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Involvement of oxidative stress in AD development &
progression

Abundant evidence supports the notion that oxidative/
nitrosative stress (OS) has a major role in the pathogenesis of
AD leading to the damage of vital cellular components such as
proteins, lipids and nucleic acids [7-12]. Elevated levels of perox-
idizable fatty acids, high requirement for oxygen, relative defi-
ciency of antioxidant systems and richness in iron content
make the brain extremely sensitive to oxidative stress [13,14].
Normal metabolism generates oxygen free radicals and other
reactive oxygen species (ROS) that, even if potentially toxic, are
part of several physiologic processes including signal transduc-
tion pathways. The body possesses an arsenal of protection
against ROS toxicity, to neutralize these compounds and thus
restore homeostasis. The antioxidant factors that form true pro-
tective systems of the body against free radicals are represented
by antioxidant enzymes such as superoxide dismutase (SOD),
glutathione peroxidase (Gpx), glutaredoxins, thioredoxins and
catalase, in addition to non-enzymatic antioxidant factors.
A reduction in the antioxidant enzymatic system, as indexed by
decreasing specific activity of the main antioxidant enzymes, has
been demonstrated in AD [is]. Thus, increased levels of ROS
could result not only from the increased production, but also
from the depletion of the antioxidant system’s capacity [12,13,16].
When ROS exceeds the capacity of the cell to terminate ROS,
oxidative stress take place and oxidative damage to cell compo-
nents ensues [11]. ROS can damage cell or organelle membranes
directly (e.g., through lipid peroxidation), and can react with
metals, nitrogen or carbon to form intermediates that react with
proteins (e.g., through nitration, carbonylation and nitrosyla-
tion). Several types of free radicals exist, and the most common
include superoxide anion (O
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Table 1. List, chemical structure and principal outcomes obtained employing the antioxidant molecules

discussed in the review as therapeutic agents for Alzheimer’s disease management.
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were found in AD brain as well as PCs and protein nitration
in regions of the brain significantly associated with AD, includ-
ing the hippocampus and parietal cortex [44-so].

The employment of redox proteomics to identify oxidatively
modified brain proteins in AD and MCI revealed a number of
oxidatively modified brain proteins that are associated with sev-
eral key functions of the brain, such as ATP synthesis, energy
metabolism and antioxidant response, suggesting that the alter-
ation of these pathways by increased oxidative damage is
involved in AD progression and pathogenesis [s1;52]. Increased



pathological processes in AD including AB-induced neurotoxic-
ity, © pathology, mitochondrial dysfunction and metal dysho-
meostasis. Intriguingly, abnormal accumulation of AR and t
proteins leads to increased ROS production which in turn may
further exacerbate AR and t neurotoxicity, thus forming a
vicious cycle that promotes the initiation and progression of
AD. OS, either a primary or secondary event, is a common fea-
ture of several neurodegenerative disorders and markers of OS
may overlap in some brain disorders [60-62]. The identification
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severe decline in spatial learning and memory, and did not mit-
igate AR deposition and production, oxidative stress, glial
inflammation and synaptic loss, showing, overall, to not be
effective in counteracting the pathophysiology in the moderate
or mid stages of AD.

In 2014, Gamba et al. [76) demonstrated that neuronal cells
pretreated with NAC (100 uM) 1 h before treatment with
24- or 27-hydroxycholesterol had reduced oxysterol-induced
[-amyloidogenesis inhibition of BACEL increase and AB depo-
sition, supporting the concept that NAC represents an efficient
inhibitor of oxysterols-induced AP toxic peptide accumulation
in the brain.

With the rationale of using NAC to provide a precursor for
GSH synthesis, NAC (600 mg/day) was included in two nutra-
ceutical preparations tested on a multisite Phase Il clinical
trial (77781 on AD and MCI individuals to evaluate improve-
ments in cognitive performance. Both trials started in 2012 and
are now completed but data are not available yet.

