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Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by progressive
cognitive dysfunction and memory loss, inability to perform the activities of daily living

and mood disorders. According to the so-called “amyloid cascade hypothesis”, amyloid-f3-
peptide (AB), produced by beta- and gamma- secretase-mediated cleavages of the amyloid
precursor protein (APP), plays a pivotal role in the pathogenesis of AD. A was also shown

to contribute to AD pathology by stimulating the hyperphosphorylation of tau which is
responsible for the formation of neurofibrillary tangles. However, the “amyloid cascade
hypothesis” was challenged by other theories which lend support to the idea that Af is not
causative but can be considered as an “innocent bystander” in AD. Although preclinical
research generated impressive lines of evidence about the several intracellular mechanism(s)
whose impairment leads to the onset and progression of AD, clinical research aimed at the
development of new drugs capable of preventing or delaying the onset of neuronal damage in
AD patients has produced limited results. The drugs currently available for the treatment of
AD are acetylcholinesterase inhibitors (AChEI) and the NMDA glutamate receptor antagonist
memantine. The AChEI increase acetylcholine levels in the synaptic cleft, which are reduced
because of the progressive damage of cholinergic neurons in cognitive brain areas (e.g.
amygdala, hippocampus, and frontal cortex), whereas memantine is used to prevent/reduce
calcium-dependent excitotoxic neuronal cell death. Both classes of drugs have been shown

to improve symptoms related to cognitive decline, but their effects are confined largely to
patients with mild to moderate AD, in particular during the first year or so of treatment.

An alternative to this symptomatic treatments involves the use of drugs that intervene in the
pathogenesis of the disease. Recently, monoclonal antibodies against A} were proposed as
novel agents capable to remove A from the brain thus preventing neuronal damage. The
research topic focuses on the preclinical and clinical evidence about the several factors that
contribute to the pathogenesis of AD as well as the potential therapeutic role of new classes of
drugs still under preclinical or clinical development.

Frontiers in Pharmacology

March 2015 | Preclinical and clinical issues in Alzheimer’s disease drug research and development | 2


http://www.frontiersin.org/pharmacology
http://journal.frontiersin.org/ResearchTopic/1668

06

10

21

35

44

53

59

67

75

88

99

Table of Contents

Preclinical and Clinical Issues in Alzheimer’s Disease Drug Research and Development.
Cesare Mancuso and Silvana Gaetani

Vitamin D Supplements: A Novel Therapeutic Approach for Alzheimer Patients
Cedric Annweiler, Spyridon N. Karras, Panagiotis Anagnostis and Olivier Beauchet
Cannabinoids for Treatment of Alzheimer’s Disease: Moving Towards the Clinic
Ester Aso and Isidroe Ferrer

Prevention Approaches in a Preclinical Canine Model of Alzheimer’s Disease:
Benefits and Challenges

Paulina R. Davis and Elizabeth Head

Age-Related Changes of Protein SUMOylation Balance in the ABPP Tg2576
Mouse Model of Alzheimer's Disease

Robert Nisticd, Caterina Ferraina, Veronica Marconi, Fabio Blandini, Lucia Negri,

Jan Egebjerg and Marco Feligioni

HSV-1 and Alzheimer’s Disease: More than a Hypothesis

Roberto Piacentini, Giovanna De Chiara, Domenica D. Li Puma, Cristian Ripoli, Maria
E. Marcocci, Enrico Garaci, AnnaT. Palamara and Claudio Grassi

The Battle of Alzheimer Disease - The Beginning of the Future Unleashing the
Potential of Academic Discoveries

Johan Lundkvist, Magnus M. Halldin, Johan Sandin, Gunnar Nordvall, Pontus Forsell,
Samuel Svensson, Liselotte Jansson, Gunilla Johansson, Bengt Winblad and

Jonas Ekstrand

Sirtuin Modulators Control Reactive Gliosis in an in Vitro Model of Alzheimer's Disease
Caterina Scuderi, Claudia Stecca, Maria R. Bronzuoli, Dante Rotili, Sergio Valente,
Antonello Mai and Luca Steardo

Cellular Stress Response, Redox Status, and Vitagenes in Glaucoma: A
Systemic Oxidant Disorder Linked to Alzheimer’s Disease

Angela Trovato Salinaro, CarolinCornelius, ,Angela Koverech, MariaScuto, Francesca
Lodato,Vincenzo Fronte, Vera Muccilli, Michele Reibaldi, Antonio Longo, Maurizio

G. Uva and Vittorio Calabrese

Osteoporosis and Alzheimer Pathology: Role of Cellular Stress Response and
Hormetic Redox Signaling in Aging and Bone Remodeling

Carolin cornelius, Guidokoverech, Rosalia crupi, Rosanna di paola, Angela koverech,
Francesca lodato, Maria scuto, Angela T.salinaro, Salvatore cuzzocrea, Edward

J. calabrese and vittorio calabrese

Nutraceuticals in Cognitive Impairment and Alzheimer’s Disease

PMecocci, C.Tinarelli, R. J. Schulz and M.C.Polidori

From Industrial Research to Academic Discoveries, Towards a New Concept of
Partnership: The Biomathics Model

Olivier Beauchet, Christine Merjagnan-Vilcoq and Cédric Annweiler

Frontiers in Pharmacology

March 2015 | Preclinical and clinical issues in Alzheimer’s disease drug research and development | 3


http://www.frontiersin.org/pharmacology
http://journal.frontiersin.org/ResearchTopic/1668

frontiers in
PHARMACOLOGY

EDITORIAL
published: 28 October 2014
doi: 10.3389/fphar.2014.00234

=

Preclinical and clinical issues in Alzheimer’s disease drug

research and development

Cesare Mancuso'* and Silvana Gaetani?

