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Oxidative stress is implicated in the pathophysiology of a
wide variety of neurodegenerative and neurologic disorders.
This special issue includes 11 articles that cover different
aspects of the importance of oxidative stress in neurotoxicity,
neurodegeneration, and potential therapies.

Neurotoxicity can occur after exposure to natural or arti-
ficial molecules that alter the normal function of the nervous
system. The review article by R. Lugo-Huitrén et al. focuses
on the toxicity of quinolinic acid, an endogenous metabolite
of the kynurenine pathway, normally present in the brain and
cerebrospinal fluid. This paper discusses the different mech-
anisms by which quinolinic acid acts as a neurotoxin, such as
the activation of N-methyl-D-aspartate (NMDA) receptors,
mitochondrial dysfunction, oxidative stress, inflammation,
and cell death. B. Wang and Y. Du review the in vitro and
in vivo evidence of the neurotoxic effects of cadmium, a heavy
metal, in the central nervous system.

Several original and review articles examine the role of
oxidative stress in diverse neurodegenerative diseases. The
original article by C. Savino et al. shows the implication of
p66Shc protein and the mitochondrial permeability transi-
tion pore pathway in neurodegeneration in a mouse model of
autoimmune encephalomyelitis. The role of mitochondria in
neurodegeneration is further discussed in two review articles
by V. Garcia-Escudero et al. and by Y. Zhao and B. Zhao.
These authors present data on the role of mitochondrial dys-
function and oxidative stress in the initiation and progression
of Alzheimer’s disease, respectively. H. Ariga et al. describe

the function of DJ-1 in the pathogenesis of Parkinsons
disease. Furthermore, P. Milani et al. summarize the recent
literature describing the interaction between Nrf2, a master
regulator of the antioxidant response, and DJ-1 and SODI
proteins and its interest in the development of therapeutic
strategies for Parkinson’s disease and amyotrophic lateral
sclerosis. Two review articles focus on Friedreich’s ataxia
disease. C. M. Gomes and R. Santos overview the data sup-
porting that oxidative stress is a central feature of this disease.
In an opinion paper A. Bayot and P. Rustin present arguments
in favor of the hypothesis that the reduction in the expression
of PIP5KIB, the gene adjacent to the frataxin-encoding
gene, in Friedreich’s ataxia patient cells is implicated in
disease onset and progression.

The antioxidant effect of numerous phytochemicals has
long been recognized and has been proposed as an alternative
form of treatment, since still no drugs are available that
prevent the progression of most neurodegenerative diseases.
In an original article, H. Mo et al. describe the potential
neuroprotective effect of tea polyphenols in an in vivo sub-
arachnoid hemorrhage mice model. A. Tarozzi et al. present a
review of the antioxidant properties of sulforaphane primar-
ily attributed to its ability to activate the Nrf2/ARE pathway.

We believe that these contributions provide an updated
view on this dynamic field and evidence that supports the
importance of considering oxidative stress as a player in
neurodegenerative diseases as well as neurotoxicity.
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“Frataxin fracas” were the words used when referring to the frataxin-encoding gene (FXN) burst in as a motive to disqualify an
alternative candidate gene, PIP5KIB, as an actor in Friedreich’s ataxia (FRDA) (Campuzano et al., 1996; Cossee et al., 1997; Carvajal
et al., 1996). The instrumental role in the disease of large triplet expansions in the first intron of FXN has been thereafter fully
confirmed, and this no longer suffers any dispute (Koeppen, 2011). On the other hand, a recent study suggests that the consequences
of these large expansions in FXN are wider than previously thought and that the expression of surrounding genes, including
PIP5KIB, could be concurrently modulated by these large expansions (Bayot et al., 2013). This recent observation raises a number
of important and yet unanswered questions for scientists and clinicians working on FRDA; these questions are the substratum of

this paper.

1. Friedreich’s Ataxia

With an estimated prevalence of 1:50,000 and a carrier
frequency of about 1: 60 to 1: 90, Friedreich’s ataxia (FRDA)
is the most commonly inherited ataxia in the Caucasian
population [1, 2]. It is a multisystemic, degenerative dis-
ease typically associated with dysarthria, muscle weakness,
spasticity in the lower limbs, scoliosis, bladder dysfunction,
absent lower limb reflexes, loss of position and vibration
sense, and speech and listening difficulties [3]. A majority of
the affected individuals have hypertrophic cardiomyopathy.
Glucose intolerance and diabetes mellitus are observed in a
subset (about 30%) of cases. The onset of symptoms is usually
between 10 and 15 years of age, but either much earlier or
later onset has been infrequently observed. Initial symptoms
can be purely neurological, but occasionally, cardiomyopathy
can be the presenting symptom. Altogether, atypical presen-
tations represent as much as 25% of the cases [4].

2. The Molecular Mechanism

In more than 98% of the cases, the disease originates
from large homozygous GAA repeat expansions (66 to 1700
repeats; normal: 5 to 33, with 85% less than 12) in the first

intron of FXN encoding a mitochondrial matrix targeted
protein, frataxin. In between uninterrupted expansions, 34
to 66 represent premutation, or borderline alleles, at risk for
intergenerational expansion. The few residual cases represent
compound heterozygous for an expanded allele and a point
mutation, most frequently a null mutation [5].

3. Frataxin Depletion: Iron-Sulfur
Cluster Deficiency

Simultaneously to the discovery of the molecular basis of
FRDA by the European consortium combining the teams of
Koenig and Pandolfo [6], shutting down debate on the origin
of the disease [7, 8], we studied an endomyocardial biopsy of
ayoung girl, undiagnosed at the moment of the investigation,
presenting with massive cardiac hypertrophy but hardly
detectable neurological signs [9]. We evidenced a specific and
severe deficiency of the activity of all the studied enzymes
harbouring iron-sulfur cluster (ISC), namely, mitochondrial
respiratory chain complexes I, II, and III and both Krebs
cycle mitochondrial and cytosolic aconitase. As this little
girl was later on shown to be homozygous for expanded
FRDA alleles, we investigated a few more FRDA cases and



established that expansion in FXN actually caused an activity
defect of ISC-containing proteins (ISPs) in the hypertrophied
heart of patients [9]. The generalized loss of ISP activity
thereafter found its explanation, when the role of frataxin in
the mitochondrial biogenesis of ISC was demonstrated in the
yeast Saccharomyces cerevisiae [10] and human cells [11, 12] by
the group of R. Lill.

4. Low Frataxin, Normal Iron-Sulfur
Clusters: What Causes Hypersensitivity
to Oxidative Stress?

However, detailed investigation of affected persons showed
that ISPs from circulating lymphocytes, lymphoblastoid cell
lines, skeletal muscle, and skin fibroblasts were curiously
spared despite low frataxin levels. In the absence of ISP defi-
ciency, a hypersensitivity to oxidative stress was nevertheless
frequently observed as a result of expansion in the FXN gene,
associated in some cells with cytoskeleton anomalies [13].
Obviously these later cytosolic anomalies could not be easily
reconciled with the putative intramitochondrial location and
function of the frataxin in the ISC biogenesis [14], which
moreover did not appear significantly altered in these tissues.

To account for this puzzling observation, we focused our
attention on frataxin-deficient FRDA patient fibroblasts that
displayed normally functional ISP. Studying these cells, we
could first ascribe the hypersensitivity to oxidative stress to
impaired signaling of antioxidant defenses [15]. We further
ascribed this impairment to a mislocation and a decrease
of the NRF2 (nuclear factor erythroid 2-related factor 2)
transcription factor [16]. This mislocation was concomitant
with an abnormal remodeling, already noticed in these
cells [17], of the actin fibers known to bind NRF2 through
interaction with Keapl (Kelch-like ECH-associated protein
1). But this only displaced the question, what could be the
link between the depletion of the mitochondrial frataxin
protein and the abnormal status of the cytosolic actin network
[13]? This was an incentive to reexamine the whole series of
potential consequences of the GAA expansion from the very
first event, the gene modification itself.

5. GAA Expansions in FXN:
Which Consequences?

Rather than to focus our effort on the FXN gene only, the
idea came to extend the study to the adjacent genes, inspired
by the increasingly recognized importance of epigenetics in
nucleotide repeat expansion disorders [18]. To our surprise, in
patients’ cells (skin fibroblasts and circulating lymphocytes),
the expansion was found not only to impair the transcription
of the frataxin gene, but also that of the adjacent PIP5KIB [19].
The decrease was somewhat less pronounced than what could
be observed for the frataxin gene, with rare (1/5) fibroblast
cultures where the decrease was weaker than expected from
the size of the expansion. Nevertheless, we could establish
that it had a major impact on the cell actin network, and this
was observed in the absence of any detectable consequence of
the frataxin depletion on ISPs. Extensive cell biology studies
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established that PIP5KIB depletion impaired phosphatidyli-
nositol 4,5-bisphosphate [PI(4.5)P,] synthesis, causing actin
fiber disorganization and a number of associated structural
anomalies, including significant delay in cell spreading.

These observations raise a number of questions dealing
with (1) the mechanism of gene extinction in the disease,
(2) the potential consequence(s) of the PIP5KIB depletion in
the expression and course of the FRDA disease, and (3) with
therapeutic strategies to be adopted.

6. The Mechanisms of PIP5K1B
Decreased Expression

We previously established that PIP5KIB expression decrease
was largely correlated with the size of GAA expansion in FXN,
and that both PIP5K1B mRNA and protein were concomi-
tantly decreased [19]. To date at least twenty neurological
diseases are caused by genomic expansions of repeats in
protein-coding or noncoding regions of the genome [20]. The
noncoding expansions often result in complex disease phe-
notypes which may be either developmental and/or degen-
erative. In FRDA, it was first proposed that the expansion
positioned two kilobases from the frataxin promoter in the
first intron of the gene tends to form triplex DNA structures
which may contribute to inhibiting transcriptional elongation
[21]. Later on, relatively short GAA expansions of 200
repeats have been shown to confer variegated gene silencing
of a linked mouse transgene marker, similar to position-
effect variegation [22]. Then, GAA repeat expansions have
been associated with a number of epigenetic changes [23],
including (1) di- and trimethylation of H3K9, together with
hypoacetylation of H3K14, H4K5, H4K8, and H4K12 and
(2) an increase in DNA methylation at specific CpG sites
in the region of FXN intron 1 immediately upstream of the
GAA repeat. The direct effect of GAA expansions on the
generation of local transcriptionally inactive chromatin was
demonstrated by the use of histone deacetylase (HDAC)
inhibitors, molecules known to increase global histone acety-
lation and thereby reactivate epigenetically silenced genes
[24]. In FRDA patients’ cells, such compounds led to an
increased acetylation of several histone proteins at the FXN
locus, including H3K14, H4KS5, and H4K12 and to a signif-
icant reversion of FXN silencing [25]. Additional testing of
selective HDAC inhibitors in appropriate mouse models fur-
ther reported positive effects, including a reversion of specific
repressive histone marks, a significant correction of frataxin
levels, and an improvement of some phenotypic features
[26-28]. Parallel to the formation of local heterochromatin,
further work has pointed out that some heterochromatin
marks propagate into the FXN promoter, thus supporting
the idea that in addition to impairing elongation of gene
transcription at the repeat site [29, 30], GAA expansions
may also interfere with transcription initiation at the FXN
locus [31]. In keeping with this, an intriguing finding is
the observation that depletion of CTCE, a highly conserved
multifunctional transcription regulator and chromatin orga-
nizer, in the 5'-UTR of expanded FXN alleles may initiate
spreading of repressive chromatin from GAA expansions by
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FIGURE 1: Map of chromosome 9 and the 549.5-kb region containing
the human FXN and its close neighboring genes. The intronic site
of GAA expansions causing FRDA is indicated in FXN and gene
transcription orientation is shown by black arrows.

increasing the expression of an antisense transcript (FAST-1)
[32]. Altogether, these data support the view that a het-
erochromatinization process at the FXN locus, consisting
of the formation and local spreading of heterochromatin,
compromises optimal access/progress of the transcription
machinery and possibly of transcription factors for correct
FXN gene expression. Both chromatin reorganization and
one or more of the abovementioned epigenetic changes might
also account for the reduced expression of the adjacent
PIP5KIB gene. It is too early to decipher a mechanism
accounting for PIP5K1B decreased expression, and it remains
to be shown that the expression of these two genes only is
affected, as other genes are present in the vicinity (Figure 1).

7. The Potential Consequence(s) of the
PIP5K1B Depletion in the FRDA Disease?

The consequences of frataxin depletion have been a matter
of discussion since the early days of its discovery. According
to authors, frataxin might be or act as mitochondrial iron
export carrier [33], a source or a trap for mitochondrial
iron acting as a gate keeper for ISC synthesis [34], an
instrumental component of the ISC synthesis machinery
[10], an ISC chaperone [35], or an antioxidant factor [36].
All of these hypotheses have been indeed supported by
more or less convincing experimental data, sometimes hardly
reconcilable, recently discussed in details [37]. Adding to
these interrogations, the recently described phenotypes of
diseases originating from mutations in genes instrumental
in ISC synthesis are surprisingly enough, not significantly
overlapping with FRDA [13, 38].

Considering that the triplet expansion in FXN can also
hamper PIP5KIB expression, it might as well be that part of
the biochemical phenotypes reported in human cells/samples
are not caused by the frataxin depletion only. PIP5K1B
participates in the biosynthesis of PI(4,5)P, and is expressed,
essentially after childhood, in a number of tissues in human,
highest expression being reported in the brain (Figure 2).
PIP5KIB is at the crossroad of different signaling pathways,
mediating RACI-dependent reorganization of actin filaments
and contributing to the activation of phospholipase D2 [39,
40]. Considering the pleiotropic role in the cell of PIP5K1B, it
is not easy to predict what would be, presumably dependent
on cell type, the consequences of a partial depletion of

the protein, not necessarily restricted to actin network
remodeling. Moreover, the consequences of PIP5KIB
depletion might well be mixed with the consequences of
frataxin deficiency. Indeed, when occurring, impairment of
ISC synthesis resulting from frataxin depletion predictably
has also a number of various consequences. In addition to
affecting the activity of the respiratory chain and of the Krebs
cycle enzyme, aconitase, this will impair the overall ISC
homeostasis in the cell, impacting on a number of cytosolic
enzymes containing ISC, and in turn this might ultimately
affect organic acid balance, iron homeostasis, and oxidative
stress sensitivity. Obviously, each of these factors can have
unpredicted effect on cellular metabolism. For example,
discrete metabolic disturbance increasing electrophile acids
may modify cysteine residues of Keapl that links NRF2 and
actin [41, 42]. The result will be a constitutive activation of
NREF2 that could on a long term exhaust the antioxidant
capacities of the cell and results in hypersensitivity to
oxidative stress. Similar impairment can possibly result
from PIP5KIB depletion since this latter has been shown to
trigger abnormal remodeling of the actin network known
to control NRF2-ARE activation [43]. Either frataxin or
PIP5KI1B depletion, or both, might thus contribute to the
oxidative-stress hypersensitivity observed in FRDA [44].
Timing (after birth) and territories of PIP5KIB expression
are compatible with the course and presentation of FRDA
(Figure 2). Predicted cellular consequences of PIP5KIB
depletion, especially actin network remodeling, are suffi-
ciently severe as to be instrumental in the pathology. However
it would be premature to speculate on the potential role of
PIP5KI1B depletion in the disease, as depletion is yet to be
demonstrated in affected tissues (especially brain and heart).

8. Impact on Present and Future
Therapeutic Strategies

Strategies targeting different steps of the disease have been
proposed/tested to counteract FRDA (Figure 3). A very
promising approach is to target the GAA expansion using
effective reagents for deacetylation of histones “wrapping” the
expansion as to facilitate gene reading [24]. Obviously, the
hypothesis that the expansion hampers more than frataxin
expression does not modify the rationale of this approach.
Then a series of approaches aim at restoring the level
of frataxin, either by bringing the gene or by targeting
posttranscriptional, or even post translational steps, in both
frataxin synthesis or activity [45]. Depending on the actual
impact of frataxin depletion versus that of PIP5KIB, the
importance to restore frataxin level/activity might be more or
less crucial. However for the time being, we have all reasons
to believe that, even if variable according to tissues, and
possibly time, the impact of frataxin depletion is instrumental
in the disease, for example, severe ISC deficiency evidenced
in the heart of affected persons. Restoring frataxin level thus
remains a major issue, even if other actors might be shown to
play a role in the disease. For example, the hypersensitivity to
oxidative insult might result from the concurrent depletion of
frataxin and PIP5K1B, and increasing frataxin level might as
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FIGURE 2: Territories of the strongest expression of FXN and PIP5KB in human. Data for human healthy tissues from MOPED (Model
Organism Protein Expression Database) and PaxDb (Protein Abundance Across Organisms).

well be sufficient to restore the proper capacity of antioxidant
defenses.

Last, strategies targeting one of the supposedly major
downstream effects of frataxin depletion, that is, hypersen-
sitivity to oxidative insult, have been proposed [46-48] and,
for some of them, tested since nearly 15 years [49]. So
far, clinical trials (mostly with idebenone) have resulted in
unsatisfactory, partial, and contradictory results. We are left
with the conclusion that was reached in our early study:
the antioxidant treatment, having no spectacular effect on
the ataxia, decreases the heart mass, improving fatigability,
thin movements, and speech fluency, although in a subset of
the affected persons only [50, 51]. As discussed above, the
hypersensitivity to oxidative stress may possibly stand from
the PIP5KI1B depletion as well, not weakening in any sense
the rational to use antioxidants in FRDA.

Interestingly enough a number of strategies have been
devised based on experiments attempting to modulate the
phenotype (sensitivity to oxidative stress) of FRDA patients’
fibroblasts [52-54]. We now know that the phenotype of these
cells, variably severe from individual to individual, does not
result from a putative ISC depletion induced by decreased
frataxin, but is most probably caused by PIP5K1B depletion.
Obviously, the question of the model to be used to screen for
therapeutic strategies will become a central one if PIP5K1B
depletion is shown instrumental in the disease. By definition,

the numerous organisms—flies, worms, and mice—or cells—
HeLa cells, induced pluripotent stem cells, etc.—that have
been engineered by specifically targeting frataxin, cannot
pretend to represent the complexity that can be envisioned
if more than frataxin is affected in the disease.

9. Concluding Remarks

The identification of PIP5KIB as a potential actor in the
pathological process underlying FRDA obviously raises a
number of questions that urgently need to be answered. The
very first of these is the actual implication of the PIP5KIB
depletion in the disease onset and course. To date, decreased
PIP5KIB has been shown in circulating blood cells and
cultured skin fibroblasts in FRDA [19]. To further consider an
implication in the disease, a decreased expression of the gene
should be established in at least one affected tissue. The mech-
anism of decreased PIP5KIB expression is a second important
question to answer, especially as depending on the mecha-
nism involved, expression of additional genes in the region
might be modulated as well. It is noticeable that because
we are dealing with subtle epigenetic modulations, the phe-
nomenon might be affected by a number of interfering factors
possibly variable among individuals and conditions. In any
case, these epigenetic modulations might possibly account in
part for the poor correlation between size of the expansions
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FIGURE 3: The therapeutic strategies envisioned to fight Friedreich’s
ataxia and their targets.

and severity of the disease. Many other factors may explain
the variability observed in the disease. To mention only one,
in FRDA as in most degenerative diseases which are primar-
ily systemic bioenergetics diseases, mitochondria and their
confined genetic material, prone to mutations, presumably
participate in the clinical heterogeneity [55].

Our last concluding remark deals with the consequence in
term of therapeutic strategies. As detailed above, none of the
actual therapeutic approaches should be invalidated. Indeed,
if PIP5KI1B depletion proves to be instrumental, then it might
provide additional targets to fight FRDA and allow devising
new therapeutic strategies.
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Quinolinic acid (QUIN), a neuroactive metabolite of the kynurenine pathway, is normally presented in nanomolar concentrations in
human brain and cerebrospinal fluid (CSF) and is often implicated in the pathogenesis of a variety of human neurological diseases.
QUIN is an agonist of N-methyl-D-aspartate (NMDA) receptor, and it has a high in vivo potency as an excitotoxin. In fact, although
QUIN has an uptake system, its neuronal degradation enzyme is rapidly saturated, and the rest of extracellular QUIN can continue
stimulating the NMDA receptor. However, its toxicity cannot be fully explained by its activation of NMDA receptors it is likely that
additional mechanisms may also be involved. In this review we describe some of the most relevant targets of QUIN neurotoxicity
which involves presynaptic receptors, energetic dysfunction, oxidative stress, transcription factors, cytoskeletal disruption, behavior

alterations, and cell death.

1. Biosynthesis of Quinolinic Acid (QUIN)

Tryptophan (TRP) is an essential amino acid that has various
important biological functions. In mammals, about 90% of
dietary TRP is metabolized along the kynurenine pathway
(KP) (Figure1) [1, 2], which represents the major catabolic
route of TRP and a source of nicotinamide adenine nucleotide
(NAD"), a cofactor in cellular respiration and energy pro-
duction that plays an important role in the DNA repair
and transcriptional regulation [3, 4]. In recent years, the
KP has been studied given that it contains metabolites with
neuroactive and redox properties. An imbalance in the levels
of some metabolites of this pathway has been involved in
different pathologies.

The first regulatory step of the KP is the oxidative cleavage
of the TRP by tryptophan 2,3-dioxygenase and indolamine
2,3-dioxygenases 1 and 2 (IDO-1 and IDO-2). The product
of this cleavage is formylkynurenine, which is hydrolyzed

by a formamidase enzyme to give kynurenine (KYN). This
metabolite is at a branch point in the pathway and can be
further metabolized by three different enzymes: (1) kynuren-
inase, which catalyzes the conversion of KYN to anthranilic
acid (AA), (2) kynurenine aminotransferases I, II and III,
which catalyze the transamination of KYN to form kynurenic
acid (KYNA), and (3) kynurenine 3-hydroxylase, which
produces 3-hydroxykynurenine (3-HK) from L-KYN. This
branch is the most important route for QUIN synthesis, and it
is known that this enzyme has the highest affinity for L-KYN,
suggesting that under normal conditions, it metabolizes most
of the available kynurenine [5]. At this point, kynureninase
cleaves the 3-HK to give 3-hydroxyanthranilic acid (3-HA).
The 3-hydroxyanthranilic acid oxygenase (3-HAO) catalyzes
the conversion of 3-HA acid to an unstable intermediate,
aminocarboxymuconic semialdehyde, which then preferen-
tially converts to QUIN by a nonenzymatic cyclisation [6].
This intermediate compound can also produce picolinic acid
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instead of QUIN [7]. 3-HAO is an iron dependent enzyme
requiring Fe** ions and sulfhydryl groups for its activity
and is presented in the mitochondrial membrane [8] and
in the excitatory synapses [9]. Finally, QUIN is catabolized
to NAD" and carbon dioxide by the action of quinolinate
phosphoribosyl transferase (QPRT). This enzyme has been
identified in rat and human CNS tissue [10]. Magnesium ions

are required for QPRT activity and there is evidence that
a cysteine residue at the active site is required for catalysis
[11]. Interestingly, a different brain localization of 3-HAO and
QPRT has been observed, while 3-HAO is in the soluble
fraction of brain homogenate, QPRT is in a P2 synaptosomal
fractions particulate component [12]. For this reason, QUIN
is produced by microglia [13-15] and must exit those cells to
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be metabolized by QPRT in a separate population of QPRT-
containing astrocytes and neurons [15].

The concentration of QUIN varies among different brain
regions, with the cerebral cortex containing approximately
1.8 nmol/g wet weight; almost 2-fold than that found in the
hippocampus (1 nmol/g wet weight) [16-18].

2. Metabolism of QUIN

Intraarterial administration of either micromolar or mil-
limolar concentrations of QUIN resulted in only negligible
accumulations of this metabolite in the brain, suggesting
that the central nervous system (CNS) appears to be well
protected by the blood brain barrier (BBB) from peripheral
QUIN [19].

Many factors come into play to render QUIN a potent
neurotoxin. One of such factors is the performance of the
two enzymes involved in QUIN synthesis and metabolism,
respectively. There are substantially fewer cells containing
QPRT than those that contain 3-HAO [20]. The brain area
with the highest QPRT activity is the olfactory bulb, and
among the regions with the lowest activity are the frontal
cortex, striatum, hippocampus, and retina [11]. A detailed
analysis of the properties of 3-HAO and QPRT indicates
that both have similar Km values, but 3-HAO reaction
velocity was 80-fold higher than QPRT [21]. Consequently,
the production of QUIN occurs at a much faster rate within
the brain than the conversion to NAD". This has implications
for the accumulation of QUIN in the brain under certain
pathological conditions. Furthermore, 3-HAO activity may
normally be restrained by factors such as the availability of
Fe®* ions [8, 22, 23]. Stachowski and Schwarcz [23], showed
that Fe is a cofactor of 3-HAO and the addition of Fe?™ (2-
40 uM) stimulated 3-HAO activity 4- to 6-fold in striatal
homogenates of mouse, rat, and human; this effect was
prevented by ferritin. Thus, if in neuronal damage occurs
releasing of Fe** ions, which is normally the case, then the
production of QUIN would be elevated, thereby causing more
damage and so the vicious circle would continue.

Some years ago, studies with [?’H]QUIN in hippocampus
showed that this region as well as the striatum does not
appear to possess mechanisms either for the rapid removal
of QUIN or for its metabolic degradation in the extracellular
space by QPRT [19]. Recently, it was shown that human-
mixed brain cells (neurons, astrocytes, and microglia) can
take large amounts of QUIN and saturate the neuronal QPRT;
however, the precise mechanism by which QUIN is taken up
by neurons and astrocytes is unclear [24-26]. All these factors
promote QUIN’s ability to cause cellular damage.

Additionally, the concentration and metabolism of QUIN
appears to depend on the age of the rat. In fact, Moroni and
coworkers [17] found that the administration of TRP was able
to increase QUIN levels in adult rats but not in newborn rats.
Furthermore, a progressive QUIN increase was found in rats
of 3 days and 3, 9, and 30-months of age. In rats of 30 month
old, half of them were found to have QUIN concentrations
approaching to those that cause neurotoxicity [27].

On the other hand, the administration of a TRP-free
diet to rats for 15 days resulted in a doubling of QUIN

concentrations in the cortex. One explanation for this may
be that QUIN can also be synthesized by a different pathway,
particularly as some bacteria and plants are able to synthesize
QUIN from the condensation of aspartic acid and dihydrox-
yacetate [8].

3. Excitotoxicity Produced by QUIN

The first evidence that kynurenines may have a role in brain
function was given by Lapin [28], who observed convulsions
in mice after an intracerebroventricular QUIN injection. In
1981, Stone and Perkins discovered that QUIN was a potent
excitant of neurons in the CNS, by acting as an agonist
at the N-methyl-D-aspartate (NMDA) sensitive population
glutamate receptors [29], and Schwarcz and coworkers (1983)
were the first who demonstrated that QUIN causes selective
neuronal lesions, and they also found that focal injections of
QUIN into the striatum resulted in neurochemical, behav-
ioral and pathological changes [30].

In the 80, it was demonstrated that QUIN is about one-
quarter as active as NMDA and approximately as active as
glutamate and aspartate at stimulating NMDA receptors [29].
It must however be remembered that the latter compounds
have an rapid, high-affinity uptake system for their removal
from the synapse, while QUIN has a uptake system, but
the neuronal QPRT is rapidly saturated by this metabolite
(~300nM) [25]. Although part of QUIN can be removed
from the synaptic cleft, the rest of QUIN will continue
stimulating the NMDA receptor causing extensive damage.
QUIN acts selectively at NMDA receptors, specifically with
NMDA receptor subtypes containing the NR2A and NR2B
subunits [31], with massive calcium entry into neurons and
astrocytes. Therefore, QUIN exerts the greatest damage to
neurons where these receptor subtypes are present. Areas
of the brain most sensitive to QUIN neurotoxicity are the
hippocampus and striatum [32] in which the NMDA recep-
tors are widely distributed [33]. Within these brain areas,
some neuronal cell types are more sensitive than others,
with cholinergic neuronal death in the striatum observed
following QUIN injection [34] and preferential susceptibility
of pyramidal cells in the hippocampus [32]. Striatal spiny
neurons containing the neurotransmitter y-aminobutyric
acid (GABA) and substance P are also sensitive to QUIN
toxicity, with the subclass of striatal spiny neurons containing
somatostatin and neuropeptide Y being preserved [35].

QUIN can also increase glutamate release and inhibit its
reuptake by astrocytes, thus increasing its concentration in
the microenvironments, causing neurotoxicity [36, 37] and
also limiting glutamate to glutamine recycling in astrocytes
by decreasing glutamine synthetase activity [38, 39]. As
shown previously in cortical neurons, dopaminergic neurons
do not produce QUIN but take it up from the microenviron-
ment [15, 40]. On the other hand, QUIN (10 uM) prevents
of glutamate-induced excitotoxicity in primary cultures of
rat cerebellar granule neurons [41], nevertheless mature
organotypic cultures of rat corticostriatal system or caudate
nucleus chronically exposed to 100nM QUIN for up to 7
weeks show focal degeneration characterized by the presence



of vacuoles in neuropil, swollen dendrites, occasional swollen
post-synaptic elements, and degenerated neurons [42, 43].

Additionally, chronic exposure of human neurons to
QUIN causes significant structural changes including den-
dritic beading, microtubular disruption, and a decrease in
organelles. Rahman and coworkers show that the in vitro
QUIN treatment of human primary foetal neurons led to
a substantial increase of tau phosphorylation at multiple
positions. The observed increase in QUIN-induced phospho-
rylation of tau was attributed to a decrease in the expression
and activity of the major tau phosphatases [25].

Recently, Pierozan and coworkers (2010) described that
acute intrastriatal administration of QUIN targets the phos-
phorylating system associated with the cytoskeleton of neural
striatal cells, causing intermediate filament hyperphospho-
rylation; this effect was mediated by Ca®" influx through
NMDA channels and by oxidative stress [44]. Additionally,
alterations in the homeostasis of the cytoskeleton of astro-
cytes and neurons were found in rat striatal slices treated
with 100 uM of QUIN. These events were secondary to the
following specific mechanism: (a) in astrocytes, the effect
by QUIN was mediated by increased Ca** influx through
NMDA receptors and L-type voltage-dependent Ca®" chan-
nels (L-VDCC) and (b) in neurons, QUIN actions involving
metabotropic glutamate receptors and the Ca** from intra-
cellular stores besides Ca®" influx through NMDA receptor
and L-VDCC. In both cases the increase in the intracellular
Ca®" levels set off a cascade of events including activation
of the second messengers-dependent protein kinases, which
phosphorylate head domain sites on GFAP and neurofila-
ments subunits and potentially misregulating intermediate
filament assembly in both glia and neuronal cells [45]. Addi-
tionally, the in vivo overstimulation of NMDA receptors by
QUIN causes an early impairment of the sarco/endoplasmic
reticulum Ca®*-ATPase (SERCA) pump which may result in
important disturbances in intracellular Ca** signaling [46].

4. Alterations Energetic and QUIN

Recent evidence shows that metabolic impairment is an
important mechanism by which QUIN can exert its toxicity.
In this context, it was found that QUIN can inhibit B
monoamine oxidase (MAO-B) in human brain synaptosomal
mitochondria [47] and also can be a potent inhibitor of
phosphoenolpyruvate carboxykinase (EC 4.1.1.32) from rat
liver cytoplasm, an important enzyme in the gluconeogenesis
pathway that converts oxaloacetate to phosphoenolpyruvate
[12]. QUIN can potentiate its own toxicity and that of
other excitotoxins, like NMDA and glutamate, producing
progressive mitochondrial dysfunction [48].

Different studies have shown that intrastriatal injection
of QUIN provokes a decrease of cellular respiration and ATP
levels [48, 49]; however, these findings may be due to a pri-
mary activation of glutamate receptors and a secondary effect
of QUIN on energy production via free radicals [50-52].
However, Ribeiro and coworkers [53] observed that QUIN
injection also inhibited creatine kinase activity, an important
enzyme involved in intracellular energy transfer. QUIN also
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provoked significant reductions of the activities of complexes
II (50%), II-III (35%), and III (46%) of the respiratory
chain in the striatum of young rats, and this impairment
of striatum bioenergetics induced by QUIN injection was
partially mediated by generation of reactive species.

Recently, Schuck and coworkers [54] have shown that
QUIN inhibits the "*CO, production and increased glucose
uptake in cerebral cortex homogenates of young rats indi-
cating that this kynurenine stimulated the transport and/or
utilization of this substrate by the brain. QUIN also inhibits
around 35% succinate dehydrogenase (SDH), an enzyme
involved in the citric acid cycle and in the respiratory chain.
Moreover, this effect was not dependent of the NMDA
receptor since MK-801 and kynurenic acid (two NMDA
receptor antagonists) and L-NG-nitroarginine methyl ester
(L-NAME), a nitric oxide synthase (NOS) inhibitor, did not
prevent the inhibition, but the preincubation with superoxide
dismutase and catalase can do it. In this context, our group
has been shown that QUIN interacts in the SDH-binding site
with the arginine 297 residue (R290 of the sequence num-
bering of SDH-QUIN by docking), whose positive charge
is important for the binding affinity of negatively charged
inhibitors, and in in vitro assays QUIN can inhibit SDH and
ATP levels, and the effect in the enzyme is depending on each
brain region in which mitochondria were isolated [55]. All
this evidence suggests that QUIN has different targets that
could be independent of its agonist activity under NMDA
receptor, and the mitochondrial impairment represent other
mechanism of the QUIN toxicity.

5. Oxidative Stress and QUIN

Free radical generation and oxidative stress are involved in
the QUIN-induced toxicity; however, we need to take in mind
that these mechanisms can be dependent and/or independent
of its activity on NMDA receptors. In this line, it has been
shown that QUIN can produce oxidative damage indepen-
dent of its activity under NMDA receptor; this mechanism
involves a complex between QUIN and Fe**. Studies by
Stipék and coworkers [62] showed that the lipid peroxidation
induced by QUIN was modulated by its interaction with Fe**
to form QUIN-Fe** complexes that mediate reactive oxygen
species (ROS) generation. In phosphate buffer, the QUIN-
Fe** enhanced the formation of the hydroxyl radical via the
Fenton reaction [105], and it was also observed that QUIN
inhibits the autooxidation of Fe** by the complex formation.
The QUIN-Fe** complex was shown to be responsible for the
in vitro DNA chain breakage and lipid peroxidation mediated
by hydroxyl radicals [106].

Moreover, there is evidence showing that QUIN can
increase free radical production by inducing NOS activ-
ity in astrocytes and neurons, leading to oxidative stress,
increasing both poly(ADP-ribose) polymerase (PARP) activ-
ity and extracellular lactate dehydrogenase (LDH) activity
[90]. In concordance, striatal slices exposed to QUIN show
an increase in both lipid peroxidation and LDH activity and
a decrease in mitochondrial function [107]; these alterations
were related with proteases activation.
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Furthermore, it has been shown the QUIN capacity to
modify the profiles of some endogenous antioxidants in rat
brain such as the content of reduced glutathione and copper
and zinc-dependent superoxide dismutase activity (Cu, Zn-
SOD) [108] and its ability to generate during early stages
of toxicity "OH radical [109] and peroxynitrite [86] and to
increase lipid peroxidation [108, 110]. In rat brain, intracere-
bral injection of QUIN resulted in significant neuronal loss
and a markedly increased level of SOD1 expression in a time-
dependent manner [111]; this increase in SODI expression
was thought to be a neuroprotective response to limit the
oxidative damage caused by QUIN. In support of these
results, it was found that QUIN infusion induced cell damage
an increase in ROS levels in mice hippocampus, while the
second one became normal after 24 hours, the first one
persisted for 72 hours. Therefore, the delayed and persis-
tent increase in the antioxidant capacity after QUIN insult
may be a cellular adaptive response, probably contributing
to the decrease in ROS levels [52]. Additionally, it was
observed in synaptosomal fractions exposed to QUIN and
3-nitropropionic acid at nontoxic concentration, a synergic
effect in oxidative markers which was just partially prevented
by MK-801 [79].

Recently, Tronel and coworkers [112] showed that the HO-
1 inducer hemin had a deleterious effect in QUIN in vivo
model and enhanced tissue loss and microglia activation and
showed that this effect is probably linked to a hyperproduc-
tion of ROS and iron accumulation.

Different ROS scavengers, molecules with antioxidant
properties, inducers of activity of antioxidant enzymes, and
others drugs have been tested successfully against QUIN
toxicity (Table1), indicating the importance of oxidative
damage in the neurodegeneration induced by QUIN.

Based on this evidence and considering that oxidative
stress results from an unbalance between the antioxidant
defense and the reactive species formed, this phenomenon
should be considered as one of the many mechanism by
which QUIN exerts its toxic effect since free radicals also
can activate more signaling cascades that can contribute and
maximize its neurotoxic effect.

6. Inflammation and QUIN

Inflammatory events are also implicated in the QUIN toxicity.
It is known that microglia is responsible for inflammatory
responses in the CNS and takes the major role in altered levels
of QUIN, since it has been shown that IFN-y and bacterial
lipopolysaccharide (LPS) induce IDO and increase QUIN
production [15, 113, 114]. This effect could be potentiated by
astrocytes since QUIN induces astrogliosis and in conse-
quence the expression and release of cytokines enhancing the
inflammatory response that could compromise cell viability
[39, 115, 116]. In this regard, in the brain, large amounts of
QUIN are produced and secreted by activated microglia [93].
During CNS inflammation, QUIN levels increase in brain
homogenate (246-fold) and extracellular fluid (66-fold),
mostly due the increase in local QUIN’s synthesis rate [117].
On the other hand, it has been reported the influence
of QUIN on inflammatory response. The intrastriatal QUIN

administration induces a marked expression of tumor necro-
sis alpha (TNF-«) [118] and interleukin-6 (IL-6) [119] that
can be attenuated by inhibiting the cyclooxygenase 2 (COX-
2) [120]. QUIN and TNF-« cause oligodendrocyte death by
apoptotic process [121, 122]. Although TNF-« is not neu-
rotoxic itself, this proinflammatory cytokine can contribute
to neuronal damage through a variety of effects, such as
stimulation of free radical formation, induction of cellular
adhesion molecule expression, or potentiation of glutamate-
mediate neurotoxicity [123, 124]. Besides, QUIN was able to
increase MCP-1 production [116] in human fetal astrocytes,
and this effect is likely to be biologically significant. In fact,
within the brain, MCP-1is probably one of the most powerful
chemoattractants for monocytes and is mainly produced by
astrocytes [125]. During pathological events, macrophages
in blood stream also contribute to QUIN formation after
an inflammatory response, and this may break blood brain
barrier and release QUIN into the brain [126]. In this
context, it has been reported that macrophages have the
ability to produce approximately 20- to 30-fold more QUIN
than microglia [14]. This fact suggests the prevalence of
positive feedback in which inflammatory (local or systemic)
responses given by microglia or macrophages, respectively,
increase QUIN synthesis, and this effect could induce expres-
sion of cytokines where both factors may converge resulting
in cell death. In this line, Erhardt and coworkers [99] found
significantly increased levels of QUIN in the CSF of suicide
attempters, and there was a significant correlation between
CSF levels of QUIN and the proinflammatory cytokine IL-6.

7. Behavioral, Morphological Alterations and
Death Induced by QUIN

Several reports have been shown that the intrastriatal admin-
istration of QUIN in rats produced significant behavioral
changes. Intrastriatal rat injection of QUIN resulted in an ini-
tial period of involuntary movements and intrahippocampal
injection triggering convulsions [34]. Sanberg and coworkers
(1989) showed that after 4 weeks after lesion with QUIN
(150 and 225nmol), the rats display significantly increased
levels in locomotion, and there was a persistent hyper-
activity throughout the nocturnal period [127]. However
the bilateral intrastriatal injections with QUIN (120 nmoles
per side) produce significant motor/kinetic deficits. The
motor alterations were seen at both early (24 h after lesion)
and late (7 days after lesion) and comprised total distance
walked/traveled—which is probably the most accurate index
of motility among all tested here—and vertical activity—
likely indicating exploratory behavior [128].

On the other hand, the few studies in which it has been
investigated the cognitive deficits of rats with QUIN lesions
have indicated that this metabolite causes deficits in spatial
reference memory. QUIN disrupted the performance of rats
on the radial arm water maze, balance-beam, and open-field
tasks [129]. In rodents, QUIN unilateral lesion with asymmet-
rical rotation behavior occurs stimulated by apomorphine, a
widely known dopamine agonist [130]. The rotation behavior
results from an imbalance of dopaminergic signaling between
the injured and the intact hemisphere.
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TaBLE 1: Effect of various molecules on the toxicity induced by QUIN.