Tricyclodecan-9-YL-xanthogenate

D609 is a tricyclodecanol derivative of xanthic acid well known
for its antiviral, antitumor and anti-inflammatory properties.
D609 mechanisms of action are attributed to inhibiting phos-
phatidylcholine (PC)-specific phospholipase C and sphingo-
myelin synthase, thus affecting lipid second messengers
1,2-diacylglycerol and/or ceramide, cell cycle and cell prolifera-
tion [79). Xanthogenate compounds are also potent antioxidants
and Zn®* chelators. First studies from the Butterfield laboratory
have shown that pretreatment of primary hippocampal cells
with D609 significantly attenuated A



reduced GSH, GPx and GR and ATP in the hippocampus and
cerebral cortex and choline acetyltransferase in hippocampus.
Se supplementation significantly ameliorated all alterations
induced by ICV-STZ in rats [o1. Se has been associated with
the reduction of AP production and of AP induction.
Lovell et al. in 2009 tested the potential antioxidant character-
istics of organic Se against AB-induced OS in APP/PS1 mice
treated with Se-enriched diet (Sel-Plex) showing lower levels of
AR plaque deposition and significantly decreased levels of
DNA and RNA oxidation [92). In addition, Sel-Plex-treated
mice showed a significant increase in GPx activity compared
with mice on a normal diet. Treatment of human neuroblas-
toma cells (SH-SY5Y expressing Swedish APP mutant) with Se
significantly reduced AB(1-40), AB(1-42) and secreted APPj
production by reducing AP producing [-secretase and
y-secretase activities [931. In addition, the lipid peroxidation
product HNE-induced transcription of [B-secretase (BACE1)
was blocked by Se. Further studies have determined that
sodium selenate can ameliorate Tt pathology [949s). Acute treat-
ment of either neuroblastoma cells or normal aged mice rapidly
reduced T protein phosphorylation [9s]. Sodium selenate-treated
transgenic TAU441 mice had significantly lower levels of phos-
pho- and total t in the hippocampus and amygdala compared
with controls and exhibited significantly improved spatial learn-
ing and memory on the Morris Water Maze task. In parallel,
chronic oral treatment of Se to two independent t transgenic
mouse strains with NFT pathology, P301L mutant pR5 and
K369l mutant K3 mice, reduced t hyperphosphorylation and
completely abrogated NFT formation, improved contextual
memory and motor performance and prevented neurodegenera-
tion [94). Both, studies showed that Se-mediated reduced NFT
formation involved the activation of the serine/threonine-spe-
cific protein phosphatase (PP) 2A and stabilization of PP2A-t
complexes.

Cornelli 96) tested in 2010 a cohort of 52 patients affected
with moderate probable AD taking donepezil, a formula (For-
mula F) to counteract OS containing among the most common
antioxidants also Se. The results showed a slight improvement
in Mini Mental State Examination, 2nd edition in patients
administered donepezil plus formula F.

In 2010, Pinton et al. [97) investigated the possible neuropro-
tective effect of p,p”-methoxyl-diphenyl diselenide (MeOPhSe),
in a mouse model of sporadic dementia of Alzheimer’s type pro-
duced by ICV-STZ. Experimental results showed that ICV-STZ
caused learning and memory deficits in mice and increased ace-
tylcholinesterase (AChE) activity, while (MeOPhSe), was able
to reverse the learning and memory impairments induced by
STZ and to protect against the increased AChE activity. The
authors then analyzed the antioxidant activity of (MeOPhSe),
in sporadic dementia of Alzheimer’s type mice, demonstrating
protection against increased reactive species and the reduction of
glutathione levels, as well as increases in SOD and glutathione
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longer period of time are needed to reliably assess whether anti-
oxidants might have a long-term effect on the course of AD,
especially when given in early or preclinical stages of the dis-
ease. In the absence of positive results from such trials, the
treatment of AD with vitamin E and vitamin C cannot be rec-
ommended without further investigation.

In randomized controlled trials, high doses of o
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dependent manner [i6s). On the other hand, FA esters are
weaker antioxidants than CA derivatives (ICsq threefold higher
than CA derivatives) and although their lipophilicity was higher
than FA, they did not show neuroprotective effect [163]. These
findings showed that optimization of the antioxidant activity
and lipophilicity of these phenolic compounds can lead to the
production of more efficient antioxidants.

