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SOD1 and mitochondria in ALS: a dangerous liaison
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Abstract Mutant Cu,Zn superoxide dismutase (mutSOD1)
is found in a subset of patients with familial amyotrophic
lateral sclerosis (ALS), a fatal progressive paralysis due to
loss of motor neurons. In the present article, we review
existing evidence linking the expression of mutSOD1 to the
many facets of mitochondrial dysfunction in ALS, with a
focus on recent studies suggesting that the association and
misfolding of the mutant protein (and possibly of the wild
type protein as well) within these organelles is causally
linked to their functional and structural alterations. Energy
deficit, calcium mishandling and oxidative stress are
paralleled by alteration in mitochondrial motility, dynamics
and turnover and most probably lead to mitochondria-
dependent cell death. Thus, the development of new,
selective mitochondria-targeted therapies may constitute a
promising approach in the treatment of SOD1-linked ALS.
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Mutations in the gene coding for the ubiquitously
expressed, antioxidant enzyme SOD1 (Cu,Zn superoxide

dismutase, EC1.15.1.1) are the most frequent cause of
familial Amyotrophic lateral sclerosis (ALS), one of the
most common adult-onset motor neuron diseases, charac-
terized by spasticity, generalized muscle atrophy and
progressive paralysis due to degeneration of specific
motoneuronal populations in the cortex and spinal cord.

Mutations in the SOD1 gene were the first discovered
genetic cause for ALS (Rosen et al. 1993) and thus cell and
animal models based on the expression of one out of the
more than 130 different mutant SOD1 (mutSOD1) reported
up to date (http://alsod.iop.kcl.ac.uk/) have been developed
and widely studied. Translation of therapy from rodents
expressing mutSOD1 to patients has been quite disappoint-
ing (Bendotti and Carri 2004; Carri et al. 2006) and thus
studies on SOD1-based models are now being paralleled by
studies in models built on the expression of other ALS-
associated mutations, such as TDP43 and FUS (Sreedharan
et al. 2008; Vance et al. 2009; Zhou et al. 2010a).
Nonetheless, the mutSOD1 models are still a valuable tool
for basic research, and have served for instance to the
demonstration that ALS cannot be considered a pure a motor
neuron disease because alteration of non-neuronal cells also
contributes to the progression of symptoms and final
outcome (Ilieva et al. 2009). Thus, it is possible that the
noxious effect of mutant SOD1 is different in different cell
populations and this would explain why so many, although
interconnected, pathogenic mechanisms have been proposed
to explain the ALS clinical phenotype. Indeed, diverse
pathways such as oxidative stress, protein misfolding and
aggregation, glutamate-mediated excitotoxicity, alterations of
the endoplasmic reticulum and cytoskeleton, aberrant axonal
transport, altered RNA metabolism, dysfunction of the
ubiquitin proteasome pathway, neuromuscular junction abnor-
malities, immune system deficiency and neuroinflammation
are thought to play a role in ALS (Cozzolino et al. 2008b;
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Kiernan et al. 2011). Interestingly, mitochondrial dysfunction
may have a role in many, if not all of the above mechanisms
(Shi et al. 2010b).

Mitochondrial dysfunction in mutSOD1-ALS

For almost 40 years after its first description by Irwin
Fridovich (McCord and Fridovich 1969), the function of
wild type SOD1 has been studied in relation to its
predominant cytosolic localization. However, a small
fraction of this abundant, ubiquitous enzyme resides in
mitochondria as clearly demonstrated in a pioneering paper by
Fridovich himself (Okado-Matsumoto and Fridovich 2001;
Weisiger and Fridovich 1973) and by many others in recent
years (Higgins et al. 2002; Jaarsma et al. 2001; Mattiazzi et
al. 2002; Okado-Matsumoto and Fridovich 2001). Many
mutSOD1s are also localized in various mitochondrial sub-
compartments in a similar or even larger extent than the wild
type enzyme (Bergemalm et al. 2006; Deng et al. 2006; Ferri
et al. 2006; Higgins et al. 2002; Israelson et al. 2010;
Jaarsma et al. 2001; Liu et al. 2004; Pasinelli et al. 2004;
Vande Velde et al. 2008; Vijayvergiya et al. 2005). Thus,
because of the multiple tasks performed by mitochondria in
energy metabolism, calcium homeostasis and regulation of
the intrinsic apoptotic pathway and because mutation causes
an increase in the amount of SOD1 associated with
mitochondria, it is possible that the mitochondria-SOD1
liaison is at the centre of ALS pathogenesis.