" Institute of Pharmacology, Catholic University School of Medicine, Rome, Italy

2 Department of Physiology and Pharmacology “Vittorio Erspamer,” Sapienza University of Rome, Rome, Italy

*Correspondence: cmancuso@rm.unicatt.it

Edited and reviewed by:
Salvatore Salomone, Catania University, Italy

Keywords: Alzheimer’s disease, preclinical studies, clinical trials as topic, drug research and development, neurodegeneration

Alzheimer’s disease (AD) is a chronic, rapidly progressive neu-
rodegenerative disease, characterized by loss of memory and
cognitive abilities, inability to carry out regular daily activities
and mental disorders. The following numbers provide an idea
of the extent of the problem: 36 million people worldwide suf-
fer from dementia, of which 7.7 million new cases each year, and
60-70% of them are diagnosed with AD. Patients with AD deal
with numerous problems, one of the most relevant being the lack
of drugs that can slow down or hinder disease onset. Indeed, the
currently available drugs, namely acetylcholinesterase inhibitors
donepezil, rivastigmine, and galantamine, and the NMDA recep-
tor antagonist, memantine, are able to counteract or delay the
symptoms related to cognitive decline and nearly entirely in
individuals with mild-to-moderate AD. The shortage of drugs
available for the treatment of AD is also related to the difficul-
ties faced by many pharmaceutical companies, including some
Big Pharma, that despite significant achievements from their
hit/leads in preclinical and early stages of clinical research, have
not been able in recent years, to launch their products on the
market due to ineffective results in terms of efficacy or safety of
advanced clinical trials. This problem is at least in part due to
investigators’ difficulties in identifying the most adequate out-
comes in order to plan clinical trials. Indeed, in many cases,
attention has been focused on certain plasma or cerebral-spinal
fluid (CSF) biomarkers, both for the relative ease of sampling and
for the possibility they could offer to monitor the disease pro-
gression. However, it is worth emphasizing, that despite clinical
trials based on the use of peripheral biomarkers have provided
encouraging results on the ability of some drugs to block the
production or deposition of f-amyloid (A3) or even destroy exist-
ing senile plaques, key phase III studies, specifically designed to
evaluate the improvement of cognitive activity, have shown a
reduced ability of these new molecules to enhance memory or
the ability to perform regular daily living functions in patients
with AD or, in some cases have also resulted in severe side
effects. Another limitation of pharmacological research on AD
is the scarce ability to enhance collaboration between pharma-
ceutical industries and public or private non-profit organizations
conducting basic research, such as universities. Both these sec-
tors would benefit from the strengthening of this cooperation
allowing non-profit institutions to enhance basic research on
AD by receiving funds from pharmaceutical companies that,

in turn, could benefit from the research of qualified scientists
worldwide.

This Research Topic has been designed as a platform to analyze
some of the most relevant problems posed by research on AD,
suggest and develop new ideas that may improve both preclinical
and clinical research on this disease. This Research Topic in which
leading experts in the field of AD have contributed, is organized
in 5 review articles, 3 original research articles, 1 opinion article,
1 Perspective article and 1 Commentary.

The complexity of the events that determine the onset and
progression of AD is emphasized by the many factors that con-
tribute to the pathogenesis of this disease. Recently, what has been
pointed out is the pathogenetic role played by posttranslational
modifications, such SUMOylation, on proteins involved in the
production of A8 (Nistico et al., 2014). In light of this, it is worth
noting the remarkable discovery in Tg2576 transgenic mice, a
validated preclinical model for the study of AD, that the imbal-
ance of the phenomena of protein SUMOylation/deSUMOylation
occurs in cognitive brain areas, such as the hippocampus and cor-
tex, in the very early stages of the disease. This finding certainly
contributes to indicate an alternative target for the development
of new drugs for AD (Nistico et al., 2014). The importance of
having predictive preclinical models for the proper study of AD
is also pointed out by Davis and Head (2014) who suggest the
aged canine as an useful animal species for studies on AD and
as an alternative to rodent models. Indeed, it has been shown
that elderly beagle dogs have a progressive loss of cognitive func-
tions with age and they show characteristic neuropathological
hallmarks of AD (Davis and Head, 2014). This canine model
allowed preclinical studies on the role of neuroprotective drugs,
such as statins. An interesting link between the pathogenesis of
AD and of other, apparently different, diseases, such as glau-
coma, has been highlighted in a study by Trovato Salinaro et al.
(2014). In fact, both AD and glaucoma have a common patho-
genetic role played by free radicals and the ability to activate
the adaptive stress response systemically (Trovato Salinaro et al.,
2014). As in many cells, the activation of cell stress response is a
response mechanism to the damage caused by free radicals and its
modulation by nutritional supplements, defined nutraceuticals, is
currently considered an adjuvant approach to standard therapy
of diseases, including AD (Mecocci et al., 2014). The results by
Scuderi et al. (2014) seem to support this theory, showing that
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the up-regulation of the sirtuin system, via resveratrol, is able to
reduce the activation of astrocytes and the production of inflam-
matory mediators in primary cultures of rat astrocytes treated
with Af3(1-42). The causal role of infectious agents in relation to
the pathogenesis of AD has been little experimented. As reported
by Piacentini et al. (2014), recurrent infection by herpes simplex
virus type I (HSV-1) can be considered a risk factor for AD. The
mechanism(s) through which HSV-1 could give rise to AD are not
completely understood, even if the HSV-1-mediated proteolytic
processing of APP, generating also AB40 and AP42 monomers
or small oligomers, is among those which received the greatest
consensus (Piacentini et al., 2014).