Compound Mechanism of action Reference

(i) Attenuates the convulsant effect of quinolinate
. (ii) Partially protects against the increase of circling behavior

Melatonin (iii) Protects against the increase in ROS and protein carbonyl levels as well as the inhibition of [56-58]
superoxide dismutase activity
(i) Acts as a potent-free radical scavenger

Denepryl (ii) Increases the activity of endogenous antioxidant enzymes [59]

a-phenyl-t-butyl nitrone (i) Presents cytoprotective effects [60]

Polyamines such as

spermine and (i) Inhibit QUIN-induced TBARS production and have antioxidant properties [61]

spermidine

Deferoxamine (iron . . s

chelator) (i) Reduces lipid peroxidation [62]

Reduced glutathione (i) Decreases lipid peroxidation and ROS formation in brain synaptosomes [63]
(i) Attenuates the QUIN-induced early reactive oxygen species formation and lipid peroxidation
(ii) Prevents loss of mitochondrial reductive capacity and morphological alterations in the striatum
(iii) Induces stimulation of striatal GPx activity

Selenium (iv) Prevents IxB-o degradation [64-66]
(v) Reduces the nuclear translocation of NF-«B and inhibits the activity of caspase-3, resulting in
internucleosomal DNA preservation
(vi) Induces an early stimulation of TrxR activit

y Y

Selenocompounds such (i) Inhibit TBARS production [67]

as ebselen

Ksheerabala (i) Decreases de lipid peroxidation and protein peroxidation (68]
(ii) Increases the activity of antioxidant enzymes

Licofelone, Montelukast, (i) Significantly improve body weight, locomotor activity, oxidative defense, activity of

- . ) [69-71]

and Pioglitazone mitochondrial enzyme complex, rotarod performance, and balance beam walk

(i) Improves body weight, behavioral alterations (locomotor activity and rotarod performance) and
% y weig y p
N attenuates oxidative damage and mitochondrial enzymes complexes dysfunction

Dizocilpine (MK-801) (ii) Improves learning task in rats receiving chronic i.c.v, infusion of QUIN (72-74]
(iii) Decreases release of lactate dehydrogenase (LDH) in NSC-34 cells after 48 h of QUIN

N1mesul{d © rf)feCOle’ (i) Restore mitochondrial enzyme complex activities in striatum [75,76]

and caffeic acid

Memantine (i) Significantly attenuates QUIN-mediated PARP activation, NAD" depletion, and LDH release in (74, 77]
both neurons and astrocytes as well as decreases LDH release in NSC-34 cells induced by QUIN ’

2-amino-5- . (i) Decreases QUIN-induced LDH release in NSC-34 cell

phosphonopentanoic (ii) Abolishes the release of aspartate and glutamate (74, 78]

acid (APV) P &

o (i) Reduce lipid peroxidation

i:i:ﬁﬁigﬁ: and acetyl (ii) Prevent mitochondrial dysfunction in brain synaptosomes [79-81]
(iii) Attenuate the behavioral alterations and striatal degeneration
(i) Reduce the generation of superoxide anions

Tolmetin and sulindac  (ii) Reduce the lipid peroxidation after an intrahippocampal injection of QUIN (82, 83]
(iii) Reduce the spatial memory deficit

Acyclovir (1) Inhibits the hpld- perO).(ldatmn after in vitro and in vivo exposure to QUIN (84]
(ii) Reduces necrosis of hippocampal neurons

Nitroarginine and . . YT

L-arginine (i) Prevent lipid peroxidation induced by QUIN [85]
(i) Decrease 3-nitrotyrosine levels

Tron metalloporphyrins (ii) Prevent lipid peroxidation and mitochondrial dysfunction

such as Fe(TPEPP) and (iii) Reduce the DNA fragmentation and decreases caspase-3-like activation [86-88]
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TaBLE 1: Continued.

Compound Mechanism of action Reference
(i) Inhibits lipid peroxidation

Safranal (ii) Inhibits oxidative DNA damage [89]
(iii) Improves hippocampal antioxidant and thiol redox status

Polvphenols (i) Inhibit QUIN-induced nNOS activity and subsequent nitrite production

(e iypallocatechin allate (ii) Reduce 3-nitrotyrosine production (90]

cup;cgu min) & > (iii) Prevent DNA damage and PARP-1 activation

(iv) Attenuate QUIN-induced Ca®" influx

Thiobarbituric acid reactive species: TBARS; reactive oxygen species: ROS; thioredoxin reductase: TrxR; glutathione peroxidase: GPx; nuclear factor-kappaB:
NF-«B; quinolinic acid: QUIN; deoxyribonucleic acid: DNA; y-Aminobutyric acid: GABA; interleukin 6: IL-6; inducible nitric oxide synthase: iNOS.

TABLE 2: Alterations in QUIN levels presented in different neurodegenerative diseases and experimental models. Key references are shown
in the quarter column.

Disease/model QUIN levels Associated alterations Reference
(i) IDO overexpression
. . (ii) | KYNA
Alzheimer T 1Tnirclleslzlr::ir11;edl 5 zﬁleesnt (iii) QUIN colocalizes with tau in cortical [25, 26, 91, 92]
plaq sections
(iv) T QUIN/3-HK quotient in plasma
AB1-42 1 (i) IDO over-expression in microglia and 93]
macrophages
Huntington T (i) T 3-HK [94]
] . Q92 Qi
Huntingtin transgenic mice Tin YACI28 e, Hd.h /Hdh (1) T 3-HK [95]
knock-in mice
(i) Cytokines release
Human immunodeficiency virus . . (ii) T IDO
96-98
(HIV) Tin CSF and serum of patients (iii) QUIN levels enhanced independent [ ]
blood brain barrier breakdown
Suicide attempters T in CSF of suicide attempters (i) An increased QUIN/KYNA quotient [99]
Depression . . . i normal NMDA receptor function
P | during aebte depressive epiodes () Abnormal NMDA receptor f oo}
Autism 7 in CFS of patients () T biopterin (101]

(ii) | neopterin

Amyotrophic lateral sclerosis

T in CSF and serum of patients

(i) T TRP and L-KYN, human leukocyte
antigen-DR [102]
(ii) IDO over-expression

Experimental allergic
encephalomyelitis, a model of multiple
sclerosis

T in the spinal cords of rats

(i) T in KMO activity and 3-HK levels (103, 104]

IDO: indolamine 2,3-dioxigenase, KYNA: kynurenic acid, QUIN: quinolinic acid, L-KYN: L-kynurenine, 3-HK: 3-hydroxykynurenine, TRP: tryptophan, and

CSF: cerebrospinal fluid.

Administration of QUIN directly into the rat striatum
produced “axon-sparing” lesions, with marked swelling of
dendrites and loss of cell structure in postsynaptic sites,
but generally good preservation of axons and presynaptic
terminals [30, 131]. Infusion of 120 nmol QUIN into several
regions of the rat’s brain revealed differences in vulnera-
bility to its neurotoxic effects. The striatum, the pallidal
formation, and the hippocampus were the most susceptive
brain areas whereas cerebellum, substantia nigra, amygdala,
medial septum, and hypothalamus were more resistant [32].
Within these brain areas, some neuronal cell types are
more sensitive than others, with cholinergic neuronal death
in the striatum observed following QUIN and preferential
susceptibility of pyramidal cells in the hippocampus [32].

Striatal spiny neurons containing the neurotransmitter y-
aminobutyric acid (GABA) and substance P are also sensitive
to QUIN toxicity, with the subclass of striatal spiny neurons
containing somatostatin and neuropeptide Y being pre-
served [35]. Moreover, intrastriatal injections of QUIN cause
significant striatal atrophy, ventricular dilation, metabolic
depression, and loss of neurons in the striatum. Histological
evaluation of cytochrome-oxidase-stained tissue indicated
that intrastriatal injections of QUIN caused widespread
metabolic depression and QUIN (200 nmoles) results in
relatively extensive loss of NADPH-diaphorase-containing
neurons [129]. QUIN induces not only cell death, but also
damage to axons and dendrites [43, 132]; in this regard,
recent studies demonstrated that QUIN toxicity could lead
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FIGURE 2: Multiple mechanisms leading to QUIN cytotoxicity. One of the principal toxicity mechanism of QUIN is through the over
stimulation of the NMDA receptor which is powered by the lack of uptake of QUIN from the extracellular space. Additionally, QUIN
enhances the release of synaptosomal glutamate as a consequence of the inhibition of glutamate uptake into the astrocytes that will lead to
overstimulation of receptors. Furthermore, QUIN can decrease the activity of antioxidant enzymes promoting ROS production and generating
lipid peroxidation. Also, QUIN may inhibit the activity of mitochondrial complexes leading to energetic deficit, activating caspases and
releasing cytochrome c. All these factors induce cytoskeleton destabilization, DNA damage, and cell death.

to destabilization of the cytoskeleton by phosphorylating
structural proteins [25, 44]. The cytoskeleton plays a key
role in maintaining the neuronal cell shape and is essential
for its normal functions, such as neurite outgrowth, synapse
formation, and internal transport of various molecules.

QUIN resulted in neurons that displayed a nonapoptotic
pattern of chromatin condensation and early disruption of
cytoplasmic organelles. QUIN-injured neurons underwent
changes in mitochondria and endoplasmic reticulum [133].
It was also demonstrated that QPRT-depleted cells had an
increased intracellular active-caspase-3 activity and were
highly sensitive to spontaneous cell death [134].

QUIN has been demonstrated to induce neuronal and
astrocytic apoptosis involving the activation of caspase 3
[135-137]. Another study demonstrated that intrastriatal

injection of QUIN in rat brain leads to the hyperphos-
phorylation of cytoskeletal intermediate filament proteins
in astrocytes and neurons [44]. It has been shown that
intrastriatal injection of different doses of QUIN causes
apoptotic cell death [138-140], and in striatal cells, this kind
of death is mediated by an increase in Bax and a decrease
in Bcl-2 protein levels, leading to reduced levels of Bax:Bcl-
2 heterodimers [141]. In fact, Bcl-2 and Bcl-xL protein levels
were downregulated at later times after QUIN injection
suggesting that apoptotic cell death may, in part, be related to
reduced levels of antiapoptotic proteins [141]. Besides striatal
NMDA receptor stimulation by QUIN promotes the selective
degradation of IxB-«, this degradation appears to be medi-
ated by caspase-3-like protease and promotes an apoptotic
response that involves the NF-«B activation [142]. Recently,
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it was shown that during the process of neuronal cell death
induced by QUIN, upregulation of p53 and proapoptotic p53
target genes PUMA (p53-upregulated modulator of apopto-
sis) and Bax and downregulation of antiapoptotic protein Bcl-
2 were observed. Moreover, QUIN induced the expression
of damage-regulated autophagy modulator (DRAM), beclin
1, and LC3-II, proteins that are involved in autophagy [143].
All this evidence suggests that NF-xB-dependent p53 induc-
tion contributes to QUIN-induced death of striatal neurons
through both apoptotic and autophagic mechanisms.

8. QUIN and Neurodegenerative Disease

It is known that kynurenine pathway is found in glial cells of
the CNS and in inflammatory cells of the circulation, and it
is regulated by redox components as well as by inflammatory
components. The fact that different neuropathologies present
excitotoxicity, oxidative stress, and inflammation as common
factors, suggests that KP metabolites may be altered. In this
context, different groups have been shown that in some brain
pathologies as well as in experimental models of neurode-
generation, an inappropriate activation of KP may lead to
increased QUIN levels. Alteration in QUIN levels has been
implicated in different pathologies such as Alzheimer’s, Hunt-
ington’s, and Parkinson’s diseases as well as in experimental
models of those diseases in which QUIN plays a special role
acting on the neurodegenerative cascade (Table 2).

9. Conclusion

According to the information that has been reviewed, the
mechanisms by which QUIN produces neurotoxicity include
overactivation of the NMDA receptor, energy deficit, oxida-
tive stress, and cell death. A sequence of these events is
described in Figure 2. Far from being excluding, all these fac-
tors are somehow closely related and also act synergistically
to induce neurodegeneration. Taking into account that QUIN
has been implicated in neurodegenerative diseases and some
of their toxic mechanisms are still unknown, the challenges
for the future research should be directed to clarify all the
possible routes that can promote or contribute to the damage
induced by this metabolite. This may help to explain the phys-
iopathological events occurring in several neurodegenerative
diseases in which the levels of QUIN are increased.
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Cadmium (Cd) is a heavy metal that has received considerable concern environmentally and occupationally. Cd has a long
biological half-life mainly due to its low rate of excretion from the body. Thus, prolonged exposure to Cd will cause toxic effect
due to its accumulation over time in a variety of tissues, including kidneys, liver, central nervous system (CNS), and peripheral
neuronal systems. Cd can be uptaken from the nasal mucosa or olfactory pathways into the peripheral and central neurons; for
the latter, Cd can increase the blood brain barrier (BBB) permeability. However, mechanisms underlying Cd neurotoxicity remain
not completely understood. Effect of Cd neurotransmitter, oxidative damage, interaction with other metals such as cobalt and zinc,
estrogen-like, effect and epigenetic modification may all be the underlying mechanisms. Here, we review the in vitro and in vivo
evidence of neurotoxic effects of Cd. The available finding indicates the neurotoxic effects of Cd that was associated with both
biochemical changes of the cell and functional changes of central nervous system, suggesting that neurotoxic effects may play a role

in the systemic toxic effects of the exposure to Cd, particularly the long-term exposure.

1. Introduction

Cadmium (Cd) is a toxic, nonessential transition metal and
classified as a human carcinogen by the National Toxicology
Program [1]. There are several sources of human exposure
to Cd, including employment in primary metal industries,
production of certain batteries, some electroplating processes
(about 29% of year production), and consumption of tobacco
products [2]. It is also of interest since the natural bio-
geochemical cycle of Cd has been overwhelmed. First, the
concept of provisional tolerable weekly intake (PTWI) was
established. The Joint FAO/WHO Expert Committee on Food
Additives defines the PTWT for a chemical with no intended
function as an estimate of the amount of the chemical that
can be ingested weekly over a lifetime without appreciable
health risk [3]. The first Cd PTWIwas 400-500 pg per person
per week. This level was based on a critical concentration
of 200 mg Cd/g kidney cortex, attainable after a dietary Cd
intake of 140-260 ug/d for over 50 years or 2000 mg over a
lifetime. For several decades, the PTWT has been expressed
more rationally in terms of the intake per kg body weight,

and the value was constantly changed (Table 1). In 2010, the
Consumer Product Safety Commission (CPSC) released a
staft report recommending new guidance on Cd, that is, an
acceptable daily intake level of 0.1 ugkg™" body weight per
day for chronic exposure [4]. In most studies, the half-life
of Cd in humans is estimated at a range of 15 to 20 years
[5]. Epidemiological and experimental studies have linked
the occupational Cd exposure with lung cancer and other
cancers such as the prostate, renal, liver, hematopoietic sys-
tem, urinary bladder, pancreatic, testis, and stomach cancers
[6-8]. Exposure to Cd also severely affects the function
of the nervous system [9, 10], with symptoms including
headache and vertigo, olfactory dysfunction, parkinsonian-
like symptoms, slowing of vasomotor functioning, peripheral
neuropathy, decreased equilibrium, decreased ability to con-
centrate, and learning disabilities [11-13]. The neurotoxicity of
Cd in children was investigated in several studies in the 1970s
and 1980s but has received little attention since then. In case-
control studies in which the hair concentration of Cd in a
clinically defined group was compared with that of a reference
group, higher concentrations of hair Cd were reported in
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TABLE 1: Summary of the “safe” level for human contacted of Cd.

Organization/Authors Year Approach Dose Reference
FAO/WHO 1988 Intake 400-500 pug/week (3]
WHO 1992 Intake 7 ugkg ' b.w./week or 1 ug-kg ™' b.w./day (38]
FAO/WHO 1993 Intake 7 ugkg ' b.w./week [39]
Satarug et al. 2000 Intake 30 pug/day [40]
Nasreddine and Parent-Massin 2002 Intake 10-30 pg/day [41]
WHO 2004 Drinking-water 3ug/L [42]
FAO/WHO 2006 Food 0.4 mg/kg of the BMDL of R-Cd standard [43]
ACGIH. 2007 Blood 5ug/L [44]
EFSA 2009 Intake 2.5 ug'kg " b.w./week [45]
FAO/WHO 2010 Intake 5.8 ugkg™ b.w./week [46]
CPSC 2010 Intake 0.1 pgkg " b.w./day (4]

ACGIH: American conference of governmental industrial hygienists; CPSC: Consumer Product Safety Commission; FAO: Food and Agriculture Organization;

WHO: World Health Organization; b.w.: body weight.

children with mental retardation [14] and learning difficulties
or dyslexia [11, 15]. In cohort studies, Thatcher et al. reported
that the concentration of Cd in hair was inversely related to
adjust Intelligence Quotient (IQ) [16, 17]. Other investigators
(18] also reported associations between hair Cd concen-
trations and children’s performance on visual-motor tasks.
These studies clearly indicate the association of increased
total Cd concentration with mental retardation and reduced
visual motor abilities. Effect of Cd neurotransmitter, oxidative
damage, interaction with other metals such as cobalt and
zing, estrogen-like effect, and epigenetic modification may
be the underlying mechanisms (Figure 1). However, the exact
mechanism(s) through which Cd elicits its neurotoxic effects
is still unresolved. In this review, therefore, we focus on recent
evidence from experimental and epidemiological studies,
showing that Cd exposure can induce its neurotoxin effects.

2. The Absorption of Cd in the Nervous
System and Distribution

The Cd exposure rate (based on meconium analysis) in
infants was 8.5%, and the median concentration of the pol-
lutants in the positive samples was 13.37 mg/mL. In most of
these studies, the concentration of Cd in hair was measured.
The CNS is especially vulnerable to damage during early
neonatal development; Cd is able to readily pass to the fetus
via the placenta and was detected in milk during lactation
[19]. Cd can be uptaken from the nasal mucosa or olfactory
pathways into the CNS; thus, the CNS is subjected to Cd
toxicity [20-22]. Under normal conditions, Cd barely reaches
the brain in adults due to the presence of the blood brain
barrier (BBB); however, this structure is not fully developed
in young animals [23]. The anatomical and physiological
bases on which the choroids plexus becomes the target of
xenobiotics have been examined. Cd tends to accumulate
in the choroids plexus at concentrations much greater than
those found in the cerebrospinal fluid (CSF) and elsewhere
in brain tissues. A postmortem human study revealed that
the Cd concentration in the choroids plexus was about 2-3

times higher than that found in the brain cortex [24]. As
a general choroids plexus toxicant, Cd can directly damage
the choroids plexus ultrastructure. Due to differences in the
BBB integrity [25], Cd is thus more toxic to newborn and
young rats than to adult rats. Cd can increase permeability
of the BBB in rats [26] to penetrate and accumulate in the
brain of developing and adult rats [27, 28], leading to brain
intracellular accumulation, cellular dysfunction, and cerebral
edema.

As a barrier, the choroidal epithelia are often the first and
the most frequent ones to encounter metal insults from blood.
Two mechanisms may aid resistance of choroids plexus to
blood-borne toxicities. First, the choroids plexus contains
abundant metal binding ligands that effectively sequester
metal ions. Moreover, the concentration of cystine in the
choroids plexus is 4-fold higher than that in the brain cortex
[29]. Second, the choroids plexus owns an active defense sys-
tem. The activities of superoxide dismutase and catalase are
significantly higher in the choroids plexus than in cerebrum
and cerebellum. Taken together, the choroids plexus likely
forms the first line of defense against neurotoxicants. It must
be kept in mind, however, that none of the cellular defense
mechanisms would operate in an unlimited capacity. The
pathophysiological changes can occur either as the threshold
above which the protective capacity of the choroids plexus
is exceeded or saturated, or as a direct result of barrier
dysfunction. Thus, the need arises for a more comprehensive
understanding of the detoxification mechanisms, such as
antioxidant systems, induction of protective macromolecules
(heat shock proteins, etc.), formation of specific metal
inclusion bodies or binding proteins, and biotransformation
reactions (methylation, conjugation, etc.) that operate in the
choroids plexus.

Cd is transported along the primary olfactory neurons to
their terminations in the olfactory bulbs, thereby bypassing
the intact BBB. The olfactory route could therefore be a
likely way to reach the brain and should be taken into
account for occupational risk assessments for this metal
[30-32]. Occupational inhalation of Cd can be toxic to the
olfactory sense [30]. Primary olfactory neurons are regularly



Oxidative Medicine and Cellular Longevity

?Hypothalamus

S el

/ Pituitary

:@ /7[

| ' LH|FSH

! /

g ©

\ Ovary/testis
\

| el

4 Testosterone

Epigenetic effect

Neuron gene
expression

ARK/mTOR . ROS
JAK pathway

\{I Neurogenesis H Apoptosis |

FIGURE 1: Mechanistic illustration of the neuronal toxicity of Cd. (1) Cd-induced neuron cell apoptosis and ROS (reactive oxygen species)
are mediated through Ca’*-mitochondria signaling and Ca**-membrane channels. (2) Cd impaired neurogenesis. (3) Cd accumulation in
the brain leads to the altered gene expression and epigenetic effect. (4) Cd has estrogen-like effect, which can induce endocrine disruption
by affecting the hypothalamic-pituitary-gonadal (HPG) axis in different aspects. Meanwhile, these potential mechanisms have possible
interactions. The solid black arrows represent the stimulation, the solid black line segments indicate the inhibition, and the dotted lines

represent the negative feedback control of the HPG axis.

replaced throughout the life span. Functional recovery and
regeneration of olfactory neurons has been demonstrated
in laboratory animals but not confirmed in humans [33].
Intranasal exposure to Cd has been related to olfactory
dysfunction in humans and to nasal epithelial damage and
altered odorant-guided behavior in rodent models. The
pathophysiology underlying these deficits has been partly
elucidated. Optical imaging revealed significant reductions
in odorant-evoked release from the olfactory nerve at a Cd
chloride dose two orders of magnitude less than that required
to induce morphological changes in the nerve in the same
animals, demonstrating that it is a more sensitive technique
for assessing the consequences of intranasal neurotoxicant
exposure. This approach is potentially useful in exploring the
effects of any putative neurotoxicant that can be delivered
intranasal [32].

3. The Influence of Cd to Central Nervous
System (CNS)

3.1. The Morphology Change of CNS in Response to Cd.
Cd-treated embryos developed a smaller head with unclear
boundaries between the brain subdivisions, particularly in
the mid-hindbrain region. Embryos display normal anterior
to posterior regionalization; however, the commitment of
neural progenitor cells was affected by Cd [34]. Cd has
been shown to produce free radicals in the brain, which
may potentially damage both neurons and oligodendrocytes
(OLG). OLGs are the glial cells which myelinate axons in
the CNS. An early study reported that Cd toxicity affected
CNS white matter [35], and one laboratory demonstrated that
OLGs are direct targets of this structure [36]. Experimental
studies have shown that Cd can be a potent neurotoxicant
for the peripheral nervous system. Moreover, Cd has a half-
life of more than 15 years in humans. Elderly workers may be
more susceptible to an increased Cd body burden and may
develop a peripheral polyneuropathy (PNP) over time [37].
The primary olfactory neuron is the only sensory cell directly

in contact with the environment and therefore potentially
exposed to airborne toxicants; so olfactory damage may
represent the early action of a toxicant on the nervous system;
the primary olfactory neuron may represent the early target
for airborne Cd toxic action.

In cortical neurons cell culture from fetal rats at 19 days
of gestation, Cd modified the neuronal morphology after a
6h treatment in a serum-free medium with 10 uM of Cd,
whereas at 24 h it showed a great loss of neuronal integrity
mainly evidenced by the almost complete disappearance of
the axons. Lower concentrations of Cd than 1uM could
induce cell apoptosis and higher concentrations of Cd than
1uM could induce necrotic cell death [9]. Cd affected the
cell morphology; the morphological changes were mainly
located in the neural extensions (axons and dendrites), which
almost disappeared after 24h of treatment with 1uM of
Cd in a serum-free medium [9, 47]. Such morphological
changes induced by Cd have also been described in other
cells [48]. Cd inhibited neurite outgrowth at concentrations
that decreased viability in Neuroscreen-1 cells (NS-1) models,
a subclone of PCI2 cells, using high content screening. The
previous studies have shown that cultured oligodendrocytes
are directly damaged by Cd exposure, and continuous expo-
sure (18-48h) of OLPs to low micromolar concentrations
(0.001-25 uM) of Cd significantly decreased mitochondrial
metabolic activity, increased LDH leakage starting at 5 mM,
and maximally activated caspase-3. These results suggest that
Cd induces OLP cell death mainly by apoptosis, and at higher
concentrations or with prolonged exposure to the heavy
metal there is an increase in cytoplasmic membrane damage,
an index of necrosis. More importantly, transient exposure
to Cd is sufficient to damage OLPs and could in principle
impair myelination in the neonate. Although the effects of Cd
on neuronal cells in culture have been described in several
papers, its effects on human central nervous system neurons
in vivo have not yet been demonstrated. However, the recently
described Cd-induced apoptosis of the motor neurons of the
ventral horns in cultured explants from human fetal spinal



cords (10-11 weeks gestational age) [49] suggests that the
effects observed in vitro could actually occur also in vivo.

Increasing evidence has demonstrated that Cd is a pos-
sible etiological factor of neurodegenerative diseases, such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD) [50,
51]. Cerebral cortical neurons have been identified as targets
of Cd-mediated toxicity and Cd-induced cell apoptosis [52,
53]. Apoptotic morphological changes induced by Cd in
cerebral cortical neurons were assessed in some studies [53,
54].

In vivo study, the age and species of experimental animals
could be effected the CNS results of damage. Perinatal
exposure to Cd (50 ppm in drinking water) reduced the
brain weights of pups and inhibited the activities of enzymes
in nervous system, for example acetylcholine esterase, K*-
ATPase, CNP (cyclic nucleotide phosphodiesterase), and 50-
nucleotidase [55]. The Cd concentration in the choroids
plexus was about 2-3 times higher than that found in the brain
cortex. Cd-produced deterioration of the plexus structure can
be characterized by the loss of microvilli, a rupture of the
apical surface, and an increased number of blebs. Cellular
debris present in the ventricular lumen may result from the
breaking of the apical membrane. The epithelial cells display
an abnormally high number of cytoplasmic vacuoles and
lysosomes with condensed or irregular nuclei. As a general
choroids plexus toxicant, Cd directly destroys the plexus
ultrastructure. In both chronic (22 weeks) and acute (1-24
days) exposure models, the levels of Cd in the choroids plexus
were high, while Cd in the CSF fell below the detection limit
[29].

3.2. The Biochemical Changes of CNS in Response to Cd.
The cholinergic system, with acetylcholine (ACh) as the
neurotransmitter, is involved in cognitive processes, through
the activation of metabotropic muscarinic and ionotropic
nicotinic cholinergic receptors. The reaction responsible
for the maintenance of levels of ACh is catalyzed by two
cholinesterases (ChE): acetylcholinesterase (AChE) and
butyrylcholinesterase (BuChE). AChE is an important bio-
marker for several environmental contaminants in zebrafish
[56, 57]. In addition, it is also known that this enzyme plays
an important role in diseases with an increasing incidence in
the elderly population, such as Alzheimer disease. Zebrafish
(Danio rerio) is an emergent vertebrate model for studying
several biological events, such as neurochemical alterations
promoted by heavy metal toxicity. This teleost possesses only
the gene for AChE, which is responsible for the whole ACh
degradation, being the BuChE absent. The AChE gene has
already been identified, cloned, and functionally detected
in the zebrafish brain. The recently reported on the effects
of long-term dietary-induced exposure to Cd on the AChE
activity of adult rodents’ brain regions. The authors studied
the changes in the activities of AChE and Na®, K"-ATPase
in the cerebral cortex, hippocampus, hypothalamus, cerebel-
lum, and striatum of adult Wistar rats, following a 5-month
(long-term) exposure to an experimental diet supplemented
with low levels of Cd salt or with Cd-contaminated potato
tubers. The authors also assessed the behavioral (cognitive-
, motor-, and anxiety-related) outcomes following the
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above-mentioned treatment [58]. But the other research term
queried that their study can be “regarded as a significant
contribution to the field, as there is paucity of information on
the AChE activity in brain regions following exposure to Cd”
and “the experimental protocol used in the aforementioned
study [58] is exceptionally well designed in order to simulate
long-term dietary-induced exposure to Cd” [59].

Cd can affect the degree and balance of excitation inhibi-
tion in synaptic neurotransmission as well as the antioxidant
levels in animal brain [28]. Cd increases the serotonin sensi-
bility in the CNS [60]. Cd inhibits the release of acetylcholine,
probably by interfering with calcium metabolism [61]. A
remarkable reduction in the concentration of brain galac-
tosylceramide (30%-43%) and 3'-sulphogalactosylceramide
(24%-37%) at 21, 30, and 45 days of age was observed
following pre- and postnatal exposure of Cd in comparison
to the respective controls. The ontogenic profile of different
brain phospholipids in the Cd-exposed group showed an
increase in the levels of phosphatidylethanolamine at 21
(31%), 30 (25%) and 45 (19%) days of age; the phosphatidyl-
choline contents increased at day 21 (14%), followed by a
significant decrease at 30 (14%) and 45 (19%) days com-
pared to age-matched controls. Brain phosphatidylinositol,
phosphatidylserine, and sphingomyelin did not show any
alteration at early periods of exposure but decreased signif-
icantly following continued exposure by 34%, 45%, and 21%,
respectively, at 45 days of age [62].

Numerous studies have shown that cadmium caused
a decrease in depolarization-evoked exocytotic release of
glutamate (as well as other neurotransmitters) from nerve
terminals [73]. Cd*" can stimulate [3H]—glutamate binding in
human platelets. Cd** can increase lipid peroxidation levels
and reactive oxygen species (ROS) measurement in platelets.
Glutamatergic system may be used as a potential biomarker
for neurotoxic action of Cd in humans [74].

3.3. The Central Activity Changes in Response to Cd. Cd
may alter the stimulus properties of morphine in adult
male rat model [75]. As shown in Table 2, perinatal Cd
exposure has been shown to alter behaviors and reduce
learning ability. In addition, high levels of Cd and lead
in childrens hair were associated with learning disabilities.
Motor and perceptual abilities of children exposed to Cd
in uteri were significantly affected [76]. Behavioral defects,
neurochemical changes, and brain lesions were reported in
experimental animals, while in humans acute Cd poisoning
produced Parkinsonism symptoms [50]. Blood Cd in motor
neuron disease (MND, with limited disability) was higher
than controls [77, 78]. Plasma Cd levels in the sporadic
motor neuron disease (SMND) group were significantly
increased compared to controls [78]. A recent study using
a fully automated, observer-independent procedure to study
morphological alterations of the central nervous system
demonstrated that myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS) patients had an average decrease of the
volume of the gray matter of about 8% compared to matched
healthy controls [79]. The gray matter volume reduction was
significantly associated with objective reduction of physical
activity in ME/CFS patients. Deficits in learning and altered
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TABLE 2: Literature review of Cd neurotoxicity in humans and rats.

Exposure to

Expose

Year Study design Age group  E/C(n) cd pathways Effects Reference
1961 Cross-sectional Male worker 106E/84C — Occupational Anosmia [63]
exposure
1977 Cross- sectional ~ Children  31E/22C CdH Dailylife  eurological disorders, suchas [11]
learning disabilities and hyperactivity
1981 Cross-sectional ~ Children ~ 73E/44C CdH Dailylife  Dyslexic, learning disorder [15]
1981 Cross-sectional Workers 49E Cdu Occupational Polyneuropathy [64]
exposure
1982 Cross-sectional ~ Children 149 CdH Daily life ~ Effect on verbal 1.Q. [16]
1985 Case-control ~ Young men 40 CdH Daily life ~ Behavioural difficulty [65]
Nonadaptive classroom behavior,
1985 Cross-sectional ~ Children 69 CdH Daily life  affected behavioral development [18]
visuomotor skills |
1989 Cross-sectional Male workers 31E CdUu Occupational | Attention, memory, and [66]
exposure  psychomotor speed
1 [V . 0, 1 0,
1992 Cross-sectional Worker 38E cdu Occupational 90% Headache; 42@ dizzy spells 21% [67]
exposure  weakness; 16% brain atrophy
1992 Cross-sectional Worker 55E/16C Cdu Occupational Hyposmia [68]
exposure
Multiple organ Occupational
1997 Case report Old man 1 feﬁlure & exposure,  Parkinsonism [50]
acute
1999  Cross-sectional Worker 13E/19C CdU Occupational Polyneuropathy [37]
exposure
Occupational | Motor speed, attention, memory |
2000 Cross-sectional Adult worker 42E/47C Ccdu ox posure equilibrium, PNP, and concentration [69]
P complaints
Adult Inhale the .
2006 Case report workers 1 Cdu fumes Peripheral neuropathy [70]
2009  Cross-sectional ~ Children 549 CdH Daily life Wlthérawal, social p robléms and [71]
attention problems associated
2012 Wistar rats Male 20E/20C Il.utra'trac.heal Experiment Dose- and time-dependent shift from (72]
instillation exposure  slower to faster waves

E: exposed subjects, C: control subjects; CdU: urinary cadmium concentration; CdH: concentration of cadmium in hair; I.Q.: Intelligence Quotient.

behaviors and activities were also observed in offspring
exposed to Cd during gestational and/or lactational period.
Cd induced neuronal death in cortical neurons through a
combined mechanism of apoptosis and necrosis involving
reactive oxygen species generation and lipid peroxidation
[80]. With regard to the assessment of behavioral disorders,
the cross-sectional study by Bao et al., from China, revealed
a higher frequency of withdrawal, social problems, and
attention problems associated with higher levels of cadmium
in hair of children aged 7-16 years [71]. But another study
did not find any significant association between cadmium
exposure and ADHD [81].

In animal study, the role of the nanosized Cd in the cau-
sation of nervous system damages and shows the possibility
of modeling human neurotoxic damage in rats [72].

4. The Mechanism by Which Cd Affects CNS

4.1. Cd and Oxidative Damage. Cd-induced injury in the
cerebral microvessels is thought to be associated with

oxidative stress. Following in vivo Cd exposure, there was
an early increase followed by a later decrease in microves-
sel enzymes involved in cellular redox reactions, such as
superoxide dismutase, glutathione peroxidase, and catalase.
Thus, a depletion of microvessel antioxidant defense systems
and a resultant increase in lipid peroxidation (LPO) may
provoke microvessel damage [82]. Upon exposure, Cd has
been shown to induce heavy metal-binding proteins such
as metallothionein (MT) in various organs. MT is a low-
molecular-weight protein, 6,500 Da with high cysteine con-
tent and high metal affinity, which plays a major role in the
kinetics and metabolism of Cd. Four isoforms have been
identified, namely, MT-I to MT-IV. Metallothionein-3 (MT-
I1T) is specifically expressed in the brain; however, it is down-
regulated, and thus deficient in Alzheimer’s disease [83]. The
choroids plexus also expresses MT proteins. Nishimura et al.
observed a strong MT immunostaining in ependymal cells
and choroids plexus epithelium in younger rats (1-3 weeks
old) poisoned with Cd. Thus, the sequestration of Cd by MT
may partly contribute to the high accumulation of Cd in the



choroids plexus [84]. Cd significantly increases the levels of
lipid peroxidation in parietal cortex, striatum, and cerebel-
lum as compared to a control group, and dexamethasone (Dx)
treatment prevented the increase in LPO levels associated to
Cd exposure, probably through the increase in MT content
[85]. So MT as a protective mechanism against Cd-induced
neurotoxicity is suggested.

In addition, mitochondria play a role in stress responses
and can produce ROS when damaged. Mitochondria are
indeed a major source of ROS. The enzyme COX can serve
as an indicator of mitochondrial function. This is because
COX dysfunction increases ROS, reduces energy stores, and
impairs energy metabolism [86]. Accumulating evidences
indicate that Cd-induced neuronal toxicity is due to induc-
tion of ROS, which leads to oxidative stress [54, 87]. Recently,
Cd induced ROS generation in a time- and concentration-
dependent manner in PCI2 and SH-SY5Y cells [54], which
causes apoptosis of neuronal cells via activation of MAPKs
(mitogen-activated protein kinases) and mTOR (mammalian
target of rapamycin) signaling pathways [54, 87, 88].

4.2. Interaction and/or Impact of Other Metals Including Cal-
cium, Zinc, and Cobalt on Cd Neurotoxicity. Cerebral cortical
neurons have been identified as targets of Cd-mediated toxic-
ity [52]. And Cd-induced cerebral cortical neurons apoptosis
occurs through Ca**-mitochondria signaling [52, 53]. Cd
disrupts intracellular free calcium ([Ca®"] i) homeostasis,
leading to apoptosis in a variety of cells including primary
murine neurons. Calcium is a ubiquitous intracellular ion
which acts as a signaling mediator in numerous cellular
processes including cell proliferation, differentiation, and
survival/death. Few studies have focused on the interaction
between Cd and Ca-binding molecules, such as calmodulin.

Cd may block the influx of Ca** through membrane
channels into the nerve terminal following the action poten-
tial; these decreases in calcium influx caused by Cd would
be associated with an altered transmitter release [89]. Of the
receptor agonists tested partially inhibited by Cd** [90]. Cd
ions are often used to block high-threshold Ca** currents
[91] but may also block low-threshold Ca** currents [92].
When 100 uM Cd was added to the external solution, a minor
fraction, 8.6% + 8.9%, of the low-threshold current at —40 mV
(holding potential —90 mV') was blocked [93]. Further studies
are needed to define which molecular effects are indeed
elicited by Cd-calmodulin and/or whether Cd** binds to
other regulators of the Ca®*-induced signaling pathways.

In a new study, Cd-induced apoptosis is associated with
calcium-induced massive production of ROS, dissipation
of mitochondrial membrane potential (A¥Ym), cleavage of
caspase-9, caspase-3, and PARP. And the results demonstrate
that Cd-induced apoptosis is mediated by calcium signaling
pathway, and calcium-mediated apoptosis occurs through the
mitochondria-caspase signaling pathway [53].

Although Cd is not accumulated in significant quantities
into the brain following exposure, it disturbs the metabolism
of Cu and Zn. Because zinc (Zn) and Cd are cations of
similar size and charge, and Cd has been shown to inhibit
Zn uptake in a variety of systems, Cd is using transport
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systems that normally function to regulate Zn levels in brain.
Metal analysis in the brain showed a reduction in zinc and
copper levels at 15 and 21 days of age in Cd-exposed animals.
It may be concluded that an early exposure of Cd may
produce alteration in the development of different lipids,
which may produce CNS dysfunctions with a possibility
of being manifested even in later life [62]. The most well
studied metallothioneins are isoforms of metallothioneins I
and II that are expressed in almost all mammalian tissues.
Metallothionein III is expressed in brain and is rich in zinc.
Since the blood-brain barrier keeps Cd outside the CNS,
reported neurotoxic effects of Cd during development are
likely to be secondary to an interference of Cd with Zn-
metabolism and not a direct effect of Cd on brain cells. It is
therefore of importance to investigate whether neurotoxicity
induced by Cd is related to mechanisms involving MT III in
brain [5].

Very few articles study neurotoxin effects about the effect
of cobalt (Co**). This study addition of inorganic Ca®*
channel blockers (Cd** or Co®") was used to demonstrate the
Ca®" dependence of Ca**-activated k* currents [94]. Cd**
and Co** were the nonspecific calcium channel antagonists in
the study [95, 96]. Co** did not modify significantly the ATP-
evoked current [97]. Application of high potassium media to
growth cones inhibited neurite outgrowth, an effect that was
blocked by 2mM cobalt or 100 uM Cd, suggesting that Ca**
influx via voltage-gated channels contributes to glutamate-
induced regulation of neuritis outgrowth [98].

4.3. Cd and Neurogenesis. There is evidence that relates
arsenic and manganese exposure with neurodevelopmen-
tal problems in children, but there is little information
on cadmium exposure. Cd-induced neurotoxicity might be
caused by impaired neurogenesis, resulting in markedly
reduced neuronal differentiation and axonogenesis, leading
to neuronal cell death [99]. The present study compares
the sensitivity of human (ReN CX) and mouse (mCNS)
neuroprogenitor cell lines to chemicals using a multiplex
assay for proliferation and apoptosis, endpoints that are
critical for neural development. Cells were exposed to 0.001-
100 uM concentrations of Cd to affect proliferation and/or
apoptosis. Cd decreased proliferation by at least 50% of
control in either the ReN CX or mCNS cells. Compared
to control, Cd decreased cell viability (ATP levels) by at
least 50% in the ReN CX cells, while Cd decreased viability
by at least 50% in the mCNS cells. Based on these results,
BrdU is an appropriate marker for assessing chemical effects
on proliferation, and human cells are more sensitive than
mouse cells for this endpoint [100]. In the mammalian brain,
the complex molecular pathways underlying neurogenesis
provide a variety of possible targets that might be impacted by
Cd exposure and identifying which pathways are disrupted is
difficult.

Gender-related differences in susceptibility to chemical
exposure to neurotoxicants have not received sufficient atten-
tion. There is abundant available information on the gender-
specific health effects of mercury and lead, and exposure to
lead seems to affect boys more than girls [101]. The internal
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cadmium dose is generally higher in women than in men,
due to a higher gastrointestinal absorption at low iron stores.
This was probably one major reason why Itai-itai disease
was mainly a woman’s disease. Yet, data are sparse regarding
the risk for women relative to men to develop cadmium-
induced kidney damage in populations exposed to low levels
of cadmium [102]. Information regarding gender differences
in susceptibility of cadmium is still too scarce to draw any
definite conclusion. More research is highly warranted about
this matter. Environmental epidemiological studies should be
designed to quantify differential gender-based exposures and
outcomes, and this may provide new insights into prevention
strategies [101].

4.4. Cd and Gene Expression. Cd accumulation prior to
and at birth, however, might cause irreversible or lasting
changes in the brain, which in turn leads to the altered gene
expression [103, 104]. The expression of several proneuronal
genes including ngnl in cell clusters, zashla in the devel-
oping optic tectum, and zashlb in the telencephalon and
tectum. Cd-treated embryos also have fewer differentiated
neurons and glia in the facial sensory ganglia as indicated
by decreased zn-12 expression. Also, a lower transcription
level of neurogenic genes, ngnl and neuroD, is observed
in neurons [34]. Cd-induced neurotoxicity can be caused
by impaired neurogenesis, resulting in markedly reduced
neuronal differentiation and axonogenesis.

By contrast, caspase 3 and p53 were altered by environ-
mental chemicals in mouse, but not in human cells. Therefore,
these markers are not appropriate to assess the ability of
environmental chemicals to induce apoptosis in the ReN
CX cells [100]. Among the brain-specific genes, neurogranin
(RC3) and myelin basic protein (MBP) are regulated by serum
thyroid hormones (THs) [105]. Since Cd exposure affects
THs, Cd exposure will alter expression of these genes in the
brain, and furthermore, those effects might be enhanced by
a hypothyroid state. In conclusion, Cd combined with MMI
decreased the RC mRNA expression in the brain of female
offspring. The reduced expression of RC3 mRNA may explain
the effect of Cd on brain function. Perinatal Cd exposure
disrupted the reproductive function of offspring indicated by
the reduced expression of ERs and PgR mRNA, which was
not considered to be estrogenic action.

Cd-induced apoptosis in the neuronal cells has a time-
and concentration-dependent manner. Cd induces apoptosis
of neuronal cells by activation of JNK, Erkl/2, and mTOR
signaling network. These findings support the notion that
inhibitors of these pathways may be exploited for prevention
of Cd-induced Parkinson’s disease, Alzheimer’s disease, and
other neurodegenerative disorders [88].