Indeed, there is now compelling evidence that mito-
chondrial perturbations participate in the mechanisms of
degeneration in ALS patients and in cell and animal models
for mutSOD1-linked ALS. ALS mitochondria appear
degenerated, with an altered ultrastructure (reviewed in
(Magrane and Manfredi 2009), and may become integrated
into Bunina bodies, that are the only ALS-specific
histopathology hallmark and may represent mitophagic
inclusions (Okamoto et al. 1990). Interestingly, overexpres-
sion of mutSOD1 induces the activation autophagy, as
measured by the activation of LC3 (microtubule-associated
protein1 light chain 3) and the association with mitochon-
dria of PTEN-induced kinase (PINK1) (Ferri et al. 2010;
Morimoto et al. 2010; Morimoto et al. 2007; Pizzasegola et
al. 2009) a protein that may modulate the process of
removal of mis-functional mitochondria through autophagy
(mitophagy) (Deas et al. 2011). Mitophagy may be
activated following the parallel disruption of morphology
and functionality of mitochondria, where expression of
mutant SOD1 elicits a clear deficit in the electron transport
chain (ETC) (Cozzolino et al. 2008b), mishandling of
mitochondrial calcium (Grosskreutz et al. 2010) and
activation of the apoptotic pathway (Shi et al. 2010a) (see
below).

Mitochondrial SOD1 is mostly in the intermembrane
space, although a small portion has been detected also on
the cytoplasmic face of the outer membrane and in the
matrix. How wild type and mutant SOD1 gain access to
mitochondria in the absence of a canonical mitochondria-
targeting signal, and what is the physiological function of
this fraction of the enzyme, that has been classically
considered the major cytosolic antioxidant, are both
questions that need to be answered to fully understand the
role of mutant SOD1 in the pathogenesis of ALS.

How and why SOD1 localizes into mitochondria

To enter each of the four mitochondrial compartments, i.e.
the outer and inner membrane (OM and IM), the inter-
membrane space (IMS) and the matrix, mitochondrial
proteins encoded by the nuclear genome utilized two types
of targeting signals: amino terminal pre-sequences that are
cleaved from the protein while entering mitochondria, or
internal targeting sequences, that remain part of the fully
matured protein (reviewed in (Schmidt et al. 2010). In the
absence of an obvious mitochondrial targeting sequence,
the import mechanism of SOD1 (and of its copper chaperon
CCS) in mitochondria has been largely unknown until very
recently, when it became clear that SOD1 enters mitochon-
dria through the Erv1/Mia40 oxidative folding mechanism
of import (Fig. 1). Indeed, CCS is imported in mitochondria
by the Mia40/Erv1 pathway in a process that involves the
formation of mixed disulfides between CCS and Mia40,

Fig. 1 The Erv1/Mia40 oxidative folding mechanism of protein
import in mitochondria. The mitochondrial intermembrane space
assembly (MIA) machinery is able to transfer electrons from reduced
(red) and unfolded proteins, newly imported via the Translocase of the
Outer Membrane (TOM), to the respiratory chain, finally leading to
the oxidative folding and entrapment of the oxidized (ox) protein
inside the intermembrane space (IMS). In this machinery, oxidized
Mia40 acts as an oxidoreductase: it transfers disulphide bonds to the
imported proteins and becomes reduced. Reduced Mia40 is then re-
oxidized by the sulphydryl oxidase Erv1. The disulphide relay is coupled
to the removal of electrons that are transferred from Erv1 to cytochrome c
and then to the Cytochrome Oxidase complex IV (C4). CCS is among the
substrates that are imported through the Erv1/Mia40 machinery. Oxidized
CCS, in turn, transfers a disulfide bond to SOD1, which is thus oxidized,
folded and trapped inside the IMS
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and that is sensitive to oxygen concentrations (Kawamata
and Manfredi 2008; Reddehase et al. 2009). In turn, the
import of CCS leads the transport of SOD1 inside the IMS,
as originally proposed by the group of Culotta (Field et al.
2003), by promoting the oxidative folding of the protein, a
process involving cysteine residues of SOD1 and thus
sensitive to redox conditions (Ferri et al. 2006; Kawamata
and Manfredi 2008).

Human SOD1 has four cysteine residues: Cys57 and
Cys146, that form an intramolecular disulfide bridge
essential for the folding of the protein, and the two unpaired
Cys6 and Cys111 residues, whose role has been mostly
overlooked until very recently. Since cysteine residues are
critical for the mitochondrial localization of small IMS
proteins that are imported through the Mia40/Erv1 pathway,
it is not surprising that SOD1 cysteines are connected to the
process of SOD1 import. Indeed, all four cysteine residues
seem to be important, since mutations in any of them bring
as a consequence a decreased localization of SOD1 to
mitochondria (Kawamata and Manfredi 2008).