Among the issues with the highest translational impact on
research in the field of AD is the use of “old” drugs such as vita-
min D, currently used for years in the treatment of bone loss,
above all in the elderly, whose neuroprotective properties in sub-
jects with AD have been recently brought to light (Annweiler
et al., 2014). A very updated and comprehensive review arti-
cle by Cornelius et al. (2014) examines the factors that can be
considered as a common denominator of AD and osteoporo-
sis. The dysregulation of the endocannabinoid system, initially
based on a number of preclinical evidence, as a viable mechanism
to intervene in the pathogenesis of AD is no longer contro-
versial (Aso and Ferrer, 2014). Furthermore, the availability of
“new” pharmacological tools to modulate the endocannabinoid
system of the brain, one with the preclinical evidence of their
effectiveness in terms of a significant reduction of oxidative and
metabolic damage load on neurons and objective improvements
of behavior in individuals with AD, leads research further toward
the study of the endocannabinoid system as a novel therapeu-
tic target in AD (Aso and Ferrer, 2014). An example of how
a virtuous collaboration between non-profit institutions, such
as universities, and pharmaceutical companies should develop
is in the article by Lundkvist et al. (2014). This paper focuses
on the activities of “AlzeCure,” a non-profit Swedish foundation
founded by brilliant researchers with a strong background in
R&D from a Big Pharma such as Astra Zeneca. The AlzeCure acts
as a catalyst, receiving continuous feedback from biotech compa-
nies, and leading academic institutions (e.g., Karolinska Institute)
involved in R&D of drugs for AD, collaborating in the preclin-
ical and clinical field, demonstrating that a useful collaboration
between non-profit institutions and pharmaceutical companies
is actually possible (Lundkvist et al., 2014). A viable alterna-
tive to this model of academic-industry cooperation is the one
proposed by Beauchet et al. (2014) who, in their Commentary,
described the activities of “Biomathics,” an emerging scientific
research consortium whose task is to promote cooperation among
the academic research teams working in the field of aging and
longevity. One of the main goals of this Consortium is to fos-
ter the creation of large research groups, formed by scientists
worldwide, so as to increase the possibility of applying and
obtaining research grants to enhance international basic research
(Beauchet et al., 2014).
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INTRODUCTION

Alzheimer disease (AD) is the main cause
of dementia and loss of functional inde-
pendence in the elderly (Aisen, 2010; Vellas
and Aisen, 2010). AD is a chronic neu-
rodegenerative disease characterized by a
progressive decline of cognitive perfor-
mance with a deleterious impact on social
activities. AD is a worldwide big concern
because of its adverse consequences and
its expanding prevalence and incidence
(Aisen, 2010; Vellas and Aisen, 2010). In
order to reduce AD impact at an indi-
vidual level and in terms of health and
social costs, the development of efficient
therapeutic strategies proves necessary.
Regrettably, the development of all cur-
rent specific medications is unsuccessful in
clinical development phases (Birks, 2006;
McShane et al., 2006; Anand et al., 2014).
However, an interesting fact is that the
prevalence of dementia in the general pop-
ulation might still be subject to changes.
Indeed, a reduction in the prevalence
of dementia is reported among English
community-dwellers over the past two
decades (Matthews et al., 2013). So, even
if some factors, such as the increased life
expectancy beyond 80 years, are unavoid-
able and augment the global prevalence
of dementia, others may instead reduce
its prevalence. For instance, efficient pri-
mary prevention of cardio-vascular disease
is suspected to explain the reduced preva-
lence of dementia in England (Matthews
et al., 2013). In the same vein, vitamin D,
an “old” molecule primarily known for its
effects on the bone, has been singled out
in the last decade as an important bio-
logical component able to influence the

natural history of AD. Here, we wish to
highlight the difficulties experienced by
the research on curative treatments and, in
contrast, the prospects offered by multi-
target drugs, especially those based on
vitamin D.

TREATMENTS RESEARCH IN
ALZHEIMER DISEASE: THE IRONY OF
CURATIVE THERAPIES

The only drugs currently available (i.e.,
cholinesterase inhibitors and memantine)
slow down without changing the natu-
ral history of AD (Birks, 2006; McShane
et al, 2006). Because of their symp-
tomatic action, they are intended only for
patients with mild-to-severe AD. Thus,
one of the main AD challenges over the
coming decade lies in the finding of a
curative drug (Vellas and Aisen, 2010).
Recent research has focused on “disease-
modifying” medications to intervene in
the pathogenesis of the disease, able to
halt or slow the neurodegenerative pro-
cess. To date, strategies to develop disease-
modifying drugs have mainly targeted
amyloid-p peptide (accumulation, aggre-
gation, clearance) and/or the “tubulin
associated unit” (TAU protein: phospho-
rylation and aggregation) by active and
passive immunotherapy (Vellas and Aisen,
2010; Anand et al., 2014). Unfortunately
candidate drugs, such as bapineuzumab,
have failed in phase III clinical trials con-
ducted in mild-to-moderate AD (Anand
etal., 2014).

Because the earlier the disease-
modifying treatment starts, the greater
is the possibility of efficacy, it is impor-
tant to initiate the treatment before the

clinical manifestation of the overt dis-
ease. This is one of the reasons of the
interest for the early diagnosis of AD.
Importantly, this research has identified
new morphological as well as functional
and biological criteria that, combined with
the classical neuropsychological expertise,
help make the diagnosis of AD earlier
and earlier (Schrotter et al., 2013). Such
accuracy of the diagnosis of early-stage
AD led in memory clinics to a drastic
selection of participants for the curative
clinical trials, with consequent substan-
tial recruitment difficulties. The second
consequence of this hyperselection was
to address only a fraction of the patients
followed in memory clinics, predomi-
nantly those with the prodromal stage
of AD. For instance, the French National
Centre for the Management of Trials on
Healthcare Products (CeNGEPS), which
involves more than ten university mem-
ory clinics (UMCs) in France, included
in 2009 only 260 participants in clini-
cal trials, although there were potentially
24,000 patients available in these cen-
ters. In other words, the curative drugs
are addressing only 1.1% of AD patients
followed in French UMCs. The question
is then what can be offered to all other
patients.

