








Figure 5. Target delivery of therapeutic genes in neuronal populations
Adenovirus, lentivirus (LV) and adeno-associated viral (AAV) have been used as viral
vectors for gene transfer. Viral vectors carrying therapeutic genes (1) can be bonded to cell
surface receptors to selectively allow entry of DNA into neurons by receptor-mediated
endocytosis, which then becomes encapsulated in endosomes, from which they must escape
to inject the corresponding new gene into the nucleus to promote the expression of the
therapeutic protein of interest. In addition (2), viruses can inject the viral RNA, which by
reverse transcription produces a dsDNA that could be integrated in host genome. Although
viruses offer excellent gene expression efficiency, non-viral gene therapy offers the potential
to target specific cells, being less immunogenic and non-integrating into the host genome.
An example are exosomes that have been re-engineered for targeted gene therapy, their
small size and flexibility allows them to cross biological membranes, while the “cargo” is
protected from degradation by their bi-lipid structure. Major advances in gene-therapy
research for neurological disorders have been achieved in recent years by overexpressing
pro-survival growth factors or targeting endogenous mutant or wild type genes associated
with disease pathogenesis.
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Figure 6. Catalytic antioxidant systems
Cells have intrinsic antioxidant mechanisms to maintain a tight homeostatic control of ROS/
RNS generated under physiological conditions, and also detoxify their excessive
accumulation in pathological conditions. SODs dismutate O2

•− to O2 and H2O2. (1) MnSOD
is localized in the mitochondrial matrix, CuZnSOD in the IMS, peroxysomes, nucleous or
cytosol, and EcSOD in the extracellular space (2). (3) Catalase catalyzes the decomposition
of H2O2 to water and oxygen and is primarily localized in the peroxisomes. (4) Gpx are
selenoproteins that reduce peroxides using GSH as substrate. Gpx isozymes encoded by
different genes vary in their cellular location and substrate specificity. For example, Gpx1
preferably scavenges H2O2, whileGpx4 hydrolyses lipid hydroperoxides. GR, which reduces
GSSG back to GSH, requires NADPH as electron donor reductant, and G6PD is
indispensable for the regeneration of NADPH from NADP+ in then cytosol. (5) Prxs are
ubiquitous thiol peroxidases that scavenge peroxides. Catalysis of H2O2 is mediated by the
reaction of their active site cysteine residue with H2O2 with a rate comparabale to that of
catalases. The catalytic activity of Prxs requires reducing equivalents provided by the Trx/
TrxR system. (6) In addition, Trxs can directly bind to proteins modifying their function.
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Table 1

Clinical and experimental (in vivo) findings linking oxidative stress to neurological diseases.

Disease Model Findings Reference

Alzheimer’s disease (AD)

Human postmortem brain
tissues

Increase 3-NT in neurofibrillary tangles (NFTs) of
postmortem brain tissues with respect to control cases
lacking NFTs, where nitrotyrosine was not detected.

Good et al., 1996

Increased 3-NT in neurons of brain tissues. 3-NT was
undetectable in the cerebral cortex of age-matched
control brains. The distribution is essentially identical to
that of free carbonyls.

Smith et al., 1997

Iron has been found accumulated in the hippocampus
and cerebral cortex, colocalizing with AD lesions. RNA-
bound iron plays a pivotal role in RNA oxidation. The
cytoplasm of hippocampal neurons showed significantly
higher redox activity and Fe2+ staining than age-matched
controls and only AD rRNA contains 8-
hydroxyguanosine in reverse transcriptase-PCR.

Su et al., 2008;
Honda et al., 2005

Elevated levels of labile Cu2+ that correlated with
oxidative damage were found in AD brains in
postmortem cortical tissue when compared with non-
demented elderly controls.

James et al., 2012

High Cu2+ concentrations are found within Aβ plaques;
Aβ binds Cu2+ in AD tissue, and Aβ: Cu2+ complexes
form a catalytic source of H2O2 that could enhance the
production of •OH.

Su et al., 2008

In vivo models

In vivo imaging using the fluorescent redox sensor
roGFP in the APP/PS1 transgenic mice identifed
susceptible neurons by their increased redox potential.
The oxidative stress was most prevalent in neurites near
plaques and propagated to cell bodies.

Xie et al., 2013

An oxidized redox state (NADPH/FAD), lower NADH
regenerating capacity, lower GSH levels, and excessive
ROS were found in 3xTg-AD compared with non-Tg
neurons.

Ghosh et al., 2012

Using triple transgenic AD mice a massive dysregulation
of mitochondrial proteins mainly related to complexes I
and IV of the oxidative phosphorylation system
(OXPHOS) were found. These mitochondrial defects
were associated with an increase of O2

•−, as well as
cytosolic ROS levels.

Rhein et al., 2009

Alterations in the GSH/GSSG redox state and an
increase of mixed-disulfide (Pr-SSG) were found in both
brain tissues and blood samples of a double mutant AD
transgenic mouse model.