4.5. Estrogen-Like Effect (Hormones Regulating Shaft). Cd
can modify hormone levels by affecting the hypothalamic-
pituitary-testicular axis in different aspects, not only via
its effects on Leydig cells. Cd affected the circadian pat-
tern release of noradrenaline, a regulator of hypothalamus
hormone secretion, which resulted in changes in the daily
pattern of plasma testosterone and LH levels [106]. In addi-
tion, plasma levels of pituitary hormones (e.g., LH, FSH,

prolactin, ACTH) were also modified after Cd exposure [107].
Nevertheless, it remains to be investigated if Cd acts as an
endocrine modulator by interacting with ERs or ARs in the
testis and/or Leydig cells. The study of the hypothalamic-
pituitary-gonadal (HPG) axis in animals exposed to the metal
is of great interest since the levels of Cd in air, water, soil,
and foods have increased by several folds in many parts of
the world as a result of emissions from industrial activities.
Cd accumulation increased in the hypothalamus and testes
in all the Cd-treated animals, whereas the accumulation of
Cd in the pituitary was found only in postpubertal rats.
These data suggest that Cd exerts age-dependent effects on
the hypothalamic-pituitary-testicular (HPT) axis function,
and a disruption of the regulatory mechanisms of the HPG
axis emerges [108]. Previous studies have shown that the
heavy metal Cd mimics the effects of estradiol in estrogen-
responsive breast cancer cell lines. Cd activates ER-alpha
through an interaction with the hormone-binding domain
of the receptor [109]. Cd globally effects HPT axis function
by acting at the three levels analyzed and that an interaction
between Cd exposure and age emerge [110]. The effects of
Cd on sGnRH and rtERa gene expression in the brain in
rainbow trout model, and these genes are strongly involved in
reproduction [111]. But one study show that the effect of Cd
on the ability of medaka gonads to produce steroids without
the presence of physiological signals from brain, pituitary
or circulating blood was examined in vitro [112]. Plasma
levels of luteinizing hormone (LH) were not modified by Cd
in both age groups, but follicle stimulating hormone (FSH)
levels decreased in postpubertal rats, and was not altered
in pubertal rats. Plasma levels of testosterone increased in
pubertal rats but decreased in postpubertal rats [108].

In summary, it is important to note that the endocrine
disruption induced by Cd is likely to be multi-factorial, medi-
ated via its effects on Leydig cells and/or the hypothalamic-
pituitary-gonadal axis.

4.6. Epigenetic Effect. Cd binds DNA in a weak fashion,
indicating this is not a primary mode of action. Because
DNA sequence is static, genetic susceptibility from DNA
sequence variation cannot explain the mechanisms by which
prenatal or early childhood metal exposures impact cognition
and behavior later in life. Cd may well act as an epigenetic
or indirectly genotoxic carcinogen since it is, in general,
poorly mutagenic [6, 113]. There is growing evidence that
exposure to toxicants in early life may cause later health
effects. Children of women exposed to Cd during preg-
nancy display lower motor and perceptual abilities. High
Cd body burden in children is also related to impaired
intelligence and lowered school achievement. One possible
mechanistic pathway for this phenomenon, which has yet
to be fully explored in humans, is epigenetics. Epigenetics is
the study of heritable changes in gene expression that occur
without changes in DNA sequence. Such changes can have
influences as profound as those exerted by mutations but,
unlike mutations, are reversible and responsive to environ-
mental influences. DNA methylation is the best studied of
the epigenetic processes that regulate gene silencing. DNA
methylation results in the addition of a methyl group to



the 5'position of the cytosine ring in the context of CpG
dinucleotides (or island) to form 5-methylcytosine (5-MeC)
[114]. Several studies have demonstrated that DNA methyla-
tion was facilitated by long-term exposure to Cd [115, 116].
Oxidative stress may be a unifying process to explain these
findings across different metals. Metals are known to increase
reactive oxygen species production in a catalytic fashion via
redox cycling. Oxidative DNA damage can interfere with
the ability of methyltransferases to interact with DNA [117],
thus resulting in a generalized hypomethylation of cyto-
sine residues at CpG sites [118]. Cd-induced alterations in
methylation metabolism could initiate a cascade of events
including gene-specific DNA hypo- or hyper-methylation
[119], resulting in aberrant gene expression and also in
diminished glutathione activity leaving cells more vulnerable
to oxidative stress. Although the results of these epigenetic
changes on neurodevelopment have remained unexplored,
given the clear importance of DNA methylation to processes
of neurodevelopment, the metal-induced disruption of DNA
methylation clearly deserves further study. Neurotoxicity is
a common health endpoint for excess Cd exposure. Finally,
there is intriguing evidence that epigenetic phenomena may
underlie observed effects of fetal or early life exposure
and late onset of disease. In addition, Cd inhibited DNA
methyltransferases in a manner that was noncompetitive with
respect to the DNA substrate. This finding is suggestive of
interference in enzyme DNA interaction, possibly through an
interaction of Cd with the methyltransferase DNA binding
domain [115]. Failure of DNA methylation systems in the
brain leads to clinical syndromes such as mental retardation
and autistic-like behaviors [120]. Animal studies increas-
ingly demonstrate that environmental factors can alter DNA
methylation patterns and that these changes correlate with
animal behavior [121]. Further research in Cd should include
the role of epigenetics in determining long-term and late-
onset health effects from metal exposure.

5. Summary

Cd plays a critical role in neurobiology; a growing number
of clinical investigations have pointed to Cd intoxication as
a possible etiological factor of neurodegenerative diseases,
including Parkinson’s disease, Alzheimer’s disease, and Hunt-
ington’s disease [50,122,123]. Many individuals in Europe and
Asian already exceed these exposure levels, and the margin
is very narrow for large groups. The question remains open
about the impact of long term low level exposure to Cd on
vulnerable subgroups of the general population (foetuses,
pregnant women, young children, and elderly people) living
in historically polluted areas where nonferrous industries
are or were in operation. The neurotoxic effects of Cd were
complex associated with both biochemical changes of the cell
and functional changes of central nervous system, suggesting
that neurotoxic effects may play a role in the systemic toxic
effects of the exposure to Cd, particularly the long-term
exposure. So the mechanism of Cd neurotoxicity should be
enhancing, and measures should be taken to reduce cadmium
exposure in the general population in order to minimize the
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risk of adverse health effects. The recent report on toxicity
testing in the 21st century by the National Research Council of
the National Academy of Sciences recommends the use of cell
lines of human origin. The future of environmental research
on Cd should include the role of neurotoxic in determining
the long-term and late-onset health effects following Cd
exposure.
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Neurodegenerative diseases share diverse pathological features and among these oxidative stress (OS) plays a leading role. Impaired
activity and reduced expression of antioxidant proteins have been reported as common events in several aging-associated disorders.
In this review paper, we first provide an overview of the involvement of reactive oxygen species- (ROS-) induced oxidative damage
in Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS). Subsequently, we focus on DJ-1 and SODI proteins, which are
involved in PD and ALS and also exert a prominent role in the interaction between redox homeostasis and neurodegeneration.
Interestingly, recent studies demonstrated that DJ-1and SODI are both tightly connected with Nrf2 protein, a transcriptional factor
and master regulator of the expression of many antioxidant/detoxification genes. Nrf2 is emerging as a key neuroprotective protein
in neurodegenerative diseases, since it helps neuronal cells to cope with toxic insults and OS. We herein summarize the recent
literature providing a detailed picture of the promising therapeutic efficacy of Nrf2 natural and synthetic inducers as disease-
modifying molecules for the treatment of neurodegenerative diseases.

1. Introduction

Oxidative stress (OS) is a crucial player in several diseases,
including age-dependent neurodegenerative disorders such
as Parkinson’s disease (PD) and amyotrophic lateral sclerosis
(ALS). OS accumulation in postmitotic neurons during aging
represents a phenomenon of significant relevance since it can
trigger a vicious cycle of intracellular damages, ultimately
resulting in neuronal cell death.

The involvement of OS in several neurodegenerative con-
ditions has been demonstrated by the identification of patho-
logical mutations in genes prominently featuring in defensive
pathways as well as OS markers in patients’ samples (as
reviewed in [1-4]). Nevertheless, in many cases it is not clear

whether this kind of stress is a primary cause or rather an
ongoing downstream event associated with the progression
of the neurodegenerative process.

OS is typically defined as the imbalance between the
production of reactive oxygen species (ROS) and the efficient
removal of these species by cellular defensive mechanisms,
which include both enzymatic scavengers (e.g., superoxide
dismutases, catalase, glutathione peroxidase, glutathione re-
ductases, and peroxiredoxins) and low-molecular-weight re-
ductants (e.g., vitamin E, glutathione, and ascorbate). Mito-
chondria use approximately the 85-90% of total oxygen, thus
representing the major site of oxygen consumption as well as
a primary and continuous source of cellular ROS. ROS such as
superoxide (O~%) and hydrogen peroxide (H,O,) principally



originate as by-products of aerobic metabolism, due to elec-
tron “leakage” from the mitochondrial respiratory chain dur-
ing oxidative phosphorylation with the consequent incom-
plete reduction of molecular oxygen. A more limited percent-
age of intracellular ROS arise from the activity of oxidative
enzymes, including the cytochrome P450 system associated
with the endoplasmic reticulum, the cytoplasmatic xan-
thine oxidase, the membrane enzyme NADPH oxidase [5],
and p66Shc, an important regulator of intracellular redox bal-
ance, mitochondrial permeability, and apoptosis [6]. Super-
oxide itselfis not highly dangerous; nevertheless it can rapidly
react with the mild oxidant Nitric Oxide (NO), produced by
the nitric oxide synthase (NOS), to generate the more harmful
peroxynitrite (ONOO™) [7, 8]. Likewise, H,O, is a weak
oxidant but it gradually decomposes to generate the hydroxyl
radical ("OH), one of the most toxic-free radicals in biological
systems. Both ONOO™ and "OH impair the function of bio-
molecules by affecting several targets inside the cell. Specifi-
cally, ROS attack the backbone and the side chains of proteins
causing the formation of carbonyl groups and methio-
nine sulfoxide and often determining protein misfolding
and aggregation. In addition, they attack nucleic acids, lead-
ing to DNA single- and double-strand breaks, DNA-protein
crosslinks, and/or modification of purine and pyrimidine
bases, and to oxidative modification in both protein-coding
RNAs and noncoding RNAs. Furthermore, ROS cause lipid
peroxidation, a complex phenomenon involving the inter-
action between unstable free radicals and polyunsaturated
fatty acids, yielding highly reactive products, such as mal-
ondialdehyde, 4-hydroxy-2-trans-nonenal (HNE), acrolein,
and thiobarbituric acid reactive substances (TBARS) [9].
In synthesis, OS causes a cascade of damaging processes
eventually leading to cell death.

Although all the aerobic cells are subjected to oxidative
damage, neurons are particularly vulnerable to the injuring
effects of by-products derived from the oxidative metabolism.
This susceptibility can be ascribed to their high metabolic
requirements and oxygen demand combined with a relatively
low expression of antioxidant proteins, in particular catalase
(as reviewed in [1, 10]), and their limited regenerative capac-
ity.

While an exaggerate production of ROS is typically asso-
ciated with broad deleterious effects for neuronal cell func-
tions and viability, increasing body of evidence is demonstrat-
ing that changes in redox environment, including generation
of oxidants, also exert crucial roles in regulating specific
signalling events. In particular, ROS have been shown to
be involved in kinase cascade activation [11], calcium mobi-
lization and signalling [12, 13], fine-tuned control of redox-
sensitive gene expression [14, 15], and, more recently, in
neural stem cell differentiation [16] and neurogenesis [17].

Consequently, a better understanding of ROS involve-
ment in determining the fate of neuronal cells may yield clues
to the pathogenesis of neurodegenerative diseases and may
offer the possibility to pharmacologically manipulate intra-
cellular molecular pathways, redox-sensitive transcriptional
events, and antioxidant systems as promising neuroprotective
therapies.
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2. Parkinson’s Disease

Parkinson’s disease affects more than 1% of the population
over 60 years of age and is the second most common neu-
rodegenerative disorder after Alzheimer’s disease (AD) [18].
The majority of cases (90%) are sporadic, while about 10%
show monogenic inheritance [19].

PD is caused by the degeneration of dopaminergic neu-
rons within the substantia nigra pars compacta (SNc) and
although there is still no clear explanation for the intrinsic
vulnerability of these neurons, it is known that they are more
prone and susceptible to OS. In fact, several prooxidant fac-
tors constitutively challenge SNc dopaminergic neurons: in
particular pacemaking activity, sustained calcium buffering,
dopamine self-oxidation, and iron oxidation [20]. PD patho-
genesis is indeed complex and multifactorial and selective
vulnerability of SNc¢ dopaminergic neurons can be further
stressed by converging pathogenic mechanisms that include
a predisposing genetic background, exposure to environmen-
tal neurotoxins, defective proteolytic systems, and impaired
mitochondrial integrity and function [21]. In particular,
mitochondrial defects lead to impaired energy and ROS pro-
duction and therefore to altered bioenergetic and redox bal-
ance.

Consistent evidence from both genetic and epidemiolog-
ical studies shows that disrupted mitochondrial integrity and
OS play a pivotal role in PD pathogenesis and disease progres-
sion. Genes such as PARK2, PARK6, and PARK7 encoding,
respectively, for Parkin, PINKI, and DJ-1 are associated with
early-onset familial forms of PD and mutations in all of those
genes affect mitochondrial health and function thereby caus-
ing neuronal death [22]. Epidemiological data and animal
models demonstrate that environmental toxins and pesticides
that inhibit mitochondrial complex I, such as 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone, are
responsible for bioenergetic crisis and, most importantly, in-
creased ROS production and OS, eventually causing loss of
dopaminergic neurons in the SNc¢ [23].

Furthermore, markers of OS are typically found in brain
biopsies, peripheral cells, and biological fluids derived from
patients with PD, indicating that indeed OS is a key factor
in PD pathogenesis. In postmortem brains derived from PD
patients increased accumulation of both carbonylated pro-
teins and markers of lipid peroxidation such as TBARS were
detected [24]. Similarly, markers of lipid peroxidation were
increased in plasma and cerebrospinal fluid (CSF) derived
from PD patients as compared to controls [25]. Nonetheless,
8-hydroxy-2'-deoxyguanosine (8-OHdG), an indicator of
nucleic acid oxidation, in particular of nuclear and mitochon-
drial DNA damage, was increased in CSF of patients with
PD, together with augmented levels of oxidized Coenzyme
Q10 [26]. PD has also been associated with alterations in the
expression of antioxidant molecules such as glutathione and
antioxidant enzymes. It was shown that oxidized glutathione
is significantly higher in blood cells from PD patients as
compared to controls and concentrations of other antioxidant
molecules and catalase activity are decreased [27]. Further-
more, several studies have shown that activation of antioxi-
dant genes expression, in particular those under the control
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of the Nrf2/ARE system (i.e., NQO1land GST; see Section 5.1),
has neuroprotective effects in different models of PD
(28, 29].

Finally, OS can also drive PD progression through the
activation of excitotoxic phenomena and neuroinflammatory
processes. Excitotoxicity is due to the hyperactivation of
glutamatergic receptors, in particular N-methyl-D-aspartate
(NMDA). Activation of these receptors leads to intracellular
calcium overload which triggers ROS formation and the
release of proapoptotic factors [30]. The activation of neu-
roinflammatory processes is mediated by glial cells, astro-
cytes, and more severely microglia. After a primary neuronal
insult, microglia remains persistently activated and con-
tributes to the release of free radicals which exacerbate the
neurodegenerative process and accelerate its progression [31].

3. Amyotrophic Lateral Sclerosis (ALS)

ALS is a rare adult-onset neurodegenerative disease charac-
terized by the selective degeneration of motor neurons in the
motor cortex, brainstem, and spinal cord. Most of the cases
(90%) are sporadic (SALS), while the remainder presents a
family history (FALS).

Although the exact cause of ALS is still unknown, a major
step forward in the understanding of the pathogenetic events
involved in ALS was provided in 1993 by the observation
that mutations in the gene coding for the antioxidant enzyme
Cu/Zn superoxide dismutase (SODI1) are carried by the 15-
20% of FALS patients [32].

Growing evidence suggests that ALS is a complex and
multifactorial disease characterized by the involvement of
several interconnected pathogenic events, such as OS, mito-
chondrial dysfunction, inflammation, glutamate excitotox-
icity, protein misfolding and aggregation, aberrant RNA
metabolism, and altered gene expression [33-37]. In particu-
lar, OS is one of the most detrimental contributors of disease
onset and progression. In fact, several distinctive oxidation
markers have been observed in both nervous and peripheral
tissues in SALS and FALS patients [38-40]. Elevated protein
carbonyl and 3-nitrotyrosine levels have been detected in
spinal cord and motor cortex from SALS and FALS patients,
particularly in large ventral motor neurons [38, 41-43]. Lipid
oxidation has also been identified in motor neurons, astro-
cytes, and microglia of SALS patients compared to control
individuals [44, 45]. Elevated levels of HNE have been
detected also in CSF [46] and in sera [47] from ALS patients.
Additionally, mitochondrial defects have been reported as a
major hallmark in motor neuron degeneration in ALS [48,
49]. These dysfunctions are tightly interrelated with OS cas-
cades, activating overlapping molecular pathways in a vicious
cycle of harmful events. Specifically, alterations in mitochon-
drial morphology and biochemistry have been extensively
detected in postmortem tissues [50] and in lymphocytes [51]
from SALS patients, in SODI transgenic mice and cellular
models [52]. Dynamic and morphological abnormalities,
such as swelling and vacuolization, along with metabolic
deficits in the activities of the respiratory chain complexes
have been also described both in SALS and FALS patients

[53]. These defects lead to both bioenergetic failure and
increased ROS generation.

Notably, impairment in defensive mechanisms has also
been revealed in ALS, including downregulation of members
of glutathione S-transferase family [54, 55], peroxiredoxins
[56], and, in particular, the transcriptional factor Nrf2 [57-
60].

4. DJ-1 and SOD1 Involvement in Oxidative
Stress and Neurodegeneration

4.1. DJ-1. DJ-1isa ubiquitously expressed protein encoded by
PARK? gene, initially identified as an oncogene functionally
associated with cancer and male infertility [61, 62]. Mutations
in PARKY gene, leading to loss of function of the protein, were
later associated with early-onset recessive forms of PD [63].

DJ-1 is a small homodimeric protein composed of two
subunits of 189 amino acid residues with a molecular weight
of approximately 20 kDa. The crystal structure of this protein
was independently solved by several groups [64-67], pro-
viding a helpful framework for a better understanding of its
possible molecular activities. Specifically, it has a flavodoxin-
like core fold, composed of a-helical layers sandwiching a
six-strand parallel 3-sheet. PD-associated mutations lead to
diverse levels of protein folding defects or structural pertur-
bations with consequent functional alterations of the protein
[68]. DJ-11is mainly localized in the cytoplasm, but under OS
the protein can be recruited either to the mitochondria or to
the nucleus [69-71]. It has been reported that after oxidative
insult, DJ-1 translocates to the mitochondria within 3 hours
and to the nucleus after 12 [72], suggesting that timing
after oxidative challenge is essential to determine the sub-
cellular compartment where the protein is active. Moreover,
DJ-1 stimulates the cytoprotective pathway mediated by
extracellular-signal-regulated kinase (ERK1/2) and its sub-
strate ETS domain-containing protein (Elkl1) (Figure 1). It was
demonstrated by Gu and colleagues in two different cell lines
that overexpression of wild-type DJ-1increases ERK1/2 phos-
phorylation leading to ElkI activation, thereby decreasing cell
susceptibility to H,O, and increasing cell viability [73].

Although the exact function of DJ-1 remains unclear,
increasing studies have revealed that the protein is involved
in various biological processes, in particular control of ROS
levels and OS-induced apoptosis. DJ-1 responds to increased
ROS levels by oxidizing itself, in particular at Cystine 106
(C106). Site-directed mutagenesis of C106, performed in both
cellular and animal models, established a clear role for C106
oxidation in DJ-1 function, since mutations interfered with
the antioxidant, antiapoptotic, and eventually neuroprotec-
tive effect of the protein [74-76].

Through self-oxidation, DJ-1 acts as a sensor of cellular
redox state [77] and also as a redox-activated peroxidase with
peroxiredoxin-like activity [74]. DJ-1is therefore a signalling
molecule responsive to cellular redox state which exerts
antioxidant functions because of its capability of buffering
oxidized molecules not only by physically interacting with
them at C106, but also by inducing the expression of antioxi-
dant defences [78, 79]. Finally, according to its oxidative state,



Oxidative Medicine and Cellular Longevity

-
WT DJ-1
-
Exogenous o
Nrf2/ARE ————— | Nrf2/ARE pathway
activators ‘
-

Antioxidant and
defensive genes

ERK1/2-EIk1 pathway WT SODL mRNA

‘ | Toxicity of mutSOD1 |

| Neurodegeneration

FIGURE 1: WT DJ-1 directly protects from PD and activates ERK1/2-ELKI1 pathway thus upregulating WT-SOD1 expression. Also WT DJ-1
activates Nrf2/ARE pathway hence inducing antioxidant genes. Furthermore, both WT DJ-1 and Nrf2/ARE inhibit the toxicity of mutSODI
that causes ALS, and vice versa, Nrf2/ARE pathway is inhibited by mutSODI. Finally, exogenous Nrf2/ARE activators represent a powerful

tool in the induction of antioxidant and defensive genes.

DJ-1 counteracts the induction of apoptotic mechanisms [80]
and protects neuron viability by acting as a chaperone [81]
and autophagy modulator [82].

Therefore, the essential role of DJ-1 s to protect cells from
apoptotic death triggered by harmful levels of ROS by imme-
diately protecting mitochondrial integrity and, after sustained
oxidative challenge, by modulating transcription of anti-
oxidant genes.

4.2. SODI. One of the primary cellular defensive systems
for oxidative insults is the antioxidant enzyme SODL. It is
one of the three human superoxide dismutases identified and
characterized in mammals: copper-zinc superoxide dismu-
tase (Cu/ZnSOD or SODI), manganese superoxide dismutase
(MnSOD or SOD2), and extracellular superoxide dismutase
(ECSOD or SOD3). It is a 32 kDa homodimer of a 153-residue
polypeptide with one copper- and one zinc-binding site per
subunit. Specifically, each monomer possesses a f-barrel
motif and two large functionally important loops, called the
electrostatic and zinc loops, which encase the metal-binding
region. It catalyzes the reaction of superoxide anion (O*")
into molecular oxygen (O,) and hydrogen peroxide (H,0,)
at a bound copper ion [83]. The intracellular concentration
of SODI is high (ranging from 10 to 100 M) [84] counting
for 1% of the total protein content in central nervous system
(CNS). The protein is localized not only in the cytoplasm but
also in nucleus, lysosomes, peroxisomes, and mitochondrial
intermembrane spaces in eukaryotic cells [84, 85].

As mentioned before, the first evidence of the involve-
ment of SODI in familial ALS was provided by Rosen and
coworkers [32]; currently, more than 150 different mutations
distributed throughout the 153-amino acid SOD1 polypeptide
have been linked to ALS. These are predominantly single
amino acid substitutions although deletions, insertions, and
C-terminal truncations also occur. Initial hypothesis regard-
ing its involvement in mediating motor neuron degeneration
suggested that mutSODI displays reduced activity, promoting

accumulation of toxic superoxide radicals [32]. However,
several molecular and functional studies performed in animal
and cellular models showed that SOD1 pathogenic variants
cause FALS by gain rather than loss of function. In this regard,
Pesaresi and coworkers [86] demonstrated that mutSODI
activates p66Shc, which is known to affect mitochondrial
function and mitochondria-dependent oxidative balance.
Furthermore p66Shc activation inhibits the activity of Racl,
an intracellular transducer which mediates several pathways
associated with gene expression regulation, cell proliferation,
and cytoskeleton organization [87], thereby causing further
OS. Interestingly, another group showed that SOD1 creates a
self-regulated redox cycle by directly interacting with Racl
and orchestrating NADPH oxidase-dependent superoxide
production. The study therefore suggests that some mutations
in SODI might contribute to a gain of function of the protein
through the disruption of such redox control [88]. Other
hypotheses concerning the role of SODI in FALS postulate
that mutSOD]1 acquires toxic properties that are independent
of its normal physiological function. The investigation on the
toxic function acquired by mutSODI led to the proposal of
two main hypotheses [33]. In the aberrant redox chemistry
model, mutSOD1 is unstable and through aberrant chemistry
interacts with nonconventional substrates causing ROS over-
production. In the protein toxicity model, unstable, mis-
folded SOD1 aggregates into cytoplasmic inclusion bodies,
sequestering proteins crucial for cellular processes. These two
hypotheses, however, are not mutually exclusive. Indeed, it
has been shown that oxidation of selected histidine residues
that bind metals in the active site mediates SODI aggregation
[89].

4.3. DJ-1 Modulates MutSODI Motor Neuron Degeneration
Processes in ALS. Recent observations described a connec-
tion between DJ-1 and mutSOD1 in ALS (Figure 1). The first
evidence about such connection was described by Lev and
coworkers [90], who detected increased DJ-1 mRNA and
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protein levels in the brains and spinal cords of SOD1-G93A
transgenic mice, a widely employed model of ALS. The upreg-
ulation was detectable starting from the very early stages
of disease progression. In addition, enhanced levels of DJ-
1 acidic isoforms were found, indicating that more oxidized
DJ-1 amounts were present in the CNS of transgenic mice.
In 2010, Yamashita and collaborators [91] proved, both in vitro
and in vivo, the existence of direct association between DJ-1
and SODI: the two proteins interacted in GST pull-down
assays and formed complexes that colocalized in mice pri-
mary motor neuron culture. A better colocalization was
obtained between DJ-1 and mutSODI rather than WT-SODI1.
Notably, the overexpression of exogenous DJ-1 in stably
mutSODI-expressing cells reduced cell toxicity and OS mark-
ers as compared to cells expressing control vector protein.
These data strongly suggest that the described interaction
plays a protective role, although further investigation is
required to shed light on the functional events activated by
DJ-1. Indeed, the exact molecular mechanisms by which DJ-1
accomplishes its defensive function(s) in ALS are still largely
unknown.

5. Nrf2/ARE Pathway: Relationship with
DJ-1 and SOD1 Proteins

5.1. Nrf2 Pathway. NF-E2-related factor 2 (Nrf2) belongs
to the Capncollar (Cnc) transcription factor family and
is considered the “master regulator” of the antioxidant
response since it modulates the expression and the coor-
dinated induction of an array of defensive genes encoding
phase II detoxifying enzymes and antioxidant proteins, such
as NAD(P)H: quinine oxidoreductases (NQOs), heme oxy-
genase-1 (HO-1), the glutathione S-transferase (GST) fam-
ily, multidrug resistance-associated proteins (Mrps), the
UDP-glucuronosyltransferase (UGT) family, ferritin pro-
teins, cyclooxygenase-2 (COX-2), and inducible nitric oxide
synthase (iNOS) [60, 92]. Nrf2 is a very unstable protein,
typically present in association with its negative regulator
Kelch-like ECH-associated protein 1 (Keapl), which acts as a
molecular sensor of cellular redox homeostasis disturbance.
Under basal condition, Keapl retains Nrf2 in the cytoplasm,
linking this transcriptional factor to the actin cytoskeleton
and driving its degradation. Specifically, Keapl acts as a linker
protein between Nrf2 and the Cul3-based E3-ubiquitin ligase
complex, promoting Nrf2 ubiquitination and consequent
degradation by the 26S proteasome [93, 94].

This quenching interaction between the two proteins is a
dynamic process controlled by specific intracellular cascades
that allow for a fine-tuned regulation of inducible expression
of Nrf2 target genes under OS or after exposure to toxic
electrophiles. In fact, activation of Nrf2 requires its cytosolic
stabilization via oxidative modification of distinct Keapl
cysteine residues and/or Keapl ubiquitination and proteaso-
mal degradation. It has been largely demonstrated that also
Nrf2 phosphorylation facilitates its dissociation from Keapl.
Therefore, several signaling pathways, such as the activation
of mitogen-activated protein kinase (MAPK) cascade, phos-
phatidylinositol 3-kinase (PI3K), and protein kinase C (PKC),

favour Nrf2 detachment from its repressors and the con-
sequent translocation to the nucleus. In the nuclear com-
partment Nrf2 forms a heterodimer with its partner small
Maf and binds specific cis-acting antioxidant response ele-
ment (ARE) sequences, ultimately transactivating a battery
of highly inducible cytoprotective genes thus allowing cell
to efficiently cope with endogenous stress and exogenous
toxicants [95]. Nrf2 has also been shown to modulate the
transcription of genes promoting mitochondrial biogenesis,
such as mitochondrial transcription factors (TFAM) [96],
and consequently to be directly involved in mitochondrial
maintenance.

Considering the pivotal defensive role exerted by the
Nrf2/ARE pathway, it is evident that the dysregulation of
Nrf2-regulated genes offers a logical explanation for the direct
and indirect association between OS and several neurodegen-
erative conditions.

5.2. DJ-1 and Nrf2 Pathway. DJ-11is a redox-sensitive protein
which triggers activation of antioxidant defences in particular
through Nrf2/ARE system (Figure 1). The first evidence of a
connection between DJ-1 and Nrf2 was reported by Clements
and collaborators who showed in different cellular models
that DJ-1 affects the stability and the transcriptional functions
of Nrf2. In particular they found that DJ-1 stabilizes Nrf2
by interfering with its ubiquitination and facilitates Nrf2
translocation to the nucleus by preventing the binding with
Keapl [97]. Similar results from another group confirmed
the role of DJ-1 in controlling Nrf2 turnover in both cellular
and animal models [98]. A very recent study showed that
mutations in PARK7 gene and protein loss of function signif-
icantly reduce thioredoxinl (trxl) expression. Thioredoxinl
is a disulfide oxidoreductase, whose transcription is under
the control of a promoter containing typical ARE sequence
and is therefore expressed after Nrf2 activation. According
to the authors, these findings further stress the association
between DJ-1 and Nrf2 and support the hypothesis that DJ-
1 action against OS in the nucleus is carried out by Nrf2
[79]. Nonetheless, Nrf2/ARE pathway activation has recently
obtained growing attention and interest as a major target to
develop new disease-modifying, neuroprotective strategies in
PD [99].

5.3. SODI and Nrf2. The first evidence of a relationship
between SOD1and Nrf2 was reported by Kirby and coworkers
[57], who showed by microarray analysis that the presence
of mutSOD1 (G93A) in mouse motor neuron-like hybrid cell
line NSC34 caused a reduction in Nrf2 mRNA expression as
well as a global downregulation of a battery of Nrf2 target
genes (Figurel). Notably, also Nrf2 mRNA expression is
reduced as compared to cells transfected with WT-SOD1.
Several further studies attempted to shed light on Nrf2 sig-
nalling cascade in models for SOD1-associated FALS. Dimin-
ished Nrf2 levels have been observed in embryonic motor
neuron cultures from SODI-G93A transgenic mice. These
cells were more susceptible to apoptosis caused by exposure
to nerve growth factor (NGF) [100]. Opposed to these
studies carried out in motor neurons, Kraft and collaborators
reported a significant activation of Nrf2 in distal muscles



of mutSODI mice during the early stages of the pathology.
Nrf2-ARE activation appeared to later propagate in a retro-
grade manner also along the motor pathway during disease
progression and was interpreted as a reactive attempt to
counteract broad pathogenic signalling cascades induced by
mutSODI toxicity [101].

Although the literature data present some contrasts and
gaps on the molecular details underlying mutSODI-Nrf2
interaction, these findings suggest that the toxic gain of func-
tion of mutSODI may lead to a perturbation of Nrf2 path-
way activation.

On the other hand, though, pharmacological treatment
aiming at activating Nrf2 pathway might counteract the
negative effect exerted by mutSOD1 and might represent a
promising therapeutic perspective for ALS. In support of
this hypothesis, a neuroprotective role played by Nrf2 path-
way activation in mutSOD]I-associated ALS has been demon-
strated by Vargas and coworkers who generated SOD1-G93A
mice overexpressing Nrf2 specifically in astrocytes [122] and
in neurons or type II skeletal muscle fibers [123]. In fact, Nrf2
overexpressing astrocytes isolated from SODI-G93A trans-
genic mice could protect cocultured nontransgenic motor
neurons from mutSODI toxicity by increasing the produc-
tion/secretion of glutathione. Additionally, the overexpres-
sion of Nrf2 in astrocytes of SODI-G93A transgenic mice
increased the median survival in these animals [122]. Dif-
ferently, Nrf2 overexpression in either neurons or type II
skeletal muscle fibers in the same ALS mouse model could
delay disease onset but could not extend life span [123]. A
similar result has been reported by Guo and colleagues [124],
who demonstrated that Nrf2 knockout in SODI1-G93A trans-
genic mice only modestly impacted the course of ALS. Taken
together, these findings suggest that the antioxidant and
prosurvival effects exerted by Nrf2 activation are impor-
tant in modulating ALS phenotype but cell type specificity
represents a critical factor to take into consideration when
designing effective Nrf2-based pharmacological strategies for
ALS treatment.

6. Modulators of Nrf2/ARE Pathway

The Nrf2/ARE pathway can be pharmacologically activated
by molecules of both natural derivation (nutraceuticals)
and chemical synthesis. Sulforaphane (SEFN), polyphenols,
epigallocatechin 3-gallate (EGCG), and 1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione, alias curcumin,
are among Nrf2/ARE activators of natural origin, whereas
chemical Nrf2/ARE activators include triterpenoids and N-
(4-(2-pyridyl)(1,3-thiazol-2-y1))-2-(2,4,6-trimethylphenoxy)
acetamide, alias CPN-9.

A variety of nutraceuticals have demonstrated antioxi-
dant and neuroprotective activity through Nrf2/ARE path-
way induction. SFN, a naturally occurring isothiocyanate
derived from cruciferous vegetables such as broccoli, acti-
vates Nrf2 via modification of reactive cysteine residues of
Keapl [102, 103], thereby providing protection in various
models of neurodegeneration. In particular, it was shown that
SEN is able to cross the blood brain barrier, activate Nrf2-
dependent gene expression in the basal ganglia, and protect

Oxidative Medicine and Cellular Longevity

nigral dopaminergic neurons from cell death induced by
MPTP [28]. Important Nrf2/ARE pathway activators are also
EGCG and resveratrol, belonging to the family of polyphe-
nols. Taking into account their abundance and multiple
antioxidant mechanisms, polyphenols are considered to be
important nutraceuticals. EGCG, a flavonoid polyphenol,
is the main antioxidant molecule present in green tea. It
displayed notable antioxidant and neuroprotective func-
tions in cultured motoneuron-neuroblastoma hybrid cell line
transfected with mutSODL1 [110] and in PCI2 cells exposed
to paraquat [111]. Furthermore, EGCG was shown to be
neuroprotective in mice model of ALS: oral administration
to mice expressing mutSODI1 delayed symptoms onset [112,
113]. EGCG was shown to activate Nrf2/ARE through pro-
tein kinase cascades [125]. Notably, it was demonstrated
that EGCG activated HO-1 expression via Nrf2/ARE path-
way, protecting rat neurons against oxidative insult [114].
Resveratrol, a polyphenolic compound present in red wine,
demonstrated protective effects against hypoxic injury in rat
spinal cord dorsal column by activating Nrf2 pathway [115].
Similarly, Nrf2 stabilization mediated by resveratrol protected
dorsal root ganglion (DRG) neurons from glucose-induced
injury [116]. Curcumin, a member of the curcuminoid family
isolated from turmeric, the yellow rhizome of the plant Cur-
cuma longa, showed Nrf2-dependent antioxidant properties
in primary spinal cord astrocytes exposed to H,O, [104] and
in ischemic brain injury models [105]. Other natural activa-
tors of Nrf2/ARE pathway, such as naphthazarin, genistein,
and carnosic acid, showed positive effects in several models
of neurodegenerative and cardiovascular diseases implicating
OS as a pathogenic factor [106-109, 126-128]. A summary of
nutraceutical activators of Nrf2/ARE pathway described in
this paragraph is reported in Table 1.

Together with molecules of natural origin, several syn-
thetic Nrf2/ARE activators were recently developed. Notably,
important obstacles in the identification of Nrf2/ARE chem-
ical activators were encountered, mainly because of the
highly time- and money-demanding conventional screening
methods and the lack of structural similarities among devel-
oped molecules, thereby preventing coherent and convenient
structure activity relationships (SAR) applications.

Recently, triterpenoids emerged as a potent class of Nrf2/
ARE inducers. The triterpenoid family consists in three chem-
ically related members: 2-cyano-3,12-dioxooleana-1,9-dien-
28-oic acid ethylamide (CDDO-EA), CDDO trifluoroethy-
lamide (CDDO-TFEA), and CDDO methylamide (CDDO-
MA). Triterpenoids have shown a paramount potency in Nrf2
induction, the ability to attenuate dopaminergic neurodegen-
eration in MPTP mouse model of PD [117], and increase the
life span in ALS mouse models [118]. Another interesting
small chemical activator of Nrf2/ARE pathway is CPN-9
which selectively suppresses cell death triggered by OS in
a cell-type-independent manner. SH-SY5Y cells pretreated
with CPN-9 were more resistant to cytokine-induced apopto-
sis. CPN-9 also significantly suppressed ROS levels through
the induction of several defensive genes [119]. Finally it is
worth mentioning that some well-established therapeutics
such as bromocriptine [120] and azathioprine [121] were
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TABLE 1: Natural activators of Nrf2/ARE signalling pathway.

Molecule Model Reference

Keap-1 purified protein Dinkova-Kostova et al.,
2002 [102]

Sulforaphanes (SFN)
Keap-1 protein (in vitro study) Hong et al., 2005 [103]
Dopaminergic neurons (basal ganglia) after exposure to MPTP Jazwa et al. 2011 [28]

Curcumin Spinal cord primary astrocytes after exposure to H,0, Jiang et al., 2011 [104]
Primary cortlhcal.neurorhls after oxygen-glucose deprivation/reoxygenation W et al,, 2013 [105]
(model of brain ischemia)

Naphthazarin ARE-bla Hep G2 cell line and primary neuron and astrocyte cultures Son et al., 2013 [106]
PCI2 cells after incubation with beta-amyloid peptides 25-35 Ma et al., 2010 [127]

Genistein

bEND.3 cells after incubation with beta-amyloid peptides 25-35

Rat hippocampal CAl neurons after cerebral ischemia

Xi et al., 2012 [128]
Wang et al., 2013 [107]

Carnosic acid

Primary cortical neurons

SH-SY5Y cells after exposure to 6-hydroxydopamine

Satoh et al., 2008 [108]
Chen et al., 2012 [109]

Polyphenols

Epigallocatechin 3-gallate
(EGCG)

mutSODI-transfected motoneurons

PCI2 cells after exposure to paraquat
SODI-G93A transgenic mice (model of ALS)
SODI-G93A transgenic mice (model of ALS)

Koh et al., 2004 [110]
Hou et al., 2008 [111]
Koh et al., 2006 [112]
Xu et al., 2006 [113]

. . Romeo et al,,
Rat immortalized neurons (H19-7) 2009 [114]
Spinal cord from adult rats after hypoxic injur Kesherwani et al.,
Resveratrol P YP jury 2013 [115]
L. . . Vincent et al.,
Dorsal root ganglionic cells after glucose-induced injury 2009 [116]
TABLE 2: Synthetic activators of Nrf2/ARE signalling pathway.
Molecule Model Reference
Triterpenoids
CDDO-EA MPTP-treated mice (model of PD) Kaidery et al., 2013 [117]
CDDO-TFEA Cellular models and SOD1-G93A transgenic mice (model of ALS) Neymotin et al., 2011 [118]
CPN-9 Cellular models and SOD1%4} transgenic mice (model of ALS) Kanno et al., 2012 [119]
Bromocriptine PC12 cells Lim et al., 2008 [120]
Azathioprine Cellular and transgenic mice (models of skin and liver carcinoma) Kalra et al., 2011 [121]

reported to induce the Nrf2/ARE pathway, therefore provid-
ing insight into a possible development of new synthetic cut-
ting edge Nrf2 activators. A summary of synthetic activators
of Nrf2/ARE pathway described in this paragraph is reported
in Table 2.

7. Conclusion

OS is a hallmark of neurodegeneration and both PD and ALS
report deregulated antioxidant defences and increased levels
of OS markers in neural cells, biological fluids, and peripheral
tissues.

Proteins such as DJ-1and SODI are critical in PD and ALS
pathogenesis and are also major players in the association
between the neurodegenerative process and redox home-
ostasis. In fact, DJ-1 plays a protective role against OS and

pathogenic mutations in PARK7 gene lead to PD because of
loss of this function. Differently, mutSODI, through the gain
of prooxidant and toxic function, aggregates and accumulates
in the cell eventually causing ALS. According to recent
studies, DJ-1 antioxidant capacity is not restricted to the pro-
tection of the neurons affected in PD but is rather a gen-
eral function. Therefore, the activation of DJ-1 antioxidant
downstream targets could be potentiated in order to obtain
beneficial effects also in other neurodegenerative conditions.

Several studies showed that both DJ-1 and SODI1 have
a remarkable connection with the antioxidant Nrf2/ARE
pathway, with DJ-1 being an upstream activator and SOD1 a
target. As we explained in this review, the importance of Nrf2/
ARE pathway lies in the ability to activate the expression of
crucial antioxidant and detoxifying genes. Modulation of
Nrf2/ARE pathway in neurodegenerative diseases, either with



nutraceuticals or chemically synthesized molecules, might
therefore augment cellular defences against OS, thus leading
to neuroprotection [60].

In line with other studies, we conclude that pharma-

cological activation of Nrf2/ARE pathway represents an
attractive neuroprotective therapy which may hold superior
power as compared to conventional antioxidant routes and
might represent a disease-modifying treatment to counteract
neuronal loss in different degenerative pathologies.
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A wide variety of acute and chronic neurodegenerative diseases, including ischemic/traumatic brain injury, Alzheimer’s disease,
and Parkinson’s disease, share common characteristics such as oxidative stress, misfolded proteins, excitotoxicity, inflammation, and
neuronal loss. As no drugs are available to prevent the progression of these neurological disorders, intervention strategies using
phytochemicals have been proposed as an alternative form of treatment. Among phytochemicals, isothiocyanate sulforaphane,
derived from the hydrolysis of the glucosinolate glucoraphanin mainly present in Brassica vegetables, has demonstrated
neuroprotective effects in several in vitro and in vivo studies. In particular, evidence suggests that sulforaphane beneficial effects
could be mainly ascribed to its peculiar ability to activate the Nrf2/ARE pathway. Therefore, sulforaphane appears to be a promising
compound with neuroprotective properties that may play an important role in preventing neurodegeneration.