TREATMENTS RESEARCH IN
ALZHEIMER DISEASE: THE
MULTI-TARGET DRUGS

In addition to curative treatments, two
other therapeutic approaches should be
considered in AD. The first one is the non-
drug-based approach, which is a multi-
domain intervention designed to stimulate
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AD patients (de Sant’Anna and Morat,
2013). The second one is the multi-
target drug approach, meaning that the
treatment administered to AD patients
simultaneously targets several neurode-
generative processes (Cavalli et al., 2008).
The latter approach offers the opportu-
nity to combine current standard anti-
dementia symptomatic drugs with other
neuroprotective agents to build a multi-
regimen with multi-target effects. This
questioning is central since patients at
later stages of AD (i.e., with symptoms)
could benefit from this new therapeutics,
thus reducing chance inequalities between
AD patients. In addition, it could bene-
fit a larger number of patients and could
be easily implemented compared with
current trials, since it targets diagnosed
patients who are already using a symp-
tomatic treatment. Among the candidate
molecules is the vitamin D, which has
demonstrated in the last decade numerous
neurological effects.

VITAMIN D AND ALZHEIMER DISEASE:
FROM AN INTRIGUING IDEATO A
THERAPEUTIC OPTION

About one billion people are deficient in
vitamin D throughout the world. Older
adults are especially affected, in partic-
ular those with AD with a prevalence
of approximately 70-90% (Holick, 2007;
Annweiler et al., 2011).

Besides its classical function of bone
metabolism regulation, vitamin D has
exhibited multiple biological targets medi-
ated by its nuclear hormone receptor,
the Vitamin D Receptor (VDR) (Kalueff
and Tuohimaa, 2007; Annweiler et al.,
2010). Specific actions on target organs
such as the central nervous system (CNS)
have been described, providing evidence
for a neurosteroid action of vitamin D
(Kalueff and Tuohimaa, 2007). In partic-
ular, VDRs are present in neurons and
glial cells of the hippocampus, cortex and
sub-cortex, all regions essential to cog-
nition. The binding of vitamin D on
the VDRs triggers neuronal protection
against AD degenerative processes, includ-
ing anti-inflammatory action, antioxidant
effect, control of calcium homeostasis by
regulating the concentration of intracel-
lular calcium in hippocampal neurons,
anti-atrophic effect by regulating neu-
rotrophic agents, attenuation of Af342

peptide accumulation by stimulating the
phagocytosis of A} peptide together with
enhancing brain-to-blood Af3 efflux trans-
port at the blood-brain barrier, and
the prevention of acetylcholine defect by
increasing the activity of choline acetyl-
transferase (thus the bioavailability of
acetylcholine) in the brain (Kalueff and
Tuohimaa, 2007; Annweiler et al., 2010;
Annweiler and Beauchet, 2011). These
experimentally-described neuroprotective
properties of vitamin D may help, in the
case of normalized vitamin D status, to
address against the decline of brain func-
tion in AD, especially against cognitive
decline (Figure 1).

Epidemiology is consistent with this
notion, and has repeatedly shown that
low serum concentrations of vitamin D
are cross-sectionally associated with global
cognitive impairment (Annweiler et al.,
2009), the people with hypovitaminosis
D having more cognitive disorders (Etgen
et al., 2012), specifically more executive
dysfunctions (Annweiler et al., 2013a).
Specifically, it has been reported that
people with AD have lower vitamin D
status than controls (Annweiler et al,
2013b). They also exhibit increased lev-
els of vitamin D-binding protein (Moon
et al., 2013) and lower levels of 25-
hydroxyvitamin D in the cerebrospinal
fluid (Johansson et al., 2013) compared
to controls. Longitudinal prospective stud-
ies have enabled to better understand
this association and have reported a tem-
poral sequence, with hypovitaminosis D
preceding the onset of cognitive decline
(Llewellyn et al., 2010).

Recent biomedical literature further
suggests that the VDRs may confer genetic
risk for AD. Some human variants appear
less sensitive to vitamin D and more
likely to experience cognitive decline. For
instance, AD patients have reduced lev-
els of VDR mRNA (Sutherland et al,
1992). In contrast, it has been reported
that the overexpression of VDR may sup-
press amyloid precursor protein transcrip-
tion (Wang et al., 2012). A significant asso-
ciation has also been shown between the
VDR gene APAI polymorphism and the
onset of AD, the Aa genotype multiplying
by 2.3 the risk of AD compared to the AA
genotype (Gezen-Ak et al., 2007).

It seems thus crucial to maintain high
vitamin D levels in the elderly, especially

in those with AD. In line with this, high
intake of vitamin D (whether from food,
supplements, or sun exposure) is associ-
ated with better cognitive function in older
individuals. Having more than 800UI of
vitamin D supplies per day divides the
risk of AD by 5 after 7 years of follow-
up (Annweiler et al., 2012a). This neu-
roprotective effect has been confirmed by
clinical comparative trials reporting cogni-
tive improvement after vitamin D supple-
mentation whether in general aged pop-
ulation (Prybelski et al., 2008; Annweiler
et al,, 2012b) or in patients who already
have symptoms of AD (Stein et al., 2011).
The cognitive benefits of supplementation
appear at 4 weeks (Prybelski et al., 2008),
and particularly for executive functions
and processing speed (Annweiler et al,
2013a).