Kahles et al., 2013

Developmental exposure to Pb altered the levels,
characteristics, and intracellular distribution of Aβ
staining and plaques in the cortex of aged monkeys.
These effects were accompanied by higher levels of
oxidative damage to DNA.

Wu et al., 2008

Parkinson’s Disease (PD) Human postmortem brain
tissues

A significant increase in protein carbonyl levels was
found in brain areas associated with PD

Alam et al.,
1997a; Floor and
Wetzel 1998

An increase in 8-hydroxyguanine (8-OHdG) was found
in the SNpc of PD brain.

Alam et al., 1997b
Zhang et al., 1999

Increased levels of malondialdehyde (MDA; an
intermediate in the lipid peroxidation process) were
found in PD SNpc compared with other brain regions
and control tissue.

Dexter et al.,
1989; Yoritaka et
al., 1996
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Disease Model Findings Reference

Deficiency in the activity of the ETC in the substantia
nigra of patients with PD.

Schapira et al.,
1989, 2008

Extensive and widespread accumulations of nitrated a-
synuclein in the inclusions of PD, dementia with Lewy
bodies and the Lewy body variant of AD.

Giasson et al.,
2000; Hodara et
al., 2004

Mitochondria of SNpc from PD subjects showed a
significant accumulation of α-synuclein, which was
associated with impairment in complex I activity and
increased oxidative stress.

Devi et al., 2008

Postmortem analysis of PD brain tissues showed a
considerable increase in total Fe, Zn, and Al content
when compared with control tissues, with significantly
lower GSH levels.

Uversky et al.,
2001; Hirsch et
al., 1991; Dexter
et al., 1989, 1991;
Riederer et al.,
1989

Parkin is S-nitrosylated in vivo in a mouse model of PD,
and in brains of patients with PD and diffuse Lewy body
disease.

Chung et al., 2004

GSH levels were reduced in the PD SNpc (40%
compared to control subjects).

Sian et al., 1994;
Jenner et al., 1992;
Dexter et al.,
1994; Perry et al.,
1982

In vivo models

Mitochondrial oxidative stress was found increased in
dopaminergic neurons within the SNpc compared to
those of the ventral tegmental area (VTA), which are
much less affected in PD.

Guzman et al.,
2010

The loss of PINK1 impairs mitochondrial fission, which
causes defective assembly of the ETC complexes,
leading to oxidative stress and abnormal bioenergetics.

Liu et el., 2011;
Morais et al., 2009

A reduction in respiratory capacity of striatal
mitochondria isolated from parkin −/− mice. Parkin −/−
mice also exhibited decreased levels of proteins involved
in protection from oxidative stress, serum antioxidant
capacity and increased protein and lipid peroxidation.

Palacino et al.,
2004

Huntington’s Disease (HD)

Human postmortem brain
tissues

HD patients had higher levels of lipid peroxidation in
plasma levels and lower levels of GSH compared to age
and sex-matched controls.

Klepac et al., 2007

An Increase in protein-carbonyls was found in human
brain postmortem samples obtained from striatum and
cortex of patients with HD when compared to samples of
age- and sex-matched controls. Carbonylated proteins
found included enzymes involved in the glycolytic
pathway and mitochondrial proteins related to ATP
production. Oxidation resulted in decreased catalytic
activity, in agreement with energy deficiency observed
in HD.

Sorolla et al.,
2008, 2010

A signifcant increase in 8-OHdG in mtDNA was found
in the parietal cortex of HD patients as compared to
controls.

Polidori et al.,
1999

Serum 8-OHdG levels were markedly elevated in HD. Hersch et al., 2006

Leukocyte 8-OHdG and plasma MDA were elevated,
and the activities of Cu/Zn-SOD and Gpx were reduced
in 16 HD patients when compared to 36 age- and gender-
matched controls.

Chen et al., 2007

In vivo models

mtHtt is oxidized in cysteine residues proximal to the N-
terminal domain promoting oligomerization and delayed
clearance.

Fox et al., 2011

Increased concentrations of 8-OHdG were found in the
urine, plasma and striatal microdialysates of HD mice.

Bogdanov et al.,
2001
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Disease Model Findings Reference

Increased concentrations of 8-OHdG were also observed
in isolated brain DNA at 12 and 14 weeks of age.
Immunocytochemistry showed increased 8-OHdG
staining in late stages of the illness.

Amyotrophic Lateral
Sclerosis (ALS)

Human Patients samples

Derivatization analysis of oxidized carbonyl compounds
performed on immunoprecipitated SOD1 identified a
hyper-oxidized SOD1 that recapitulates mutant SOD1-
like properties and damages mitochondria by forming a
toxic complex with Bcl-2.

Guareschi et al.,
2012

The mean protein carbonyl level in the lumbar spinal
cord from patients with sporadic motor neuron disease
was increased by 119% (p < 0.02) when compared to
normal control subjects and by 88% (p < 0.04) compared
to the neurological disease control subjects.