1. Introduction

Acute and chronic neurodegenerative diseases, including
stroke, traumatic brain injury (TBI), Alzheimer’s disease
(AD), and Parkinson’s disease (PD), are illnesses associated
with high morbidity and mortality, and few or no effective
options are available for their treatment [1, 2]. These diseases
result in acute, as well as gradual and progressive neurode-
generation, leading to brain dysfunction and neuronal death.
Although molecular mechanisms involved in the pathogen-
esis of acute and chronic neurodegenerative diseases remain
elusive, oxidative stress, misfolding, aggregation, accumula-
tion of proteins, perturbed Ca®" homeostasis, excitotoxicity,
inflammation, and apoptosis have been implicated as possible
causes of neurodegeneration in the previously mentioned
neurological disorders [3, 4]. In addition, recent studies
demonstrated that acute brain injuries are also environmental
risk factors associated with chronic neurodegenerative dis-
eases [5-7].

In the last few years, there has been a growing inter-
est in a number of pharmacological approaches aimed at

preventing and counteracting the neuronal dysfunction and
death associated with neurodegenerative diseases. However,
while enormous efforts have been made to identify agents
that could be used to alleviate debilitating neurodegenerative
disorders, a source of potentially beneficial agents, namely,
phytochemicals, would appear to have significant benefits
in counteracting neurodegenerative diseases. Phytochemicals
have long been recognized as exerting different biological
effects, including antioxidant, antiallergic, antiinflammatory,
antiviral, antiproliferative, and anticarcinogenic effects [8-
10]. Considering that these age-related neurological disorders
are multifactorial and that no drugs are available to stop their
progression, intervention strategies using phytochemicals
have been proposed as an alternative form of treatment
for their prevention. Among phytochemicals, sulforaphane
(isothiocyanato-4-(methylsulfinyl)-butane) (SF) has been
demonstrated to have neuroprotective effects in several
experimental paradigms. Reports in the literature have shown
a pleiotropic role of this natural compound, thanks to its
ability to address different targets and to modulate different
pathways in neuronal/glial cells.



In this review, we will discuss the most recent experimen-
tal evidence on the role of SF in counteracting brain oxidative
stress in both acute and chronic neurodegenerative diseases.
SF bioavailability is also considered, since it is a fundamental
aspect in the evaluation of the “in vivo” bioactivity of a
nutritional compound.

2. Sulforaphane Bioavailability

Various Brassica vegetables and especially broccoli contain
glucoraphanin. Following cutting or chewing, it is hydrolyzed
into the corresponding isothiocyanate SF either by the plant
thioglucosidase myrosinase or by bacterial thioglucosidases
in the colon [11].

Because of its lipophilicity [12] and molecular size, SF
is likely to passively diffuse into the enterocytes [13]. After
absorption, SF is conjugated with glutathione (SF-GSH) by
glutathione-S-transferase (GST) leading to maintenance of a
concentration gradient and facilitating a fast passive absorp-
tion into the cell [14]. It is metabolized via the mercapturic
acid pathway, producing predominantly cysteinylglycine (SF-
CQ), cysteine (SF-Cys), and N-acetyl-cysteine (SF-NAC)
conjugates that are excreted in the urine [15].

Pharmacokinetic studies in both humans and animals
showed that the plasma concentration of SF and its metabo-
lites increased rapidly, reaching a maximum between 1 and
3 h after administration of either SE, glucosinolate, or broccoli
[16-21]. In particular, Veeranki and colleagues [21] reported
the ability of SF and its metabolites to reach different tissues in
the gastrointestinal and genitourinary tracts and other organs
such as liver, pancreas, lung, and heart, in vastly different
concentrations and that bioactivity, in terms of induction
of cytoprotective phase II enzymes, may differ significantly
among organs. Both plasma and tissue levels of these SF
metabolites are rapidly eliminated through urinary excretion
within 12-24 h reflecting the rapid elimination of SE. The in
vivo bioactivity of each SF metabolite is still unclear, although
many in vitro studies have shown the ability of SF-Cys, and
SE-NAC metabolites to exert some bioactivity [22-24]. These
data suggest the hypothesis that repeated consumption of
SF or cruciferous vegetables is required to maintain the SF
metabolite concentration in tissues.

Interestingly, more recent SF bioavailability studies
in human subjects consuming broccoli showed its bio-
conversion into isothiocyanate erucin (isothiocyanato-4-
(methylthio)-butane) (ER), a sulfide analog [25, 26]. Whether
this conversion from SF to ER is important for the health pro-
moting effects of glucosinolate still remains to be determined
although some reports provide a glimpse into the possibility
of differing activities between these two isothiocyanates [27-
29].

In order to exert protective effects towards neurode-
generative disorders or improve brain function, SF must
traverse the blood-brain barrier (BBB) and accumulate in the
central nervous system (CNS). As reported in the following
sections of this review, various studies in animal models of
neurodegeneration suggest the ability of SF to reach CNS
and to display protective effects at this level. In this context,
Jazwa et al. [30] demonstrated in mice that after SF gavage,
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SF is able to cross the BBB and to accumulate in cerebral
tissues such as the ventral midbrain and striatum, with a
maximum increase and disappearance after 15min and 2h,
respectively. Interestingly, Clarke et al. [19] also detected SF-
GSH, SF-Cys and SF-NAC metabolites, but not SF alone, in
the CNS in a similar experimental in vivo model after 2h
and 6 h. However, the authors suggest that low levels of the
various SF metabolites recorded in the CNS indicate their
poor ability to cross the BBB. These results show the ability of
SF to quickly reach the CNS and the potential contribution
of SF metabolites to prolong the presence of SF at this level
because they are unstable under physiological conditions and
readily dissociate back to SF [21, 30].

3. Protective Effects of Sulforaphane
against Oxidative Stress

Oxidative stress results from an imbalance of pro-
oxidant/antioxidant homeostasis that leads to an abnormal
production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS). The main ROS/RNS involved in
neurodegeneration are superoxide anion radical (O,"),
hydrogen peroxide (H,0,), the highly reactive hydroxyl
radical ("OH), and nitric oxide (NO) that can react with
superoxide anion to produce peroxynitrite [31]. Athigh levels,
ROS can react with different cell molecules, causing damage
to DNA, lipids, and proteins and modulate intracellular
signaling pathways, leading to cellular degeneration and
apoptosis. ROS can also initiate proinflammatory pathways,
further exacerbating the deleterious oxidized environment.
The brain is particularly vulnerable to oxidative stress
because of its high oxygen consumption, high content of
oxidizable polyunsatured fatty acids, and low antioxidant
defense capacities especially in aging brains [32-34].
Oxidative stress is involved in many neurodegenerative
diseases and is a proposed mechanism for age-related
degenerative processes as a whole [35, 36]. Numerous studies
have provided compelling evidence that oxidative stress is
an important causative factor in PD [2, 37-40], AD [41-43],
amyotrophic lateral sclerosis (ALS) [44, 45], and multiple
sclerosis (MS) [46, 47].

Cells possess a complex network of nonenzymatic and
enzymatic components to counteract oxidative stress. GSH
is the major nonenzymatic regulator of intracellular redox
homeostasis. On the other hand, enzymatic antioxidants
include glutathione S-transferase (GST), glutathione reduc-
tase (GR), glutathione peroxidase (GPx), NAD(P)H-quinone
oxidoreductase 1 (NQOL1), thioredoxin reductase (TR), heme
oxygenase 1 (HOI1), peroxiredoxins, and many others. These
enzymes are now recognized as primary defense mecha-
nisms against many degenerative and chronic disease con-
ditions [48]. These antioxidants and cytoprotective enzymes
are regulated by a common mechanism that involves two
proteins: nuclear factor erythroid 2-related factor 2 (Nrf2)
and Kelch-like-ECH-associated protein 1 (Keapl) [49, 50].
Under basal conditions, Nrf2 is sequestered in the cyto-
plasm by its repressor protein Keapl [51]. Keapl contains
several reactive cysteine residues that serve as sensors of
the intracellular redox state. Nrf2 is released from Keapl
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upon oxidative or covalent modification of thiols in some
of these cysteine residues. Nrf2 translocates to the nucleus
where it heterodimerizes with small Maf proteins before
binding to the antioxidant responsive element (ARE) [35, 52]
within the promoter regions of many cytoprotective genes
[36]. In addition, Nrf2 has a key role against inflammation
thanks to its ability to antagonize the transcription factor
nuclear factor-xB (NF-xB) which regulates the expression of
inflammatory genes [37].

ARE induction by chemical activators has been shown to
protect neuronal cell lines against various oxidative damages
induced by dopamine, hydrogen peroxide (H,0,), and glu-
tamate [38-40]. SF has been demonstrated to increase many
ARE-dependent antioxidant enzymes in different cell systems
[41-43], such as GR, GPx, glutaredoxin (GLRX), thioredoxin
(TX), TR, HOL, and NQOL. It has been shown that SF directly
interacts with Keapl by covalent binding to its thiol groups
[44].

Negi et al. [45] demonstrated that SF increased the
expression of Nrf2 and of downstream targets HO-1 and
NQO-1 in Neuro2a cells and the sciatic nerve of diabetic
animals. SF was also effective in counteracting oxidative stress
induced by antipsychotic drugs in human neuroblastoma
SK-N-SH cells, increasing GSH levels and inducing NQO1
activity [46].

Sulforaphane prevented oxidative stress-induced cytotox-
icity in rat striatal cultures by raising the intracellular GSH
content via an increase in y-GCS expression induced by
the activation of the Nrf2-antioxidant responsive element
pathway [47].

It has also been observed that oxidative stress can inac-
tivate peroxiredoxins, an important family of cysteine-based
antioxidant enzymes that exert neuroprotective effects in sev-
eral models of neurodegeneration [48, 53-55]. Interestingly,
in both neurons and glia, SF treatment upregulates sulfire-
doxin, an enzyme responsible for reducing hyperoxidized
peroxiredoxins [56]. SF pretreatment also leads to attenuation
of the tetrahydrobiopterin (BH4) induced ROS production
thanks to the increase in mRNA levels and enzymatic activity
of NQOI1 in DAergic cell lines CATH.a and SK-N-BE(2)C
[57].

Kraft et al. [58] demonstrated the importance of ARE
activation in astrocytes of a mixed primary culture system.
They observed that SF induced an ARE-mediated genetic
response that is highly selective for astrocytes over neurons
and conveys neuroprotection from oxidative insults initiated
by H,O, or nonexcitotoxic glutamate toxicity. Innamorato et
al. [59] observed a direct association between the protective
effect of SF against oxidative stress induced by lipopolysac-
charide with HO-1 induction in BV2 microglial cells.

Oxidative stress induces Ca>"-dependent opening of the
mitochondrial inner membrane permeability transition pore
(PTP), causing bioenergetic failure and subsequent death in
different cell models, including those related to acute brain
injury [60-62]. Intraperitoneal injection of rats with a non-
toxic level of SF resulted in resistance of isolated nonsynaptic
brain mitochondria to peroxide-induced PTP opening [63],
and this could contribute to the neuroprotection observed
with SE.

BBB damage following oxidative stress has been exten-
sively investigated [64]. Postinjury induction of Nrf2-driven
genes by SF treatment attenuated the loss of endothelial cells
and tight junction proteins and reduced BBB permeability
and cerebral edema [65]. Another study demonstrated that SF
administration reduced BBB permeability in a rat subarach-
noid hemorrhage model likely through the antioxidative
effects of the activated Nrf2-ARE pathway [66].

Less attention has been focused on oxidative damage at
the blood-cerebrospinal fluid (CSF) barrier (BCSFB) located
at the choroid plexus (CP) epithelium. Even modest changes
in the CPs may have a marked impact on the brain. For
example, changes in CP function have been implicated
in Alzheimer’s disease [67]. A study by Xiang et al. [68]
demonstrated that SF can protect the BCSFB in vitro from
damage caused by H,0, and reduced H,O,-induced cell
death in primary CP epithelial cells and a CP cell line Z310.

Summarizing, the observed protective effects of SF
against brain oxidative stress are mainly associated with
Nrf2 activation and the resulting upregulation of antioxidant
cytoprotective proteins and elevation of GSH (Figure 1).

4. Protective Effects of Sulforaphane
against Acute Neurodegeneration

4.1. Ischemic Brain Injury. The pathophysiology of ischemic
brain injury involves various biochemical mechanisms, such
as glutamate-mediated excitotoxicity, the generation of ROS,
apoptosis, and inflammation [69]. In adults, brain ischemic
insults typically result from stroke or cardiac arrest, while
in infants, cerebral ischemia is mediated by complications
during labor and delivery, resulting in neonatal hypoxic-
ischemic encephalopathy. In both groups, restoring blood
flow to the ischemic brain is essential to salvage neurons.
However, reperfusion itself causes additional and substantial
brain damage referred to as “reperfusion injury”

In a neonatal hypoxia/ischemia brain injury model, Ping
et al. [70] observed that SF significantly increased Nrf2
and HO-1 expression which was accompanied by reduced
infarct volume. In particular, SF treatment reduced the
number of apoptotic neurons, activated macroglia, and some
oxidative parameters such as the amount of 8-hydroxy-
2-deoxyguanosine and MDA level. In a similar model of
ischemia/reperfusion induced by either oxygen and glucose
deprivation or hemin in immature mouse hippocampal
neurons, SF treatment activated the ARE/Nrf2 pathway of
antioxidant defenses and protected immature neurons from
delayed cell death [71]. Zhao et al. [69] demonstrated that
delayed administration of a single dose of SF significantly
decreased cerebral infarct volume in rats following focal
ischemia. Moreover, in rat cortical astrocytes, SF treatment
before or after oxygen and glucose deprivation signifi-
cantly reduced cell death, stimulating the Nrf2 pathway of
antioxidant gene expression [72]. In contrast to these data,
Porritt et al. [73] showed that SF treatment initiated after
photothrombosis-induced permanent cerebral ischemia in
mice did not interfere with key cellular mechanisms involved
in tissue damage. The authors suggest that the small volume of
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FIGURE 1: Proposed mechanism of neuroprotective effects provided by SF through Keapl/Nrf2 transcriptional activation of the antioxidant

system. Adapted from [124].

infarcted cortical tissue resulting from the photothrombosis
injury might result in the generation of relatively smaller
amounts of ROS and may explain why they did not observe
any neuroprotection after SF administration. In addition,
Srivastava et al. [74] recorded that the pretreatment of
rats with SF decreased the nuclear accumulation of Nrf2
following cerebral ischemia/reperfusion injury. On this topic,
the authors speculate that rapid accumulation of SF in the
brain and subsequent upregulation of Nrf2 and antioxidant
enzymes may reduce the need for the later adaptive increase
in Nrf2 expression following stroke.

These lines of evidence indicate that SF may counteract
ischemia/reperfusion due to its ability to modulate Nrf2 and
intracellular redox signaling.

4.2. Traumatic Brain Injury. Traumatic brain injury (TBI) is
defined as damage to the brain caused by external mechanical
force [75]. Survivors of TBI are left with long-term disabilities,
and even a mild TBI can leave people with cognitive impair-
ments, difficulty in concentrating, headaches, and fatigue
[76]. TBI is a complex disease process [77] that results in early
phase of mechanical damage of brain tissue and a secondary
phase of cellular and molecular events that cause oxidative
damage and brain cell death [78, 79]. Despite advances in
prevention measures, surgical, and diagnostic techniques, no
pharmacological treatment has so far been found to confer
neuroprotection by targeting secondary injury mechanisms
[76].

Recent studies in a rat model of TBI showed that postin-
jury administration of SF reduces the BBB impairment and

cerebral edema after TBI [65, 80]. In particular, Zhao et al.
[80] showed that SF attenuated aquaporin-4 (AQP4) channel
loss in the injury core and further increased AQP4 protein
levels in the penumbra region at 24 h and 3 days following
TBI. In contrast to the early increase of AQP4 levels, the
decrease in cerebral edema was observed only at 3 days,
confirming the important role of AQP4 channels to clear the
water in excess and to maintain the brain water homeostasis
[81]. However, the authors suggest that the observed SF
neuroprotective effect may be due to a combination of mecha-
nisms that include decreased BBB permeability, enhanced cell
survival, and/or increased AQP4 channel levels. In particular,
the restoration of AQP4 channel activity prevented the
impaired clearance of extracellular potassium with neuronal
depolarization and glutamate release. It should be noted that
the glutamate release is involved in an important sequel of
CNS injury [80]. In the same rat model of TBI, Zhao et
al. [65] demonstrated that postinjury administration of SF
preserved BBB function through the reduction of endothelial
cell markers and tight junction protein loss. These protective
effects were mediated by the activity of Nrf2. In particular, SF
increased the expression of Nrf2-driven cytoprotective genes
such as GSTa3, GPx, and HO-1 in the parietal cortex and
brain microvessels. More recent papers confirmed these find-
ings in both rat and mice models of TBI [82]. Interestingly,
Dash et al. [83] showed that in addition to vascular protec-
tion of SE postinjury SF treatment preserved neurological
function in injured animals. This improvement was demon-
strated by enhanced learning and memory and by improved
performance in a working memory task. The authors propose
that the ability of SF to improve the hippocampal- and
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prefrontal cortex-dependent cognitive function could be
ascribed to its ability to protect the neurons and other cell
types of the neurovascular unit from the oxidative damage
elicited by TBI. Taken together, these findings suggest that
SF may protect against the various pathophysiological con-
sequences of TBI and other neurological traumatic injuries.
On this topic, a recent study demonstrated that SF provides
neuroprotective effects in the spinal cord after contusive
injury [84].

5. Protective Effects of Sulforaphane against
Chronic Neurodegeneration

5.1. Alzheimer’s Disease. Alzheimer’s disease (AD) is the
most common neurodegenerative disease that accounts for
most cases of dementia experienced by older people and
is characterized by a progressive decline in memory and
impairment of at least one other cognitive function [85].

This neurodegenerative disease is characterized by the
accumulation of amyloid beta (Af) peptides that result in
oxidative damage, inflammation and increased intracellular
calcium levels [86, 87]. Two major hallmarks of AD are the
extracellular aggregation of Af peptides and the intracel-
lular precipitation/aggregation of hyperphosphorylated Tau
(forming neurofibrillary tangles) protein [87]. In particular,
AP 1-40 and AP 1-42 peptides, produced by the cleavage
of the precursor protein, can exist in multiple aggregation
forms, including soluble oligomers or protofibrils, and insol-
uble fibrils, which are responsible for various pathological
effects 88, 89].

Several studies showed that increased oxidative stress, the
impaired protein-folding function of the endoplasmatic retic-
ulum, and deficient proteasome- and autophagic-mediated
clearance of damaged proteins accelerated the accumulation
of Af3 peptides and Tau protein in AD [90, 91].

In this context, Kwak et al. [92] demonstrated that the
neuroprotective effects of SF against oxidative stress, in terms
of protein carbonyl formation and cytotoxicity elicited by
hydrogen peroxide, could be ascribed to its ability to induce
proteasome expression in murine neuroblastoma Neuro2A
cells. In similar cellular models, Park et al. [93] confirmed
the ability of SF to enhance the proteasome activities and to
protect the neuronal cells from Af1-42-mediated cytoxicity.
More recent studies reported that SF induced the expression
of heat shock protein 27, demonstrating that SF-stimulated
proteasome activity may contribute to cytoprotection [94].
These data suggest that induction of proteasome by SF may
facilitate the clearance of the Af1-42 peptides and lead to
the improvement of protein misfolding in AD. Kim et al.
[95] investigated the potential neuroprotective effects of SF
in an Ap1-40 peptide-induced AD acute mouse model. In
particular, they recorded the ability of SF to ameliorate the
cognitive function impairment although it did not directly
interact with Af. These findings reinforce the indirect neu-
roprotective effects of SF against A3 toxicity.

5.2. Parkinson’s Disease. Parkinson’s disease (PD) is an age-
related neurodegenerative disease with progressive loss of

dopaminergic (DA) neurons in the substantia nigra pars
compacta and with accumulation of neuronal inclusions
known as Lewy bodies [96]. The exact etiology of PD remains
to be fully elucidated, but the most reliable theories propose
either an environmental [97, 98] or a genetic [99] origin, or a
combination of both. Genetic studies have demonstrated that
a-synuclein protein, a principal component of Lewy body
inclusions [100], is a key participant in the pathogenesis of
this disorder [101-103]. The exact biological function of «-
synuclein and the mechanism by which mutations in this
gene lead to neuron loss are still not clear, although it has been
observed that an excess of a-synuclein protein can cause DA
neuron loss [104].

Overwhelming evidence indicates that oxidative damage
induced by ROS participates in the progression of DA neu-
rons. In particular, the metabolism of dopamine (DA) might
be responsible for the high basal levels of oxidative stress in
the SN. Autooxidation of dopamine leads to the formation
of neurotoxic species such as electrophilic DA quinone and
ROS including superoxide anion (O,") and H,O, [105]. DA
quinone is also thought to cause mitochondrial dysfunction
[106] and to mediate a-synuclein-associated neurotoxicity in
PD by covalently modifying a-synuclein monomer [107] and
by stabilizing the toxic protofibrillar «-synuclein [108].

Using a Drosophila model of a-synucleinopathy, Trinh et
al. [109] observed that the neuronal death accompanying «-
synuclein expression is enhanced by loss-of-function muta-
tions in genes involved in the phase II detoxification pathway,
specifically, glutathione metabolism. This neuronal loss can
be overcome by pharmacological inducers, including SF, that
increase glutathione synthesis or glutathione conjugation
activity. They also observed similar neuroprotective effects
of SF in Drosophila parkin mutants, another loss-of-function
model of PD.

Several in vitro studies showed that SF was able to
significantly reduce DA quinone levels in dopaminergic
cell lines, such as CATH.a and SK-N-BE(2)C, as well
as in mesencephalic dopaminergic neurons, evoked by 6-
hydroxydopamine (6-OHDA) and BH4 [110]. In particular,
Han et al. [57] demonstrated that SF can protect dopamin-
ergic cells from the cytotoxicity of 6-OHDA and BH4 by
removal of intracellular DA quinone, because NQOI enzyme
activity and mRNA level are increased by SF treatment and
quinone-modified proteins are decreased.

In addition, DA quinone may yield neurotoxic species
following its reaction with cellular thiols to form the 5-S-
cysteinyl-dopamine (CysDA) [111-113]. CysDA adducts have
been reported in human brain tissue and are elevated in
the brains of patients suffering from PD [114]. We have
demonstrated that SF is able to protect primary cortical
neurons against CysDA-induced injury. In particular, we
found that the protection exerted by SF against this neuro-
toxin is linked to the activation of ERK1/2, to the associated
release of Nrf2 from Keapl, and to a subsequent increase in
the expression and activity of specific detoxifying phase II
enzymes [115]. Moreover, we demonstrated that SF prevented
the dopaminergic-like neuroblastoma SH-SY5Y cell death,
in terms of apoptosis and necrosis, induced by oxidant
compounds, such as H,0, and 6-OHDA, by its abilities
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SF + 6-OHDA

FIGURE 2: SF prevents 6-OHDA-induced ROS formation in SH-SY5Y cells. Representative images of SH-SY5Y cells incubated with SF
for 24h and then treated with 6-OHDA for 3 h. At the end of incubation, ROS formation was determined by fluorescence probe, 27

dichlorofluorescein-diacetate (DCFH-DA). Scale bar: 100 pm.

to increase endogenous GSH, enzymes involved in GSH
metabolism including GST and GR, and to normalize the
intracellular redox status (Figure 2) [116]. Interestingly, we
recorded similar in vitro neuroprotective effects also with
the erucin generated by bioconversion of the SF suggesting
a neuroprotective role of SF metabolites in PD [117].

Deng et al. [118] observed that SF inhibited 6-OHDA-
induced cytotoxicity in SH-SY5Y cells through increas-
ing Nrf2 nuclear translocation and HO-1 expression in a
PI3 K/Akt-dependent manner. Further, other authors con-
firmed that Nrf2 activation by SF may play an important
role in DA neuron protection against 6-OHDA-induced
toxicity in rat organotypical nigrostriatal cocultures [119].
As regards in vivo neurodegeneration models, Jazwa et
al. [30] demonstrated that SF induced an Nrf2-dependent
phase II response in the basal ganglia and protected against
nigral dopaminergic cell death, astrogliosis, and microgliosis
in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse
model of PD. Further, we reported the ability of SF to exert
neuroprotective effects on DA neurons in 6-OHDA-lesioned
mice. In particular, these effects may be attributed to SF ability
to enhance GSH levels and its dependent enzymes, including
GST and GR, and to modulate neuronal survival pathways,
such as ERK1/2 [120].

6. Conclusions

Several in vitro and in vivo studies have demonstrated the
ability of SF to prevent various neurodegenerative processes
that underlie stroke, traumatic brain injury, AD, and PD. The
ability of SF to exert neuroprotective effects in different acute
and chronic neurodegenerative diseases could be ascribed to
its peculiar ability to activate the Nrf2/ARE pathway. Nrf2
is a recent therapeutic target in neurodegenerative diseases
because it regulates several genes that have been implicated
in protection against neurodegenerative conditions [121, 122].
In this context, SF presents many advantages, such as good
pharmacokinetics and safety after oral administration as well
as the potential ability to penetrate the BBB and deliver its
neuroprotective effects in the central nervous system [123].
Based on these considerations, SF appears to be a promising
compound with neuroprotective properties that may play an
important role in preventing neurodegenerative diseases.
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Alzheimer’s disease (AD) is the most common neurodegenerative disease that causes dementia in the elderly. Patients with AD
suffer a gradual deterioration of memory and other cognitive functions, which eventually leads to a complete incapacity and death.
A complicated array of molecular events has been implicated in the pathogenesis of AD. The major pathological characteristics
of AD brains are the presence of senile plaques, neurofibrillary tangles, and neuronal loss. Growing evidence has demonstrated
that oxidative stress is an important factor contributing to the initiation and progression of AD. However, the mechanisms that
lead to the disruption of redox balance and the sources of free radicals remain elusive. The excessive reactive oxygen species may
be generated from mechanisms such as mitochondria dysfunction and/or aberrant accumulation of transition metals, while the
abnormal accumulation of Abeta and tau proteins appears to promote the redox imbalance. The resulted oxidative stress has been
implicated in Abeta- or tau-induced neurotoxicity. In addition, evidence has suggested that oxidative stress may augment the
production and aggregation of Abeta and facilitate the phosphorylation and polymerization of tau, thus forming a vicious cycle

that promotes the initiation and progression of AD.

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegen-
erative disease that causes dementia in the elderly. It is char-
acterized by the gradual deterioration of memory and other
cognitive functions, which eventually leads to a complete
incapacity and death of the patients within 3 to 9 years after
diagnosis [1]. Increasing age is a major risk factor for sporadic
forms of AD. As the elderly population of the world continues
to increase, the prevalence of AD has increased remarkably
worldwide, and AD has become one of the leading causes
of disability and death among the elderly [2-5]. Despite the
tremendous progress that has been made in AD research in
the past few decades, the exact cause and pathogenesis of
AD are not completely understood, and currently, there is no
effective treatment for the disease.

The major pathological characteristics of AD brains are
the presence of senile plaques, neurofibrillary tangles (NFTs),
and neuronal loss [1, 6]. Senile plaques are mainly composed
of beta-amyloid peptide (Abeta) that is produced from
proteolytic cleavage of the transmembrane amyloid precursor
protein (APP). NFTs are formed by arrays of paired helical

filaments (PHFs) structures, which contain mainly self-
aggregated hyperphosphorylated tau, a multifunctional pro-
tein involved in microtubule assembly and stabilization [6].
Accumulating evidence has shown that the presence of exten-
sive oxidative stress is a characteristic of AD brains in addi-
tion to the established pathology of senile plaques and NFT
[7]. It has been demonstrated that the levels of protein car-
bonyls and 3-nitrotyrosine, which are resulted from protein
oxidation, and markers of oxidative damage to DNA and
RNA, such as 8-hydroxydeoxyguanosine (8-OHdG) and 8-
hydroxyguanosine, are elevated in AD brains [8-12]. Prod-
ucts of lipid peroxidation, such as malondialdehyde (MDA),
4-hydroxynonenal, and F,-isoprostanes, are also increased
in multiple brain regions and cerebrospinal fluid (CSF) of
patients with AD or mild cognitive impairment (MCI) [13-
17]. In addition to the accumulation of free radical damage,
alterations in the activities or expression of antioxidant en-
zymes such as superoxide dismutase (SOD) and catalase have
been observed in both central nervous system and periph-
eral tissues of AD patients [17-20]. Moreover, in AD and
MCI brains, the increased oxidative damage to lipids and
proteins and the decline of glutathione and antioxidant



enzyme activities are more localized to the synapses and cor-
relate with the severity of the disease, suggesting an involve-
ment of oxidative stress in AD-related synaptic loss [21].
Importantly, many of the previously mentioned studies show
elevations of oxidative stress in MCI, which is proposed as
an intermediate state between normal aging and dementia,
indicating that the oxidative stress damage in AD may occur
preceding the onset of the disease. These results suggest that
oxidative stress may be one of the earliest alterations that
occur during the initiation and development of AD.

While oxidative stress has emerged as one of the impor-
tant factors in AD pathogenesis, the mechanisms by which
the redox balance is altered and the sources of free radicals
remain elusive. The present paper reviews the involvement
of abnormal accumulation of Abeta and tau proteins in the
induction of redox imbalance and the generation of free rad-
icals through mechanisms such as mitochondria dysfunction
and/or transition metal homeostasis imbalance and discusses
the mechanisms by which oxidative stress promotes Abeta-
and tau-mediated neurotoxicity.

2. Oxidative Stress and Abeta-Induced Toxicity

Abeta is produced via sequential proteolytic cleavages of
APP by two membrane-bound proteases, beta-secretase, also
known as beta-site APP cleaving enzyme 1 (BACEl), and
gamma-secretase, a multiprotein complex consisting of pre-
senilin (PS), nicastrin (NCT), anterior pharynx-defective 1
(APH-1), and presenilin enhancer protein 2 (PEN-2) [1, 6, 22].
BACEL1 cleaves APP at the N-terminal end, producing a
99 amino acid APP C-terminal fragment, which is further
cleaved within the transmembrane domain by gamma-
secretase, resulting in the release of Abeta peptides [1, 6, 23].
Several peptides of varying lengths can be generated from the
cleavages by beta- and gamma-secretases; among them, the
42-amino acid form of Abeta (Abeta42) is more toxic than
the more abundantly produced 40-amino acid form of Abeta
(Abeta40), possibly because of its faster self-aggregation into
oligomers [1, 23, 24]. In fact, multiple lines of evidence suggest
that soluble Abeta oligomers are the most neurotoxic, whose
levels correlate with the severity of the cognitive decline in
AD [23, 24]. Cleavage of APP by a third enzyme, alpha-
secretase, precludes the formation of toxic Abeta peptides
[25]. Increased production and/or decreased clearance of
Abeta peptides leads to the accumulation of Abeta, which
stimulates diverse cell signaling pathways, eventually result-
ing in synaptic degeneration, neuronal loss and decline in
cognitive function [6, 23, 24, 26-28].

A great deal of research has implicated oxidative stress in
Abeta-induced neurotoxicity [29]. In vitro experiments using
cell models showed that Abeta treatment could increase the
levels of hydrogen peroxide and lipid peroxides [30]. Con-
sistently, in various AD transgenic mouse models carrying
mutants of APP and PS-1, increased hydrogen peroxide and
nitric oxide production as well as elevated oxidative modifi-
cations of proteins and lipids were correlated with the age-
associated Abeta accumulation, confirming that Abeta pro-
motes oxidative stress [31-35]. In hippocampal neuronal cell
cultures, the induction of reactive oxygen species (ROS) by
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soluble Abeta oligomers required the activation of N-methyl-
D-aspartate (NMDA) receptor and was associated with a
rapid increase in neuronal calcium levels, suggesting a pos-
sible role of soluble Abeta oligomers as proximal neurotoxins
and the involvement of oxidative stress in the synaptic impair-
ment and neuronal loss induced by soluble Abeta oligomers
[36]. Consistently, it has been demonstrated in AD cell and
animal models that natural antioxidants, such as EGb 761,
curcumin, and green tea catechins, can exert neuroprotective
functions by attenuating Abeta-induced ROS generation and
neuronal apoptosis [37-40].

In addition to mediating Abeta-induced cytotoxity,
numerous studies have suggested that oxidative stress pro-
motes the production of Abeta. It was demonstrated that
defects in antioxidant defense system caused elevated oxida-
tive stress and significantly increased Abeta deposition in
transgenic mice overexpressing APP mutant [41, 42], while
dietary antioxidants such as curcumin lowered the elevation
of oxidized proteins and decreased brain Abeta levels and
Abeta plaque burden [43]. Moreover, the increased Abeta
deposition and its associated earlier onset and more severe
cognitive dysfunction induced by the defect in antioxidant
defense system could be ameliorated by antioxidant supple-
mentation [42]. In line with these findings, overexpression
of manganese superoxide dismutase (MnSOD) in Tgl19959
transgenic mice overexpressing APP mutant decreased pro-
tein oxidation and increased antioxidant defense capability in
brains while reducing Abeta plaque burden and restoring the
memory deficit [44]. Furthermore, deletion of cytoplasmic
copper/zinc superoxide dismutase (Cu-Zn-SOD, SOD1) in
Tg2576 APP-overexpressing AD mouse model was found to
increase Abeta oligomerization while accelerating the loss of
spatial learning and memory as compared with control AD
mice, suggesting a possible role of oxidative damage in Abeta
oligomerization [45]. These results suggest that the enhance-
ment of Abeta production/plaque formation as well as Abeta
oligomerization by oxidative stress is important for the
initiation and development of AD.

Studies on how oxidative stress enhances Abeta produc-
tion have revealed that oxidative stress decreases the activity
of alpha-secretase while promoting the expression and acti-
vation of beta- and gamma-secretase, enzymes critical for the
generation of Abeta from APP [46-50]. The induction of
BACEL! and PSI expression and the activation of gamma-
secretase by oxidative stress were found to be dependent on
the activation of c-Jun N-terminal kinase (JNK) pathway, a
major cell signaling cascade that is stimulated by oxidative
stress [51, 52]. In fact, the promoter and 5’ untranslated region
of BACE gene contain binding sites for multiple transcrip-
tion factors including the redox-sensitive activator protein
(AP1) and nuclear factor (NF)-kappa B, activation of which
by oxidative stress may in turn enhance BACE expression
[53]. In AD brains, both the activation of JNK signaling
cascade [54-56] and the elevation of BACE1 and PSI expres-
sion/activity have been detected [57-59]; thus, it is possible
that the increased oxidative stress in AD brains may initiate
the activation of a cascade of redox-sensitive cell signal
pathways including JNK, which promotes the expression of
BACE1 and PS], eventually enhancing the production of
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Abeta and the deterioration of cognitive function. As JNK has
also been implicated in Abeta-induced neuronal apoptosis
[60], oxidative stress may enhance Abeta production as well
as mediate Abeta-induced neurotoxicity through the activa-
tion of redox-sensitive signaling pathways such as JNK.

Alternatively, the augmentation of Abeta production by
oxidative stress may be a compensatory reaction to oxidative
stress. It was found that neuronal oxidative damage was more
pronounced in AD subjects with lesser amounts of Abeta
deposition or in AD subjects with a shorter disease duration
(61, 62], and there was an inverse relationship between the
levels of neuronal oxidative damage to nucleic acids and the
amounts of intraneuronal Abeta42 in the hippocampus and
the subiculum of AD brains [63]. These unexpected observa-
tions have led to the hypothesis that Abeta may potentially
play a protective role against neuronal oxidative stress [64].
Indeed, evidence has suggested that picomolar or low
nanomolar levels of Abeta can be neurotrophic or neuropro-
tective [65, 66]. Physiological concentrations of Abeta were
shown to efficiently inhibit autooxidation of lipoproteins in
CSF and plasma [67] and markedly increase hippocampal
long-term potentiation [68], whereas the high nanomolar
concentrations of Abeta caused the well-established toxic
effects. In addition, it appeared that the dualistic effects
of Abeta depended on the aggregation state of Abeta and
were Abeta size-form specific [66, 69]. Taken together, low
levels of Abeta may have a role in the normal function of
neuronal cells and could beneficially influence the cellular
redox status, while the abnormal accumulation and aggrega-
tion of specific forms of Abeta, which can be enhanced by
oxidative stress, may impair neuronal function and further
exacerbate neuronal oxidative damage, contributing to the
pathological development of AD. A better understanding of
the pathological as well as the physiological role of Abeta may
lead to more effective strategies for AD interventions.

3. Mitochondria Dysfunction and Oxidative
Stress in AD

Mitochondria are unique organelles that are pivotal for a
variety of cellular functions including ATP synthesis, cal-
cium homeostasis, and cell survival and death. Meanwhile,
mitochondrial respiratory chain is a major site of ROS
production in the cell, and mitochondria are particularly
vulnerable to oxidative stress [70, 71]. Extensive studies have
demonstrated that mitochondria dysfunction is an important
factor involved in the pathogenesis of AD. A number of mito-
chondrial and metabolic abnormalities have been identified
in the hippocampal neurons of AD compared to age-matched
controls [72-74]. Morphometric analysis of biopsies from AD
brains showed a significant reduction of mitochondria, while
the mitochondrial DNA and protein were increased in the
cytoplasm and in the vacuoles associated with lipofuscin, a
lysosome suggested as the site of mitochondrial degradation
by autophagy [72, 73]. These mitochondrial abnormalities
were found accompanied by oxidative damage marked by
8-hydroxyguanosine and nitrotyrosine, indicating that the
mitochondria were damaged during the progression of AD
[72]. In line with this, a significant decrease of mitochondrial

cytochrome oxidase (complex IV) activity in the cortical
regions of AD brains was reported [74]. Deficiency in this key
electron transport enzyme could lead to the increase in ROS
production and reduction in energy stores, eventually con-
tributing to the neurodegenerative process [74].

Evidence suggests that Abeta may directly disrupt mito-
chondria function and contribute to the deficiency of energy
metabolism and neuronal death seen in AD. It was found
that Abeta was localized to mitochondria in brains of AD
patients and transgenic mice as well as in neuroblastoma cells
stably expressing human mutant APP [34, 75]. The presence
of Abeta in mitochondria was associated with impaired
mitochondrial metabolism and increased mitochondrial ROS
production [34, 75]. In fact, in isolated mitochondria, Abeta
treatment could cause oxidative injury to mitochondrial
membrane, disrupt lipid polarity and protein mobility and
inhibit key enzymes of the mitochondria respiratory chain,
leading to increased mitochondrial membrane permeability
and cytochrome c release [76, 77]. MnSOD, a primary antiox-
idant enzyme protecting mitochondria against superoxide,
was found to be a target of nitration and inactivation in a
double homozygous knock-in mouse model expressing APP
and PS-1 mutants [78]. The decreased activity of antioxidant
defense enzymes such as MnSOD may further increase ROS
levels and compromise mitochondria function, contributing
to the loss of mitochondrial membrane potential and even-
tually caspase activation and apoptosis [78]. Abeta has also
been shown to alter other cellular protective mechanisms
against oxidative damage to mitochondria. Uncoupling pro-
teins (UCPs) are a family of mitochondrial anion carrier
proteins that are located on the inner mitochondrial mem-
brane with diverse physiological functions [79]. It has been
demonstrated that UCP2 and UCP3 can be activated by ROS
or products of lipid peroxidation to diminish proton motive
force and reduce mitochondrial membrane potential and
ATP production, causing mitochondria uncoupling and de-
crease of ROS generation from mitochondria [80]. Therefore,
the expression and activation of UCPs are considered to be
a protective mechanism in response to oxidative stress. This
protective mechanism appears dysfunctional in AD brains
where the expression of UCP2, 4, and 5 is significantly de-
creased [81]. In SH-SY5Y neuroblastoma cells overexpressing
APP or APP mutant, it was found that the upregulation of
UCP2 and UCP4 protein levels in response to the exposure
of superoxide was abrogated; although the mechanisms are
unclear, it suggests that Abeta accumulation may lead to
irreversible cellular alterations that render the cell more
susceptible to oxidative stress [82]. Moreover, the UCP2- and
UCP4-dependent upregulation of mitochondrial free cal-
cium in response to superoxide treatment was found to be
diminished in cells overexpressing APP or APP mutant, indi-
cating that the Abeta accumulation may be associated with
a dysfunction of mitochondria as a reserve pool of intracel-
lular calcium that leads to an increased cell sensitivity to the
loss of calcium homeostasis [82].

It is noted that the mitochondria-associated Abeta along
with the increase in hydrogen peroxide and decrease in
cytochrome oxidase activity was detected prior to the appear-
ance of Abeta plaques, suggesting the defect in mitochondria



occurs earlier in the pathogenesis of AD. Therefore, early
mitochondrially targeted therapeutic interventions may be
effective in delaying the onset and progression of AD [34, 75].

4. Metal Homeostasis and Oxidative Stress
in AD

Transition metals such as copper (Cu), zinc (Zn), and iron
(Fe) play important catalytic roles in many enzymes and are
essential for a broad range of biological processes in human
body including brain functions. Both Cu and Zn have been
shown to participate in regulating synaptic function. Follow-
ing NMDA receptor activation, Cu is released from the neu-
ron and regulates neuronal activation by functionally block-
ing NMDA receptors and limiting calcium entry into the
cell [83]. Zn also has a neuromodulatory role; it is released
from presynaptic nerve terminals into the synaptic cleft
upon neuronal activation and has been shown to inhibit
excitatory NMDA receptors [84]. Fe is crucial for neuronal
processes such as myelination, synaptogenesis, and synaptic
plasticity (SP). It is well documented that deficiency of Fe
can induce a series of neurochemical alterations that may
eventually lead to cognitive deficits [85]. While these tran-
sition metals play essential roles in neural functions, their
levels and transport are strictly regulated, as aberrant metal
homeostasis can result in neurotoxic free-radical production.
For example, excess Fe or Cu can directly interact with oxygen
to produce superoxide ion, hydrogen peroxide, and hydroxyl
radical, which may lead to oxidative stress and a cascade of
biochemical alterations that eventually cause neuronal cell
death [86]. In fact, growing evidence has shown that there isa
close relationship between the disruption of metal home-
ostasis and AD [86]. Abnormal levels of Cu, Zn, and Fe
have been observed in AD hippocampus and amygdala, areas
showing severe histopathologic alterations [87]. Moreover,
these transition metals have been detected within the amyloid
deposits in AD patients as well as transgenic mouse models
[88-90]. These data suggest that the aberrant accumulation
of transition metals may be inextricably linked with Abeta
pathology in AD; however, the precise cause and the nature
of the involvement of brain metal dyshomeostasis in AD are
still largely unknown.