It has to be noted yet that, although
most of older adults have hypovita-
minosis D, not all develop AD. It is thus
unlikely that hypovitaminosis D alone
explains the onset of AD, and that vita-
min D supplementation is sufficient to
prevent AD by itself. One solution might
thus be to combine vitamin D with
a symptomatic anti-dementia treatment
to build a multi-target drug (Annweiler
and Beauchet, 2012). Indeed, if hypovita-
minosis D explains in part the patholog-
ical process of AD, it may also enhance
the effectiveness of standard anti-dementia
treatments or account at least partially
for the resistance to these treatments.
Even speculative, this engages clinicians
to replenish vitamin D before starting
anti-dementia treatments or to use vita-
min D as an adjunct to standard treat-
ments. In line with this, a recent 6-month
controlled trial has recently reported that
the combination of memantine + vita-
min D was superior to memantine alone
and vitamin D alone in preventing cog-
nitive decline among AD participants
(Annweiler et al., 2012c¢). In fact, those tak-
ing both molecules had a clinically relevant
and statistically significant gain of 4 points
on the Mini-Mental State Examination.
These results were consistent with an
in vitro experiment, which showed that
cortical axons degenerate less after expo-
sure to amyloid-p peptide or glutamate
in microfluidic neuronal cultures enriched
with memantine plus vitamin D com-
pared to control medium and compared
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FIGURE 1 | Potential neuroprotective roles offered by vitamin D in Alzheimer disease.

to cultures enriched with memantine only
or with vitamin D only (Annweiler et al.,
2014).

CONCLUSIONS

In conclusion, AD is a public health con-
cern due to its very high prevalence and
because the few drugs currently available
are only symptomatic. Current therapeutic
research, which focuses mainly on curative
disease-modifying treatments, addresses a
very small fraction of AD patients, pre-
dominantly those with prodromal disease
and no symptoms of dementia. It is thus
necessary to consider the patients who
already suffer from moderate-to-severe
AD, who constitute the majority of AD
patients. One of the best hopes for them
may rely on the development of multi-
target drugs. In particular, using vitamin
D supplements as an adjunct to stan-
dard anti-dementia treatments appears to
be a simple, inexpensive, and efficient

therapeutic strategy and leads to encour-
aging prospects for the correction of neu-
rological disorders in AD.
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The limited effectiveness of current therapies against Alzheimer's disease (AD) highlights
the need for intensifying research efforts devoted to developing new agents for preventing
or retarding the disease process. During the last few years, targeting the endogenous
cannabinoid system has emerged as a potential therapeutic approach to treat Alzheimer.
The endocannabinoid system is composed by a number of cannabinoid receptors,
including the well-characterized CBy and CB, receptors, with their endogenous ligands
and the enzymes related to the synthesis and degradation of these endocannabinoid
compounds. Several findings indicate that the activation of both CB4 and CB; receptors
by natural or synthetic agonists, at non-psychoactive doses, have beneficial effects in
Alzheimer experimental models by reducing the harmful B-amyloid peptide action and tau
phosphorylation, as well as by promoting the brain’s intrinsic repair mechanisms. Moreover,
endocannabinoid signaling has been demonstrated to modulate numerous concomitant
pathological processes, including neuroinflammation, excitotoxicity, mitochondrial dysfunc-
tion, and oxidative stress. The present paper summarizes the main experimental studies
demonstrating the polyvalent properties of cannabinoid compounds for the treatment of
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AD, which together encourage progress toward a clinical trial.

Keywords: cannabinoids, Alzheimer, CB; receptor, CB, receptor, B-amyloid, tau, oxidative stress, neuro-

inflammation

INTRODUCTION

Alzheimer is an age-dependent neurodegenerative process dis-
tinct from normal aging and characterized morphologically by
the presence of senile plaques, mainly composed of different
species of fibrillar B-amyloid (AB) produced by the cleavage
of the AP precursor protein (APP) due to B- and y-secretases,
and by the presence of neurofibrillary tangles, mostly composed
of various isoforms of hyper-phosphorylated and nitrated tau
protein (Duyckaerts and Dickson, 2011; Ferrer, 2012). One ten-
dency of opinion proposes that AP triggers plaque formation, tau
hyper-phosphorylation, and disease progression (Hardy, 2009).
This may happens in a percentage of familial Alzheimer’s dis-
ease (AD) cases linked to mutations in genes encoding APP,
and presenilin 1 and presenilin 2 which are enzymes involved
in the cleavage of APP, or in Down syndrome (Bertram and
Tanzi, 2011). However, tau hyper-phosphorylation precedes Af
deposition in many cerebral regions in sporadic cases of AD
(Braak and Braak, 1999).

Recent studies have shown that AP acts as a seed of new Af pro-
duction and deposition under appropriate conditions (Frost and
Diamond, 2010) and that abnormal tau promotes the production
and deposition of hyper-phosphorylated tau under determinate
experimental conditions (Clavaguera etal., 2009). Therefore, A
and hyper-phosphorylated tau promote the progression of the
pathological process in an exponential way once these abnormal
proteins are accumulated in the brain (Goedert et al., 2010; Ferrer,
2012).

In addition to these pathological hallmarks, multiple alter-
ations converge in the pathogenesis of AD, including genetic
and environmental factors. Vascular factors and concomitant
pathologies worsen disease symptoms (Kovacs etal., 2008). Mito-
chondrial functional defects, increased production of reactive
oxygen and nitrogen species (ROS and RNS), and damage to
enzymes involved in energy metabolism are causative of nerve
cell exhaustion (Pamplona etal., 2005; Ferrer, 2009; Sultana and
Butterfield, 2010).

Altered lipid composition of membranes particularly lipid rafts
(Martin etal., 2010), inflammatory responses (Akiyama etal.,
2000), and altered production of trophic factors, neurotransmitter
and neuromodulators, together with impaired function of degra-
dation pathways such as those related to cytoplasmic proteolysis,
autophagy, and ubiquitin—proteasome system play crucial roles as
well (Keller et al., 2000; Ferrer, 2012; Selkoe, 2012).

