-syn in mitochondria 
alter OXP​HOS function, there is disagreement on whether α-syn 
plays a physiological role in OXP​HOS function and whether 

loss of α-syn from mitochondria results in OXP​HOS dysfunc-
tion. This is a very interesting question, as modulation of α-syn 
expression, conformation, and turnover are being increasingly 
considered as potential therapeutic targets in PD.

Mitochondrial SOD1 and OXP​HOS in 
familial ALS
Cu,Zn-superoxide dismutase (SOD1) is the first protein to be 
associated with familial autosomal dominant forms of ALS. 
SOD1-linked ALS is pathologically characterized by mis-
folding and aggregation of the mutant protein in the affected 
motor neurons. In cellular and animal models, mutant SOD1 
aggregates localize in multiple cell compartments including 
mitochondria, where it causes OXP​HOS alterations. However, 
although mutant SOD1 triggers mitochondrial abnormalities, 
it is well established that WT SOD1 plays a physiological 
role in mitochondria. SOD1 is an abundant cytosolic enzyme, 
but studies in yeast (Sturtz et al., 2001) and mammalian cells 
(Okado-Matsumoto and Fridovich, 2002) have demonstrated 
that a portion of SOD1 is localized in mitochondria. In mito-
chondria, SOD1 is concentrated in the IMS, where it serves an 
antioxidant role (Sturtz et al., 2001) as the intramitochondrial 
Mn-SOD is localized exclusively in the matrix and cannot me-
tabolize the superoxide that is formed by electrons escaping the 
respiratory chain on the outer side of the IM.

The physiological import of SOD1 in the IMS can occur 
only when the protein is in the monomeric state, unfolded, and 
devoid of metals (Okado-Matsumoto and Fridovich, 2002). Its 
retention in the IMS depends on the formation of an intramo-
lecular disulfide bond, which is facilitated by the copper chap-
erone for SOD1 (Ccs1), which in turn is imported and retained 
in mitochondria by a redox relay system regulated by the IMS 
proteins Mia40 and Erv1 (Fig. 3; Reddehase et al., 2009; Gross 
et al., 2011; Klöppel et al., 2011). In addition, it was suggested 
that, at least in yeast, a portion of SOD1 can be imported in the 
IMS in a reduced form independently of Ccs1 (Varabyova et al., 
2013). The retention of SOD1 is dependent on the redox state 
of the IMS and the oxidation of its cysteine residues, which are 
highly sensitive to oxygen concentration in the cell (Kawamata 
and Manfredi, 2008). Unlike WT SOD1, which traffics in and 
out of the IMS based on redox state, pathogenic mutant SOD1 
gets entrapped in the IMS because of misfolding and aggrega-
tion, thereby losing the regulatory properties of normal import 
and retention (Kawamata and Manfredi, 2008).

Misfolded SOD1 accumulates in spinal cord mitochon-
dria (Higgins et al., 2002), affecting multiple compartments, 
including the IMS (Kawamata and Manfredi, 2008), where it 
can form cross-linked oligomers (Ferri et al., 2006) with itself 
or with other proteins (Fig. 3). Misfolded SOD1 is also found 
in the mitochondrial IM and in the matrix (Vijayvergiya et al., 
2005) as well as on the OM, where it establishes aberrant in-
teractions with several proteins, including proteins of the OM 
import machinery (Liu et al., 2004), the antiapoptotic protein 
Bcl-2 (Pasinelli et al., 2004), and VDAC (Israelson et al., 2010). 
The interaction of mutant SOD1 with TOM proteins leads to 
a net decrease in mitochondrial protein import and depletion 
of OXP​HOS components (Li et al., 2010). Interactions with 
VDAC were proposed to alter the properties of the channel and 
impede ATP and ADP flow (Israelson et al., 2010). In addi-
tion, SOD1 competes with hexokinase 1 for binding to VDAC, 
thereby displacing the enzyme from the OM (Magrì et al., 
2016). The SOD1–Bcl-2 interactions were also proposed to in-
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hibit the ADP entry into mitochondria and to cause an increase 
in mitochondrial membrane potential because of loss of ADP 
phosphorylation by the ATPase (Tan et al., 2013).