The presence of transition metals within the amyloid
deposits in AD patients indicates that transition metals may
directly interact with Abeta [88-90]. Indeed, both Cu** and
Zn** can bind to Abeta monomers via three histidine residues
(His®, His'®, and His'*) and a tyrosine residue (Tyrlo), caus-
ing conformational changes of the peptide that promote its
aggregation [91, 92]. Consistently, in vitro data showed that
Cu and Zn rapidly induced the aggregation of soluble Abeta
peptides [93, 94]. Therefore, the disturbance of metal home-
ostasis and the abnormal interactions of Abeta with metal
ions may be directly involved in the process of Abeta depo-
sition in AD brains [93-96]. In addition, the aberrant inter-
action between transition metals and Abeta may be a source
of ROS generation. Abeta binds Cu®** with high affinity,
forming a cuproenzyme-like complex [91]. Electrons can be
transferred from Abeta to Cu, reducing Cu®" to Cu* and
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forming positively charged Abeta radical (Abeta*") [97]. Cu®
then donates two electrons to oxygen, generating H,O, [97,
98], setting up conditions to further produce hydroxyl radi-
cals (Fenton-type reaction) [99, 100]. After electron donation
to O,, the radicalized -Cu** complex may be restored to
Abeta-Cu”" by electron transfer from biological reducing
agents such as cholesterol, catecholamines, and vitamin C
[97]. The efficiency for generation of H,O, is greater for
Abeta42 than Abeta40, correlating with their cytotoxic activ-
ity [98, 99]. Similar to copper-Abeta interaction, binding of
Fe to Abeta results in reduction of Fe’* to Fe** and the gener-
ation of H,O, [101]. These data suggest that ROS generated
from the interaction of transition metals with Abeta are
key contributors to the oxidative stress in Abeta-mediated
neurotoxicity and AD pathogenesis.

Additionally, there is a close association between Fe/Cu
homeostasis and the production and processing of APP. In
SH-SY5Y cells overexpressing the Swedish mutant form of
human APP (APPsw), Fe treatment induced the release of
Abetad2 [102, 103]. Moreover, an iron-responsive element
(IRE-Type IT) was identified within the 5’ -untranslated region
(5'-UTR) of APP transcript, which was selectively downreg-
ulated in response to intracellular Fe chelation; thus, in addi-
tion to promotion of Abeta generation from APP, increases
in Fe levels may lead to upregulation of APP protein trans-
lation through binding of Fe regulatory proteins to the APP
IRE [104]. On the contrary, Cu treatment was shown to pro-
mote the nonamyloidogenic pathway of APP and decrease the
release of Abeta [105]. This may be related to the finding that
Cu is abnormally distributed in AD brain, with accumulation
of Cu in amyloid plaques but a deficiency of Cu in neighbor-
ing cells [87, 88].

Studies have shown that metal transporters such as
Zn transporters and divalent metal transporter 1 (DMT1)
are increased in the cortex and hippocampus of APP/PSI
transgenic mice; and similar to transition metals, these metal
transporters are colocalized with Abeta in senile plaques in
the cortex of AD brains [103,106, 107]. This leads to the specu-
lation that metal transporters may play important roles in the
aberrant metal homeostasis in AD. DMT1, also known as nat-
ural resistance-associated macrophage protein 2 (Nramp?2) or
divalent cation transporter 1 (DCT1), is a newly discovered
proton-coupled metal-ion transport protein responsible for
the uptake of a broad range of divalent metal ions, including
Fe, Cu, and Zn [108]. In APPsw cells, where a significant
increase in DMT1 levels was found when compared to the
control cells [103], it was observed that the intracellular Fe
was significantly elevated along with the increased oxidative
stress and cell toxicity [102, 103]. Silencing of endogenous
DMT1 by RNA interference (RNAi) decreased the protein
levels of DMT1 and also reduced bivalent ion influx into
the cells, suggesting that the elevation of DMT1 might be
involved in the disruption of Fe homeostasis seen in APPsw
cells [102, 103].

APP, which has a Cu binding site at N-terminal cysteine-
rich region [109], generates free radicals when interacting
with Cu. In addition, APP has been shown to modulate Cu
homeostasis. Overexpression of APP in Tg2576 transgenic
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mice caused a significant reduction in Cu levels [110]. In
APP knockout mice, Cu levels were significantly elevated in
cerebral cortex, a region of the brain particularly involved
in AD [111, 112]. This leads to the speculation that the
secreted APP and/or Abeta may promote the efflux of Cu or
prevent its uptake, thus reducing its levels [110]. In SH-SY5Y
cells, it was found that endogenous APP had a partial
colocalization with the Golgi marker GMI130, while the
elevation of cellular Cu levels promoted the exit of APP from
the Golgi to a wider distribution throughout the cytoplasm
and to the plasma membrane [113]. It was suggested that the
increase in cell surface APP was resulted from a concomitant
increase in exocytosis and reduction in endocytosis [113].
The copper-responsive trafficking of APP is therefore con-
sistent with a role for APP in Cu efflux pathways [111, 113].
These observations suggest that there is an interdependent
relationship between APP metabolism and Cu homeostasis,
perturbations of either may cause alteration of the other,
eventually promoting the accumulation of Abeta and the
generation of free radicals [112].

As aberrant metal homeostasis plays an important role
in several important aspects of AD pathogenesis including
the production and aggregation of Abeta and the oxidative
stress mediated by Abeta, AD therapy-targeted metal-Abeta
interaction is rapidly emerging as a promising therapeutic
option. Various metal chelating compounds have been tested
for their efficacy [114]. One of these compounds, clioquinol
(CQ), an orally bioavailable Cu/Zn chelator, was shown to
block Abeta-induced production of H,0, and Zn**/Cu®*-
induced precipitation of synthetic Abeta in vitro and signifi-
cantly reduce the level of Abeta deposition in brains of Tg2576
transgenic mice [96, 115]. In a randomized, double-blind,
placebo-controlled clinical intervention using clioquinol in
patients with moderately severe AD, CQ treatment lowered
plasma Abeta42 levels and slowed cognitive impairment
in the more severely affected patients (baseline cognitive
subscale score of the AD Assessment Scale, >25) during a 36-
week period [116].

Since the generation of ROS is an important factor in
AD pathogenesis promoted by the aberrant accumulation of
transition metals, natural antioxidants may have protective
effects against AD pathogenesis induced by disruption of
metal homeostasis [117]. As expected, treatment with antiox-
idant nicotine attenuated the copper-facilitated neurotoxicity
induced by Abeta in APPsw cells while decreasing the intra-
cellular Cu concentration [90]. Consistently, nicotine treat-
ment significantly lowered the Cu and Zn concentrations in
senile plaques and a subfield of the hippocampus CAl region
in the brains of APPV7171 (London mutant form of APP)
transgenic mice, and these effects were found to be inde-
pendent of the activation of nicotinic acetylcholine receptors
[90]. These results suggest that antioxidants such as nicotine
may also have a role in regulating metal homeostasis.

5. Oxidative Stress and Tau Pathology

Hyperphosphorylated tau protein is the major component
of NFT, another hallmark of AD pathology that correlates
with neurodegeneration and cognitive decline [6]. Abnormal

hyperphosphorylation of tau impairs its binding with tubulin
and its capacity to promote microtubule assembly, resulting
in its self-aggregation into filaments [118]. A number of pro-
tein kinases and protein phosphatases have been implicated
in the abnormal phosphorylation of tau including glyco-
gen synthase kinase-3 beta (GSK-3 beta), cyclin-dependent
kinase 5, mitogen-activated protein kinase (MAPK), calcium-
calmodulin kinase, and protein kinase C [119]. It has been
suggested that the accumulation of Abeta may appear before
the tau pathology and that Abeta aggregates may be one of
a cascade of molecular events leading to tau hyperphospho-
rayltion [120-122]. On the other hand, it was reported that
overexpression of tau inhibited kinesin-dependent transport
of peroxisomes, neurofilaments, and Golgi-derived vesicles
into neurites, causing transport defects in primary neuronal
cells including the trafficking of APP [123]. In particular,
the transport of APP into axons and dendrites was blocked,
causing its accumulation in the cell body [123].

Although less well studied, evidence has shown that
oxidative stress is interlinked with tau pathology. It was also
shown that the cells overexpressing tau protein had increased
susceptibility against oxidative stress, perhaps due to the
depletion of peroxisomes [123]. In a drosophila model of
human tauopathies expressing a disease-related mutant form
of human tau (tau R406W), reduction of gene dosage of
thioredoxin reductase (TrxR) or mitochondrial SOD2
enhanced tau-induced neurodegenerative histological abnor-
malities and neuronal apoptosis [124]. In contrast, over-
expression of these antioxidant enzymes or treatment with
vitamin E attenuated tau-induced neuronal cell death [124].
Moreover, in cortical neurons derived from a transgenic rat
model expressing a human truncated variant form of tau
protein, it was observed that the levels of ROS were increased
when compared to control nontransgenic neurons, while
antioxidants such as vitamin C significantly eliminated the
elevation of ROS [125, 126]. These observations suggest that
tau-induced neurotoxicity is at least partially mediated by
oxidative damage [124]. The linkage between oxidative
stress and tau pathology was further demonstrated in P301S
and P301L transgenic mouse models carrying the human
tau gene with P301S or P30l1L mutations, which exhibit
an accumulation of hyperphosphorylated tau and develop
neurofibrillary tangles and neurodegeneration [127]. Mito-
chondrial dysfunction together with reduced NADH-ubi-
quinone oxidoreductase activity was found in P301L tau
transgenic mice, which was associated with increased ROS
production, impaired mitochondrial respiration and ATP
synthesis in aged animals [128]. Similarly, the brains of
P301S transgenic mice exhibited signs of elevated oxidative
stress including increased protein carbonyl levels in cortex
mitochondria, alterations in the activity and content of
mitochondrial enzymes involved in ROS formation and
energy metabolism, suggesting that oxidative stress and
mitochondrial dysfunction might play an important role in
tau pathology [129]. Consistently, administration of P301S
mice with coenzyme QI0, an antioxidant and a key com-
ponent of the electron transport chain, significantly in-
creased complex I activity and reduced lipid peroxidation
while improving survival and behavioral deficits of the mice



[130]. Furthermore, the convergence of Abeta and tau
pathologies on mitochondria dysfunction was demonstrated
in a triple transgenic mouse model [pR5/APP/PS2] (WPl AD),
which exhibits both Abeta and tau pathologic features of the
disease in the brain of the animal [131]. Proteomics analyses
of the "P°AD brain samples demonstrated a massive dereg-
ulation of 24 proteins, of which one third were mitochondrial
proteins mainly related to complexes I and IV of the oxidative
phosphorylation system [132]. Notably, deregulation of
mitochondrial complex IV was shown to be Abeta dependent,
while deregulation of complex I was tau dependent [132].
The effects of Abeta and tau on mitochondrial function were
found to be synergistic and age associated, resulting in the
decrease of the mitochondrial respiratory capacity and the
reduction of ATP synthesis, which finally led to the synaptic
loss, and neuronal death [132].

Growing evidence has also shown that oxidative stress
may have a role in the hyperphosphoryaltion and polymer-
ization of tau. The oxidation of fatty acids, which is found
to be elevated in AD brains, was reported to facilitate the
polymerization of tau, and thus might serve as a possible link
between oxidative stress and the formation of the fibrillar
pathology in AD [133]. In Tg2576 AD transgenic mice, de-
ficiency in mitochondrial SOD2 [134] or reduction of cyto-
plasmic SODI induced tau phosphorylation, suggesting that
ROS may play a critical role in the hyperphosphoryaltion of
tau [45]. p38 MAPK, which can be activated by oxidative
stress, is capable of phosphorylating tau protein in vitro [135].
In hippocampal and cortical brain regions of AD patients,
activated p38 is found exclusively localized to NFT and coim-
munoprecipitated with PHF-tau, suggesting that it might be
involved in the phosphorylation of tau in vivo [136]. Thus, p38
may be a candidate that links the phosphorylation of tau with
increased oxidative stress in AD.

6. Conclusions

In summary, evidence has demonstrated that oxidative stress
is inextricably linked with several major pathological pro-
cesses in AD including Abeta-induced neurotoxicity, tau
pathology, mitochondria dysfunction, and metal dyshome-
ostasis. Excessive ROS may be generated from mitochon-
dria dysfunction and/or aberrant accumulation of transition
metals, perhaps caused by a combination of abnormal Abeta
accumulation and tau pathology, eventually resulting in
oxidative stress. Oxidative stress, which mediates the neu-
rotoxicity induced by abnormal accumulation of Abeta and
tau proteins, may augment Abeta production and aggregation
as well as facilitate tau phosphorylation and polymerization,
further enhancing a variety of neurotoxic events including
ROS production, thus forming a vicious cycle that promotes
the initiation and progression of AD. Regardless a primary
or secondary event, oxidative stress is an important factor
contributing to the development of AD. Removal of ROS or
prevention of their formation may delay the onset or slow
down the progression of AD through multiple mechanisms
including, but not limited to, reduction of oxidative stress-
mediated neuronal toxicity, inhibition of Abeta production
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and aggregation, decrease of tau phosphorylation and poly-
merization, and restoration of mitochondria function and
metal homeostasis. Therefore, AD prevention or treatment
with natural antioxidant may be an approach that is capable of
targeting a number of different molecular events implicated
in the pathogenesis of AD.
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Friedreich’s ataxia is the most common inherited autosomal recessive ataxia and is characterized by progressive degeneration of the
peripheral and central nervous systems and cardiomyopathy. This disease is caused by the silencing of the FXN gene and reduced
levels of the encoded protein, frataxin. Frataxin is a mitochondrial protein that functions primarily in iron-sulfur cluster synthesis.
This small protein with an «/f sandwich fold undergoes complex processing and imports into the mitochondria, generating
isoforms with distinct N-terminal lengths which may underlie different functionalities, also in respect to oligomerization. Missense
mutations in the FXN coding region, which compromise protein folding, stability, and function, are found in 4% of FRDA
heterozygous patients and are useful to understand how loss of functional frataxin impacts on FRDA physiopathology. In cells,
frataxin deficiency leads to pleiotropic phenotypes, including deregulation of iron homeostasis and increased oxidative stress.

Increasing amount of data suggest that oxidative stress contributes to neurodegeneration in Friedreich’s ataxia.

1. Friedreich’s Ataxia: Origin, Clinical
Features, and Neurodegeneration

The main feature of Friedreich’s ataxia (FRDA) disease is
progressive and unremitting ataxia [1-3]. The first symp-
toms appear at puberty but onset of the disease can occur
from infancy to after 60 years [4]. Major neurologic signs
include gait and limb ataxia, tendon areflexia, dysarthria,
sensory loss, and pyramidal signs [5]. Cardiomyopathy is a
frequent symptom and is associated with a severe prognosis,
particularly in young patients [6]. Some patients can also
develop skeletal deformation, ocular abnormalities, hearing
loss, and diabetes [5]. The neuropathology of FRDA involves
degeneration of the dorsal root ganglia, peripheral nerves,
the spinal cord, and the dentate nucleus in the cerebellum
[7]. Patient nerves show axonal neuropathy with loss of large
myelinated fibers and an increase in the number of small
unmyelinated fibers [8, 9].

FRDA is caused by a GAA trinucleotide repeat expansion
in the first intron of the FXN gene [10]. The majority of
patients are homozygous for the trinucleotide expansion but

in 4% of patients, one allele presents point mutations in the
coding region. Expanded alleles lead to the inhibition of
FXN expression resulting in decreased levels of the encoded
protein, frataxin [10, 11]. The transcriptional repression of the
FXN gene induced by the GAA expansion is due to arrest
of RNA polymerase II progression and to heterochromatin-
mediated gene silencing [12-16]. Frataxin is a mitochondrial
protein involved in cellular iron use and maintenance of the
redox status [4]. Although the function of frataxin has been
a matter of debate since its discovery, it is now generally
accepted that its primary function is in iron-sulfur cluster
biosynthesis [17-20].

Frataxin is expressed in all cells of eukaryotic organisms.
However, the levels of FXN mRNA and frataxin show tissue
specificity that partially correlates with the sites of disease.
In humans, the highest levels of expression are found in
the heart and spinal cord and lower levels are observed in
the cerebellum, liver, skeletal muscle, and pancreas [10]. The
differential sensitivity of the tissues to frataxin deficiency is
not clear but may depend on the cellular metabolism and/or
on the somatic instability of expanded GAA triplet repeats
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FIGURE 1: Structures of the frataxin monomer and trimer, denoting the typical /3 fold in which the a-helices pack against the 3-sheet strands.
(a) Structure of the human frataxin monomer (PDB: 354M). (b) Structure of the yeast frataxin trimer (PDB: 30EQ). Note that in the trimer
structure, unwinding of the N-terminal «a-helix affords an interaction with a $-sheet from the nearby subunit.

[4, 21]. For dorsal root ganglia, one of the first tissues affected
in FRDA patients, it was shown that somatic instability starts
during embryonic development and continues throughout
life, resulting in progressive, age-dependent accumulation of
larger GAA triplet repeat expansions [21, 22]. Nevertheless,
understanding why only certain tissues are sensitive to
frataxin depletion will contribute to a better understanding of
the pathophysiology of the disease. Oxidative stress has been
suggested to be one of the major inducers of neurodegenera-
tion, but the underlying mechanisms are not fully understood
[4, 23, 24]. Antioxidant therapy has been tested since the
discovery of the gene with different molecules with limited
success in stopping the progression of the disease; however,
it is a potential target to treat the disease, and new molecules
are being tested.

2. The Frataxin Protein:
Structure and Function

Human frataxin (FXN) is a small protein, which is involved
in the mitochondrial biogenesis of iron-sulfur clusters (ISCs).
These inorganic structures are essential redox cofactors found
in several respiratory and metabolic enzymes within mito-
chondria. Although frataxin function remains to be fully
elucidated at the molecular level, a wealth of biochemical data
and the determination of three-dimensional structures from
several homologues of FXN, particularly yeast frataxin (Ythl),
have contributed to substantial progress on understanding
frataxin function [25-29].

The frataxin fold is characterized by a planar «-f sand-
wich motif, comprising two terminal «-helices, alongside
with five antiparallel S-strands that make up two planes
which are intersected by additional f-strands, thus compos-
ing the structure (Figure 1(a)). Several frataxins have been

shown to undergo oligomerization reactions, assembling
into trimers, hexamers, and larger order 24- and 48-mer
assemblies, although there is no consensus in the community
regarding the possibility of these reactions taking place in
vivo or on their functional relevance (Figure 1(b)). Frataxin
function involves participating in larger molecular assemblies
with the several components from the mitochondrial ISC
assembly machinery, and the molecular details of these
interactions are only now starting to be elucidated with
the disclosure of possible interactions taking place in such
quaternary complexes [30-32]. Nevertheless, other still con-
troversial roles have been proposed for frataxin, including
delivery of iron to ferrochelatase for heme synthesis, recovery
of the oxidatively damaged [3Fe4S] cluster in aconitase, and
iron storage (reviewed in [17]).

One important region in the frataxin fold is the so-
called acidic region, which comprises a set of acidic residues
located within the first a-helix and the edge of the first
B-strand (al and Bl in Figurel(a)), that are involved in
low affinity iron-binding [33]. Nevertheless, iron-binding is
essential for the interaction between Ythl frataxin and the Isu
scaffold protein from the ISC machinery [34]. Studies on Ythl
focusing on a set of functional mutants in the acidic region
have shown that charge-to-neutral alterations in the ridge do
not abolish iron-binding, but rather decrease binding affinity
[35]. Indeed, frataxin iron-binding capacity is quite robust,
as even upon changing five of the most conserved residues
from the putative iron-binding region, at least two iron atoms
per monomer can be bound. This study has also elicited an
interesting trade-off between frataxin function and stability
of the fold. Although these negative charges have a functional
role, at the same time, they significantly impair Yth1 stability
as their replacement results in a dramatic increase of protein
stability while reducing conformational plasticity. The acidic
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FIGURE 2: Mapping of amino acids mutated in FRDA compound heterozygous patients. FRDA mutations indicated on the human frataxin
structure (PDB: 3S4M): Lysl06Ser, Asp122Tyr, Glyl30Val, Asnl46Lys, Gln148Arg, Ilel54Phe, Trpl55Arg, Leul56Pro, Argl65Cys, Trpl73Gly,
Leul82Phe, Leul82His, and HisI83Arg. The arrow denotes a 90° rotation.

ridge has thus evolved to favor function over stability, there-
fore highlighting its importance on frataxin structure. On the
other hand, mutations of conserved residues of the portion
of the acid ridge found in the f-sheet, affected interaction
with the scaffold protein Isu, but did not affect overall protein
stability [35].

Frataxin processing and cleavage upon import into the
mitochondria results, in some cases, in the production of
diverse isoforms with distinct structural properties, espe-
cially in what concerns oligomerization propensity [36-38].
Human frataxin is a 210-amino acid protein which upon
expression in the cytosol is imported into the mitochondria
matrix, where it undergoes a complex processing resulting in
isoforms with different lengths at the N-terminus [36-38].
Identified isoforms include shorter frataxin versions (pro-
cessed at positions 42- and 56-) and longer ones (processed
at positions 78- and 81-). In humans, the most abundant
products seem to be the monomeric form FXN(81-201) which
predominates in fibroblasts, alongside with the oligomeriza-
tion prone longer FXN(42-120) isoform, which is abundant
in the heart, cerebellum, and dividing fibroblasts [39]. In fact,
distinct N-terminal processing of human frataxin has been
suggested to result in proteins with distinct functionalities in
what concerns interactions with the ISC machinery proteins
and iron-binding properties [17, 39]. In yeast, one major
form of processed frataxin is detected in the mitochondria
(corresponding to Ythl 52-174), which seems to be present
mostly in the form of trimers, unless protein overexpression
takes place which then generates larger oligomers [40]. Stress
and increased iron uptake seem also to induce the formation
of higher order Ythl oligomers [41].

One aspect which remains to be fully investigated is
whether frataxin may be itself a target for oxidative modifi-
cations in the context of FRDA in which very low frataxin
levels are present with iron accumulation in an environment
prone to oxidative reactions. To establish a proof of principle,
the susceptibility of frataxin to amino acid carbonylation

and nitration was investigated [42]. The results on FXN(91-
210) showed that residues in the f-sheet surface (Tyrl43,
Tyr174, Tyr205, and Trpl55) were preferential targets, and
that modifications did not alter substantially iron binding or
protein stability. Interestingly, the strictly conserved Trpl55,
which is mutated in early onset patients, is a hot spot for
modifications leading to the speculation that this could be
an effective mechanism to modulate frataxin interactions and
thus its function [42].

3. FRDA-Related Frataxin Mutations Result in
a Loss of Function Misfolding Disease

A small fraction of FRDA patients (around 4%) are com-
pound heterozygotes for the intronic GAA trinucleotide
repeat expansion, carrying in the other allele a missense
mutation in the coding region of the FXN gene (Figure 2).
These mutations are useful to understand how loss of
functional frataxin impacts on FRDA physiopathology. Some
of these mutations can be grouped according to FRDA symp-
toms severity: for example, whereas the FXN-p.Ile154Phe and
FXN-p.Trpl55Arg mutations lead to severe FRDA, the muta-
tions FXN-p.Glyl30Val and the FXN-p.Aspl22Tyr account
for milder clinical symptoms, although the latter has a very
low prevalence [43]. Overall, the link between a point muta-
tion in frataxin and the disease physiopathology remains
unclear. Whereas first approaches shed light onto possible
molecular mechanisms of disease by analyzing effects of
mutations on protein folding and stability [44, 45], more
recently mutations have also been studied in the context of
cell models [46] and distinct frataxin isoforms with different
N-terminal processing [47], and for some mutants, crystal
structure information has been obtained [48].

The initial studies on FRDA frataxin mutants focused
on the aggressive phenotype FXN-p.Ile154Phe and FXN-
p-Trpl55Arg variants, studied in the background of the



shorter processed FXN(91-210) protein [44]. The former is
among the most common clinical mutation, and affects an
isoleucine residue at the protein core, and thus is expected
to directly affect the structure and stability of the protein
fold. The latter affects a conserved tryptophan residue at
the protein surface in the exposed region of a f3-sheet. The
study has shown that these FRDA frataxin variants retained
the native fold under physiological conditions but were
thermodynamically destabilized in respect to normal frataxin
had a higher tendency towards proteolytic degradation, and
iron-binding was only partly impaired, nevertheless with
concomitant protein aggregation [44]. The implication of
these findings was that the severe mutations did not abolish
the expression of the FRDA frataxin variants, suggesting that
these proteins are formed under physiological conditions.
Interestingly, a FRDA murine fibroblast cell model based on
the FXN-p.Ile154Phe has corroborated this observation in
vivo, as transgenic expression of this pathological mutation
partly rescued endogenous frataxin deficiency [46]. Further,
these studies also evidenced decreased activity of iron-sulfur
proteins and accumulation of iron [46], in agreement with the
poorer iron-binding ability which had been observed in vitro
[44].

The evidence that the pathogenic mechanism in FRDA
mutant frataxin results from frataxin misfolding and insta-
bility suggests that, although quite different from other
neurodegenerative diseases involving toxic aggregation and
metal ions [49], FRDA in compound heterozygous patients
can be classified as a protein misfolding disease [50]. In
order to further explore this possibility, a broader study
encompassing also frataxin mutations yielding the milder
FRDA forms FXN-p.Aspl22Tyr and FXN-p.Glyl30Val was
undertaken [45]. The conclusion from those studies showed
that FRDA frataxins exhibit distinct degrees of conforma-
tional defects that impair folding and function. For example,
protein degradation propensity does not correlate necessarily
with disease severity, as the two milder mutations were found
for example to undergo proteolysis at higher rates than the
severe ones, which rather seem to expose more particular
part of the protein. An exploration of folding defects caused
by mutations resulting in a change in the soluble: insoluble
ratio upon recombinant expression showed that the severe
FXN-p.Trpl55Arg and FXN-p.Ilel54Phe variants are mostly
expressed as insoluble peptides, indicating that these muta-
tions affect early folding [45]. Interestingly these results
were corroborated by an investigation of the effects of these
mutations in the context of the isoforms FXN(42-210) and
FXN(81-210) in cell-free and different cellular models [47].
In addition, this study has shown that the FXN-p.Trpl55Arg
mutation destabilizes FXN(42-210) to a greater extent, as the
mutation in this form makes the protein more susceptible to
in vivo degradation than in the FXN(81-210) form. Likewise,
the FXN-p.Ilel54Phe variant in FXN(42-210) has a strongly
compromised solubility; however, in FXN(81-210) yields a
folded polypeptide when expressed in different cells types
[47], in agreement with the results obtained in vitro for the
purified recombinant mutant variant [45].
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4. Oxidative Stress in Frataxin-Deficient Cells
and Neurodegeneration

Oxidative stress is a central feature of FRDA disease and still a
privileged target for therapy [4, 23, 24]. An increasing amount
of data from different organisms support the hypothesis that
frataxin-deficiency causes a deregulation in the antioxidant
defenses, which result in oxidative stress and pathology [4,
24, 51, 52]. Increased levels of prooxidant molecules such as
H, 0, and superoxide have been detected in yeast, Drosophila
and FRDA patient cells [40, 53-58]. In addition, frataxin
deficiency increases the cellular sensitivity to a wide variety
of prooxidants in yeast [58, 59], Caenorhabditis elegans [60],
Drosophila [56, 61, 62], mouse [63], and patient FRDA cells
[64-68].

The eukaryotic cellular response to oxidative stress
involves the induction of detoxifying enzymes such as super-
oxide dismutases (SODs), an increase in glutathione and
NADPH synthesis, a decrease in the reduced to oxidized
glutathione ratio and glutathionylation of target proteins [69].
SODs convert superoxide into H,O, and are upregulated
upon oxidant insult. However, in fibroblasts from FRDA
patients, unlike those from healthy controls, SODs are not
upregulated in response to low doses of H,O,, oligomycin,
and iron [57, 65, 66]. In yeast, the anaerobiosis to aerobiosis
transition is an inducer of oxidative stress in Ayfhl cells
as a result of transcriptional repression of several genes
encoding critical antioxidant enzymes (SODs, catalases,
glutaredoxins, and thioredoxins) and of decrease of total
glutathione levels [58, 70]. Glutathione is a major antioxidant
molecule in eukaryotic cells. Furthermore, reversible protein
S-glutathionylation is a post translational modification that
provides protection of protein cysteines from irreversible
oxidation and also functions in the transduction of redox
signals [71]. Several studies show that frataxin deficiency
leads to the impairment of glutathione homeostasis [52,
53, 72-75]. A significant increase in the glutathione pool
bound to proteins was observed in blood samples, fibroblasts,
and lymphoblasts from FRDA patients and yeast Ayfhl
cells [72, 74, 75]. In addition, Pastore et al. found that in
patient fibroblasts actin was glutathionylated, which caused
disassembly of the filaments [74]. The analysis of autopsy
samples from the spinal cord of FRDA patients also showed
abnormal microfilament polymerization [76].

The discovery of actin glutathionylation and the demon-
stration that the Nrf2-dependent Phase II antioxidant path-
way is defective in patient fibroblasts provided the first
mechanism for the reduction of antioxidant defenses in
human frataxin-deficient cells [57]. Nuclear factor erythroid
2-related factor 2 (Nrf2) is a key transcription factor that
responds to oxidants by inducing expression of antioxidant
enzymes to restore redox homeostasis in the cell. The Nrf2
activity is regulated by the actin-associated Keapl (Kelch-like
ECH-associated protein 1), which is an adaptor protein for the
Cul3-dependent E3 ubiquitin ligase complex. Under normal
conditions, Keapl sequesters Nrf2 in the cytoplasm and
promotes its rapid degradation via ubiquitination [77]. Under
oxidative stress conditions, the cysteines of the Keapl protein
became oxidized, and the activity of the Cul3-Keapl ubiquitin
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E3 ligase complex is reduced. As a consequence, Nrf2 is
stabilized and translocated to the nucleus where it binds
to DNA sequences of the cis-acting antioxidant responsive
element (ARE), activating the expression of genes encoding
antioxidant enzymes like SODs, catalase, glutathione S-
transferase, and NADH quinone oxidoreductase [77]. In
fibroblasts from FRDA patients, Keapl is not associated with
actin, and Nrf2 is distributed diffusely in the cell [57]. In
addition, in FRDA fibroblasts treated with oligomycin or tert-
butylhydroquinone, Nrf2 fails to translocate to the nucleus
and the antioxidant Phase II genes are not induced [57]. This
phenotype can be reversed by 24 h treatment with the catalase
mimetic Eukl34; the actin stress fibers were reorganized, and
Nrf2-signalling was restored, highlighting the role of H,O,
in FRDA pathophysiology. Recently, it was shown that the
PIP5KIB gene that is located upstream of the FXN gene is
also silenced in FRDA patient lymphocytes and fibroblasts
[48]. The pip5klp protein is a key regulatory factor of actin
cytoskeleton dynamics, and its down-regulation in fibroblasts
causes actin network destabilization [48]. Therefore, it is very
likely that in FRDA patient cells, PIP5KIB gene silencing
contributes to actin disassembly, but a direct evidence of
actin glutathionylation in cells deficient for pip5klf protein
is missing.

Microarray analysis of dorsal root ganglia from YG8R
frataxin-deficient mice and controls revealed significant dif-
ferences in genes belonging to the thiol antioxidant, the
myelination, and the axon transport functional categories
[52]. In addition, the authors found not only a decreased
expression of antioxidant genes that are regulated by Nrf2, but
also Nrf2 (at mRNA and protein levels) in YG8R dorsal root
ganglia compared to controls. However, their observations
using different cell lines (HeLa, fibroblast, and ND7/23 dorsal
root ganglion neuron cell lines and patient lymphoblasts) did
not support deficient translocation of Nrf2 to the nucleus
upon oxidant insult; Nrf2 is being mainly localized in the
nucleus in frataxin-deficient cells. Consistent with these
data, D’Oria et al. found no increase in Nrf2 expression in
frataxin-silenced NSC34 cells (derived from the fusion of
neuroblastoma cells and spinal cord motor neurons) com-
pared to controls upon treatment with oxidized glutathione
neither an increase in the Nrf2 nuclear fraction [78]. Neurons
and fibroblasts are completely different cells types, and it
is possible that in neurons antioxidant defense regulation
depends primarily on Nrf2 levels while in fibroblasts it is the
actin-driven translocation to the nucleus the major regulator.

Chronic inflammation and activity of glial cells are
important factors that lead to neurodegeneration in other
diseases, such as Alzheimer’s disease and amyotrophic lateral
sclerosis [79]. In FRDA, degeneration affects different types of
neurons in the peripheral and central nervous systems, and
it is likely that other cell types are also affected by frataxin
deficiency. Several reports suggest that Schwann cells (SCs)
could be specifically affected and that peripheral neuron loss
would be a secondary event [9, 80]. Schwann cells are glial
cells specialized in the myelination of axons in the peripheral
nervous system. Signaling between neurons and SC plays
an essential role in SC proliferation, survival, migration,
and myelination [81]. On the opposite, SC also contributes

to the preservation of axon integrity [82]. Analysis of the
dorsal roots in patient autopsy samples shows differences in
the myelination of thin fibers and reduced number of SC
[9]. In addition, patient sural nerve autopsies also suggest
participation of SC in neurodegeneration since although the
large myelinated fibers are significantly reduced the total
number of axons per unit area is similar to that of controls
[83]. In agreement with these observations, in vitro studies
using human SC lines showed frataxin knock-down by siRNA
blocks cell cycle progression at G,M, and this is followed
by an inflammatory response and an increase in cell death
[80]. Treatment of these cells with antiinflammatory and
antiapoptotic drugs rescued the death phenotype. Altogether,
these results suggest that defects in SC could be at the origin
of hypomyelination or demyelination and axon degeneration
in FRDA patients.

5. Mitochondrial and Nuclear DNA Damage

Oxidative DNA damage is a natural consequence of aerobic
metabolism that is exacerbated when cells are in oxidative
stress conditions. ROS induce more than 20 lesions in the
DNA, such as oxidized bases, apurinic/apyrimidinic (AP)
sites, base deamination products, oxidized sugar fragments,
and DNA strand breaks [84]. Damaged DNA bases, if not
repaired, may have miscoding properties leading to mutation
upon replication or by blocking progression of the replication
fork [85, 86]. The most studied DNA lesion is the 8-
ox0-7,8-dihydro-2'-deoxyguanosine (8-oxodG), a product of
oxidation of guanine. Conflicting results have been obtained
for the levels of urinary 8-oxodG between FRDA patients and
controls, since a difference has not always been found [87, 88].
However, mitochondrial and nuclear DNA damage have been
reported in human, mouse, and yeast frataxin-deficient cells
51, 89-92].

Mitochondrial DNA (mtDNA) loss was one of the first
phenotypes reported for the Ayfhl yeast cells [93-95] and for
FRDA patient cells [96]. Karthikeyan et al. showed that strong
frataxin depletion in yeast cells resulted in complete loss of
mtDNA after 15 generations and that reduced frataxin levels
resulted in only partial loss of mtDNA after 22 generations
[91]. These results indicate that mtDNA loss is dependent
on the frataxin levels in the cell. Recently, it was shown
that in Ayfhl yeast cells, mtDNA loss is oxygen exposition-
dependent, with complete retention in anaerobic conditions
[51]. Mitochondrial DNA lesions and significant loss in the
heart, cerebellum, and dorsal root ganglia have been observed
in FRDA patients [92, 96-98].

Decades ago, two reports showed evidence of nuclear
DNA damage in skin fibroblasts and blood lymphocytes
of FRDA patients in response to ionizing radiation and
mutagens, respectively [99, 100]. These studies suggested
that in these patients, an increased susceptibility to DNA
damage and/or defective DNA repair pathways were present.
In agreement with this hypothesis, the transcriptome pro-
filing of total blood from 28 children with FRDA revealed
the molecular signature of cell response to DNA damage
[92]. Using quantitative PCR, the same authors showed
increased number of mitochondrial and nuclear DNA lesions



in blood cells from FRDA patients compared to controls.
A link between frataxin expression, DNA-repair, and tumor
initiation was observed in murine liver [89]. In addition,
this work showed that overexpression of human frataxin in
hamster fibroblasts was associated with a decrease in the
nuclear mutation frequency.

Detailed studies on nuclear DNA damage and repair
pathways have been performed in yeast. Analysis of diploid
frataxin-deficient yeast cells showed evidence of chromo-
somal instability with higher levels of illegitimate mat-
ing, higher rate of spontaneous mutation, and increased
sensitivity to the DNA-alkylating methyl methanesulfonate
and to the replication inhibitor hydroxyurea than controls
[90]. Furthermore, deletion of the glutathione peroxidase
encoding gene GPXI in frataxin-deficient cells resulted in a
marked increase in the nuclear mutation rate. These results
led the authors to suggest that the increased spontaneous
nuclear damage in Ayfhl cells was caused by H, O, generated
in the mitochondria [90]. Consistent with this hypothesis,
the analysis of the exposure of anaerobically grown Ayfhl
cells to oxygen showed that frataxin-deficiency in yeast cells
leads to increased nuclear DNA damage [51]. The effect of
oxygen was very rapid, 15min after Ayfhl cell exposition to
oxygen, antioxidant levels, were decreased and DNA strand
breaks were visible. At 30 min, cell cycle was arrested at
GI/S, and mutation frequency was increased in AyfhI cells.
Two hours later, the cells adapted to oxygen since the cell
cycle was reinitiated but were in a chronic oxidative stress
state with a high spontaneous mutation rate. The nuclear
DNA lesions detected in Ayfhl cells were primarily caused
by oxidized bases and single-strand breaks, and the Apnl
AP-endonuclease of the base excision repair pathway was
essential for the repair these DNA lesions [51]. Altogether,
these observations suggest that DNA damage and repair
could be important features in FRDA disease progression.

6. Antioxidant Therapy

Different strategies for the discovery of effective treatments
for FRDA disease are currently being developed or tested
in clinical trials (see http://www.curefa.org/pipeline.html).
Several groups have done significant advances in FXN gene
replacement or frataxin replacement therapies [101, 102].
Other strategies target the expression of the GAA-expanded
gene (e.g., the HDAC inhibitor RG2833 is in Phase I clin-
ical trial) or the stabilization of the frataxin protein (e.g.,
erythropoietin is in Phase II clinical trial). In addition,
molecules targeting physiological functions that are defective
in patient cells, such as increase in mitochondrial functions
and iron-sulfur cluster synthesis or decrease in oxidative
stress and iron toxicity, are being developed or in clinical
trials. The conclusion of a recent review of the results of all
randomized controlled clinical trials with minimal duration
of 12 months was that none of the pharmacological drugs
tested, including idebenone, had a significant beneficial effect
on the neurological symptoms in FRDA patients [103]. Nev-
ertheless, several ongoing clinical trials are testing promising
antioxidant molecules. The a-tocopheryl quinone EPI-A0001
is a potent antioxidant molecule that has been tested in
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a double-blind, randomized, placebocontrolled trial of two
doses in 31 adults with FRDA for a short period (four
weeks) [104]. Glucose tolerance was tested, and no statistical
difference was observed in the Disposition Index, which is a
measure of diabetic tendency. However, after four weeks of
treatment a dose-dependent improvement in the Friedreich
Ataxia Rating Scale score was observed indicating neurologic
function improvement in the patients. The EPI-743 is a new
drug based on vitamin E that modifies disease progression in
patients suffering from inherited mitochondrial respiratory
chain disorders [105]. A Phase II clinical trial is currently
recruiting FRDA patients. OX1 (indole-3-propionic acid) is a
naturally occurring drug compound that prevents oxidative
stress by a combination of hydroxyl radical scavenging activ-
ity and metal chelation. This molecule is now in preclinical
studies for toxicological safety.

7. Conclusion

In the last decade, major achievements have been obtained
concerning the primary function of frataxin, and it is almost
completely accepted that it is in iron-sulfur cluster synthesis.
Also, the mechanisms that regulate FXN expression with
expanded GAA repeats are well known. However, despite
a strong international effort there is no proven therapy for
FRDA that stops disease progression. One of the reasons
could be that our knowledge of the physiology of frataxin-
deficient cells, and in particular the neurons affected by the
disease, is still reduced. A large number of studies show
that frataxin-deficient cells present numerous pleiotropic
secondary phenotypes, which arise from iron-sulfur clusters
deficit, such as mitochondrial dysfunction, perturbed iron
homeostasis, DNA damage and mutagenesis, and oxidative
stress. However, other areas of research that are relevant
for FRDA pathology and fundamental for the survival and
functioning of neurons are still poorly studied; examples are
mitochondria transport and dynamics, calcium homeostasis,
nitric oxide signaling, and inflammation. A clearer picture
of the effects of frataxin deficiency in neurons and other cell
types that might participate in the degeneration process in
FRDA disease is necessary.

The major problem until recently was the lack of good
in vitro cellular and murine models. The mouse model
that best recapitulates the disease features is the humanized
mouse model (YAC transgenic mice containing the human
FXN gene with 190 GAA repeats) [63]. However, in these
mice the first phenotypes appear after 6 to 12 months of
age, and there is a possibility of GAA trinucleotide repeat
instability. New technologies that can allow the development
of new and relevant models for FRDA disease research
from stem cells have been developed. It is now possible to
obtain individual types of neurons by patterning and differ-
entiation of embryonic stem cells and induced pluripotent
cells (iPS) or also by direct reprogramming of fibroblast or
other cell types. A protocol for differentiation of peripheral
nerve system neurons from human embryonic stem cells
has been published [106]. The first reports of differentiation
of neurons and cardiomyocytes from iPS cells from FRDA
patients are encouraging, although the GAA trinucleotide
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repeats are unstable [107,108]. Liu et al. differentiated sensory
neurons and cardiomyocytes from iPS cells obtained from
FRDA patients [107], and Hick et al. described mitochondrial
deficits in the differentiated cells [109]. In the next years, the
development of these new cell models will greatly contribute
to our knowledge of the neurodegeneration process in FRDA
disease.

Conflict of Interests

The authors declare that they have no conflict of interests.

Acknowledgments

Research on frataxin at the Gomes Laboratory was financed
by the National Ataxia Foundation (USA) and by the
ITQB Strategic Grant PEst-OE/EQB/LA0004/2011 (to ITQB-
Laboratdrio Associado, Oeiras).

References

[1] N. Friedreich, “Uber degenerative Atrophie der spinalen Hin-
terstrange,” Virchows Archiv fur Pathologische Anatomie und
Physiologie und fiir klinische Medizin, vol. 27, pp. 1-26, 1863.

[2] N. Friedreich, “Uber degenerative Atrophie der spinalen Hin-
terstrange,” Virchows Archiv fur Pathologische Anatomie und
Physiologie und fiir klinische Medizin, vol. 26, pp. 391-419, 1863.