Neurofibrillary tangles first appear in middle age in selected
nuclei of the brain stem, later in the entorhinal cortex, and
then extend to other parts of the brain (Braak and Braak,
1999; Simic etal.,, 2009). Senile plaques appear first in the
orbitofrontal and temporal cortex and then extend to the
whole cortex, diencephalic nuclei, and eventually to the cere-
bellum at terminal stages (Braak and Braak, 1999). Synaptic
loss, reduced dendritic arbors, progressive isolation of remain-
ing neurons and nerve cell loss occurs with disease progression,
and affects multiple brain regions not only the cerebral cor-
tex but also the amygdala, nuclei of the forebrain including
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Meynert nucleus, striatum, thalamus, and selected nuclei of
the brain stem thus involving multiple neurotransmitter systems
(Duyckaerts and Dickson, 2011).

Importantly, the progression from early stages of the neu-
rodegenerative process to symptomatic stages may take decades,
whereas once the cognitive impairment and dementia appear the
disease progression is much more rapid. Therefore, Alzheimer is a
relatively well-tolerated degenerative process during a long period
of time, but it may have devastating effects once thresholds are
crossed (Ferrer, 2012). These facts highlight the need to search
for treatments that act on selective targets during the silent period
of the disease, aimed at curbing or retarding disease progression
toward dementia (Ferrer, 2012; Selkoe, 2012).

During the last few years, targeting the endogenous cannabi-
noid system (ECS) has emerged as a potential therapeutic
approach to treat Alzheimer in such first stages. Endocannabi-
noid signaling has been demonstrated to modulate the main
pathological processes occurring during the silent period of the
neurodegenerative process, including protein misfolding, neu-
roinflammation, excitotoxicity, mitochondrial dysfunction, and
oxidative stress. The present paper summarizes the experimental
studies demonstrating the multi-faceted properties of cannabinoid
compounds for the treatment of AD.

THE ENDOGENOUS CANNABINOID SYSTEM

The last two decades of research have brought a tremendous
improvement in knowledge of the endocannabinoid system com-
ponents and functions under physiological and pathological
conditions. This neuromodulatory system consists of cannabinoid
receptors, endogenous ligands, and several enzymes responsible
for their synthesis and degradation (Piomelli, 2003). To date, two
subtypes of cannabinoid G;/,-coupled receptors, CB; and CB,,
have been fully characterized and cloned. However, cannabinoid
compounds may also bind to other receptors, such as GPR55, per-
oxisome proliferator-activated receptors PPARa and PPARy, and
transient receptor potential vannilloid-1 (TRPV1) channels (Mac-
carrone etal., 2010; Pertwee etal., 2010). CB; receptors are the
most abundant G protein-coupled receptors in the central neural
system, expressed in both neurons and glial cells, where they regu-
late important brain functions including cognition and memory,
emotion, motor control, feeding, and pain perception (Wilson and
Nicoll, 2002; Howlett, 2005). CB; receptors are mostly located at
the terminals of neurons of the central and peripheral nervous
system where they act as modulators of excitatory and inhibitory
neurotransmission. Moreover, CB; receptors are also found in
peripheral tissues, playing an important role in energy balance
and metabolism (Silvestri and Di Marzo, 2013). CB; receptors are
localized in cells of the immune system and modulate the immune
cell migration and the release of cytokines; within the nervous
system CB, receptors are mainly located in microglia (Cabral and
Griffin-Thomas, 2009). Relatively low CB, receptor expression
has also recently been identified in some neurons (Van Sickle et al.,
2005; Brusco etal., 2008; Onaivi etal., 2008). Further evidence
of CB; receptor expression in neurons comes from the observa-
tion that axonal damage in one cerebellar hemisphere induced
the expression of CB, receptors in contralateral precerebellar neu-
rons; CB; receptor agonist facilitated neuronal survival, whereas

the selective PI3K inhibitor blocked CB,R effects on axotomized
neurons (Viscomi etal., 2009). Most of the knowledge acquired
about cannabinoid receptor pharmacology was made possible
by the study of the mechanisms of action of numerous natural,
but also synthetic, cannabinoid compounds. Among the natural
cannabinoids, the most well-known are A°-tetrahydrocannabinol
(A°-THC), the main psychoactive compound of the Cannabis
sativa plant, and cannabidiol (CBD), which is devoid of any psy-
choactivity, both differing in cannabinoid receptor affinity and
activity (Pertwee, 2008).

The characterization of CB; and CB; receptors permitted
the discovered of endocannabinoids or cannabinoids produced
and released by nerve cells. Endocannabinoids are lipid com-
pounds of the eicosanoid family derived from the degradation
of membrane phospholipids (Piomelli, 2003). The most repre-
sentative are arachidonoylethanolamine (AEA), also named anan-
damide, and 2-arachidonoylglycerol (2-AG), although several oth-
ers have also been identified, such as 2-arachidonylglyceryl ether
(2-AGE), virodhamine, and N-arachidonyldopamine (Piomelli,
2003). Endocannabinoids act as neurotransmitters since they are
synthesized and released by neurons, are able to bind and acti-
vate membrane receptors, and are inactivated by reuptake and
enzymatic degradation within the cell. However, endocannabi-
noids have two fundamental characteristics that differentiate them
from other neurotransmitters: they act as retrograde messen-
gers and they do not accumulate in the interior of synaptic
vesicles (Wilson and Nicoll, 2002). For several years, endo-
cannabinoid compounds have been supposed to be exclusively
synthesized on demand to act on cells located near their site
of synthesis, and then to be rapidly inactivated by the action
of specific degradation enzymes. However, recent studies have
shown intracellular stores of anandamide in places other than
synaptic vesicles as in adiposomes where it is sequestered and
concentrated to higher levels than in the extracellular space
(Hillard and Jarrahian, 2000; Maccarrone etal., 2010). More-
over, an active intracellular binding of anandamide to TRPV1
and PPARs suggest an additional role of anandamide as a sec-
ond messenger in intracellular signaling (Maccarrone etal., 2010).
This new scenario contemplates the possibility that anandamide
may act as an autocrine/paracrine ligand of CB receptors but
also as an intracellular ligand to TRPV1 and PPARs; more-
over, the presence of extracellular anandamide transporters would
point anandamide as an endocrine messenger (Maccarrone etal.,
2010).