Shaw et al., 1995

Protein carbonyl and OH8dG levels were increased in
sporadic ALS but not in autosomal dominant familial
ALS patients.

Ferrante et al.,
1997a

Immunoreactivity for 3-NT was detected in motor
neurons of ALS but was not or was only minimally
found in those of controls. The staining was also
localized in the axons of motor neurons of ALS, but was
not found in the corresponding controls.

Abe et al., 1995,
1997; Beal et al.,
1997

4-HNE was elevated in the cerebrospinal fluid (CSF) of
a patient with sporadic amyotrophic lateral sclerosis
(sALS) compared with that of most patients with other
neurological diseases

Smith et al., 1998;
Simpson et al.,
2004

8-OHdG levels were significantly elevated in plasma,
urine, and cerebrospinal fluid (CSF) from subjects with
ALS when compared to controls. Plasma and urine 8-
OHdG levels increased significantly with time in the
ALS group only. The rate of increase in urine 8-OHdG
levels with time was significantly correlated with disease
severity.

Bogdanov et al.,
2000; Ihara et al.,
2005

In vivo models

The deletion of the Nox2, and to a lesser extent Nox1,
can prolong survival in the SOD1 G93A transgenic
mice.

Li et al., 2011b

A significant increase in the concentrations of 3-NT in
upper and the lower spinal cord and in the cerebral
cortex of the SOD1 G93A transgenic mice was found.
MDA was increased in cerebral cortex. 3-NT and MDA-
modified protein immunoreactivities were increased
throughout the transgenic mice spinal cord but
particularly within motor neurons.

Ferrante et al.,
1997b; Casoni et
al., 2005

Protein carbonyl content in 30-day-old SOD1-G93A
mice was twice as high as the level found in age-
matched nontransgenic mice. The levels in the SOD1-
G93A mice increased dramatically (557%) between 100
and 120 days of age, compared with either the
nontransgenic mice or transgenic animals that
overexpress the wild-type human SOD1.

Andrus et al.,
1998

Transgenic mice expressing mutant SOD1-G93A show
enhanced free radical content in spinal cord but not
brain. This increase precedes motor neuron degeneration

Liu et al., 1998

Brain Ischemia and
Excitotoxicity

Human Patients

Multiple markers of oxidative damage are increased
immediately after stroke and remain elevated for several
days in 66 stroke subjects with respect to 132 control
subjects.

Seet et al., 2011

In vivo models

Nox inhibition or scavenging reduced brain injury H2O2

in a neonatal rat model of hypoxia/ischemia
demonstrating that Nox contributes to oxidative stress
mediating cerebral injury during ischemia/reperfusion.

Lu et al., 2012;
Kahles et al.,
2010; Kleinschnitz
et al., 2010
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Disease Model Findings Reference

Hypoxic-ischemic insult was produced in p10 mice.
Administration of the complex I inhibitor pyridaben
significantly decreased the extent of HI injury.
Mitochondria isolated from the ischemic hemisphere in
pyridaben-treated animals showed reduced H2O2

formation and decreased oxidative damage to the
mitochondrial matrix. A protective effect of pyridaben
administration was also observed when the reperfusion-
driven oxidative stress was augmented by the exposure
to 100% O2.

Niatsetskaya et al.,
2012

Traumatic Brain Injury (TBI) In vivo models

Biochemical damage of the cerebral vasculature is
initiated by the induction of the free radical-generating
enzymes Nox1 and iNOS. Induction of these enzymes by
shock-wave exposure increased oxidative and nitrosative
damage.

Abdul-Muneer et
al., 2013

Levels of 4-HNE and 3-NT were significantly increased
at 3 h post-exposure to blast and returned to control
levels after 24 h.

Readnower et al.,
2010

Significant time-dependent changes in antioxidant levels
were observed as early as 3 h post-trauma and paralleled
increases in oxidants (4-HNEl, acrolein, and protein
carbonyls), with peak values obtained at 24–48 h.

Ansari et al., 2008

Lipid peroxidation in brain extracts were increased at 6
and 24 h after trauma compared with sham-operated
controls. The total antioxidant reserves of brain
homogenates and water-soluble antioxidant reserves as
well as tissue concentrations of ascorbate, GSH, and
protein sulfhydryls were reduced after TBI.

Tyurin et al., 2000

Nox activity in the cerebral cortex and hippocampal CA1
region increases rapidly following controlled cortical
impact in male mice, with an early peak at 1 h, followed
by a secondary peak from 24–96 h after. In situ
localization using oxidized hydroethidine and the
neuronal marker, NeuN, revealed that the O2

•− induction
occurred in neurons at 1 h after TBI.

Zhang et al.,
2012b

Selective inhibition of iNOS after trauma protected the
injured brain by limiting ONOO− formation.

Gahm et al., 2006
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