[3] N. Friedreich, “Uber degenerative Atrophie der spinalen Hin-
terstrange,” Virchows Archiv fur Pathologische Anatomie und
Physiologie und fiir klinische Medizin, vol. 26, pp. 433-459, 1863.

[4] R. Santos, S. Lefevre, D. Sliwa, A. Seguin, J. Camadro, and
E. Lesuisse, “Friedreich ataxia: molecular mechanisms, redox
considerations, and therapeutic opportunities,” Antioxidants
and Redox Signaling, vol. 13, no. 5, pp. 651-690, 2010.

[5] A.E. Harding, “Friedreich’s ataxia: a clinical and genetic study
of 90 families with an analysis of early diagnostic criteria and
intrafamilial clustering of clinical features,” Brain, vol. 104, no.
3, pp. 589-620, 1981.

[6] A.Diirr, M. Cossee, Y. Agid et al., “Clinical and genetic abnor-
malities in patients with Friedreich’s ataxia,” The New England
Journal of Medicine, vol. 335, no. 16, pp. 1169-1175, 1996.

[7] M. Pandolfo, “Friedreich ataxia: the clinical picture,” Journal of
Neurology, vol. 256, supplement 1, pp. 3-8, 2009.

[8] J. T. Hughes, B. Brownell, and R. L. Hewer, “The peripheral sen-
sory pathway in Friedreich’s ataxia: an examination by light and
electron microscopy of the posterior nerve roots, posterior root
ganglia, and peripheral sensory nerves in cases of Friedreichs
ataxia,” Brain, vol. 91, no. 4, pp. 803-818, 1968.

[9] A.H. Koeppen,J. A. Morral, A. N. Davis et al., “The dorsal root
ganglion in Friedreich’s ataxia,” Acta Neuropathologica, vol. 118,
no. 6, pp. 763776, 2009.

[10] V. Campuzano, L. Montermini, M. D. Molto et al., “Friedreich’s
ataxia: autosomal recessive disease caused by an intronic GAA
triplet repeat expansion,” Science, vol. 271, no. 5254, pp. 1423-
1427, 1996.

[11] C. Gellera, B. Castellotti, C. Mariotti et al., “Frataxin gene point
mutations in Italian Friedreich ataxia patients,” Neurogenetics,
vol. 8, no. 4, pp. 289-299, 2007.

[12] S.1.Bidichandani, T. Ashizawa, and P. I. Patel, “The GAA triplet-
repeat expansion in Friedreich ataxia interferes with transcrip-
tion and may be associated with an unusual DNA structure,”
American Journal of Human Genetics, vol. 62, no. 1, pp. 111-121,
1998.

[13] E. Grabczyk, M. Mancuso, and M. C. Sammarco, “A persistent
RNA-DNA hybrid formed by transcription of the Friedreich
ataxia triplet repeat in live bacteria, and by T7 RNAP in vitro,
Nucleic Acids Research, vol. 35, no. 16, pp. 5351-5359, 2007.

[14] S. Al-Mahdawi, R. M. Pinto, O. Ismail et al., “The Friedreich
ataxia GAA repeat expansion mutation induces comparable
epigenetic changes in human and transgenic mouse brain and
heart tissues,” Human Molecular Genetics, vol. 17, no. 5, pp. 735-
746, 2008.

[15] D. Herman, K. Jenssen, R. Burnett, E. Soragni, S. L. Perlman,
and J. M. Gottesfeld, “Histone deacetylase inhibitors reverse
gene silencing in Friedreich’s ataxia,” Nature Chemical Biology,
vol. 2, no. 10, pp. 551-558, 2006.

[16] P.K.Chan,R. Torres, C. Yandim et al., “Heterochromatinization
induced by GAA-repeat hyperexpansion in Friedreich’s ataxia
can be reduced upon HDAC inhibition by vitamin B3,” Human
Molecular Genetics, 2013.

[17] R. A. Vaubel and G. Isaya, “Iron-sulfur cluster synthesis, iron
homeostasis and oxidative stress in Friedreich ataxia,” Molecular
and Cellular Neuroscience, vol. 55, pp. 50-61.

[18] T. L. Stemmler, E. Lesuisse, D. Pain, and A. Dancis, “Frataxin
and mitochondrial FeS cluster biogenesis,” The Journal of
Biological Chemistry, vol. 285, no. 35, pp. 26737-26743, 2010.

[19] T. A. Rouault, “Biogenesis of iron-sulfur clusters in mammalian
cells: new insights and relevance to human disease,” DMM
Disease Models and Mechanisms, vol. 5, no. 2, pp. 155-164, 2012.

[20] R. Lill, B. Hoffmann, S. Molik et al., “The role of mitochondria
in cellular iron-sulfur protein biogenesis and iron metabolism,”
Biochimica et Biophysica Acta, vol. 1823, no. 9, pp. 1491-1508,
2012.

[21] L. De Biase, A. Rasmussen, D. Endres et al., “Progressive GAA
expansions in dorsal root ganglia of Friedreich’s ataxia patients,”
Annals of Neurology, vol. 61, no. 1, pp. 55-60, 2007.

[22] 1. De Biase, A. Rasmussen, A. Monticelli et al., “Somatic
instability of the expanded GAA triplet-repeat sequence in
Friedreich ataxia progresses throughout life,” Genomics, vol. 90,
no. 1, pp. 1-5, 2007.

[23] J. S. Armstrong, O. Khdour, and S. M. Hecht, “Does oxidative
stress contribute to the pathology of Friedreich’s ataxia? A
radical question,” The FASEB Journal, vol. 24, no. 7, pp. 2152-
2163, 2010.

[24] A. Bayot, R. Santos, J. Camadro, and P. Rustin, “Friedreich’s
ataxia: the vicious circle hypothesis revisited,” BMC Medicine,
vol. 9, article 112, 2011.

[25] S. Cho, M. G. Lee, J. K. Yang, J. Y. Lee, H. K. Song, and S. W.
Suh, “Crystal structure of Escherichia coli CyaY protein reveals
a previously unidentified fold for the evolutionarily conserved
frataxin family;” Proceedings of the National Academy of Sciences
of the United States of America, vol. 97, no. 16, pp. 8932-8937,
2000.

[26] S. Dhe-Paganon, R. Shigeta, Y. Chi, M. Ristow, and S. E.
Shoelson, “Crystal structure of human frataxin,” The Journal of
Biological Chemistry, vol. 275, no. 40, pp. 30753-30756, 2000.

[27] Y. He, S. L. Alam, S. V. Proteasa et al., “Yeast frataxin solution
structure, iron binding, and ferrochelatase interaction,” Bio-
chemistry, vol. 43, no. 51, pp. 16254-16262, 2004.



(28]

(30]

(31]

[36]

(37]

(38]

(39]

G. Musco, T. de Tommasi, G. Stier et al., “Assignment of the
1H, 15N, and 13C resonances of the C-terminal domain of
frataxin, the protein responsible for Friedreich ataxia,” Journal
of Biomolecular NMR, vol. 15, no. 1, pp. 87-88, 1999.

M. Nair, S. Adinolfi, C. Pastore, G. Kelly, P. Temussi, and A.
Pastore, “Solution structure of the bacterial frataxin ortholog,
CyaY: mapping the iron binding sites,” Structure, vol. 12, no. 11,
pp. 2037-2048, 2004.

F. Prischi, P. V. Konarev, C. Iannuzzi et al., “Structural bases for
the interaction of frataxin with the central components of iron-
sulphur cluster assembly;,” Nature Communications, vol. 1, no. 7,
article 95, 2010.

H. Li, O. Gakh, D. Y. Smith IV, and G. Isaya, “Oligomeric yeast
frataxin drives assembly of core machinery for mitochondrial
iron-sulfur cluster synthesis,” The Journal of Biological Chem-
istry, vol. 284, no. 33, pp. 21971-21980, 2009.

C. Iannuzzi, S. Adinolfi, B. D. Howes et al., “The role of cyay in
iron sulfur cluster assembly on the E. coli iscu scaffold protein,”
PLoS ONE, vol. 6, no. 7, Article ID 21992, 2011.

E Foury, A. Pastore, and M. Trincal, “Acidic residues of yeast
frataxin have an essential role in Fe-S cluster assembly,” EMBO
Reports, vol. 8, no. 2, pp. 194-199, 2007.

T. Wang and E. A. Craig, “Binding of yeast frataxin to the
scaffold for Fe-S cluster biogenesis, Isu,” The Journal of Biological
Chemistry, vol. 283, no. 18, pp. 12674-12679, 2008.

A. R. Correia, T. Wang, E. A. Craig, and C. M. Gomes, “Iron-
binding activity in yeast frataxin entails a trade off with stability
in the «1/p1 acidic ridge region,” Biochemical Journal, vol. 426,
no. 2, pp. 197-203, 2010.

P. Cavadini, J. Adamec, E. Taroni, O. Gakh, and G. Isaya, “Two-
step processing of human frataxin by mitochondrial processing
peptidase: precursor and intermediate forms are cleaved at
different rates,” The Journal of Biological Chemistry, vol. 275, no.
52, pp. 41469-41475, 2000.

S. Schmucker, M. Argentini, N. Carelle-Calmels, A. Martelli,
and H. Puccio, “The in vivo mitochondrial two-step maturation
of human frataxin,” Human Molecular Genetics, vol. 17, no. 22,
pp. 3521-3531, 2008.

I. Condo, N. Ventura, E Malisan, A. Rufini, B. Tomassini, and R.
Testi, “In vivo maturation of human frataxin,” Human Molecular
Genetics, vol. 16, no. 13, pp- 1534-1540, 2007.

O. Gakh, T. Bedekovics, S. F. Duncan, D. Y. Smith IV, D. S.
Berkholz, and G. Isaya, “Normal and Friedreich ataxia cells
express different isoforms of frataxin with complementary
roles in iron-sulfur cluster assembly;” The Journal of Biological
Chemistry, vol. 285, no. 49, pp. 38486-38501, 2010.

A. Seguin, A. Bayot, A. Dancis et al., “Overexpression of the
yeast frataxin homolog (Yfthl): contrasting effects on iron-sulfur
cluster assembly, heme synthesis and resistance to oxidative
stress,” Mitochondrion, vol. 9, no. 2, pp. 130-138, 2009.

O. Gakh, D. Y. Smith IV, and G. Isaya, “Assembly of the iron-
binding protein frataxin in Saccharomyces cerevisiae responds to
dynamic changes in mitochondrial iron influx and stress level,”
The Journal of Biological Chemistry, vol. 283, no. 46, pp. 31500-
31510, 2008.

A. R. Correia, S. Y. Ow, P. C. Wright, and C. M. Gomes,
“The conserved Trpl55 in human frataxin as a hotspot for
oxidative stress related chemical modifications,” Biochemical
and Biophysical Research Communications, vol. 390, no. 3, pp.
1007-1011, 2009.

(43]

(57]

Oxidative Medicine and Cellular Longevity

M. Cossee, A. Durr, M. Schmitt et al., “Friedreich’s ataxia: point
mutations and clinical presentation of compound heterozy-
gotes,” Annals of Neurology, vol. 45, no. 2, pp. 200-206, 1999.

A. R. Correia, S. Adinolfi, A. Pastore, and C. M. Gomes, “Con-
formational stability of human frataxin and effect of Friedreich’s
ataxia-related mutations on protein folding,” Biochemical Jour-
nal, vol. 398, no. 3, pp. 605-611, 2006.

A. R. Correia, C. Pastore, S. Adinolfi, A. Pastore, and C.
M. Gomes, “Dynamics, stability and iron-binding activity of
frataxin clinical mutants,” FEBS Journal, vol. 275, no. 14, pp.
3680-3690, 2008.

N. Calmels, S. Schmucker, M. Wattenhofer-Donzé et al., “The
first cellular models based on frataxin missense mutations that
reproduce spontaneously the defects associated with Friedreich
ataxia,” PLoS ONE, vol. 4, no. 7, Article ID 6379, 2009.

H. Li, O. Gakh, D. Y. T. Smith, W. K. Ranatunga, and G. Isaya,
“Missense mutations linked to Friedreich ataxia have different
but synergistic effects on mitochondrial frataxin isoforms,” The
Journal of Biological Chemistry, vol. 288, no. 6, pp. 4116-4127,
2013.

A. Bayot, S. Reichman, S. Lebon et al, “Cis-silencing of
PIP5KI1B evidenced in Friedreich’s ataxia patient cells results in
cytoskeleton anomalies,” Human Molecular Genetics, 2013.

S. S. Leal, H. M. Botelho, and C. M. Gomes, “Metal ions
as modulators of protein conformation and misfolding in
neurodegeneration,” Coordination Chemistry Reviews, vol. 256,
no. 19-20, pp. 2253-2270, 2012.

C. M. Gomes, “Protein misfolding in disease and small molecule
therapies,” Current Topics in Medicinal Chemistry, vol. 12, no. 22,
pp. 2460-2469, 2012.

S. Lefevre, C. Brossas, F. Aucheére, N. Boggetto, J. M. Camadro,
and R. Santos, “Apnl AP-endonuclease is essential for the repair
of oxidatively damaged DNA bases in yeast frataxin-deficient
cells,” Human Molecular Genetics, vol. 21, no. 18, pp. 4060-4072,
2012.

Y. Shan, R. A. Schoenfeld, G. Hayashi et al., “Frataxin defi-
ciency leads to defects in expression of antioxidants and Nrf2
expression in dorsal root ganglia of the Friedreich’s ataxia YG8R
mouse model,” Antioxidants ¢ Redox Signaling, 2013.

E. Napoli, E Taroni, and G. A. Cortopassi, “Frataxin, iron-
sulfur clusters, heme, ROS, and aging,” Antioxidants and Redox
Signaling, vol. 8, no. 3-4, pp. 506-516, 2006.

V. ITrazusta, E. Cabiscol, G. Reverter-Branchat, J. Ros, and J.
Tamarit, “Manganese is the link between frataxin and iron-
sulfur deficiency in the yeast model of Friedreich ataxia,” The
Journal of Biological Chemistry, vol. 281, no. 18, pp. 12227-12232,
2006.

M. M. Santos, K. Ohshima, and M. Pandolfo, “Frataxin defi-
ciency enhances apoptosis in cells differentiating into neuroec-
toderm,” Human Molecular Genetics, vol. 10, no. 18, pp. 1935-
1944, 2001.

P. R. Anderson, K. Kirby, W. C. Orr, A. J. Hilliker, and J. P.
Phillips, “Hydrogen peroxide scavenging rescues frataxin defi-
ciency in a Drosophila model of Friedreich’s ataxia,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 105, no. 2, pp. 611-616, 2008.

V. Paupe, E. P. Dassa, S. Goncalves et al., “Impaired nuclear
Nrf2 translocation undermines the oxidative stress response in
Friedreich ataxia,” PLoS ONE, vol. 4, no. 1, Article ID e4253,
2009.



Oxidative Medicine and Cellular Longevity

(58]

[59]

(61]

(63]

(70]

(73]

S. Lefevre, D. Sliwa, F. Auchre et al., “The yeast metacaspase is
implicated in oxidative stress response in frataxin-deficient
cells;” FEBS Letters, vol. 586, no. 2, pp. 143-148, 2012.

R. Santos, N. Buisson, S. A. B. Knight, A. Dancis, ]. Camadro,
and E. Lesuisse, “Candida albicans lacking the frataxin homo-
logue: a relevant yeast model for studying the role of frataxin,”
Molecular Microbiology, vol. 54, no. 2, pp. 507-519, 2004.

R. P. Viazquez-Manrique, P. Gonzilez-Cabo, S. Ros, H. Aziz,
H. A. Baylis, and E Palau, “Reduction of Caenorhabditis
elegans frataxin increases sensitivity to oxidative stress, reduces
lifespan, and causes lethality in a mitochondrial complex II
mutant;,” The FASEB Journal, vol. 20, no. 1, pp. 172-174, 2006.

J. V. Llorens, J. A. Navarro, M. J. Martinez-Sebastian et al.,
“Causative role of oxidative stress in a Drosophila model of
Friedreich ataxia,” The FASEB Journal, vol. 21, no. 2, pp. 333-
344, 2007.

A. P. Runko, A. J. Griswold, and K. Min, “Overexpression of
frataxin in the mitochondria increases resistance to oxidative
stress and extends lifespan in Drosophila,” FEBS Letters, vol. 582,
no. 5, pp. 715-719, 2008.

S. Al-Mahdawi, R. M. Pinto, D. Varshney et al., “GAA repeat
expansion mutation mouse models of Friedreich ataxia exhibit
oxidative stress leading to progressive neuronal and cardiac
pathology,” Genomics, vol. 88, no. 5, pp. 580-590, 2006.

G. Tozzi, M. Nuccetelli, M. Lo Bello et al., “Antioxidant enzymes
in blood of patients with Friedreich’s ataxia,” Archives of Disease
in Childhood, vol. 86, no. 5, pp. 376-379, 2002.

S. Jiralerspong, B. Ge, T. ]. Hudson, and M. Pandolfo, “Man-
ganese superoxide dismutase induction by iron is impaired in
Friedreich ataxia cells,” FEBS Letters, vol. 509, no. 1, pp. 101-105,
2001.

K. Chantrel-Groussard, V. Geromel, H. Puccio et al., “Disabled
early recruitment of antioxidant defenses in Friedreich’s ataxia,”
Human Molecular Genetics, vol. 10, no. 19, pp. 2061-2067, 2001.
G. Tan, L. Chen, B. Lonnerdal, C. Gellera, E A. Taroni, and
G. A. Cortopassi, “Frataxin expression rescues mitochondrial
dysfunctions in FRDA cells,” Human Molecular Genetics, vol. 10,
no. 19, pp. 2099-2107, 2001.

A. Wong, J. Yang, P. Cavadini et al., “The Friedreich’s ataxia
mutation confers cellular sensitivity to oxidant stress which
is rescued by chelators of iron and calcium and inhibitors of
apoptosis,” Human Molecular Genetics, vol. 8, no. 3, pp. 425-
430, 1999.

V. Calabrese, R. Lodi, C. Tonon et al., “Oxidative stress,
mitochondrial dysfunction and cellular stress response in
Friedreich’s ataxia,” Journal of the Neurological Sciences, vol. 233,
no. 1-2, pp. 145-162, 2005.

A. Bulteau, A. Dancis, M. Gareil, J. Montagne, J. Camadro,
and E. Lesuisse, “Oxidative stress and protease dysfunction in
the yeast model of Friedreich ataxia,” Free Radical Biology and
Medicine, vol. 42, no. 10, pp. 1561-1570, 2007.

M. M. Gallogly and J. J. Mieyal, “Mechanisms of reversible
protein glutathionylation in redox signaling and oxidative
stress,” Current Opinion in Pharmacology, vol. 7, no. 4, pp. 381-
391, 2007.

E Piemonte, A. Pastore, G. Tozzi et al., “Glutathione in blood of
patients with Friedreich’s ataxia,” European Journal of Clinical
Investigation, vol. 31, no. 11, pp. 1007-1011, 2001.

F. Auchére, R. Santos, S. Planamente, E. Lesuisse, and J.
Camadro, “Glutathione-dependent redox status of frataxin-
deficient cells in a yeast model of Friedreich’s ataxia,” Human
Molecular Genetics, vol. 17, no. 18, pp. 2790-2802, 2008.

(74]

[75]

(86]

(87]

[90]

A. Pastore, G. Tozzi, L. M. Gaeta et al., “Actin glutathionylation
increases in fibroblasts of patients with Friedreich’s ataxia: a
potential role in the pathogenesis of the disease,” The Journal
of Biological Chemistry, vol. 278, no. 43, pp. 42588-42595, 2003.
A. L. Bulteau, S. Planamente, L. Jornea et al., “Changes in mito-
chondrial glutathione levels and protein thiol oxidation in Aythl
yeast cells and the lymphoblasts of patients with Friedreich’s
ataxia,” Biochimica et Biophysica Acta, vol. 1822, no. 2, pp. 212-
225, 2012.

M. Sparaco, L. M. Gaeta, E M. Santorelli et al., “Friedreich’s
ataxia: oxidative stress and cytoskeletal abnormalities,” Journal
of the Neurological Sciences, vol. 287, no. 1-2, pp. 111-118, 2009.
T. Nguyen, P. Nioi, and C. B. Pickett, “The Nrf2-antioxidant
response element signaling pathway and its activation by
oxidative stress,” The Journal of Biological Chemistry, vol. 284,
no. 20, pp. 13291-13295, 2009.

V. DOria, S. Petrini, L. Travaglini et al., “Frataxin deficiency
leads to reduced expression and impaired translocation of NF-
E2-related factor (Nrf2) in cultured motor neurons,” Interna-
tional Journal of Molecular Sciences, vol. 10, no. 4, pp. 7853-7865,
2013.

T. Philips and W. Robberecht, “Neuroinflammation in amy-
otrophic lateral sclerosis: role of glial activation in motor neuron
disease,” The Lancet Neurology, vol. 10, no. 3, pp. 253-263, 2011.
C. Lu, R. Schoenfeld, Y. Shan, H. Tsai, B. Hammock, and G.
Cortopassi, “Frataxin deficiency induces Schwann cell inflam-
mation and death,” Biochimica et Biophysica Acta, vol. 1792, no.
11, pp. 1052-1061, 2009.

J. Newbern and C. Birchmeier, “Nrgl/ErbB signaling networks
in Schwann cell development and myelination,” Seminars in Cell
and Developmental Biology, vol. 21, no. 9, pp. 922-928, 2010.

K. Nave and B. D. Trapp, “Axon-glial signaling and the glial
support of axon function,” Annual Review of Neuroscience, vol.
31, pp. 535-561, 2008.

J. A. Morral, A. N. Davis, J. Qian, B. B. Gelman, and A. H.
Koeppen, “Pathology and pathogenesis of sensory neuropathy
in Friedreich’s ataxia,” Acta Neuropathologica, vol. 120, no. 1, pp.
97-108, 2010.

M. S. Cooke, M. D. Evans, M. Dizdaroglu, and J. Lunec,
“Oxidative DNA damage: mechanisms, mutation, and disease;”
The FASEB Journal, vol. 17, no. 10, pp. 1195-1214, 2003.

D. Svilar, E. M. Goellner, K. H. Almeida, and R. W. Sobol, “Base
excision repair and lesion-dependent subpathways for repair of
oxidative DNA damage,” Antioxidants and Redox Signaling, vol.
14, no. 12, pp. 2491-2507, 2011.

L. Gros, M. K. Saparbaev, and J. Laval, “Enzymology of the
repair of free radicals-induced DNA damage,” Oncogene, vol. 21,
no. 58, pp. 8905-8925, 2002.

J. B. Schulz, T. Dehmer, L. Schéls et al., “Oxidative stress in
patients with Friedreich ataxia,” Neurology, vol. 55, no. 11, pp.
1719-1721, 2000.

N. A. Di Prospero, A. Baker, N. Jeffries, and K. H. Fischbeck,
“Neurological effects of high-dose idebenone in patients with
Friedreich’s ataxia: a randomised, placebo-controlled trial,” The
Lancet Neurology, vol. 6, no. 10, pp. 878-886, 2007.

R. Thierbach, G. Drewes, M. Fusser et al., “The Friedreich’s
ataxia protein frataxin modulates DNA base excision repair in
prokaryotes and mammals,” Biochemical Journal, vol. 432, no. 1,
pp- 165-172, 2010.

G. Karthikeyan, L. K. Lewis, and M. A. Resnick, “The mito-
chondrial protein frataxin prevents nuclear damage,” Human
Molecular Genetics, vol. 11, no. 11, pp. 1351-1362, 2002.



10

[o1]

[96]

(98]

[99]

(100]

[101]

(102]

[103]

[104

[105]

[106]

G. Karthikeyan, J. H. Santos, M. A. Graziewicz et al., “Reduction
in frataxin causes progressive accumulation of mitochondrial
damage,” Human Molecular Genetics, vol. 12, no. 24, pp. 3331-
3342, 2003.

A. C.Haugen, N. A. Di Prospero, J. S. Parker et al., “Altered gene
expression and DNA damage in peripheral blood cells from
Friedreich’s ataxia patients: cellular model of pathology,” PLoS
Genetics, vol. 6, no. 1, Article ID €1000812, 2010.

R. B. Wilson and D. M. Roof, “Respiratory deficiency due to loss
of mitochondrial dna in yeast lacking the frataxin homologue,”
Nature Genetics, vol. 16, no. 4, pp. 352-357, 1997.

M. Babcock, D. de Silva, R. Oaks et al., “Regulation of mito-
chondrial iron accumulation by Yfhlp, a putative homolog of
frataxin,” Science, vol. 276, no. 5319, pp. 1709-1712, 1997.

E Foury and O. Cazzalini, “Deletion of the yeast homologue of
the human gene associated with Friedreich’s ataxia elicits iron
accumulation in mitochondria,” FEBS Letters, vol. 411, no. 2-3,
pp- 373-377,1997.

J. L. Bradley, J. C. Blake, S. Chamberlain, P. K. Thomas, J.
M. Cooper, and A. H. V. Schapira, “Clinical, biochemical and
molecular genetic correlations in Friedreich’s ataxia,” Human
Molecular Genetics, vol. 9, no. 2, pp. 275-282, 2000.

M. Houshmand, M. S. S. Panahi, S. Nafisi, A. Soltanzadeh, and
E M. Alkandari, “Identification and sizing of GAA trinucleotide
repeat expansion, investigation for D-loop variations and mito-
chondrial deletions in Iranian patients with Friedreich’s ataxia,”
Mitochondrion, vol. 6, no. 2, pp. 82-88, 2006.

M. M. Heidari, M. Houshmand, S. Hosseinkhani, S. Nafissi, B.
Scheiber-Mojdehkar, and M. Khatami, “A novel mitochondrial
heteroplasmic C13806A point mutation associated with iranian
Friedreichs ataxia,” Cellular and Molecular Neurobiology, vol.
29, no. 2, pp. 225-233, 2009.

H. J. Evans, V. Vijayalaxmi, B. Pentland, and M. S. Newton,
“Mutagen hypersensitivity in Friedreich’s ataxia,” Annals of
Human Genetics, vol. 47, no. 3, pp. 193-204, 1983.

P. D. Lewis, J. B. Corr, C. E Arlett, and S. A. Harcourt,
“Increased sensitivity to gamma irradiation of skin fibroblasts
in Friedreich’s ataxia,” The Lancet, vol. 2, no. 8140, pp. 474-475,
1979.

A. Gimenez-Cassina, R. Wade-Martins, S. Gomez-Sebastian, J.-
C. Corona, F. Lim, and J. Diaz-Nido, “Infectious delivery and
long-term persistence of transgene expression in the brain by
a 135-kb iBAC-FXN genomic DNA expression vector,” Gene
Therapy, vol. 18, no. 10, pp. 1015-1019, 2011.

P. M. Vyas, W.J. Tomamichel, P. M. Pride et al., “A TAT-frataxin
fusion protein increases lifespan and cardiac function in a
conditional Friedreich’s ataxia mouse model,” Human Molecular
Genetics, vol. 21, no. 6, Article ID ddr554, pp. 1230-1247, 2012.
M. Kearney, R. W. Orrell, M. Fahey, and M. Pandolfo, “Antiox-
idants and other pharmacological treatments for Friedreich
ataxia,” Cochrane Database of Systematic Reviews, no. 4, Article
ID CD007791, 2009.

D. R. Lynch, S. M. Willi, R. B. Wilson et al., “A0001 in Friedreich
ataxia: biochemical characterization and effects in a clinical
trial,” Movement Disorders, vol. 27, no. 8, pp. 1026-1033, 2012.
G. M. Enns, S. L. Kinsman, S. L. Perlman et al., “Initial
experience in the treatment of inherited mitochondrial disease
with EPI1-743, Molecular Genetics and Metabolism, vol. 105, no.
1, pp. 91-102, 2012.

M. Valensi-Kurtz, S. Lefler, M. A. Cohen et al., “Enriched
population of PNS neurons derived from human embryonic

[107]

(108]

[109]

Oxidative Medicine and Cellular Longevity

stem cells as a platform for studying peripheral neuropathies,”
PLoS ONE, vol. 5, no. 2, Article ID 9290, 2010.

J. Liu, P. J. Verma, M. V. Evans-Galea et al., “Generation
of induced pluripotent stem cell lines from Friedreich ataxia
patients,” Stem Cell Reviews and Reports, vol. 7, no. 3, pp. 703-
713, 2011.

S. Ku, E. Soragni, E. Campau et al., “Friedreich’s ataxia induced
pluripotent stem cells model intergenerational GAATTC triplet
repeat instability,” Cell Stem Cell, vol. 7, no. 5, pp. 631-637, 2010.
A. Hick, M. Wattenhofer-Donzé, S. Chintawar et al., “Neurons
and cardiomyocytes derived from induced pluripotent stem
cells as a model for mitochondrial defects in Friedreich’s ataxia,”
Disease Models & Mechanisms, vol. 6, no. 3, pp. 608-621, 2013.



Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2013, Article ID 162152, 13 pages
http://dx.doi.org/10.1155/2013/162152

Review Article

Deconstructing Mitochondrial Dysfunction in Alzheimer Disease

Vega Garcia-Escudero,"? Patricia Martin-Maestro, George Perry,3 and Jests Avila'?

I Centro de Biologia Molecular “Severo Ochoa” (CSIC-UAM), 28049 Madrid, Spain
2 Centro de Investigacion Biomédica en Red de Enfermedades Neurodegenerativas (CIBERNED), 28031 Madrid, Spain
3 University of Texas at San Antonio, San Antonio, TX 78249, USA

Correspondence should be addressed to Jesus Avila; javila@cbm.uam.es

Received 18 April 2013; Accepted 23 May 2013

Academic Editor: Cldudio M. Gomes

Copyright © 2013 Vega Garcia-Escudero et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

There is mounting evidence showing that mitochondrial damage plays an important role in Alzheimer disease. Increased oxygen
species generation and deficient mitochondrial dynamic balance have been suggested to be the reason as well as the consequence
of Alzheimer-related pathology. Mitochondrial damage has been related to amyloid-beta or tau pathology or to the presence of
specific presenilin-1 mutations. The contribution of these factors to mitochondrial dysfunction is reviewed in this paper. Due
to the relevance of mitochondrial alterations in Alzheimer disease, recent works have suggested the therapeutic potential of
mitochondrial-targeted antioxidant. On the other hand, autophagy has been demonstrated to play a fundamental role in Alzheimer-
related protein stress, and increasing data shows that this pathway is altered in the disease. Moreover, mitochondrial alterations
have been related to an insufficient clearance of dysfunctional mitochondria by autophagy. Consequently, different approaches
for the removal of damaged mitochondria or to decrease the related oxidative stress in Alzheimer disease have been described.
To understand the role of mitochondrial function in Alzheimer disease it is necessary to generate human cellular models which
involve living neurons. We have summarized the novel protocols for the generation of neurons by reprogramming or direct

transdifferentiation, which offer useful tools to achieve this result.

1. Introduction

Alzheimer disease (AD) is characterized by the presence of
two aberrant structures in the brain of the patients, senile
plaques and neurofibrillary tangles, together with marked
neuronal death [1]. Senile plaques are filamentous aggregates
of amyloid-beta peptide (Af3) [2], whereas the main compo-
nent of neurofibrillary tangles is the microtubule-associated
protein tau [3]. This picture of the patients’ brain showing
plaques and tangles can be found at the end of the dis-
ease, usually at autopsy; however, using imaging techniques
like positron emission tomography these aggregates can be
detected in vivo in Alzheimer’s patients by using compounds
like the Pittsburg compound B for amyloid [4] or 18F-THK23
for Tau aggregates [5].

It is suggested that Alzheimer disease is a silent neu-
rodegeneration where neuronal damage occurs before the
diagnosis of the disease. Thus, plaques and tangles may
appear before the onset of the disease symptoms [6]. On the

other hand, mitochondrial dysfunction is one of the earliest
and most prominent features in vulnerable neurons in the
brain of AD patients [7] and likely in other neurodegenerative
disorders [8].

There are at least two types of Alzheimer disease: familial
Alzheimer disease (FAD) and sporadic Alzheimer disease
(SAD). In FAD, the causes of the disease are the presence of
specific mutations in at least one of the three genes identified
as amyloid precursor protein (APP) and presenilin-1 and -2
(ps-1 and ps-2) [9]. However, little is known about the cause
of the onset of SAD. It is known that the main risk for AD
is aging related to oxidative damage [10]. It has been found
that oxidative damage may facilitate the expression of beta-
secretase (BACEI), a protein involved in the generation of
Ap [11, 12]. Moreover, it has been shown that oxidative stress
induces a pathogenic PSI conformational change in neurons
in vitro, increasing Af42/40 ratio [13]. In FAD, increased
A may result in mitochondrial dysfunction and augmented
ROS levels [14]. In SAD, the reverse has been suggested.



Mitochondria-derived reactive oxygen species result in an
enhanced amyloid-beta formation [15] and the Af increase
may lead to further mitochondrial dysfunction, resulting in
even higher ROS levels [16]. Then, the cycle repeats and
degeneration increases. Also, oxidative stress may facilitate
tau phosphorylation at some of the sites found to be modified
in AD patients [17, 18]. On the other hand, tau accumulation
causes mitochondrial distribution deficits in a mouse model
for AD [19].

2. Mitochondrial Damage in AD

2.1. Oxidative Stress and Energy Production. Oxidative stress
is a primary event in the development of AD [10]. This
oxidative stress may be due to the presence of dysfunctional
mitochondria resulting in generation of reactive oxygen
species [20]. Mitochondria generate cell energy as electrons
flow through mitochondrial complex I to IV of the electron
transport chain, from donors with lower redox potential to
acceptors with higher redox potential. The final acceptor is
oxygen that is reduced to water and the generated energy
drives the phosphorylation of ADP to ATP by the mitochon-
drial complex V (or ATP-synthase) (Figure 1). Although the
transport of the electrons through mitochondrial complexes
is an efficient process, some reactive oxygen species (ROS)
may be produced. Dysfunctional mitochondria generate high
levels of ROS that may be toxic for cells with a long life span
and a deficiency in antioxidant defenses, such as neurons
[21]. Additionally, mitochondria are at the same time a target
of ROS causing the oxidation of their components such
as mtDNA, lipids, and proteins increasing mitochondrial
deterioration. Mitochondrial dysfunction is one of the ear-
liest and most prominent features of AD [22, 23]. In fact,
a decreased expression of either nuclear or mitochondrial
genes of the oxidative phosphorylation in the neocortex of
AD patients has been shown to correlate with progressive
reductions in brain glucose metabolism that can be visualized
by positron emission tomography [24, 25]. Testing mitochon-
drial function in a triple transgenic mouse model for AD,
a clear deregulation of oxidative phosphorylation proteins
was found [26]. Deregulation of complex I was related to
tau toxicity as found in other animal models [27] whereas
deregulation of complex IV has been described to be Af
dependent [28, 29] (Figure 1).

Alterations of several enzymes involved in the tri-
carboxylic acid cycle such as pyruvate dehydrogenase
and a-ketoglutarate dehydrogenase have been reported in
Alzheimer disease (Figure 1). Postmortem brains showed a
reduction of pyruvate dehydrogenase, ATP-citrate lyase, and
acetoacetyl-CoA thiolase correlating with decreased produc-
tion of acetylcoenzyme A and the subsequent cholinergic
defects observed in these patients [30]. Reduced activity of
a-ketoglutarate dehydrogenase was also observed in brain
tissue as well as in peripheral cells from AD patients [31, 32].
Additionally in AD brain, there is a loss of a-ketoglutarate-
enriched cells, therefore causing the degeneration of a-
ketoglutarate-enriched areas (cortical layers I and IV) which
are the ones that are selectively degenerated in AD [33].
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On the other hand, products of the toxic action of ROS,
like hydroxynonenal (HNE), or the presence of quinones
(like coenzyme Qo) may facilitate the self-assembly of Tau
protein into fibrillar polymers similar to those paired helical
filaments present in the brain of AD patients [34]. These
findings suggest another possible link between oxidative
stress, neuronal dysfunction, and AD.

It is possible that mitochondrial dysfunction in AD
patients not only takes place in the central nervous system
but also in cells from peripheral tissues. Increased oxidative
stress levels and reduced antioxidant defenses have been
observed in AD fibroblasts [35]. Regarding this, it has been
described that lipoic acid and N-acetylcysteine may decrease
the mitochondrial-related oxidative stress in Alzheimer dis-
ease patients [36].

2.2. Mitochondrial Dynamics Alteration. Mitochondria are
highly dynamic organelles, ranging from giant tubular net-
works to small round entities through rapid and reversible
fission and fusion processes. Mitochondria failure may arise
from a deficient dynamic balance of mitochondrial fission
and fusion that, in AD, is greatly shifted toward fission and
it may result in the presence of dysfunctional mitochondria
in damaged neurons [37].

The delicate balance of fission and fusion is regu-
lated by several mitochondrial proteins (Figure 2). Fission
requires several outer mitochondrial membrane (OMM)
proteins such as the GTPase dynamin-like protein 1 (DLP1,
also known as dynamin-related protein, Drpl) that is
recruited from the cytosol to the OMM for fission [38].
This process depends on its GTPase activity as well as
on posttranslational modifications such as phosphorylation,
S-nitrosylation, sumoylation, and ubiquitination [39-42].
Other OMM proteins involved in fission are Fisl, which plays
aregulatory role, and mitochondrial fission factor, Mff, which
is fundamental for the mitochondrial recruitment of DLP1
[43]. On the other hand, mitochondria fusion depends on
other GTPases such as mitofusin 1and 2, responsible for outer
membrane fusion, and optic atrophy, Opal, that carries out
fusion of the inner membrane and is also important for cristae
formation and mtDNA inheritance [44]. The involvement
of mitochondrial elongation factor, MIEF], in mitochondrial
fusion in vertebrates has recently been described. This factor
recruits and inactivates DLP1 executing a negative effect on
fission and actively promotes fusion in a manner distinct
from mitofusins [45].

Mitochondrial dynamics are critical for the maintenance
of mitochondrial integrity and functions including energy
metabolism, ROS generation, and apoptosis regulation [7].
Fusion permits the proper distribution of mitochondrial
components such as lipids membranes, oxidative phospho-
rylation complexes, and mtDNA. Moreover, fusion is impor-
tant in maintaining the proper mitochondrial ultrastructure
and elongation is a mechanism for mitochondria to escape
autophagy-mediated destruction. On the other hand, fission
permits the recycling of irreversibly damaged mitochondria
by mitophagy and plays an important role in the proper
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FIGURE 1: AD-related alterations of mitochondrial respiratory chain and tricarboxylic acid cycle. Scheme of alterations in protein levels found in
Alzheimer disease brains as well as the targets of amyloid-3 (Af) and phosphorylated Tau (pTau). Oxidative phosphorylation complexes are
labeled as CI to CIV. PDH: pyruvate dehydrogenase, a-KG: a-ketoglutarate, «-KGDH: a-ketoglutarate dehydrogenase, OAA: oxaloacetate.

assembly of mitochondrial electron transport chain com-
plexes. A proper balance of fusion and fission proteins is
fundamental for the correct distribution of the mitochondria
in the cell [44]. This is particularly important for neurons
that may have very long axons and also for the function of
synapses, which are subcellular regions with high metabolic
requirement [46].

Possible dysfunction of mitochondrial dynamics proteins
has been tested in models for neurodegenerative disorders
[47, 48], Alzheimer disease being one of them [49]. In
fact, abnormal mitochondrial dynamics and synaptic degen-
eration are considered early events in Alzheimer Disease
(extensively discussed in Reddy et al. [50]). Mitochondrial
dynamics alteration has been found either in neurons or
fibroblasts in AD patients and models [7]. Mitochondria
distribution has also been found altered in both cell types
characterized by their accumulation into perinuclear areas.
However, while neurons exhibit increased fragmentation,
fibroblasts show elongated and highly interconnected mito-
chondrial network [47]. Vulnerable neurons in AD brain
exhibit significant reduction in mitochondrial length and
increased width with a significant increased overall size

consistent with unopposed fission suggesting alterations of
mitochondrial dynamics [48]. In agreement with these find-
ings, an abnormal distribution of mitochondria was found
in pyramidal neurons of AD-affected individuals where
mitochondria were redistributed away from axons in the
pyramidal neurons [51]. Accordingly, levels of fusion proteins
OPALl, Mfnl, and Mfn2 were significantly reduced whereas
levels of Fisl were significantly increased in AD (Figure 2). In
the case of the fission protein DLPI, while some authors have
described a reduction in neurons [47, 52] and fibroblasts of
sporadic patients [47], others have shown an increase [53].
These differences can be explained because the major pool of
DLP1is cytosolic and its recruitment on mitochondrial mem-
brane to mediate fission events depends on posttranslational
modifications [7] (Figure 2). In this sense, higher DLP1 levels
in mitochondrial fraction [51] as well as increased Ser616
phosphorylation and S-nitrosylation in AD brains [40] have
been described. Primary hippocampal neurons treated with
Ap-derived diffusible ligands (ADDLs) demonstrated short-
ened mitochondria in neurons and alteration of fission and
fusion proteins [51]. Moreover, time-lapse recordings in these
neurons showed impairment of both, fission and fusion
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FIGURE 2: Mitochondrial alterations found in AD. Scheme of the effect of amyloid-f (Af) and phosphorylated-Tau (pTau) over mitochondrial
dynamics, transport, protein import, membrane permeabilization, and apoptosis as well as actin dynamics. Alterations of the levels of involved
proteins found in AD brains are also summarized. DLP1: dynamin-like protein 1, MFF: mitochondrial fission factor, FIS: fission 1, MIEF:
mitochondrial elongation factor, MENI: mitofusin 1, MFN2: mitofusin 2, OPAI: optic atrophy 1, PHBI: prohibitin 1, ABAD: Af-binding
alcohol dehydrogenase, Prep: presequence protease, VDAC: voltage-dependent anion channel, ANT: adenine nucleotide translocase, CypD:
cyclophilin D, Cyt C: cytochrome ¢, COX: cytochrome ¢ oxidase, ¥,,: mitochondrial membrane potential, and mtDNA: mitochondrial DNA.

processes, with fusion process being more severely affected
[51]. Recent evidence has shown an abnormal interaction of
A3 monomers and oligomers with DLP1 that increases with
the progression of the disease suggesting a possible cause of
abnormal mitochondrial dynamics and synaptic damage [53].
On the other hand, the expression of AD-causing Swedish
APP mutation in M17 cells also induced shorter and fatter
mitochondria, with a slight but significant increase in size,
but a decrease in the total mitochondrial number while
the number of damaged mitochondria was increased [48].
Similar observations have been found in transgenic mice
(Tg2574) harboring the APP Swedish mutation [54].
Abnormal mitochondrial morphology has been found in
fibroblasts from sporadic AD patients, where they become
significantly elongated and form a highly connected network
[47]. This discrepancy in mitochondrial morphology may
be due to differences in the expression pattern of pro-
teins involved in dynamics, showing decreased DLP1 and
unchanged OPAL Similar differences between fibroblasts and
neurons have been also found in Parkinson’s disease [7].
Mitochondrial mobility has also been altered in AD
causing a mitochondrial reduction in neurites [7] (Figure 2).
Ap induces a reduction in motile mitochondria [55] and

ADDL impairs anterograde and retrograde axonal transport
of mitochondria in hippocampal neurons [56]. Primary
neurons from Tg2576 APP transgenic mice showed a spe-
cific impairment of anterograde mitochondrial transport.
These results suggest that mitochondrial fission/fusion and
mitochondrial transport can be coupled. In fact, it has been
demonstrated that Mfn2 interacts with Miro and Milton, two
adaptor proteins involved in the regulation of mitochondrial
transport [57], although further work is necessary to clarify
this relationship.