Interestingly, neuronal damage can increase the production
of endocannabinoids, which may provide a defense mechanism
against toxicity (Stella etal., 1997; Marsicano etal., 2003). In
the case of AEA, the synthesis is performed from the phos-
phatidylethanolamine existing in the cell membrane by the
successive action of 2 enzymes, the N-acetyltransferase and phos-
pholipase D (PLD). AEA action is determined by two processes
that limit their availability, (i) transport from the synaptic cleft
into the cell by passive diffusion or by a selective transporter,
and (ii) the hydrolysis caused by two enzyme systems, mainly
the fatty acid amide hydrolase (FAAH) but also monoacylglycerol
lipase (MAGL; Di Marzo etal., 1994). 2-AG is the most abun-
dant endogenous cannabinoid in the brain and its concentration
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is about 200 times that of AEA (Stella etal., 1997). The forma-
tion of 2-AG is mediated by phospholipase C and diacylglycerol
lipase (DAGL), and also produced on demand. In contrast to AEA,
MAGL seems to be more involved in 2-AG degradation than FAAH
(Dinh etal., 2002).

Interest in the role that ECS may play in neurodegenerative
processes is based on findings revealing that the augmentation
of cannabinoid tone contributes to brain homeostasis and neu-
ron survival, suggesting that may offer protection against the
deleterious consequences of pathogenic molecules.

THE ENDOGENOUS CANNABINOID SYSTEM IN AD BRAINS
The analysis of human post-mortem samples revealed some alter-
ations in ECS composition and signaling in AD brains, although
the bestowal of such modifications in the pathophysiology of the
disease remains to be elucidated. The modifications described
for CB; receptors in AD are ambiguous. Whereas some authors
have reported a significant reduction in the CB; levels in cor-
tical areas and in neurons distant from senile plaques (Ramirez
etal., 2005; Solas etal., 2013), others have described no changes
in the expression, distribution, or availability of CB; recep-
tors in cortex and hippocampus in AD (Benito etal., 2003; Lee
etal.,, 2010; Mulder etal., 2011; Ahmad etal., 2013) or have
failed to dissociate CB; receptor expression changes from normal
aging (Westlake etal., 1994). No correlation between CB; lev-
els and any AD molecular marker or cognitive status has been
found (Solas etal., 2013). In contrast, there is no controversy
regarding the significant increase of CB, levels in AD brains,
mainly corresponding to receptors expressed on microglia sur-
rounding senile plaques (Ramirez etal., 2005; Solas etal., 2013).
Interestingly, expression levels of CB, receptors correlates with
AB4y levels and plaque deposition, although not with cogni-
tive status (Solas etal., 2013), suggesting that such pathogenic
events induce CB, receptor expression. Additionally, both CB;
and CB, cannabinoid receptors in the AD brain are nitro-
sylated, and this could contribute to the impaired coupling
of these receptors to downstream effector signaling molecules
(Ramirez et al., 2005).

A few studies addressed other components of ECS in AD
human samples. The first study analyzing endocannabinoid levels
reported no differences between AD patients and healthy con-
trols in the plasmatic concentrations of AEA and 2-AG (Koppel
etal., 2009). However, a recent lipidomic study in post-mortem
brain samples revealed lower AEA levels in midfrontal and tempo-
ral cortices in AD compared to control subjects, which inversely
correlated with the neurotoxic brain APs, peptide levels and
cognitive deficiencies recorded in these patients, suggesting a
contribution for ABs;-dependent AEA impairment to cognitive
dysfunction (Jung etal., 2012). Moreover, some alterations have
been found in the contents and/or activity of the enzymes related
to endocannabinoid synthesis and degradation in AD brains.
Thus, the endocannabinoid metabolizing enzyme FAAH is up-
regulated in AD both neuritic plaque-associated glia (Benito et al.,
2003) and in peripheral blood mononuclear cells (D’Addario
etal., 2012), and this could participate in the increase of AEA
degradation in the vicinity of the senile plaque. Such FAAH
overexpression may have at least two harmful consequences in

disease progression, (i) neuronal AEA availability limitation and
(ii) increase of pro-inflammatory molecules induced by AEA
metabolites such as arachidonic acid (Calder, 2005). An elegant
study revealed altered 2-AG signaling during late stages of AD
due to the combination of impaired MAGL recruitment and
increased DAGL levels, which subsidize synapse silencing in AD
(Mulder etal., 2011). The same study failed to detect changes
in PLD, FAAH, or TRPV1 protein levels in total hippocampal
homogenates.