In this scenario, stearic acid (SLN)- and stearyl ferulate
(SLN-SF)-based solid lipid nanoparticles in which FA was
entrapped, were synthesized with the aim to increase the
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Furthermore, 1¢,25(OH), vitamin D3 treatment in mixed
neuron-glial cell cultures increased the MRNA levels of
27 genes, among which 17 genes were related to neurodegener-
ative and psychiatric diseases or brain morphogenesis [192].
Notably, 10 of these genes encode proteins potentially limiting
the progression of AD such as vitamin D receptor, lipoprotein
lipase, complement component 3 (C3) and lecithin cholesterol
acyltransferase
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term melatonin administration prevented the abnormal upregu-
lation of apoptotic markers and alleviated memory impairments
in APP695 transgenic mice [210).

Quite recently, melatonin (50 mg/kg, for 3 days, ip.) report-
edly significantly reduces ROS production in astrocytes, lym-
phocytes and hepatocytes of AR (25 g, ip.)-injected mice by
increasing the levels of scavenging enzymes, SOD, catalase and
GSH compared with the untreated group [211). Immunohis-
tochemistry study revealed that melatonin prevented the activa-
tion of glial fibrillary acidic protein in neocortex and
transcription factor NF-xB in liver and neocortex of
AB-injected mice [211. Melatonin also prevented the loss of
dopamine and its degradation products [211]. Thus, while mela-
tonin may be a potential therapeutic agent in the prevention of
oxidative stress associated with AB and AD, it reportedly also
can prevent dopamine turnover induced by AP.

In a subsequent study, decreased serum melatonin was asso-



sustained release, for 10 days [218]) did not improve sleep, circa-
dian rhythms or agitation [217218]. The lack of efficacy may be
related to the absence of a true treatment effect [217218] or to
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with the other three SS peptides, SS-31 has remarkable effec-
tiveness as an antioxidant molecule due to its extensive cellu-
lar uptake and selective partitioning into mitochondria,
where it is localized to the site of ROS production and pro-
tects against mitochondrial oxidative damage and further
ROS production [246]. Several studies by the Reddy labora-
tory on Tg2576 mice treated with AP showed that SS31 has
the potential of reducing AB-induced mitochondrial toxicity,
increasing axonal transport of mitochondria and enhancing
synaptic viability and overall protection of neurons from AR
toxicity [221,247-249].

Expert commentary

Although extensive studies led to increased knowledge of the
neurobiology of AD, yet the definitive causes remain indefinite
and several therapies have failed. None of the drugs currently
used for the treatment of AD has proved successful at disease
modification, possibly because they do not treat the underlying
causes of the disease, or possibly many trials begin too late in
the course of the disease or do not take into account basal
redox status. Therefore, at present, prevention appears to still
be a more likely option. Human epidemiological studies
support the idea that there is an inverse relationship between
antioxidant levels and intake and cognition function and devel-
opment of AD. Indeed, oxidative stress is a well-recognized risk
factor for age-associated cognitive decline and is widely consid-
ered to be a common underlying aspect in the complex patho-
genesis of several neurodegenerative diseases, including AD.
Recent evidence gained from human autopsy and animal stud-
ies even indicate that this phenomenon is an early event and
might have a functional role in the pathogenesis of AD. Thus
antioxidant therapy, as one of the promising therapeutic strate-
gies for AD, has been studied for years. Antioxidants such as
vitamin E, vitamin C and Se reportedly may scavenge intracel-
lular and extracellular oxygen radicals. Nonetheless, most anti-
oxidant drugs show general success in animal models but are
less beneficial in human trials. If we look at these negative
results, it is worth mentioning that they all lack some impor-
tant information and do not unequivocally support a protective
effect. These unsatisfactory findings open a number of ques-
tions that should be addressed to develop alternative and effec-
tive approaches. Do we have to re-visit the oxidative stress
hypothesis of AD? Does OS play a functional role but is a sec-
ondary event in the pathophysiology of AD? Were ‘the most
powerful’ antioxidants, at the right dose, for the right time
selected for use? Based on the current experimental evidence,
we can only partially answer these critical questions. Large het-
erogeneity in study design, differential control of confounding
factors such as geneneitynaoa333.6(u.2(tho5621k)9i)10.g5(dif)13.4(enephy36.5(of)c(t.)-13.6(elory)-488(fi)iv453.6(m691k)9i)ess
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