The alteration in mitochondrial dynamics leads to severe
consequences in the cell such as structural changes in
the cristae formation and assembly of electron transport
complex compromising bioenergetics and causing calcium
dyshomeostasis, increased oxidative stress, mitochondrial
DNA damage, and synaptic dysfunction (reviewed in [7]).

3. Relationship between Mitochondrial
Dysfunction and AD-Related Pathology

3.1. Amyloid Beta. In FAD, an increase in the level of Af
may result in oxidative damage [22, 58, 59]. APP and Af



Oxidative Medicine and Cellular Longevity

accumulate in mitochondrial membranes causing structural
and functional damage (reviewed in [60]). Nonglycosylated
full-length and C-terminal truncated APP has been found to
accumulate in the protein import channels of mitochondria
of human AD brains [61] (Figure2). APP forms stable
complexes with the translocase of the outer mitochondrial
membrane 40 (TOM40) import channel and the translocase
of the inner mitochondrial membrane 23 (TIM23) inhibiting
the entry of nuclear-encoded cytochrome c oxidase subunits
IV and Vb proteins, which was associated with decreased
cytochrome ¢ oxidase activity and increased ROS production.
Additionally, an interaction has been discovered between
Ap and phosphorylated Tau with voltage-dependent anion
channel 1 (VDACI) in the brains of AD patients and from
APP, APP/PSI, and 3XTg AD mice which may block the
mitochondrial pores leading to mitochondrial dysfunction
[62].

Amyloid-beta interacts with the mitochondrial protein
ABAD (Ap-binding alcohol dehydrogenase) which is upreg-
ulated in the temporal lobe of AD patients as well as in
ABPP transgenic mice [63] (Figure 2). This complex prevents
the binding of nicotinamide adenine dinucleotide NAD+ to
ABAD, thereby changing mitochondrial membrane perme-
ability and reducing the activities of respiratory enzymes
causing elevated ROS.

Moreover, it has been suggested that the oxidative stress
induced by A8 may oxidize and inactivate presequence pro-
tease, PreP, one of the proteins involved in A8 degradation in
the mitochondria thus increasing A3 concentration in mito-
chondrial matrix and its pathologic effects [64] (Figure 2).

Amyloid-beta has been also involved in alterations of
mitochondrial dynamics. In fact, the overexpression of
human APP Swedish double mutation in neuroblastoma cell
lines induces a higher percentage of highly fragmented and
slower mitochondria correlating with an alteration of the
levels of the proteins involved in mitochondrial dynamics
such as increased fission protein Fis-1 and reduced levels
of fusion proteins like OPAI and DLP-1 [48]. In agreement
with these in vitro findings, an abnormal distribution of
mitochondria was also found in pyramidal neurons of AD-
affected individuals.

Additionally, Af3 enhances nitrosative stress-inducing s-
nitrosylation of DLPI, which favors mitochondrial fission fol-
lowed by mitochondrial depletion from axons and dendrites
and subsequently synaptic loss [40] (Figure 2).

Mitochondrial Af may also interact with cyclophilin D,
an integral part of the mitochondrial permeability transition
pore (mPTP), which potentiates free radical production,
causes synaptic failure, and promotes the opening of the
mPTP leading to apoptosis [65] (Figure 2).

On the other hand, Af accumulation could result in
cytoskeletal aberrations [66] (Figure 2). Af3 oligomers inter-
act with integrins leading to improper control of focal
adhesion assembly and signaling, therefore causing the dys-
regulation of cofilin, which is involved in the regulation of
actin dynamics. The inhibition of actin dynamics is associated
with increased ROS production and reduced mitochondrial
potential. Moreover, cofilin in response to oxidative stress
translocates to the mitochondria where it induces swelling, a

drop in mitochondrial membrane potential, and cytochrome
¢ release promoting the opening of mPTP and apoptosis.

3.2. Presenilin. Presenilins 1 and 2 are multitransmembrane
proteins that associate with nicastrin, APH-1, and PEN-2,
form high-molecular y-secretase complex, and are involved
in Af production byintramembrane cleavage of APP. Ps-1
gene mutations are the most prevalent in FAD, but besides
the generation of Ap, little is known about its implication
in mitochondrial dysfunction and oxidative damage. It has
been demonstrated that presenilin-1 [67] and presenilin-2
are also located in mitochondria as part of the y-secretase
complex [68]. Noteworthy, presenilin mutations have been
shown to sensitize cells to apoptosis by mechanisms sug-
gested to involve impaired mitochondrial function and Ps-
2/y-secretase activity can modify mitochondrial membrane
potential [69]. Moreover, ps-2 KO mouse embryonic fibrob-
lasts exhibit lower basal respiratory rate. On the other hand,
in at least two transgenic mouse models expressing human
tau with AD mutations at presenilin-1, PSIM146L [70] and
PS1A246E [71], the existence of mitochondrial abnormalities
prior to cognitive deficits has been described. Also, in the case
of PSIM146L mice, it was found that the mutation increases
mitochondria ROS formation and oxidative damage. Finally,
it has been recently shown that presenilins and y-secretase
activities are concentrated in a specialized subcompartment
of the endoplasmic reticulum (ER) that is physically and bio-
chemically connected to mitochondria, called mitochondria-
associated ER membranes (MAM) which are involved in
mitochondrial function and dynamics, among others [72, 73].
Either in presenilin KO mice or fibroblasts from FAD and
SAD patients, MAM function is increased correlating with
a significantly increased area of apposition between ER and
mitochondria.

3.3. Tau. Tauis involved in the axonal transport of organelles
such as mitochondria [74]. Hyperphosphorylated Tau may
block the transport of mitochondria leading to energy depri-
vation and oxidative stress at the synapse as well as to
neurodegeneration [75] (Figure 2). Analysis of brain proteins
from P301L mutant human tau transgenic mice revealed
deregulation of mitochondrial respiratory chain complex
components such as complex V and reduced complex I
activity as well as an impaired mitochondrial respiration with
the subsequent ROS accumulation with aging [27] (Figure 1).
Accordingly, the overexpression of P301L tau mutation in
human neuroblastoma cells has been shown to induce sub-
stantial complex I deficit accompanied by decreased ATP
levels and increased susceptibility to oxidative stress [76].
This was paralleled by pronounced changes in mitochondrial
morphology, decreased fusion and fission rates accompanied
by reduced expression of OPA-1 and DLP-1. In contrast,
the overexpression of wt tau exhibited protective effects on
mitochondrial function and dynamics including enhanced
complex I activity. Moreover, an abnormal interaction of
hyperphosphorylated Tau and mitochondrial fission protein
DLP-1 has been described suggesting a relationship with
mitochondrial dynamics alteration [77] (Figure 2). Other



researchers have found that the expression of human tau
mutations in both Drosophila (R406W) and mouse neurons
(P301L) results in elongation of mitochondria, which is
accompanied by mitochondrial dysfunction and cell cycle-
mediated cell death [78]. We have previously mentioned an
interaction of phospho-Tau and VDACI that may in turn
block the mitochondrial pores leading to mitochondrial dys-
function [62] (Figure 2). On the other hand, increased oxida-
tive stress has been shown to cause Tau hyperphosphoryla-
tion in a superoxide dismutase 2 knockout mouse model [79].
Furthermore, the inhibition of complex I with annonacin led
to a redistribution of Tau from the axons to the cell body
which correlates with a retrograde transport of mitochondria
and finally to cell death [80]. Lastly, the downregulation of
the proteins involved in the axonal transport of mitochondria
such as Miro and Milton in Drosophila has shown loss of
axonal mitochondria that promotes Tau phosphorylation in
Ser262 via partitioning defective-1 (Drosophila homolog of
mammalian microtubule affinity-regulating kinase) causing
late-onset neurodegeneration in the fly [81].

4. The Use of Mitochondria-Targeted
Antioxidants in AD

Since, as previously indicated, mitochondrial dysfunction
and oxidative stress may play a role in the development of
AD, many efforts have been proposed to demonstrate the
therapeutic potential of antioxidants in this disease. Different
components such as vitamin E [82], curcumin [83], Gingo
biloba [84], and melatonin [85] have demonstrated their
potential to reduce A levels and improve mitochondrial
function and cognitive behavior in animal models of AD.
However, clinical trials using these antioxidants or others,
such as huperzine A, have shown only modest or no effect
in cognitive function. The modest effect may be related
to unsuccessful cross of the blood-brain barrier, not well-
thought-out experimental design of the clinical trials, or the
late stage of patients involved [50].

To improve this poor result many efforts have been
done to develop mitochondria-targeted antioxidants, such
as triphenylphosphonium-based antioxidants (MitoQ,
MitoVitE, Mito-a-lipoic acid, MitoPBN) [86], cell-
permeable small peptide-based molecules (SS31, SS02,
SS19, and SS20) [87], and choline esters of glutathione and
N-acetyl-l-cysteine [88]. The first group results from the
combination of lipophilic triphenylphosphonium cation
with ubiquinol, a-tocopherol, a-lipoic acid, and a-phenyl-
N-tert-butylnitrone, respectively. Due to their positive
charge they are accumulated several hundredfold within
mitochondria driven by the membrane potential, enhancing
the protection of mitochondria from oxidative damage [86].
MitoQ accumulates in mitochondria driving the conversion
of H,0, to H,O and O,, reducing the toxic insult of free
radicals.

Szeto-Schiller or SS peptides are a serial of small cell-
permeable antioxidant peptides which have a sequence motif
that allows them to target mitochondria [87]. They scavenge
H,0, and ONOO- and inhibit lipid peroxidation. Their
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antioxidant activity is attributed to the tyrosine or dimethyl-
tyrosine (Dmt) residue. Dmt has demonstrated to be more
effective than tyrosine in scavenging of ROS. SS31 (H-D-Arg-
Dmt-Lys-Phe-NH2) has demonstrated its efficacy in rodent
models of different diseases.

The antioxidant effect of MitoQ and SS31 has been tested
in vitro in mouse cell models of AD [89]. Both components
were able to prevent the effects of Af in mouse neuroblastoma
(N2a) cells, such as increased expression of mitochondrial
fission genes, decreased expression of fusion genes, peroxire-
doxins, and endogenous cytoprotective antioxidant enzymes,
and, increased number of intact mitochondria and neurite
outgrowth. Additionally, in neurons from a mouse model of
AD (Ap precursor protein transgenic mouse, Tg2576 line)
incubated with Af, MitoQ and SS31 achieved an increase in
neurite outgrowth and a decrease in cyclophilin D expression.
Posterior work using primary neurons from Tg2576 mice
[54] confirmed the capacity of SS31 to mitigate the effects
of oligomeric Ap, such as decreased anterograde mitochon-
drial movement, increased mitochondrial fission, decreased
fusion and structurally damaged mitochondria, abnormal
mitochondrial and synaptic proteins, defective mitochon-
drial function, and apoptotic neuronal death. SS31 was able
to restore mitochondrial transport and synaptic viability
and decreased the percentage of defective mitochondria,
demonstrating its protective effect from Af toxicity.

Moreover, MitoQ has been shown to prevent cognitive
decline in 3xTg-AD mice as well as early neuropathology,
such as oxidative stress, A3 accumulation, astrogliosis, synap-
tic loss, and caspase activation [90].

Another example of mitochondria-targeted antioxidants
could be the compound SKQI (plastoquinonyl decyltriph-
enylphosphonium), a membrane-penetrating cation that is
specifically accumulated in the inner mitochondrial mem-
brane [91]. SKQI lowers the rate of ROS formation in the
respiratory chain due to mild uncoupling. SKQI reversed the
appearance of a typical behavioral trait of aging in rats [92].

Further evidence suggesting the therapeutic capacity of
mitochondria-targeted antioxidants was recently obtained
from the in vivo studies using APP transgenic mice that
carried the human mitochondria-targeted catalase (MCAT)
gene [93]. These mice lived 5 months longer than did APP
mice. Their brain sections showed a reduction in the levels
of full-length APP, C-terminal fragment 99, BACEL, Af
levels (40 and 42), Af3 deposits, and oxidative DNA damage
relative to the brain sections from the APP mice. Additionally,
significant increased levels of soluble APP« and C-terminal
fragment 83 were found in the MCAT/APP mice, suggesting
that oxidative stress plays a primary role in AD etiopathology.

All these findings indicate that mitochondria-targeted
molecules may be an effective therapeutic approach to treat
patients with AD.

5. Removal of Defective Mitochondria

Autophagy is a normal cellular recycling process that involves
degradation of intracellular components including proteins,
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protein complexes, and organelles through lysosomal degra-
dation. Mitochondrial function is regulated by autophagyin a
process named mitophagy, in which dysfunctional mitochon-
dria are recycled by engulfment into autophagosomes that
then fuse with lysosomes for their content degradation. The
segregation of damaged mitochondria depends on fission and
fusion events that, as we have previously discussed, are altered
in AD. Although increased mitochondrial autophagy in AD
has been described [94], further studies will be necessary to
clarify if this is a protective process because they may not be
properly recycled by fusion with lysosomes or it may not be
selective for damaged mitochondria.

One of the mechanisms described for the regulation
of mitochondrial recycling by autophagy involves the E3
ubiquitin ligase Parkin. After mitochondrial damage, PTEN-
induced kinase 1 (PINKI1) is stabilized in mitochondria
inducing the recruitment of Parkin [95]. Parkin-mediated
ubiquitination recruits autophagy adapter proteins, such as
p62, which interacts with LC3 mediating the cargo engulf-
ment into autophagosomes. Parkin ubiquitinates several
mitochondrial proteins, such as VDACI [96] and mitofusins
that may be involved in the segregation of damaged mito-
chondria via an inhibition of mitochondrial fusion events
[97]. Therefore the alterations described in mitochondrial
dynamics-related proteins and autophagy in AD may affect
the mitophagy increasing mitochondrial damage and ROS
accumulation.

In AD, AB, and Tau aggregation has been associated
with mitochondrial damage, oxidative stress, and cytoskeletal
alteration of neurons. Autophagy plays a fundamental role in
neuronal function and is intensively involved in AD-related
protein aggregation [98]. Indeed, it has been demonstrated
that autophagy is the major degradational pathway following
unfolded protein response activation in neuronal cells, an
early event in AD brain, suggesting a connection between
its activation and the observed autophagic pathology [99].
Accordingly, an accumulation of autophagic vesicles in the
cortex of AD patients compared to nondemented ones has
been shown [98]. Moreover, an increase of autophagic vesicles
containing mitochondria in pyramidal neurons from AD
patients has been found, suggesting a mitophagy alteration
[94, 100]. According to this, Parkin, one of the proteins
involved in the target of mitochondria to be degraded by
mitophagy, has been shown to be reduced in the cortex of
AD brains [101]. Additionally, autophagy alterations have
been described in AD brain and animal models. Beclin 1, a
protein that plays a key role in autophagy, has been shown to
be diminished in the affected brain regions in AD patients
early in the disease process [102]. In the same work, in
an APP transgenic mouse model, the downregulation or
overexpression of beclinl increased or diminished, respec-
tively, the A3 accumulation, extracellular A8 deposition, and
neurodegeneration, highlighting the relevance of autophagy
in AD-related pathology. Moreover, a link between FAD
and autophagy has been recently indicated, showing that
autophagy requires functional Ps-1 for lysosomal maturation
and that is impaired by Alzheimer-related ps-1 mutations
[103]. Thus, ps-1 mutations could indirectly affect mitochon-
drial function by impairing its recycling by mitophagy.

On the other hand, autophagy has been proposed to play
an active role in AD pathogenesis. In this regard, autophagic
vesicles have been demonstrated to be an active compart-
ment for A3 generation and their abnormal accumulation
in affected neurons of the AD brain contributes to Af
deposition [104].

Due to the crucial role of autophagy in AD, the Moussa
group proposed the induction of autophagy by overexpres-
sion of Parkin as a therapeutic strategy. Parkin could ubiqui-
tinate and decrease intracellular Ap levels and plaque depo-
sition by a synergistic activation of proteasomal degradation
[105] and Beclinl-dependent autophagic clearance [106].
Additionally, Parkin-induced autophagy facilitated clearance
of vesicles containing debris and defective mitochondria
counteracting oxidative stress and preventing mitochondrial
dysfunction [106]. Parkin reverses intracellular A3 accumu-
lation and its negative effects on proteasome function [101].

Other strategies for the induction of autophagy as a ther-
apeutic strategy in AD have been tested in animal models for
the disease. With this aim several molecules have been tested
such as rapamycin [107, 108], cystatin B [109], trehalose [110],
scyllo-Inositol [111], and latrepirdine [112], although effects on
improving mitochondrial recycling were not studied in these
works.

6. Novel Models for the Study of AD

Hitherto, the majority of observations about mitochondrial
failure come from the study of animal models of familial
AD, patient-derived nonneuronal cells, and postmortem
analysis of the patient’s brain. As we have previously dis-
cussed, mitochondria are highly dynamic organelles which
coordinate a vast amount of cellular functions; therefore,
although the analysis of the brain can give us clues about
alterations in the amount of involved proteins and in the
structural changes by image analysis, for the proper study of
mitochondrial function the use of living cells is necessary.
In this direction, the use of patient-derived fibroblasts can
be very helpful but we should not forget that these are not
the cells that degenerate in the disease, so they might be
subject to some kind of compensatory mechanism, making
them very different from neurons. Additionally, fibroblast
environment, energy requirements, and protein expression
pattern and morphology are very different from those of
neurons, so the extrapolation of the results obtained in
this kind of cells should be taken cautiously. FAD animal
models or the expression of AD human mutations in human
neuroprecursor cells offers us the possibility of studying
mitochondrial function in a cellular model related to the
disease. However, we should take into consideration that
the majority of AD cases are sporadic or are not related to
any known mutation associated with the disease. For these
reasons, there is an increasing effort in generating neuronal
cells derived from SAD patients.

A revolutionary work in 2006 by Takahashi and Yam-
anaka demonstrated for the first time that adult differentiated
cells such as fibroblasts are able to be retrodifferentiated to
generate stem cells [113]. Four transcriptions factors, Oct3/4,



Sox2, c-Myc, and Klf4, were enough to induce pluripotency
in primary fibroblast indicating that cell programming could
be reversed. This innovative concept opens the possibility
of generating neuronal cells from patient-derived fibroblasts
having a deep impact on the study of neurodegenerative
diseases. Noteworthy, Yamanaka obtained the Nobel Prize
in 2012 in recognition to his discovery. After this pioneer
work many efforts have been done to successfully reproduce
this result in human fibroblasts [114] as well as optimize the
protocol by changing the transcriptional factors [115], as well
as substituting them by small molecules [116-118] or miRNAs
[119-121] for transcription factors.

An increasing number of papers have come out in the
last few years using fibroblasts for the generation of induced
pluripotent stem cells (iPS), some of which are focused in
the generation of neurons from these iPS for the study
of Alzheimer disease [122, 123]. Using this approach of
generating neurons from presenilin-associated FAD patient’s
fibroblasts, increased Af42 production and secretion was
found [122]. Similar studies using sporadic and APP dupli-
cation associated AD fibroblasts have also found an increase
in Af340, phospho-Tau (Thr 231), or in active GSK3 (lacking
Ser9 phosphorylation) as well as the accumulation of early
endosomes [123].

More recently, direct conversion of fibroblast to func-
tional neurons (induced neurons, iN) by just three tran-
scription factors, Ascll, Brn2 (also called Pou3f2), and Mytll
has been described [124]. This was subsequently reproduced
by using human fibroblasts [125]. Also, microRNA-mediated
conversion of human fibroblasts to neurons has been indi-
cated, although its efficiency is increased by the addition of
transcription factors [126]. Additionally, a combination of
one microRNA and two transcription factors appears to be
sufficient to reprogram human fibroblasts to functional neu-
rons [127]. Other authors have reported the direct conversion
of fibroblasts to neural progenitor cells [128] or tripotent
neural precursor cells (iNSC) [129, 130] which have the
advantage of being expandable.

The conversion of human fibroblasts from Alzheimer
disease patients directly to functional neurons has been
reported [131]. These reprogrammed neurons exhibit some of
the hallmarks of the brain of the patients such as an altered
processing of amyloid precursor protein and an increased
production of Ap.

Several works have pointed out that there are differences
in gene expression patterns between iPS, embryonic stem
cells, and somatic cells [132, 133]. These differences involve
reprogramming process-dependent genes and those retained
from somatic cells due to epigenetic memory. This fact should
be taken into consideration to extrapolate the results obtained
using these models. However, to better understand the rele-
vance of these differences in the field of neurodegenerative
diseases it would be necessary to compare the gene expression
pattern of the reprogrammed cells with the somatic original
cell as well as neuronal tissue from the same patient.

Although an increasing amount of work now uses either
iPS, iN, or iNSC for modeling neurodegenerative diseases,
in the case of Alzheimer, no mitochondrial function studies
have been done so far in these models. Further efforts will
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be necessary to improve the efficiency of these protocols to
increase neuron generation rate in order to perform this kind
of approach.

Mitochondrial function is essential for neuronal differ-
entiation and survival. Taking into consideration all the
mitochondrial alterations described for Alzheimer disease, it
is possible that the reprogramming of fibroblasts from AD
patients into neurons could be more difficult. It has been
described that mtDNA integrity is essential for mitochondrial
maturation during differentiation of neuronal stem cells
[134]; therefore, it is possible that lack of mtDNA integrity
due to oxidative damage of nucleic acids may impair the
reprogramming from fibroblasts to neurons. Also, a change
in protein levels, like DLP1, previously mentioned, or other
mitochondrial proteins such as prohibitin [135], could make
AD fibroblasts more vulnerable to mitochondrial damage
diminishing the efficiency of reprogramming. Therefore, the
study of mitochondria during the reprogramming process
might give important clues to understand not only the role
of mitochondria during neuronal differentiation but also the
relevance of AD-associated mitochondrial dysfunction in the
neurodegeneration process.
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Tea polyphenols are of great benefit to the treatment of several neurodegenerative diseases. In order to explore the neuroprotective
effects of tea polyphenols and their potential mechanisms, an established in vivo subarachnoid hemorrhage (SAH) model was
used and alterations of mitochondrial function, ATP content, and cytochrome ¢ (cyt ¢) in cerebral cortex were detected. This
study showed that the alteration of mitochondrial membrane potential was an early event in SAH progression. The trend of
ATP production was similar to that of mitochondrial membrane potential, indicating that the lower the mitochondrial membrane
potential, lesser the ATP produced. Due to mitochondrial dysfunction, more cyt ¢ was released in the SAH group. Interestingly, the
preadministration of tea polyphenols significantly rescued the mitochondrial membrane potential to basal level, as well as the ATP
content and the cyt clevel in the brain cortex 12 h after SAH. After pretreatment with tea polyphenols, the neurological outcome was
also improved. The results provide strong evidence that tea polyphenols enhance neuroprotective effects by inhibiting polarization

of mitochondrial membrane potential, increasing ATP content, and blocking cyt ¢ release.

1. Introduction

Polyphenols, the most abundant components in fruits, tea,
wine, and vegetables, have attracted attention in recent
years due to their healthy effects. It has long been known
that tea polyphenols have neuroprotective effects in various
pathological states of the nervous system, for example, by
lowering the cognitive impairment in most neurodegener-
ative diseases and by reducing the risk of mortality after
stroke [1-3]. Human epidemiological data shows that the
risk of a fatal versus nonfatal stroke is significantly reduced
by approximately 21% in people that drink 3 cups of tea
per day when compared with nontea drinkers. In fact, high
consumption of tea, particularly green tea, contributes to the
lower rates of cardiovascular disease observed in the Asian
population, especially in China, indicating that tea drinking
may be a benefiting lifestyle. However, other authors indicate
that tea consumption has no correlation with hemorrhagic
stroke [4].

Stroke is a leading cause of morbidity and mortality
worldwide. Subarachnoid hemorrhage (SAH) accounts for
only 5%-10% of all strokes but is a major devastating subtype
of stroke affecting 30,000 people in North America yearly
[5]. SAH is caused by the rupture of a brain aneurysm and
can be divided in two stages, the first 72h correspond to the
early brain injury (EBI) and the period after 72 h corresponds
to the delayed vasospasm. About 21% of SAH survivors do
not experience delayed vasospasm indicating that EBI may
be an important stage predicting the outcome of SAH [6, 7].
In fact, all the factors related to the pathological mechanisms
of EBI after SAH may eventually induce irreversible neuronal
death, which is associated with neurological deficits and poor
outcome [8-10].

A growing body of evidence from animal models and
clinical studies indicate that mitochondrial dysfunction is a
common event in brain injury, including in SAH [11]. Several
lines of research suggest that mitochondrial dysfunction,



induced by oxidative stress and inflammation, results in mito-
chondrial membrane potential (Ay,,) reduction, cytochrome
¢ (cyt ¢) release, and then activation of mitochondrial-
dependent cell death, providing evidence that mitochondrial
impairment is deleterious [12, 13]. Therefore, mitochondrial
function is a potential therapeutic target [14].

Recent results suggest that inhibition of a signal pathway
may not be required for the treatment of SAH [15]. In such
a scenario, tea polyphenols may be of special interest due to
their multiple functions, such as antioxidants, antimutagenic,
iron chelators, and in glutamate release [16]. However, tea
polyphenols’ effects in the time course after SAH are still
unknown. The aim of this study was to investigate whether tea
polyphenols have neurological and neurobehavioural effects
or not, and the pathway involved in these effects in the in vivo
SAH model. This study contributes to a better understanding
of the role of tea polyphenols in SAH prevention, which are
nontoxic and inexpensive dietary components.

2. Materials and Methods

2.1. Preparation Oxyhemoglobin (OxyHb). Arterial blood col-
lected from Kunming mouse with heparin was centrifuged
at 2,500 xg for 15 min. The supernatant was discarded. Ery-
throcytes were washed 3 times with saline solution, lysed with
methylbenzene, and centrifuged at 15,000 xg for 20 min; the
supernatant was collected. Using filter membrane, the OxyHb
solution was collected, adjusted to 3 ymol/L using measured
optical density (OD) at 540 nm and 576 nm, and stored at
-80°C [17].

2.2. Animals. The animal use and care protocols were
approved by Institutional Animal Care and Use Committee
(IACUC) of Xinxiang Medical University. One hundred
and eighty adult male Kunming mice weighing from 18 to
20 g were purchased from Xinxiang Medical University. All
animals were required to undergo institutional quarantine for
7 days prior to use. The environment for animal housing was
equipped with controlled temperature (22 + 3°C), humidity
(40%-70%), and a 12 h light/dark alternation. The mice were
divided into three groups: sham group (n = 60), SAH group
(n = 60), and preadministration tea polyphenols SAH group
(n = 60). Subsequently, each group was subdivided into 3 h,
6h, 12h, 24h, and 72h subgroup (n = 12), respectively.
SAH group was injected with OxyHb, and sham group was
given isotonic saline for the same period. Pretreatment group
was administered intragastrically with water containing tea
polyphenols at a dose of 450 mg/kg/d for 7 days before OxyHb
injection [18, 19].

2.3. Mouse SAH Model. SAH was performed using the model
reported by Shi et al. [20]. Under general anesthesia with
1% pentobarbital (50 mg/kg, intraperitoneally), animals were
placed in prone position. The posterior cervical muscles were
dissected through a suboccipital midline skin incision and
retracted laterally. The exposed transparent atlantooccipital
membrane was penetrated by a 30 gauge needle. Under
spontaneous breathing, a 23-gauge needle without point was
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inserted percutaneously into the skull at a controlling depth
of L5mm in the cross position at the sagittal suture 2 mm
and sutura coronaria Imm. Then, 50 uL (150 ymol/L) of
OxyHb was injected through this hole into subarachnoid
space. After the neurological assessment, the animals were
decapitated at different time points after SAH. Prior to
decapitation, one part (n = 6) was perfused through the
left cardiac ventricle with isotonic saline, followed by 4%
paraformaldehyde in phosphate-buffered saline (PBS). The
brain tissue was removed and fixed in 4% paraformaldehyde
for 48 h and then embedded in paraffin. Sections of 4 mm
thickness were cut using a microtome for histologic studies.
The others (n = 6) were sacrificed with 0.9% saline solution
perfusion through the left cardiac ventricle. The fresh brain
was immediately removed and cortex sections selected and
then stored at —80°C.

2.4. Mortality and Neurological Functions Assessment.
Recently, the Garcia scoring system has been developed to
evaluate the animal neurological behavior and function in
a blinded fashion [21]. The results showed that the higher
the neurological score, the better the outcome. Briefly, the
neurobehavioral examination was performed at 6h, 12h,
24 h, and 72 h. An 18-point scoring system was used based on
(1) spontaneous activity, (2) symmetry of limb movement,
(3) climbing, (4) body proprioception, (5) movement of
forelimbs, and (6) response to vibrissae touch (score scale:
0-3 each).

2.5. Lactate Dehydrogenase (LDH) Assay from Brain Cor-
tex. The supernatant of all the samples was collected after
homogenate and the LDH content was determined using
an LDH assay kit according to the manufacturer’s instruc-
tions (Nanjing Institute of Jiancheng Biological Engineering,
China) [22]. LDH cytotoxicity was calculated using OD
as LDH cytotoxicity (U/g protein) = (OD sample — OD
blank)/(OD standard solution — OD blank standard solution)
x standard solution concentration/sample protein concentra-
tion.

2.6. Isolation of Mitochondria from Cerebral Cortex. Intact
mitochondria were isolated from fresh brain cortex layer
using a tissue mitochondria isolation kit (Beyotime Institute
of Biotechnology, China). In brief, after homogenization of
0.5 g cortical tissue in ice-cold MSH buffer (10 mM HEPES,
pH 7.5, containing 200 mM mannitol, 70 mM sucrose, 1.0 mM
EGTA, and 2.0mg/mL serum albumin), the homogenate
was centrifuged at 1,000 xg at 4°C for 10 min. The collected
supernatant was then centrifuged at 3,500 xg at 4°C for 10 min
to obtain a mitochondrial pellet [23].

2.7. Assay of Mitochondrial Membrane Potential. Changes in
mitochondrial membrane potential (Ay,,) were measured
using a JC-1(5',6,6'-tetrachloro-1,1',3,3’ -tetraethylbenzimid-
azolylcarbocyanide iodide) staining (mitochondrial mem-
brane potential assay kit, Beyotime Institute of Biotechnol-
ogy, China) according to the manufacturer’s instructions.
Briefly, isolated mitochondria were suspended in 0.5mL



Oxidative Medicine and Cellular Longevity

medium containing 5mM JC-1. Samples were analyzed
using an automatic microplate reader (Thermo Scientific,
USA) at time scan method. The intensities of green (exci-
tation/emission wavelength = 485/538 nm) and red (excita-
tion/emission wavelength = 485/590 nm) fluorescence were
analyzed in each sample and represented a surrogate marker
of loss of mitochondrial Ay,, [24].

2.8. Assay for Cellular ATP Levels from Brain Cortex. After
being thawed, samples were homogenized in boiling double
distilled water in order to denature endogenous ATPase
present in the tissue. The supernatant fraction of the
homogenate was collected after centrifugation at 10,000 xg
for 10 min. ATP levels were measured using ATP colorimetric
assay kit according to manufacturer’s instructions (Nanjing
Institute of Jiancheng Biological Engineering, China) [25].

2.9. Immunohistochemistry for Cyt ¢ Antigen. Deparaffinized
sections were treated with 0.3% hydrogen peroxide in
methanol for 15min at room temperature to block endoge-
nous peroxidase activity. The sections were incubated in
0.01 M, pH 6.5 sodium citrate buffer for 10 min at 121°C, and
cooled to room temperature. After being blocked with 10%
normal goat serum for 1h at room temperature, the slides
were subsequently incubated overnight with anti-cyt ¢ anti-
body (BA0781, Boster Bio-Engineering Limited Company,
China) at a dilution of 1:100. After being extensively washed
with PBS, the slides were incubated with Histostain-Plus
kit (SP-9001, Zymed, USA). The sections were then coun-
terstained with DAB (ZLI-9032, Zhongshan Golden Bridge
Biotechnology Co., LTD, China). Quantitative evaluation
was measured using IDA-2000 software (Beijing Konghai
Technology Company, China). At least 10 visual fields were
captured and more than 500 cells were counted [26, 27].

2.10. Statistical Analysis. The statistical analysis was per-
formed using the Statistical Package for the Social Sci-
ences (SPSS Inc., Chicago, IL, USA) program. All data
were reported as means + SD of three independent exper-
iments. The physiological variables were analyzed by one-
way ANOVA followed by LSD multiple comparison post hoc
analysis. The neurological scores were compared by Kruskal-
Wallis nonparametric test followed by multiple comparison
procedures by Duncan’s method. For all comparisons, P <
0.05 was considered statistically significant.

3. Results

3.1. Mortality and Neurological Scores. Of a total of 180
mice, 8 (4.4%) died over the course of the experiment, 5
(8.3%) in the SAH group, 3 (5.0%) in the tea polyphenols
pretreated animals, and 0 in the sham group. This suggests
that tea polyphenols pretreatment reduced the mortality in
consequence of SAH.

The neurological scores obtained for sham, SAH, and
tea polyphenols + SAH groups are depicted in Figure 1.
The neurological score observed for mice with SAH was
significantly lower than that of the sham group from 6h

Neurological scores

Time (h)

B Sham
B SAH
W SAH + tea polyphenols

FIGURE 1: Neurological deficits in OxyHb-induced SAH mice.
Values are expressed as mean + SD of triplicate samples. ** P < 0.01

versus sham; ““P < 0.01 versus SAH.

to 72h after SAH (P < 0.01 versus sham), whereas the
improved neurological scores were observed after 12h of
SAH in animals pretreated with tea polyphenols pretreatment
group (P < 0.01 versus SAH), indicating that tea polyphenols
rescued neuronal injury.

3.2. The Neuroprotective Role of Tea Polyphenols in Early
Brain Injury after SAH. LDH activity is the most widely used
marker in cytotoxic studies. Using this assay, we detected a
neuroprotective role for tea polyphenols in the EBI stage after
SAH. LDH activity was stable in the cortical tissue of the sham
group (Figure 2). After SAH, LDH levels were significantly
increased in the cortex along with the SAH progress (P <
0.01 versus sham), but the peak level was observed 12h
after SAH, indicating that LDH activity might be time
dependent. However, pretreatment with tea polyphenols led
to a significant decrease in LDH activity compared to the SAH
group (P < 0.01 versus SAH). A significant difference was
observed between groups pretreated with tea polyphenols
and sham (P < 0.01 versus sham), except at 12h. LDH
levels after pretreatment with tea polyphenols were variable
compared to those detected in the sham group.

3.3. The Preventive Effect of Tea Polyphenols on Mitochon-
drial Depolarization in the Cortex after SAH. Mitochondrial
membrane potential (Ay,,), a widely recognized biomarker
of mitochondrial function, can be measured using a cationic
lipophilic dye, JC-1. OxyHb caused significant mitochondrial
membrane depolarization in the SAH group, which was
expressed as an increase in JC-1 green/red fluorescence
ratios (P < 0.01 versus sham) (Figure 3). However, the
preadministration of tea polyphenols prevented the loss
of mitochondrial membrane potential (P < 0.05 versus
sham); 12 h after SAH, no significant difference was observed
compared with the sham group (P > 0.05 versus sham). The
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FIGURE 2: Effect of tea polyphenols on LDH activity in OxyHb-
induced SAH. Data are expressed as the mean + SD of three
independent experiments. “*P < 0.01 versus sham; “*P < 0.01
versus SAH.
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FIGURE 3: Effect of tea polyphenols on the mitochondrial membrane
potential. Data are expressed as the mean + SD of three independent
experiments. * P < 0.05 versus sham; ** P < 0.01 versus sham; “P <
0.05 versus SAH; 2D < 0.01 versus SAH.

decrease of mitochondrial membrane potential in SAH group
was greatly alleviated by tea polyphenols pretreatment with a
time-dependent effect (P < 0.05 versus SAH).

3.4. Tea Polyphenols Increasing ATP Content in the Devel-
opment of SAH. After SAH, ATP content was determined
using a validated ATP detection assay in the cortex (Figure 4).
Within the cortical region, the steady-state ATP level was
stable in the sham group at different time points. However,
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FIGURE 4: Alteration of ATP content after SAH. All the experiments
were performed as described in Section 2. Data are expressed as the
mean + SD of three independent experiments. “*P < 0.01 versus

sham; 2P < 0.01 versus SAH.

ATP levels were dramatically altered both in the SAH and the
tea polyphenols pretreatment groups with a distinct pattern.
Interestingly, the ATP content increased rapidly, showing the
highest values 3h after SAH both in the SAH and the tea
polyphenols pretreatment groups (P < 0.01 versus sham).
After 3h of SAH, ATP levels dramatically declined and the
lowest levels were observed at 3 days after SAH, suggesting
a time-dependent ATP depletion (P < 0.01 versus sham).
In the tea polyphenols treatment group, a fluctuation in the
ATP level was observed. ATP levels were gradually reduced
from 6 h to 24 h, whereas a significant increase in ATP content
was observed 3 days after SAH (P > 0.05 versus sham, P <
0.01 versus SAH). In conclusion, tea polyphenols significantly
increased ATP content after SAH.

3.5. Effect of Tea Polyphenols on the Cyt ¢ in EBI after SAH.
Considering that cytoplastic cyt ¢ level is increased along
with depolarization of mitochondrial membrane potential,
cyt ¢ content was measured in the different experimental
models using immunohistology. As shown in Figure 5(a), a
moderate and stable immunoreactivity was observed in the
sham group, whereas robust cyt ¢ levels were observed at
all time points after SAH. However, after pre-administration
of tea polyphenols, cyt ¢ levels were gradually decreased to
basal level. The cyt ¢ levels were significantly increased in
the SAH group compared to the sham group (P < 0.01
versus sham) (Figure 5(b)). Interestingly, cyt ¢ values after
pre-administration of tea polyphenols were higher than that
of sham, but lower than that of SAH group. Significant
difference was observed from 3h to 24 h of sham (P < 0.01
versus sham), as well as 3h, 24 h and 3 days of SAH (P < 0.05
versus SAH), indicating that tea polyphenols can block cyt ¢
release after SAH.
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Relative cyt ¢ intensity

Time (h)

B Sham
B SAH
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(b)

FIGURE 5: Tea polyphenols prevented cyt ¢ release. (a) Identification of cyt ¢ by immunohistochemical assay (x400). (b) Quantification of cyt
¢ level by densitometry. At least 10 visual fields were captured and more than 500 cells were counted. The quantification represents means
and standard deviations of results from three independent experiments. ** P < 0.01 versus sham; “P < 0.05 versus SAH; ““P < 0.01 versus

SAH.

4. Discussion

Mitochondria contribute to many cellular events involv-
ing intracellular calcium homeostasis, reduction-oxidation
potential, cell cycle regulation, and synaptic plasticity [28].
There is a current awareness that mitochondria are highly
likely subjected to insults; therefore, mitochondrial dys-
function may act as one of the main trigger events in
central nervous system disease, such as Parkinson’s disease,
Alzheimer’s disease, and ischemic stroke, leading to cell
death, and ultimately diseased brain [29-31]. The depolar-
ization of the mitochondrial membrane potential (Ay,,) is a
common event in mitochondrial dysfunction through which
apoptosis, necrosis, and autophagy can be driven [32, 33]. Our
results show a significant decrease in Ay, in the SAH group
compared with sham group. Several studies have shown
that tea polyphenols significantly prevent cell swelling and
the decline in the Ay, [34]. In line with these reports,
we observed that in the pretreated tea polyphenols group,
the Ay, gradually increased to basal level 12h after SAH
indicating that one mechanism by which tea polyphenols
exert their protective effects is possibly by inhibition of the
depolarization of the inner membrane potential. Due to lack
of glycolytic capacity, more mitochondria are required to
produce the necessary energy in the brain than that in other
organs [35]. In pathological conditions, loss of Ay, leads
to the mitochondrial permeability transition (MPT) pore
opening and to osmotic swelling of the mitochondrial matrix
and to defective oxidative phosphorylation, thus impairing

ATP synthesis. After SAH, the ATP levels were decreased
compared to sham controls but could be restored by tea
polyphenols pretreatment, indicating that tea polyphenols
may block mitochondrial dysfunction followed by increased
ATP content, eventually leading to neuronal cell survival.
Since the brain is highly sensitive to changes in mitochon-
drial respiration due to its higher consumption of oxygen
and fewer free radicals scavenger ability, changes in Ay, may
also ultimately lead to apoptosis through downregulation of
antiapoptotic proteins, as well as activation of proapoptotic
pathways [36]. More specifically, mitochondrial dysfunction
would inhibit cytochrome ¢ oxidase activity and lead to
release of cyt ¢ into the cytosol, which initiates the caspase
cascade. There is no doubt that mitochondrial respiratory
dysfunctions leading to low Ay,, might result in the release of
pro-apoptotic proteins, such as the apoptosis inducing factor
(AIF) and cyt ¢ [37]. The latter activates caspase-9, thus acti-
vating caspase-3-dependent apoptotic pathway. In addition,
in low Ay, conditions, PINKI accumulates on the surface
of the mitochondria and recruits Parkin, an ubiquitin ligase,
which ubiquitinylates Bcl-2, further inducing cyt ¢ related
and apoptosis [38, 39]. It has been shown that increased cyt ¢
mediates DNA fragmentation and apoptosis in mouse brains
in subarachnoid hemolysate [40]. In other words, with SAH
progression, neuronal cells enter the apoptotic pathway in the
cortex. However, tea polyphenols can significantly inhibit cyt
¢ release by blocking mitochondrial dysfunction at the EBI
stage after SAH. This finding is supported by previous results
that showed that the number of apoptotic cells was reduced



after using green tea extract for pre-treatment of ischemia in
gerbils [41].