It was proposed that the accumulation of misfolded SOD1 
on the OM is specific to spinal cord mitochondria (Liu et al., 
2004; Vande Velde et al., 2008). Furthermore, research with 
conformation-specific antibodies showed that specific forms of 
misfolded SOD1 accumulate selectively in the mitochondria of 
spinal cord motor neurons (Fig. 3; Pickles et al., 2016). These 
findings suggest that the complement of chaperones to keep 
proteins unfolded and the mechanisms to eliminate misfolded 
SOD1 are ineffective in the spinal cord. This is an intriguing 
hypothesis because it would help to explain the susceptibility 
of spinal motor neuron mitochondria to mutant SOD1. Re-
cently, using a battery of 19 different disease-related mutants 
of SOD1 expressed in neuronal cell lines, it was shown that the 
severity of the disease correlated with the ability of the mutants 
to associate with mitochondria (Abu-Hamad et al., 2017). In-
terestingly, accumulation of misfolded SOD1 in mitochondria 
correlated with disease duration but not with disease onset, 
suggesting that mitochondrial SOD1 contributes to accelerating 
rather than initiating the disease process. Although the precise 
mechanisms to keep mitochondrial accumulation of mutant 
SOD1 in check are not fully understood, it was suggested that 
the mitochondrial ubiquitin ligase March5 (MIT​OL) plays a 
predominant role in initiating proteasomal degradation of mi-
tochondrial mutant SOD1 (Yonashiro et al., 2009). However, 
whether March5 is weakly expressed in motor neurons relative 
to other cell types has not yet been investigated. Furthermore, 
the expression of the macrophage migration inhibitory factor 
(MIF), a cytosolic chaperone that prevents SOD1 misfolding, is 
particularly low in spinal motor neurons, possibly contributing 
to the tendency to selectively accumulate mutant SOD1 in mi-
tochondria (Israelson et al., 2015).

Mutant SOD1 causes OXP​HOS impairments character-
ized by defective mitochondrial respiration and ATP production, 
which clearly manifest in the spinal cord tissues of mutant SOD1 
transgenic mouse models (Jung et al., 2002; Mattiazzi et al., 
2002; Kirkinezos et al., 2005) and in cultured neurons express-
ing recombinant mutant SOD1 (Fig. 3; Menzies et al., 2002). In 
these models, several respiratory chain enzymes are defective, 
including complex I (Cacabelos et al., 2016), but complex IV ac-
tivity appears to be particularly susceptible, suggesting that this 
enzyme is targeted by mutant SOD1 (Fig. 3). Complex IV im-
pairment was also identified in a subset of muscle biopsies from 
sporadic ALS patients (Echaniz-Laguna et al., 2006; Crugnola et 
al., 2010), indicating that complex IV deficiency is not restricted 
to the spinal cord nor to SOD1 mutants. However, similar defects 
were also observed in the muscle of patients affected by other 

forms of neurogenic atrophy (Krasnianski et al., 2005), suggest-
ing that complex IV defects are not only specific to ALS.