The evolutionary reasons for the localization of wild
type SOD1 in mitochondria are still partially obscure. As a
consequence of physiological leakage of superoxide from
the ETC, mitochondria are the major site of production of
intracellular reactive oxygen species (ROS) and therefore
need a robust antioxidant defense to prevent local oxidative
stress that may impair protein function and membrane
integrity and increase mitochondrial DNA damage. This
defense has been traditionally considered as provided by the
abundant, matrix-associated MnSOD (SOD2). This concept
has been challenged in recent years by different observations
in yeast and in mammals that support a role of SOD1 in the
prevention of the oxidation of mitochondrial proteins and thus
in the preservation of mitochondrial homeostasis (Aquilano et
al. 2006; Kloppel et al. 2010; O’Brien et al. 2004). This role
may be mostly relevant in neuronal cells, since mice lacking
SOD1 (Sod1 −/−) show a distal motor neuropathy accompa-
nied by decreased mitochondrial density and increased
oxidative stress in mitochondria, that is rescued by SOD1
targeted to the mitochondrial intermembrane space (Fischer
et al. 2011). These results are particularly interesting when
considering mitochondrial damage caused by ALS-typical
mutant SOD1.

Mutant SOD1 and mitochondria

As mentioned above, mutations in SOD1 associated with
ALS seem to increase the ability of the protein to
accumulate in mitochondria and to localize in different
mitochondrial sub-compartments, and it is now widely
accepted that an uncontrolled accumulation of mutSOD1s
in mitochondria, or the accumulation inside mitochondria

of a misfolded, aggregated form of SOD1 might represent a
critical point in the pathogenesis of ALS.

Is this a consequence of an altered mechanism of
mitochondrial import of SOD1 due to ALS-linked muta-
tions, or is the trapping of mutSOD1s inside mitochondria
caused by an inherent pro-aggregating property? Likely,
both the mechanisms act concurrently, since it has been
shown that the physiological regulation of mitochondrial
localization of mutSOD1s by CCS is inefficient (Kawamata
and Manfredi 2008), and that mutSOD1s associate with
mitochondria in a partially unfolded, oligomeric state (Deng et
al. 2006; Ferri et al. 2006; Furukawa et al. 2006). Interestigly,
this fraction of the protein is sensitive to the pro-oxidant
environment descending from mitochondrial alterations, such
a shift in the ratio between reduced and oxidized glutathione
(Ferri et al. 2006), which obviously has an important role in
the overall mechanism of mitochondria protein import
(Herrmann and Riemer 2010).

The localization of mutSOD1 in mitochondria likely has
a direct role in mitochondrial damage and cell dysfunctions
in ALS, because increasing the amount of these proteins in
the organelles either by sequence targeting or by over-
expression of CCS enhances mitochondrial damage and
accelerates motor neuron degeneration (Cozzolino et al.
2009; Magrane et al. 2009; Takeuchi et al. 2002). The
noxious mutSOD1 species is most likely the oligomeric form,
because toxic phenotypes are prevented when mitochondrial
aggregated mutSOD1s are decreased by interfering with their
ability to form disulfide-linked oligomers. However, decreas-
ing the amount of such oligomers by introducing a C111S
substitution, that has a major role in the formation of disulfide-
linked oligomers by mutSOD1s (Cozzolino et al. 2008a;
Niwa et al. 2007), neither results in a proportional decrease
of mutant SOD1 mitochondrial localization (Kawamata and
Manfredi 2008), nor completely abolishes the mitochondrial
alterations that are observed in cells overexpressing a
mitochondria-targeted mutSOD1 (Cozzolino et al. 2009),
suggesting that misfolding of the monomer by itself is
sufficient to trap SOD1 in mitochondria and to elicit
mitochondrial defects. Nonetheless, maneuvers that are able
to decrease the amount of mitochondria-aggregated mut-
SOD1 proved to be effective in protecting cells from
mutSOD1-toxicity. As an example, we have recently shown
that the overexpression of Glutaredoxin2 (Grx2), a mito-
chondrial thiol–disulfide oxidoreductase involved in the
catalysis of thiol–disulfide interchange reactions, increases
the solubility of mutant SOD1 in mitochondria, interferes
with mitochondrial fragmentation by modifying the expres-
sion pattern of proteins involved in mitochondrial dynamics,
preserves mitochondrial function and strongly protects
neuronal cells from apoptosis (Ferri et al. 2010).