5. Conclusion

In the present study, we found that neuroprotective effects
of tea polyphenols may rely on their mitochondrial pro-
tection behavior. Our studies showed that tea polyphenols
pretreatment reduces mitochondrial dysfunction markers
and increases neurological scores after SAH [42, 43]. This
suggests that dietary supplementation with tea polyphenols
could be a potential candidate for prevention of SAH. As tea
polyphenols represent a class of natural, dietary components,
further research will be necessary to better identify which
polyphenols play the roles in SAH, and which signaling
pathways are involved in these neuroprotective effects.
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Parkinson’s disease (PD) is caused by dopaminergic neuronal death in the substantia nigra, resulting in a reduced level of dopamine
in the striatum. Oxidative stress and mitochondrial dysfunction are thought to be major causes of neurodegeneration in PD.
Although genetic and environmental factors are thought to affect the onset of PD, precise mechanisms at the molecular level have
not been elucidated. The DJ-1 gene is a causative gene for familial PD (park7) and also an oncogene. DJ-1 has various functions,
including transcriptional regulation, antioxidative stress reaction, and chaperone, protease, and mitochondrial regulation, and its
activity is regulated by its oxidative status, especially that of cysteine 106 (C106) of DJ-1. Excess oxidation of DJ-1, which renders
DJ-1inactive, has been observed in patients with sporadic PD and Alzheimer’s disease, suggesting that DJ-1 also participates in the
onset and pathogenesis of sporadic PD as well as familial PD. DJ-1is also a stress sensor and its expression is increased upon various
stresses, including oxidative stress. In this review, we describe functions of DJ-1 against oxidative stress and possible roles of DJ-1

in the pathogenesis of PD.

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative
disease that occurs in approximately 1% of the population
over the age of 65 years. There are two types of PD, familial
and sporadic forms of PD. Although familial PD cases
account for 10% of total cases of PD, investigations of the
functions of familial PD gene products have provided great
insights into the molecular mechanisms of the onset of PD,
and familial PD gene products are thought to also play roles
in the pathogenesis of sporadic PD (see recent reviews [1, 2]).

The DJ-1 gene has been identified by us as a novel onco-
gene that transforms mouse NIH3T3 cells in cooperation
with activated ras in 1997 [3]. In 2003, Bonifati et al. found
a large deletion and missense mutation in the DJ-I gene
in Italian and Dutch PD patients, leading to identification
of the DJ-I gene as a causative gene for familial PD park7
with recessive inheritance [4]. Twenty-three pathogenic
deletion and point mutations were found in patients
with PD (see Parkinson’s disease mutation database and

references therein, http://www.molgen.ua.ac.be/PDmutDB/
default.cfm?MT=0-&ML=0&Page=Home). Compared to
parkin and Pinkl, other causative genes of familial PD with
recessive inheritance, the number of mutations in the DJ-1
gene is small; numbers of mutations of the three genes are
the order of parkin > Pinkl > DJ-1. This might be due to
the position of DJ-1 during the course of onset of PD; DJ-1
may be placed upstream of Pinkl and parkin [1, 2].

In this review, we describe functions of DJ-1 against
oxidative stress and discuss how loss of function of DJ-1
affects the pathogenesis of PD.

2. Structure, Expression, and Function of DJ-1

DJ-1 is comprised of 189 amino acids with seven S-strands
and nine «a-helices in total and is present as a dimer [5-9].
Amino acid sequences of DJ-1 are conserved from prokary-
otes to eukaryotes and they are now named DJ-1 superfamily
[10]. DJ-1is structurally most similar to the monomer subunit
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of protease I, the intracellular cysteine protease from Pyro-
coccus horikoshii [5, 11]. DJ-1, however, contains an additional
a-helix at the C-terminal region, which blocks the putative
catalytic site of DJ-1 [5-7].

DJ-11is expressed in almost all cells and tissues, including
the brain [3]. DJ-1is expressed in both neurons and glia cells
[4, 12, 13]. The expression level of DJ-1 is increased in cells,
including reactive astrocytes, under an oxidative stress con-
dition [14], and overexpression of DJ-1is observed in reactive
astrocytes in sporadic PD and other neurodegenerative dis-
eases [12, 15-17]. Knockdown or knockout of DJ-1 expression
in astrocytes impairs astrocyte-mediated neuroprotection
against oxidative stress through deregulation of mitochon-
drial complex I and inflammatory responses [17-20].

DJ-1 is a multifunctional protein that participates in
transcriptional regulation [21-29], antioxidative stress reac-
tion [14, 30-36], and chaperone [37, 38], protease [39-41],
and mitochondrial regulation [33, 42-52] (Figure 1). DJ-1 is
located in the cytoplasm, nucleus, and mitochondria in cells,
and secreted DJ-1 has been observed in various cultured cells
and tissues, including cancer cells and tissues [14, 40, 53-60]
and astrocytes [14]. DJ-1 is translocated from the cytoplasm
to nucleus upon exposure to growth factors [3], and oxidation
of C106 described later is necessary for nuclear translocation
of DJ-1 [61]. DJ-1 contains three cysteine residues, C46, C56,
and C106. Of the three cysteine residues, C106 is highly
susceptible to oxidative stress and is oxidized as SOH, SO, H,
and then SO5H [30, 33, 34], and mutation of C106 results in
loss of all of DJ-1I's functions [32, 33, 35] (Figure 2). DJ-1 at
C106 with SO;H is thought to be an inactive form of DJ-1
[38], and excessive oxidized DJ-1 has been observed in brains
of patients with PD and Alzheimer’s disease [15, 62]. DJ-1thus
possesses quenching activity against reactive oxygen species
(ROS) by self-oxidation of its cysteine residues [32, 63].
Phylogenetic analyses showed that, of the DJ-1 superfamily
from prokaryotic and eukaryotic representatives, Cl06 is
highly conserved and important for their functions, including
enzymatic activities such as thiamin biosynthetic enzymes,
protease and isocyanide hydratase, chaperone, and stress
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FIGURE 2: Cysteine oxidation and activation of DJ-1. DJ-1 contains
three cysteine residues at amino acid numbers 46, 54, and 106
(C46, C54, and Cl06, resp.). Cl06 is sequentially oxidized with
SOH, SO,H, and SO;H, and then C46 and C54 are oxidized or S-
nitrosylated.
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FIGURE 3: Posttranslational modifications on DJ-1. DJ-1 is oxidized
at amino acid numbers 46, 54, and 106 (C46, C54, and C106, resp.),
S-nitrosylated at C46 and C54 and sumoylated at K130.

response ([10, 64], references therein). DJ-1 is also modified
by sumoylation [65], S-nitrosylation [66], and phosphoryla-
tion [67] (Figure 3). Sumoylation of DJ-1 occurs under an
oxidative stress condition in concomitant with acidic shift
of DJ-1. Sumoylation of DJ-1 at lysine 130 is necessary for
its activity, and excess sumoylation is observed in an L166P
pathogenic mutant of DJ-1 [65]. S-nitrosylation is observed
at cysteines 46 and 53 of DJ-1 under a nitrosative stress
condition and affects dimerization of DJ-1, which is necessary
for DJ-1to exert its function [66]. DJ-1is also phosphorylated
in a p53-dependent manner, but phosphorylated amino
acid(s) and the effect of phosphorylation on DJ-1 function
are not known [67]. From these points, it is thought that DJ-1
also participates in the pathogenesis of sporadic PD as well as
familial PD.

3. Transcriptional Regulation of
DJ-1 in Response to Oxidative Stress
and Dopamine Synthesis

Although DJ-1 does not directly bind to DJ-1 [68], it
regulates the activity of DNA-binding transcription factors
as a coactivator or corepressor through binding to DJ-1-
binding transcription factors. Transcription factors whose
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sequester PSF from the TH gene, resulting in replacement of the corepressor complex with a coactivator complex, thereby activating TH gene

transcription.

activity is regulated by DJ-1 include the androgen receptor
[21, 22, 27], polypyrimidine tract-binding protein-associated
splicing factor (PSF) [25], p53 [23, 28, 69, 70], nuclear factor
erythroid-2-related factor 2 (Nrf2) [26], and sterol regulatory
element binding protein (SREBP) [68]. Considering oxidative
stress response and dopamine synthesis, regulation of Nrf2,
p53, and PSF by DJ-1is important. Nrf2 is a master transcrip-
tion factor for oxidative stress and detoxication responses.
Without such stresses, Nrf2 is localized in the cytoplasm
in a complex with Keapl, resulting in degradation by the
ubiquitin-proteasome system. Upon oxidative stress, DJ-1
sequesters Keapl, leading to translocation of Nrf2 into the
nucleus to activate various antioxidative stress genes, thereby
decreasing the ROS level [26]. p53 is a tumor suppressor
and plays roles in induction of senescence and apoptosis in
cells and in regulation of mitochondrial homeostasis against
oxidative stress. DJ-1 directly binds to p53 and regulates p53
activity in various ways; p53 is activated by Topors-mediated
sumoylation and inactivated by DJ-1 through inhibition of
Topors activity [23], and DJ-1 binds to the DNA-binding
region of p53 to inhibit p53 transcriptional activity when
affinity of p53 or its mutants to DNA is low, leading to cell
cycle progression [70]. It has also been reported that DJ-
1 inhibits the induction of apoptosis by p53-induced Bax
expression [69]. DJ-1 stimulates the expression of superoxide
dismutase (SOD 3) and glutathione ligase genes by an
unknown mechanism to reduce ROS level [71, 72].

Dopamine is synthesized from tyrosine by two enzymes:
tyrosine hydroxylase (TH) converts tyrosine to L-DOPA and
L-DOPA carboxylase (DDC) converts L-DOPA to dopamine.
Dopamine is then packed in synaptic vesicles by vesicular
monoamine transporter 2 (VMAT2). Although TH level
in PD patients is decreased, it is not changed in DJ-1-
knockout mice [73-75]. DJ-1 positively regulates human TH
gene expression by sequestering transcriptional repressor PSF
from the human TH gene promoter [25] (Figure 4). This
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P Oxidative stress

FIGURE 5: Proposed model of the role of DJ-1 in the onset of
Parkinson’s disease. In the case of familial Parkinson’s disease (PD),
the DJ-1 gene is heritably mutated, giving rise to inactive DJ-1 that
causes PD. In the case of sporadic PD, DJ-1 expression is induced in
cells upon oxidative stress to prevent cell death. During the course
of continuous oxidative stress, DJ-1 is highly oxidized, giving rise to
inactive DJ-1 that causes PD.

upregulation is only observed in the human TH gene due to
lack of the PSF-recognition sequence in the mouse TH gene,
and highly oxidized DJ-1 loses this activity [29]. This finding
indicates one of the reasons for no change in TH level in
DJ-1-knockout mice. DJ-1 also regulates enzymatic activities
of TH and DDC [76]. When the sum of SH (reduced) and
SOH forms of C106 is more than 50% of total forms of C106,
DJ-1 upregulates TH and DDC activities, suggesting that the
activity of DJ-1toward TH and DDC is changed depending on
the level of oxidative stress and that it is decreased with aging,
which is one of the crucial factors for onset of PD (Figure 5).
DJ-1 positively regulates expression of the VMAT2 gene
and VMAT? activity through transcriptional coactivator and
protein-protein interaction, respectively [77]. Since VMAT2
re-uptakes excess dopamine into synaptic vesicles to prevent
neurons from oxidized dopamine-induced damage, upregu-
lation of VMAT activity by DJ-1 contributes to this reaction.
Pathogenic mutations of DJ-1, including both homozygous
and heterozygous mutations, have reduced stimulating activ-
ity against TH, DDC, and VMAT?2 [29, 76, 77].



4. Chaperone and Protease Activity of DJ-1

Structures of DJ-1, Escherichia coli chaperone Hsp3l and
an Archaea protease are conserved [7]. DJ-1 inhibits the
aggregation of a-synuclein under an oxidative condition
by its chaperone activity [37, 38]. As stated in Section 2,
the structure of DJ-1 is similar to that of cysteine protease
from Pyrococcus horikoshii, but C-terminal a-helix 9 blocks
a catalytic domain of protease [5]. DJ-1 in dopaminergic
cells undergoes C-terminal cleavage in response to mild
oxidative stress, and a C-terminally cleaved form of DJ-1 with
activated protease activity enhances cytoprotective action
against oxidative stress-induced apoptosis [41]. Although
protease activity is still in debate, low protease activity of
DJ-1 has been reported [39-41]. Transthyretin, a causative
protein in familial amyloidotic polyneuropathy (FAP), is
degraded in cells transfected with full-sized DJ-1 and in
vitro by recombinant DJ-1 lacking a-helix 9, and mutation
of C106 in DJ-1 results in loss of its protease activity [40].
Localizations of DJ-1 and amyloid plaque of transthyretin in
FAP patients are mirror images [40], and faint staining of DJ-
1is observed in the outer halo of Lewy bodies in PD patients
[15]. These results suggest that «-helix 9 of DJ-1 is opened
in cells under oxidative stress conditions in which oxidized
protein(s) begins to aggregate and that DJ-1 degrades an
aggregated protein(s) that causes neurodegenerative diseases.
Identification of the recognition sequence of DJ-1 protease
and of the protein(s) that opens a-helix 9 of DJ-1in cells will
lead to elucidation of the physiological role of DJ-1 protease.

5. DJ-1-Mediated Signaling Pathways against
Oxidative Stress

There are several pathways against oxidative stress and these
pathways prevent cell death, thereby leading to cell growth.
The phosphoinositide 3-kinase (PI3K)/Akt pathway is the
major growth signaling pathway. When cells receive growth
signals such as epidermal growth factor (EGF) stimulation,
PI3K triggers phosphorylation of Akt/protein kinase B
(PKB), leading to activation of continuous phosphorylation
cascades, resulting in stimulation of cell growth (see reviews
[78, 79] and references therein). Phosphatase and Tensin
homolog deleted from chromosome 10 (PTEN) is a lipid
phosphatase that inhibits PI3 K and acts as a negative regu-
lator of the PI3 K/Akt pathway. DJ-1 directly binds to PTEN
to inhibit its enzymatic activity [80, 81]. After oxidative stress
such as that caused by injection of a neurotoxin into mice or
by addition of a neurotoxin to cultured cells, the Akt pathway
is activated concomitantly with inactivation of PTEN in
mouse brains and cultured cells, and the phosphorylation
level of Akt is reduced in DJ-I1-knockout mice, leading to
neuronal cell death [80-82].

Apoptosis signal-regulating kinase 1 (ASK1) is mitogen-
activated protein kinase-kinase-kinase 5 (MAP3 K5). It acti-
vates c-Jun N-terminal kinase (JNK) and p38 mitogen-
activated protein kinases in response to various stresses such
as oxidative stress, endoplasmic reticulum stress and calcium
influx. TNF-a, LPS, and ischemia also trigger the generation
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of ROS, resulting in activation of ASK1 (see reviews [83, 84],
references therein). ASK1 has been found to be involved
in cancer [85, 86], diabetes [87, 88], and cardiovascular
diseases [88-90] and neurodegenerative diseases [91-93].
These phenomena are similar to those observed in DJ-1-
mediated diseases [3, 4, 40, 94-99]. The generation of ROS is
also crucial for TNF-a-induced signaling pathway that leads
to apoptosis, and treatment of cells with antioxidants such as
N-acetyl-l-cysteine (NAC) inhibits apoptosis induction [83].
Daxx, a death domain-associated protein, associates with
ASKI in the cytoplasm to induce apoptosis after cells are
treated with TNF-« [83, 84]. DJ-1 binds to both Daxx and
ASK1 to sequester Daxx into the nucleus, preventing Daxx
from association with ASKI, thereby inhibiting oxidative
stress-induced apoptosis in H,O,-treated cultured cells and
MPTP-administered-PD model mice [100, 101]. Pathogenic
mutants of DJ-1 do not have this activity [102].

The ERK pathway is the main cell-progression pathway
starting from Ras, followed by Raf, Mek, and ERK. DJ-1
protects against dopamine toxicity through the Erk kinase
pathway in which DJ-1 and Erk are mutually activated upon
administration of dopamine into mice or cultured cells [103].
It has been reported that an accelerated loss of substantia
nigra cell bodies containing dopamine neurons was observed
in aging mice lacking DJ-1 and the glial cell line-derived neu-
rotrophic factor receptor Ret and that DJ-1interacts with ERK
signaling [104]. Furthermore, DJ-1 protects dopaminergic
neurons against rotenone-induced apoptosis by enhancing
ERK-dependent mitophagy [105]. Thus, DJ-1 prevents cells
from oxidative stress-induced death by regulating various
signaling pathways.

6. Role of DJ-1 in Mitochondrial Homeostasis

Mitochondrial dysfunction, including reduced mitochon-
drial complex I activity and mitochondrial membrane poten-
tial, is observed in PD patients [106-110] and in DJ-1-
knockout mice and flies [47, 111]. Fragmented mitochondria
are observed in DJ-1-knockout mice and cells [46, 48, 51].
Although a portion of DJ-1 s present in mitochondria under
normal conditions [45, 112] and DJ-1 binds to subunits of
mitochondrial complex I to regulate its activity [45], the
translocation of DJ-1 into mitochondria is stimulated by
oxidative stress, and oxidation of Cl106 with SO,H and
N-terminal 12 amino acids is necessary for mitochondrial
translocation of DJ-1 [33, 113]. Pathogenic DJ-1 mutants such
as L166P and M26I DJ-1 are localized in mitochondria as
monomers [113]. DJ-1 ectopically targeted to mitochondria
by the addition of an N-terminal mitochondrial targeting
sequence has been shown to be more protective against
oxidative stress-induced cell death [44]. Considering these
findings, it is thought that localization of DJ-1 as a dimer in
mitochondria is required for DJ-1 to play a role in antioxida-
tive stress reaction and that DJ-1 localized in mitochondria
as a monomer, such as M26I and L166P DJ-1, is, in contrast,
harmful to cells.

DJ-1 has no mitochondria-targeting sequence and
binds to several chaperones, including Hsp70, CHIP, and
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mitochondrial Hsp70/mortalin/Grp75, suggesting that
translocation of DJ-1 into mitochondria relies on or depends
on other proteins, including mortalin [43]. Mortalin plays
a central role in mitochondrial homeostasis through its
capacity to direct the import of nuclear-encoded proteins
carrying an internal mitochondrial targeting sequence into
mitochondria, and mutations of the mortalin gene were
found in patients with Parkinson’s disease [114].

The role of DJ-1 in autophagy is still in debate, and
almost all of the reports focused on mitochondria-specific
autophagy, mitophagy. When mitochondrial membrane
potential is decreased, DJ-1 s translocated into mitochondria
to induce mitophagy, which is clearance of damaged mito-
chondria [48, 50, 52]. DJ-1 seems to act in parallel to the
Pinkl/Parkin-mediated mitophagy pathway [50]. Although
mitochondrial functions of DJ-1 have been extensively stud-
ied, the precise mechanism of mitophagy induction by DJ-1
is still poorly understood.

7. Conclusion and Perspective

DJ-1 has multiple functions and plays a protective role
against oxidative stress-induced cell death by using all of its
functions. DJ-1 is also a stress sensor and its expression is
increased upon various stresses, including oxidative stress.
Loss of function and reduced function of DJ-1 trigger the
onset of oxidative stress-related diseases, including Parkin-
son’s disease [4, 94, 95], stroke [96, 97], familial amyloidotic
polyneuropathy [40], chronic obstructive pulmonary disease
(COPD) [98], and type II diabetes [99]. The oxidative status
of C106 of DJ-1 determines all of the functions of DJ-1. Excess
oxidation of C106 renders DJ-1 inactive, and highly oxidized
DJ-1 has been observed in patients with Parkinson’s disease
and Alzheimer’s disease. These results suggest that block of
excessive oxidation of DJ-1 is a therapeutic target for the
oxidative stress-related diseases stated earlier. Indeed, DJ-1-
binding compounds that bind to the C106 region of DJ-1
showed neuroprotective activity against neurodegeneration
in Parkinson’s disease and stroke animal models through
inhibition of excessive oxidation of C106 of DJ-1 [115-117].
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Mitochondrial-mediated oxidative stress and apoptosis play a crucial role in neurodegenerative disease and aging. Both
mitochondrial permeability transition (PT) and swelling of mitochondria have been involved in neurodegeneration. Indeed,
knockout mice for cyclophilin-D (Cyc-D), a key regulatory component of the PT pore (PTP) that triggers mitochondrial swelling,
resulted to be protected in preclinical models of multiple sclerosis (MS), Parkinson’s disease (PD), and amyotrophic lateral sclerosis
(ALS). However, how neuronal stress is transduced into mitochondrial oxidative stress and swelling is unclear. Recently, the
aging determinant p66Shc that generates H,O, reacting with cytochrome ¢ and induces oxidation of PTP and mitochondrial
swelling was found to be involved in MS and ALS. To investigate the role of p66Shc/PTP pathway in neurodegeneration, we
performed experimental autoimmune encephalomyelitis (EAE) experiments in p66Shc knockout mice (p66Shc—/-), knock out
mice for cyclophilin-D (Cyc-D—-/-), and p66Shc Cyc-D double knock out (p66Shc/Cyc-D—/-) mice. Results confirm that deletion
of p66Shc protects from EAE without affecting immune response, whereas it is not epistatic to the Cyc-D mutation. These findings
demonstrate that p66Shc contributes to EAE induced neuronal damage most likely through the opening of PTP suggesting that
p66Shc/PTP pathway transduces neurodegenerative stresses.

1. Introduction

The p66Shc protein is the largest isoform encoded by the
ShcA locus located in the chromosome 1 in the human
or chromosome 3 in the mouse genome. The ShcA locus
encodes three isoforms through two different promoters,
one for the p46 and p52 isoforms and the other one for
the p66 isoform. Notably, the p66Shc isoform is peculiar of
vertebrates being conserved in Fucu, Xenophus, Rattus, Mus,
and Homo but not in Saccharomyces, Caenorhabditis, and
Drosophila [1]. The p52Shc and p46Shc function as adaptor
protein in signal transduction pathways linking different
activated receptor tyrosine kinases to the Ras pathway.
P66Shc is not involved in Ras activation, although p66Shc
has the typical domain organization of all members of the
Shc family of adaptor proteins. Instead, p66Shc functions in
the intracellular pathways that convert oxidative signals into
apoptosis [2, 3].

A fraction of p66Shc has been observed within the mito-
chondrial intermembrane space [4], and in vitro experiments

revealed that the recombinant p66Shc human protein inter-
acts and oxidizes Fe** cytochrome c to form H,0, through a
redox center that has been mapped to the N-terminus of the
p66Shc protein and is missing in the other two ShcA isoforms
[5]. Thus, mitochondrial p66Shc sequesters electrons from
the respiratory chain to generate reactive oxygen species
(ROS).

P66She function is tightly regulated at multiple levels.
First of all the total amount of p66Shc is regulated by
transcriptional [6] and posttranslational mechanisms. In
particular, the half-life of p66Shc has been demonstrated
to increase upon apoptotic stimulation, notably in a p53-
dependent manner [7]. The localization of p66Shc into
mitochondrial intermembrane space is regulated by p66Shc
posttranslational modifications including serine phosphory-
lation by stress kinases like Jnk-1 and Pkc-B and prolyl-
isomerization by Pin-1, that induce p66Shc translocation
within mitochondria [8].

A further level of activation of p66Shc mitochondrial
function is represented by the availability of unbound



p66Shc within mitochondrial vesicles. In fact, mitochon-
drial p66Shc has been observed to associate with a high
molecular weight complex of about 670 KDa and to the
mitochondrial chaperon mtHsp70. Notably, treatment of
cells with proapoptotic stimuli such as Ultraviolet radi-
ation or H,0O, induces the dissociation of this complex
and thus the release of monomeric p66Shc free to react
with cytochrome c [9]. Finally, the oxidation of cysteine
residues and oligomerization state of p66Shc have been
reported to regulate its redox function within mitochondria
[10].

The activation of p66Shc, and the consequent H,O, accu-
mulation in the mitochondria, impacts on the integrity of
mitochondrial inner membrane and transmembrane poten-
tial [9]. The addition of recombinant p66Shc protein to
isolated mouse liver mitochondria is sufficient to induce
opening of the PTP and ballooning of the vesicles [5]. The
key event leading to the mitochondrial swelling is indeed the
opening of the permeability transition pore (PTP), a high-
conductance inner membrane channel whose molecular
components have not been identified, that triggers the inner
membrane permeability to solutes and as consequence to
water [11].

These events are central node of cell death. During
apoptosis mitochondria undergo structural and functional
remodeling leading to the swelling of the organelles with
the subsequent release of apoptogenic factors including
cytochrome ¢, Smac/DIABLO, AIF, and Omi/HtrA2 into
the cytosol. These factors activate a cascade of proteases
responsible for nuclear DNA fragmentation and finally cell
death [12]. The PTP open-closed state is regulated by multiple
effectors that act on various sites [I13]. In particular, it
has been shown that reactive oxygen species producing by
mitochondrial respiration are key regulators of PTP opening
[14].

Consistently with the role proposed for oxidative stress
on cell death and aging [15], primary mouse embryonic
fibroblasts (MEFs) derived from p66Shc—/— embryos have
lower intracellular concentration of ROS, as revealed by
the reduced oxidation of ROS-sensitive probes and the
reduced accumulation of endogenous markers of oxidative
stress (8-oxo-guanosine) [7]. Likewise, p66Shc—/— mice
have diminished levels of both systemic isoprostane [16]
and intracellular (nitrotyrosines, 8-oxo-guanosine) oxidative
stress [7].

Moreover, p66Shc—/— cells were shown to be resistant to
apoptosis induced by a variety of different signals, including
H,0,, UV, staurosporine, taxol, growth factor deprivation,
calcium ionophore, osmotic shock, and CD3-CD4 crosslink-
ing [2], and similarly different tissues of the p66Shc—/-
mice were found to be resistant to apoptosis induced by
paraquat [17], hypercholesterolemia [16], hyperglycemia [18],
immunotoxicity [19], and ischemia [20].

Finally it is not surprising that p66Shc—/— mice resulted
to be protected from aging-associated diseases, such as
metabolic syndrome [20, 21] atherosclerosis [16], diabetes
[18], and neurodegeneration [19, 22, 23] and show prolonged
life span [17, 21, 22], and p66Shc/PTP pathway appears a cru-
cial pathway of stress response involved in tissue dysfunction.
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2. Materials and Methods

2.1. Cells. NG108-15, N2A, and the SH-SY5Y were grown
at 37°C in 5% CO, in Dulbeccos modified Eagles medium
(DMEM) the NGI108-15, Modified Eagle’s medium (MEM)
the N2A, and the SH-SY5Y with F12 1:1 and 1% NeAA,
supplemented with 10% (or 15% the SH-SY5Y) fetal bovine
serum S.A. (Invitrogen, Carlsbad, CA, USA) and penicillin-
streptomycin and glutamine (100 units/mL, 100 ug/mL)
(Invitrogen).

Kelly and PCI2 were cultured in RPMI 1640 medium
(Gibco-BRL, Eggenstein, Germany) supplemented with 10%
FBS (and 5% Horse serum the PC12) and penicillin-
streptomycin (100 units/mL, 100 pug/mL) (Invitrogen), under
5% CO, at 37°C.

2.2. Western Blotting. Cells were washed twice with ice-
cold PBS and lysed with 200 uL of lysis buffer. Lysates were
vortexed and incubated on ice for 15min twice and then
cleared by spinning at 13.000 rpm for 5 min at 4°C. Proteins
were separated by 10% SDS—PAGE gels and immunoblotted
according to standard western blotting procedures using
primary antibody (polyclonal anti-shc, BD Biosciences).

2.3. Mice. P66Shc—/—, Cyc-D—/-, and p66Shc/Cyc-D—/-
mice were bred in the certified IFOM-IEO campus animal
facility in accordance with national and institutional guide-
lines.

Mice were housed in an air-conditioned room (temper-
ature 21 + 1°C, relative humidity 60 + 10%) with a white-
red light cycle (lights on from 07:00 to 19:00) and with ad
libitum food availability (2018S Teklad Global 18% Protein
Rodent Diet, provided by Harlan Teklad) and drinking water
(autoclaved tap water).

All the in vivo experiments were performed in accordance
with Italian laws and regulations.

24. EAE. EAE was induced in p66Shc—/—, Cyc-D-/-,
p66Shc/Cyc-D—/—, and C57BL/6 (Wilde type, WT) female
mice (6-8 weeks of age). WT mice were obtained from
Charles River (Calco, Italy) and housed in specific pathogen-
free conditions, allowing access to food and water ad libitum.
Procedures involving animals and their care were conducted
in conformity with the institutional guidelines in compliance
with national (D.L. n. 116, G.U,, suppl. 40, February 18, 1992)
and international laws and policies (EU Council Directive
86/609, O] L 358, 1, December 12, 1987; Guide for the Care
and Use of Laboratory Animals, U.S. National Research
Council, 1996). The protocols for the proposed investigation
were reviewed and approved by the Animal of the European
Institute of Oncology. EAE was induced by subcutaneous
immunization in the flanks with a total of 200 Ag of MOG35-
55 (Multiple Peptide Systems, San Diego, CA, USA) in
incomplete Freund’s adjuvant (Sigma, St. Louis, MO, USA)
supplemented with 8 mg/mL of Mycobacterium tuberculosis
(strain H37RA; Difco, Detroit, MI, USA).

Mice received 500 ng of pertussin toxin (Sigma) i.v. at
the time of immunization and 48 h later. Weight and clinical
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FIGURE 1: (a) P66Shc expression in different cell lines and spinal cord tissue. Western blot analysis of p66Shc was performed on whole-
cell extracts from primary mouse embryonic fibroblasts (MEF), NG108, Kelly (human neuroblastoma), N2A (mouse), PC12(rat), SH-SY5Y
(human neuroblastoma), NTH cells lines, and protein extract from mouse spinal cord. (b) Expression of p66Shc (upper panel) after UV
treatment and (lower panel) levels of PhopsorylatedSer36-p66Shc in Kelly cells. (c) Expression of p66Shc upon specific p66Shc RNAi
Interference on Kelly and response 20 uM H,O, and 0.1 mM Staurosporine.

score were recorded daily (0 = healthy, 1 = flaccid tail, 2 =
ataxia, and/or hind-limbs paresis, or slow righting reflex,
3 = paralysis of hind limb and/or paresis of forelimbs, 4 =
paraparesis of fore limb, and 5 = moribund or death). The
food pellets and the drinking water were placed on Petri

plates on the floor of the cage to enable sick mice to eat and
drink.

2.5. ELISA. Anti-MOG;;_s5 antibody titers were examined
in the sera of the same animal groups as described previously
at day 10 after immunization. Blood from these animals was
obtained by heart puncture. Sera were collected and applied
to MOG3;;_s5-coated maxisorb 96-well ELISA plates (Nalge
Nunc International, Rochester, NY) in serial dilutions. The
plates were incubated for 1h at room temperature and washed
four times, and 60 yL of 1:2500 diluted [HRP] a-mouse

(Amersham) peroxidase conjugated mouse anti-IgG were
applied to the wells. The plates were incubated for 40 min
at room temperature and washed three times, and 60 uL
of ABTS + H,0, substrate were applied to the wells. The
reaction was performed at room temperature for 30 min in
the dark. The level of reaction product was assessed as optic
density (OD) at 415 nm on a standard plate reader, and the
data were presented as mean_SD. OD with n = 3 independent
measurements per group.

IL-6, IFN-y, and TNF-« were measured in supernatants
of splenocytes (see the following) by ELISA (R&D Systems,
Inc., Minneapolis, MN, USA) according to the manufactur-
ers instructions.

2.6. Proliferation Assay. Cells from spleens of p66Shc—/—and
WT mice, stimulated or not with MOG, were cocultured for
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FIGURE 2: (a) ELISA assay for anti-MOG35-55 antibodies. (b) Proliferation assay. Cells from spleens, stimulated with MOG, were cocultured
for 48 h and were radiolabelled with 9,25 kBq well-1 of methyl-3H thymidine in the last 16 h of coculture. The cells are harvested and counted
in aliquid scintillation counter. (c) Cytokines production in medium of splenocytes from WT and p66Shc—/— mice. Results are representative
of one of two experiments, each with five mice per group.
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FIGURE 3: (a) EAE disease signs scores (nonparametric scale) in WT (C57BL/6) and P66Shc—/— mice have a less severe EAE disease course
than WT mice. (b) EAE disease signs scores (nonparametric scale) in WT (C57BL/6) and Cyc-D—/— mice. (c) EAE disease signs scores
(nonparametric scale) in WT (C57BL/6) and p66Shc/Cyc-D—/— mice.
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48 h and were radiolabelled with 9,25 kBq/well of methyl-3H
thymidine in the last 16 h of coculture. The cells are harvested
and counted by a beta radiation liquid scintillation counter.

3. Results and Discussion

3.1. P66Shc Determines Neuronal Cells Apoptosis. P66Shc
expression has been already demonstrated in neuronal cell
lines from different mammals [23]. We confirmed by Western
Blot (WB) analysis the expression of p66Shc in several
neuronal cell lines, in particular Kelly and SH-NY of human
origin, and in the mouse spinal cord (Figurel(a)). The
phosphorylation of p66Shc at Serine 36 is the event activating
the proapoptotic function of p66Shc [8, 16]. WB analysis
revealed p66Shc Ser36 phosphorylation in neuronal cell lines
upon different challenges (Figure 1(b), [8]). Then, knocking
down the p66Shc expression has been found to increase
survival in Kelly cells (Figure 1(c)) as well as in other neuronal
cells [2, 23] upon oxidative stress and other pro-apoptotic
challenges. In agreement, the overexpression of p66Shc but
not of the p66ShcSer36Ala mutant increased cell death in
neuronal cells [23].

All these findings indicate that p66shc is present in
neuronal cells, including human ones and confers sensitivity
to apoptosis.

3.2. P66Shc Does Not Affect Immune Response in EAE. EAE
is an acute or chronic-relapsing, demyelinating autoimmune
disease model that closely resembles the human MS [24].
During EAE, as a consequence of specific myelin anti-
gen experimental autoimmunization, activated T- and B-
lymphocytes infiltrate the central nervous system (CNS)
where they produce large amounts of cytokines that together
with activated microglia lead to demyelination and axonal
degeneration [25, 26]. Several evidences indicate that oligo-
dendrocytes, the myelin-forming glial cells in the CNS, are
sensitive to cell death stimuli such as cytotoxic cytokines,
antimyelin antibodies, nitric oxide, and oxidative stress.
Indeed, apoptosis has been established in glial cells of both
human MS patients and EAE animal models, and it has
been proposed to be the crucial mechanism of MS and EAE
associated dysfunctions [27, 28].

To determine the role of p66Shc in EAE we compared the
results of EAE in p66Shc—/— and WT mice. First, we immu-
nized a total number of 9 isogenic WT and 9 p66Shc—/—
C57BL/6 mice with myelin oligodendrocyte glycoprotein
(MOG) 35-55 peptide following standard protocols [29, 30].
At days 8,10, and 36 upon MOG immunization, we sacrificed
the mice (3 at each time) and extracted the blood and spleens
to investigate anti-MOG antibodies titer and MOG-induced
splenocyte proliferation, respectively. ELISA test using MOG
coated wells revealed that the concentration of antibodies
against MOG raised at the same time and extent in both
WT and p66Shc—/— mice (Figure 2(a)). Likewise, thymidine
incorporation as measure of splenocytes proliferation upon
in vitro stimulation with MOG resulted to be not significantly
altered by the deletion of p66Shc (Figure 2(b)). The secretion
of TNF-alpha, IL-6, and interferon gamma by WT and

p66Shc—/— splenocytes was comparable as well in vitro
(Figure 2(c)).

Therefore, p66Shc did not appear to influence humoral
and cellular immune response to MOG immunization.

3.3. P66Shc Deletion Delays EAE . Then we performed EAE
in WT and p66Shc—/- age matched female mice. Clinical
score and weight were recorded daily using a nonparametric
scale. Starting from 10 days (approximately depending on the
different experiments) after MOG immunization, WT mice
developed clinical symptoms, manifested as limb weakness
and paralysis (WT score at day 10, 1,80 + 0,3, see Figure 3(a))
while p66Shc—/— mice did not (p66Shc—/— score at day 10,
0,0 see Figure 3(a)). The onset of the disease in p66Shc—/—
mice was significantly delayed (Figure 3(a) and Table 1). All
over the experiment, the p66Shc—/— showed milder paralysis
than WT and consistently a lower disease severity score than
WT mice (Figure 3(a)).

Notably, the 20% EAE WT mice died, whereas no
p66Shc—/— died. P66Shc deletion was found to protect
significantly from body weight loss as well (day 20 body
weight of p66Shc—/— 19,20 + 1,36 versus WT 16,85 + 1,13).

3.4. Cyclophilin-D Deletion Did Not Change EAE Expression in
p66Shc—/— Mice. To determine whether the protective effect
of p66Shc deletion was mediated by PTP, we investigated
the genetic interaction between the mutations of p66Shc
and of Cyc-D that increases the opening threshold of PTP
and was found to ameliorate EAE as well (Figure 3(b), [31]).
Indeed, the exact molecular composition of the PTP is
still debated [11]. However, some putative components have
been indicated, such as the voltage-dependent anion channel
(VDAC) located on the outer-mitochondrial membrane, the
adenine nucleotide translocase (ANT, located on the inner
mitochondrial membrane), and a matrix protein, Cyc-D, but
results from knockout mice of these proteins confirmed only
for Cyc-D a role in mitochondrial PT, although Cyc-D-/-
animals develop normally and undergo apoptosis in response
to certain insults [32], suggesting that additional proteins are
probably involved.

So, we generated p66Shc/Cyc-D—/— mice by crossing
p66Shc—/— and Cyc-D—/— mice both in C57BL/6 back-
ground. Then, we performed EAE on the p66Shc/Cyc-D—/—
mice, and we evaluated the evolution of their disease over a
month. The onset and development of EAE in p66Shc/Cyc-
D-/— mice resulted to be identical to those observed for
p66Shc—/— mice (Figure 3(c) and Table 2). Notably, the early
onset of disease typical of Cyc-D null mice (Figure 3(b),
[31]) was lost when also p66Shc was mutated suggesting that
p66Shc is necessary for the expression of disease before time
by the Cyc-D mutation.

These results indicate that the deletion Cyc-D was not
epistatic to the deletion of p66Shc with respect to the to EAE
protection.
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TaBLE 1: Clinical EAE parameters in WT and p66Shc—/— mice.

Strain Disease onset (day 10) score Disease onset (day 13) score Number of mice with score >3 Mean maximum score AUC (days)
WT 1.80+0.3 2.20 +£0.34 3/5 3.20 +0.50 21.95 + 3.54
P66Shc—/— 0 1.00+£0.43 2/5 2.5+0.62 13.65 +4.91

Data are mean of three independent experiments + SE. (AUC: area under the curve) values are calculated at day 20 from the immunization.

TaBLE 2: Clinical EAE parameters in WT, Cyc-D—/—, and p66Shc/Cyc-D—/— mice.

. . Survival at Number of Day of Mean
. Disease onset Disease onset . . . .
Strain (day 11) score (day 13) score sacrifice mice maximal maximum AUC (days)
Y Y Day 27 with score >3 score score
WT 0.75+0.33 2.45+0.18 3/10 10/10 20 4.7 +0.21 2210 +£2.91
Cyc-D-/- 0 2.08 + 0.30 6/6 4/6 14 3.17 £ 0.31 26.83 + 2.55
P66Shc/Cyc-D—/— 0 1.14 +£ 0.37 6/7 5/7 21 3.85+0.35 23.50 +2.24

Data are mean three independent experiments + SE. Values are calculated at day 20 from the immunization.

4. Conclusions Opinion in Genetics and Development, vol. 10, no. 6, pp. 668-
674, 2000.

Neurodegenerative disease is complex trait disorder that [2] E. Migliaccio, M. Giorgio, and P. G. Pelicci, “Apoptosis and
involves several stress response pathways inducing mito- aging: role of p66Shc redox protein,” Antioxidants and Redox
chondrial apoptosis. Classical genetics studies, to identify Signaling, vol. 8, no. 3-4, pp. 600-608, 2006.

susceptibility genes, are more difficult than for simple [3] M. Trinei, I. Berniakovich, E. Beltrami et al., “P66Shc signals to
mendelian disorders because of the number of loci involved, age,” Aging, vol. 1, no. 6, pp. 503-510, 2009.

the incomplete penetrance, and the important role of envi- [4] E Orsini, E. Migliaccio, M. Moroni et al., “The life span deter-
ronmental factors. minant p66Shc localizes to mitochondria where it associates

Results form in vitro experiments showing that p66Shc with mitochondrial heat shock protein 70 and regulates trans-

increases oxidative stress to the mitochondria and the Cyc- membrane potential,” Journal of Biological Chemistry, vol. 279,
D-dependent PTP particularly supported the hypothesis of no. 24, pp. 25689-25695, 2004.
a genetic interaction of p66Shc and Cyc-D. So, to validate [5] M. Giorgio, E. Migliaccio, E. Orsini et al., “Electron transfer
the role of the p66Shc-PTP pathway in neurodegeneration we between cytochrome c and p66Shc generates reactive oxygen
have studied in mice the epistasis of p66Shc and Cyc-D null species that trigger mitochondrial apoptosis,” Cell, vol. 122, no.
mutations on the susceptibility to EAE. 2, pp. 221-233, 2005.

Results from these experiments revealed that both muta- [6] Y. R. Kim, C. S. Kim, A. Naqvi et al., “Epigenetic upregulation
tions mitigated the disease, but their effects were not additive. of p66shc mediates low-density lipoprotein cholesterol-induced
These findings indicate that the p66Shc and Cyc-D are endothelial cell dysfunction,” American Journal of Physiology,
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Therefore, early detection of p66Shc activation (expres- o.xi)fiation—damaged DNA and oxidative stress-induced apopto-
sion levels, specific phosphorylation) or its inhibition may sis,” Oncogente, vol. 21, no. 24, pp. 3872-3878, 2002.
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