Two main lines of evidence indicate that complex IV de-
fects are associated with the accumulation of mutant SOD1 in 
the IMS. First, when Ccs1 was overexpressed together with 
mutant SOD1 in transgenic mice, there was an increase of mu-
tant SOD1 in the IMS accompanied by profound complex IV 
deficiency and vastly accelerated disease course (Son et al., 
2007). Second, when mutant SOD1 was selectively targeted 
to the IMS, mice developed a significant decline of complex 
IV activity (Igoudjil et al., 2011). Collectively, this evidence 
suggests that inhibition of complex IV plays a key role in the 
mitochondrial dysfunction that arises from mutant SOD1 accu-
mulation in mitochondria, but the mechanism is still debated. 
An attractive hypothesis is that SOD1 in the IMS could interfere 
with copper delivery to complex IV, thereby impairing the nor-
mal assembly process of the active complex. This hypothesis 
is supported indirectly by the observation that only G93A mu-
tants that can gain copper result in a worsening of the phenotype 
when Ccs1 is overexpressed, whereas mutants that fail to bind 
metals do not (Son et al., 2009). Assembly factors in the IMS, 
such as the metallochaperone cmc2, may also be involved, as 
modulation of these factors in yeast result in opposing effects 
on complex IV and SOD1 activities (Horn et al., 2010).

In summary, overwhelming evidence indicates that 
OXP​HOS is altered in transgenic models of SOD1-linked fa-
milial ALS. Fig. 3 schematically illustrates the localization of 
SOD1 in mitochondria and its consequences on OXP​HOS. It 
is important to note that these alterations are accompanied by 
other mitochondrial deficits, especially related to axonal trans-
port, fusion and fission, calcium uptake, physical and functional 
interactions with the ER, and mitochondrial quality control pro-
cesses. Studies investigating these alterations are numerous and 
their review is beyond of the scopes of this article that focuses 
on OXP​HOS. Nevertheless, many of these mitochondrial alter-
ations can be intimately linked to OXP​HOS defects, especially 
those concerning the integrity of mitochondrial membranes 
and the ability to generate membrane potential, as OXP​HOS- 
defective mitochondria are prone to undergo MPT and generate 
excessive ROS. Furthermore, the inability to maintain a proper 
pool of functional mitochondria in critical energy-requiring 
neuronal regions because of impaired mitochondrial dynamics 
and intracellular calcium signaling dysregulation can be equally 
or more detrimental to neuronal health than the direct effects of 
mutant SOD1 on OXP​HOS function. Of note, in our opinion, 
whether mutant SOD1 expressed at physiological levels results 
in mitochondrial abnormalities as seen in the transgenic mod-
els overexpressing the mutant proteins remains to be resolved, 
despite numerous studies in patient-derived induced neurons.

Table 1.  OXP​HOS defects associated with the neurodegenerative proteinopathies discussed in this review

Protein CIVa defects CIb defects Mito ATP synthesis 
defects

ΔΨm
c defects Mito dynamics defects ER–mito contact 

alterations
Mito Ca2+ handling 
defects

APP/Aβ + + + + + +
α-Syn + + + + + + +
SOD1 + + + + + +

Mito dynamics refers to the processes of fusion and fission and to mitochondrial axonal transport. ER–mito contacts refers to MAMs and functional interactions between organelles. 
Mito Ca2+ handling refers to mitochondrial calcium uptake and permeability transition. 
aComplex IV.
bComplex I.
cMitochondrial membrane potential.
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Less is known about the role of other mutant proteins as-
sociated with familial FTD/ALS in mitochondria. Nevertheless, 
recent studies have indicated that alterations in transactivation 
response element DNA–binding protein 43 (TDP-43) can cause 
OXP​HOS defects. It was proposed that both WT and mutant 
TDP-43 gain access to the mitochondrial matrix, where they 
bind the mRNA encoding for two complex I subunits, ND3 and 
ND6, leading to decreased protein expression and complex I 
defects. The mitochondrial localization was attributed to spe-
cific regions of TDP-43, and peptides directed against these 
regions prevented import and binding to the mRNAs (Wang 
et al., 2016b). In the cortical neurons of transgenic mice, the 
mitochondrial association of mutant TDP-43 was stronger than 
the endogenous protein in nontransgenic littermates, suggest-
ing that mutant TDP-43 has a higher tropism for mitochondria. 
A recent study has also proposed that WT TDP43 may serve 
a physiological function by stabilizing a subset of tRNAs and 
mRNA intermediates in mitochondria (Izumikawa et al., 2017). 
However, unlike the studies mentioned above, in human fibro-
blasts harboring mutant TDP-43, a decrease in mitochondria 
membrane potential was detected in the absence of alterations 
in oxygen consumption and mitochondrial localization of TDP-
43 (Onesto et al., 2016). This result suggests that in human 
cells, alterations of energy metabolism could emerge without 
the direct interference of mutant protein with mitochondria. To 
complicate things further, in mutant TDP-43 transgenic mouse 
brain, we detected association but no internalization of the pro-
tein in mitochondria, which did not present abnormalities of 
respiration, membrane potential, or ATP synthesis (Kawamata 
et al., 2017). These are early studies, and differences in find-
ings may arise from several variables in models, mutants, and 
reagents used to identify the mitochondrial localization of the 
proteins. Additional studies are needed to further elucidate the 
physiological and pathological roles of TDP-43 in mitochondria.