It is also interesting to notice that common toxic properties
have been recently postulated for wild-type SOD1 and mutant
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SOD1 (Ezzi et al. 2007). A fraction of wild type SOD1 is
physiologically present in a partially apo-, copper-free form
(Steinkuhler et al. 1991), and recent work demonstrates that
apo- wild type and mutant SOD1 share an abnormal
conformation and a tendency to form oligomers in vitro
(Banci et al. 2008). Furthermore, motor neurons in the spinal
cord of some sporadic ALS patients (not carrying SOD1
mutations) contain an aberrant wild-type SOD1 species
functionally equivalent to mutant SOD1 in its ability to bind
an antibody raised against misfolded SOD1 (and thus sharing
a conformational epitope that is not present in normal wild-
type SOD1) and to inhibit kinesin-based fast axonal transport
(Bosco et al. 2010). Thus, that mitochondria-accumulated,
oxidized wild-type SOD1 could be pathogenic in sporadic
ALS, in analogy to what has been observed for mutSOD1 is
possible, although yet to be fully demonstrated.

Altogether, these results strongly indicate that mitochon-
drial localization of mutSOD1 is per se sufficient to induce
mitochondrial alterations, including changes in mitochon-
drial motility, dynamics and turnover that may lead to
neurodegeneration (Chen and Chan 2009). Indeed, in recent
years a wealth of data has supported the notion that correct
axonal transport and the movement of mitochondria along
the axons are impaired in ALS with a depletion of
mitochondria from the axons and an accumulation of
organelles in clusters along neurites (De Vos et al. 2008;
Magrane et al. 2009). Whether these defects stem from a
direct disturbance of the transport machinery caused by
mutSOD1s or as an effect secondary to insufficient ATP
supply remains to be clarified (Magrane et al. 2009).

Mitochondria fusion and fission may also be altered as a
consequence of the expression, localization and aggregation
of mutSOD1 in mitochondria. The alterations in the
morphology of mitochondria that have been frequently
described in cellular and animal models of mutSOD1-ALS
are highly indicative of mitochondrial fragmentation
(Magrane et al. 2009; Martin et al. 2007; Raimondi et al.
2006), and mitochondrial fragmentation is recapitulated in
neuronal cells overexpressing a mitochondria-targeted
mutSOD1 (Cozzolino et al. 2009). Moreover, we have
recently demonstrated that expression of mutSOD1 in
neuronal cells is paralleled by alterations in the expression
pattern of two proteins that are known to control mito-
chondria dynamics, i.e. OPA1 (optic atrophy 1), which is a
pro-fusion factor, and Drp1 (dynamin-related protein 1), a
protein that causes fragmentation when associated with
mitochondria (Ferri et al. 2010).

Consequences of mitochondrial damage

Mitochondrial mutSOD1 might affect mitochondrial func-
tions either decreasing protein import selectively in spinal

cord mitochondria (Li et al. 2010) as a consequence of its
accumulation on the cytoplasmic face of the OM, where the
TOM machinery for protein import resides (Liu et al. 2004),
or binding and inactivating specific mitochondrial targets
such as the voltage-dependent anion channel (VDAC1), an
integral membrane protein imbedded in the outer mitochon-
drial membrane with a protective role on spinal motor
neurons (Israelson et al. 2010), the anti-apoptotic protein
Bcl-2 (Pedrini et al. 2010) or the mitochondrial form of
lysyl-tRNA synthetase (Kawamata and Manfredi 2008).

Besides these target-specific effects, mutSOD1 may
affect overall mitochondrial function by increasing the
intrinsic load of oxidative stress endured by the organelles.

In conditions like aging, dysfunction of mitochondrial
ETC not only causes an energy deficit, but also causes a
generalized intracellular oxidative stress (Wei et al. 1998)
that is particularly challenging for mitochondria because
they are strictly dependent on membrane integrity for
function, because many indispensable mitochondrial pro-
teins possess highly oxidizable iron-sulfur clusters and
because mitochondrial DNA is more susceptible to muta-
tion than nuclear DNA. There is vast evidence supporting a
role for a condition of oxidative stress and mitochondrial
dysfunction in ALS, and the impairment of the ETC in
patients and in transgenic mice expressing a mutSOD1
gene, where mitochondrial damage is an early sign
preceding motor neuron loss, is unquestionable (for a
review, see (Cozzolino et al. 2008b). Expression of
mutSOD1 is per se able to induce a significant loss of
mitochondrial membrane potential, decreased ATP levels
and increased production of ROS (Arciello et al. 2010;
Beretta et al. 2003; Ferri et al. 2006; Menzies et al. 2002).
These effects are accompanied with a shift in the redox
balance, as expressed by the ratio between reduced and
oxidized glutathione, toward a more oxidizing state in
mitochondria (Ferri et al. 2006), and thus it is not entirely
surprising that restoring a correct GSH/GSSG ratio through
the expression of glutaredoxin 2 restores mitochondrial
function in vitro (Ferri et al. 2010).