Interestingly, it was shown that mutant TDP-43 dysreg-
ulates ER–mitochondria contacts through interference with 
the VAPB-PTP​IP51 tethers (Stoica et al., 2014), similar to the 
effects of α-syn described in the previous section (Paillusson 
et al., 2017). Alterations of these important tethers have been 
reported also in other genetic forms of FTD/ALS, such as those 
associated with fused in sarcoma (FUS; Stoica et al., 2016) and 
VAPB (De Vos et al., 2012) mutations. Therefore, it appears that 
impaired ER–mitochondria physical and functional communi-
cation is a common pathogenic pathway in neurodegenerative 
diseases caused by protein misfolding.

Conclusions
Numerous lines of evidence support the hypothesis that the 
proteins associated with neurodegenerative diseases such as 
Aβ, α-syn, and mutant SOD1 localize to mitochondria. For 
SOD1, the normal function in mitochondria, the mechanisms 
that regulate import, and the topology within mitochondria are 
relatively well understood. However, the normal physiologi-
cal functions of Aβ and α-syn in mitochondria are not yet well 
characterized, as the results in KO cells and mice are contro-
versial. There is further debate on whether their localization in 
mitochondria is physiological or if it occurs only when they 
are overexpressed or aberrantly accumulated in the cytosol. 
Detailed understanding of their import mechanisms and topol-
ogy remain to be analyzed.

Regarding the impact on OXP​HOS function, there is lit-
tle doubt that accumulation and aggregation of Aβ, α-syn, and 

mutant SOD1 in mitochondria cause mitochondrial bioenergetic 
dysfunction. OXP​HOS appears to be almost invariably involved 
in many models. Table 1 summarizes the OXP​HOS defects de-
scribed in this review. However, in our opinion, it remains to be 
conclusively determined whether the OXP​HOS is a primary tar-
get of the proteinopathies or if it is affected downstream of de-
fects in mitochondrial dynamics, structure, and quality control. 
Both scenarios are possible as all these mitochondrial processes 
are intimately related.

Last, and perhaps most important, is the question of 
whether OXP​HOS defects can be prevented or improved and 
whether this would have a therapeutic impact on the diseases. 
So far, with very few exceptions, mitochondrial drugs have 
not provided much relief in AD, PD, or ALS, and in the very 
few cases where they had an effect, such as Edaravone in ALS 
(Writing Group on behalf of the Edaravone (MCI-186) ALS 19 
Study Group, 2017), the benefit is limited. However, it is also 
true that in many clinical trials, compounds with unclear tar-
gets and mechanisms of action were used. Reliable biomarker 
strategies and stratification of patient populations may also raise 
challenges. Furthermore, as the field of primary mitochondrial 
diseases is painfully aware, there are very few options to im-
prove OXP​HOS defects. Therefore, it is quite possible that the 
perspective of targeting OXP​HOS dysfunction in neurodegen-
eration becomes more optimistic as better targeted and more 
effective strategies are developed.
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