Mitochondrial damage may have other consequences.
Excitotocity from increased intracellular calcium following
mis-handling of intersynaptic glutamate has often been
considered a major facet of neuron degeneration in ALS.
However, it is possible that calcium dysmetabolism in ALS
mostly derives by defective intracellular handling (Grosskreutz
et al. 2010), since impaired mitochondrial Ca2+ buffering in
ALS has been repeatedly reported in patients and in cell and
animal models for SOD1-linked ALS (Siklos et al. 1996;
Carri et al. 1997; Jaiswal et al. 2009; Kruman et al. 1999;
Damiano et al. 2006; Jaiswal and Keller 2009). In turn,
calcium dysregulation is also strictly interconnected to
mitochondrial pathology, oxidative stress and protein aggre-
gation. High Ca2+ concentrations induce production of ROS
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in mitochondria (Zhou et al. 2010b), rounding of mitochon-
dria, a marked decrease in Δψ, increased [Ca2+] in the ER
and in the cytosol, and finally the appearance of mutSOD1
inclusions (Dykens 1994).

Both calcium dysregulation and mitochondrial dysfunc-
tion regulate apoptosis in the nervous system (Tradewell et
al. 2011). Markers of apoptosis such as translocation of Bax
from cytosol to mitochondria, release of cytochrome c from
mitochondria to cytosol, activation of caspase-9, -3 and −7,
inactivation of the inhibitor of apoptosis XIAP and induction
of Bcl2A1 have been reported in animal and cell models
overexpressing mutSOD1s, and interfering with the apoptotic
pathway has some beneficial effects in mutSOD1 mice
(Kroemer et al. 2007; Crosio et al. 2006; Guegan et al.
2001; Pasinelli et al. 2000). Mutant SOD1 may have a direct
role in the induction of this pathway, since it binds to Bcl-2
and shifts Bcl-2 from an anti-apoptotic to a pro-apoptotic
function (Pasinelli et al. 2004; Pedrini et al. 2010).

Finally, an unexpected consequence of mitochondrial
damage induced by mutSOD1 is the deregulation of the
pattern of transcription and alternative splicing of a subset
of mRNAs, including some coding for proteins involved in
neuritogenesis and axon guidance (Lenzken et al. 2011).
This observation may help linking the more frequent
case of SOD1-linked familial ALS and the familial ALS
phenotype observed in patients carrying mutations in
one of the two RNA binding proteins TDP43 and FUS
(Kabashi et al. 2008). Some recent work provides
evidence of mitochondrial damage in experimental models
or patients with mutation in one of these two proteins
(Huang et al. 2010; Shan et al. 2010; Xu et al. 2010), but
whether also mutant TDP-43 and FUS/TLS are linked
directly or indirectly to mitochondrial damage is still to be
ascertained.

Concluding remarks

The wealth of evidence on mitochondrial dysfunction in
ALS has prompted studies aimed to the development of
mitochondria-targeted therapies. However, a number of
attempts to restore correct function of these organelles that
were successful in models in vivo and in vitro (e.g.
treatment with a number of different antioxidants or
mitochondrial modulators, such as creatine) have failed to
translate into clinical practice (Cozzolino and Carrì 2011).
This may be due to the choice of the wrong mitochondrial
target, and current studies are aimed to the development of
new approaches, such as the modulation of the mitochon-
drial dynamics, the intracellular calcium handling or the
opening of the mitochondrial Permeability Transition Pore
(Martin et al. 2009), that appears to be particularly relevant
in adult-onset neurodegenerative diseases (Toman and

Fiskum 2011). Alternatively, previous studies (and failures)
may reinforce the idea that since ALS is a multi-factorial,
multi-systemic disease, no single treatment may be successful
and we should look for a combined therapy. Along this line of
research, some recent studies are aimed at testing drugs that
act both as mitochondrial modulators and anti-inflammatories
or antiglutamatergics, or that exert a broad spectrum of
neuroprotective properties, such as antioxidant effects, inhi-
bition of apoptotic enzymes and preservation of mitochondrial
structure and activity (Cheah and Kiernan 2010). These
approaches will hopefully provide new routes for the
treatment of this fatal disease.
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