CLINICAL AND PRECLINICAL EVIDENCE OF THERAPEUTIC
PROPERTIES OF CANNABINOIDS IN AD

Most of the evidence accumulated sustaining the potential thera-
peutic utility of cannabinoids in AD has been obtained by using
cellular and animal models that mimic a variety of AD-related
changes, and they will be discussed later on in this review. How-
ever, it is of note that the scarce clinical data available also support
the beneficial effects of cannabinoid compounds for treating some
behavioral symptoms related to AD. Only a few clinical trials
and one case report are available on the topic so far. In all the
cases an analog of A®-THC (nabilone or dronabinol) was tested.
Interestingly, one clinical trial including 15 AD patients resulted
in a decreased severity of altered behavior and an increase in
the body weight in AD patients, who were previously refusing
food, after 6 weeks of dronabinol treatment. Side effects associ-
ated with cannabinoid administration were limited to euphoria,
somnolence, and tiredness, but these did not warrant discontinu-
ation of therapy (Volicer etal., 1997). Similarly, two pilot studies
including eight patients with dementia concluded with a reduc-
tion in night-time agitation and behavioral disturbances, without
adverse effects during the trial period with dronabinol (Walther
etal., 2006, 2011). In line with these observations, the use of the
cannabinoid receptor agonist nabilone correlated with promptand
dramatic improvements in the severe agitation and aggressiveness
exhibited by an advanced AD patient who was refractory to anti-
psychotic and anxiolytic medications (Passmore, 2008). In spite of
the low number of patients included in these trials and the fact that
none of them evaluated cognitive or neurodegenerative markers,
the positive behavioral results are promising and represent valu-
able, albeit limited, information, considering that no remarkable
side effects were reported. However, the revision in 2009 of the
Cochrane Dementia and Cognitive Improvement Group Special-
ized Register found no evidences of cannabinoid effectiveness in
the improvement of behavior and other parameters of demen-
tia, and suggested that more controlled trials are needed to assess
the effectiveness of cannabinoids in the treatment of dementia
(Krishnan et al., 2009).

EFFECT OF CANNABINOIDS ON Ag

Several in vitro and in vivo studies demonstrate that certain
cannabinoid compounds confer neuroprotection against Af, as
previously reported elsewhere (Ruiz-Valdepenas etal., 2010).
Some endocannabinoids such as AEA, 2-AG, and noladin ether,
directly supplied to the cell culture or augmenting their availability
through administration of endocannabinoid reuptake inhibitors,
increased the viability of neurons after exposure to different
toxic AP species (Milton, 2002; Chen etal., 2011; Harvey etal,,
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2012; Janefjord etal., 2013), and reduced AP-induced memory
impairment in rats (van der Stelt etal, 2006). Similar posi-
tive results in the survival of neuronal cultures exposed to AP
peptide were obtained with exogenous cannabinoids such as
CBD (Iuvone etal., 2004; Janefjord etal., 2013), the selective
CBj receptor agonist arachidonyl-2-chloroethylamide (ACEA; Aso
etal, 2012), the CB; selective agonists JWH-015 and JWH-133,
and the mixed CB;/CB, receptor agonists A°-THC, HU-210,
and WIN55,212-2 (Ramirez etal., 2005; Janefjord etal., 2013).
The neuroprotective properties of exogenous cannabinoids have
consistently been demonstrated to prevent memory deficits in
AB-injected rats and mice for both synthetic CB; (Haghani etal.,
2012) and CBj selective agonists (Wu et al., 2013), as well as mixed
CB,/CB; receptor agonists (Ramirez etal., 2005; Martin-Moreno
etal., 2011; Fakhfouri etal., 2012) and natural CBD (Martin-
Moreno etal., 2011). Moreover, chronic treatment with ACEA
(Asoetal.,2012), JWH-133 (Martin-Moreno et al., 2012; Aso et al.,
2013), or WIN55,212-2 (Martin-Moreno etal., 2012) resulted
in cognitive improvement in two different transgenic mouse
models of brain amyloidosis. The efficacy of the cannabinoid
compounds in curbing the cognitive impairment was inversely
proportional to the disease progression stage at the beginning
of the treatment in the transgenic animals (Aso etal., 2012,
2013).

The mechanisms of action that underlie the cannabinoid neu-
roprotection against Ap, which ultimately may lead to the memory
improvement, are multiple and are assumed to act in parallel or
interacting within them. Although most of these proposed pro-
tective mechanisms are related to the capacity of cannabinoids to
indirectly mitigate the harmful effects of AB, as we will discuss in
later sections of this review (i.e., inflammation, oxidative stress,
excitotoxicity, aberrant cellular signaling), some authors also
described direct effects of cannabinoids on AP processing. Thus,
stimulation of CB, receptors produced AP removal by human
macrophages (Tolén etal., 2009; Wu etal., 2013) and favored
AP transport through the choroid plexus (Martin-Moreno etal.,
2012). This facilitation of AP clearance across the blood—brain
barrier (BBB) was also demonstrated for the endocannabinoid 2-
AG, a synthetic CB1/CB, receptor agonist and MAGL inhibitors,
but no FAAH, in in vitro an in vivo BBB models (Bachmeier et al.,
2013). These findings could explain the reduction in A levels and
plaque burden observed in AD mouse models chronically treated
with CB; or CB;/CB; receptor agonists (Martin-Moreno etal.,
2012) and MAGL inhibitors (Chen etal., 2012; Piro etal., 2012).
In contrast, no significant contribution of CB; receptors in Af
production, aggregation or clearance was reported after chronic
treatment with ACEA (Aso etal., 2012) or HU-210 (Chen etal.,
2010) in two different transgenic AD models. However, there is
a study reporting a regulatory influence of CB; receptor on APP
processing since APP23 transgenic mice deficient for CB; receptor
exhibited reduced APP protein levels and AB plaque deposition,
likely due to changes in intracellular APP transport, although
the animals presented enhanced cognitive deficits (Stumm etal.,
2013). Moreover, a recent publication revealed that A°-THC sig-
nificantly increased the expression of neprilysin, an important
endopeptidase for A degradation, but not B-site APP cleaving
enzyme 1 (BACEL), leading to a remarkable reduction of AP

plaques in 5XFAD APP transgenic mice (Chen etal., 2013). This
study failed, however, to clarify the specific role of CB; or CB,
receptors in such A°-THC effect on AB clearance.

CANNABINOIDS ON TAU HYPER-PHOSPHORYLATION

A role for cannabinoids in another AD pathological hallmark,
tau hyper-phosphorylation, has also been described. First stud-
ies performed in cell cultures demonstrated that CBD, ACEA,
and WIN55,212-2 inhibited tau protein hyper-phosphorylation
in AB-stimulated PC12 neuronal cells (Esposito etal., 2006a,b).
In the case of CBD, the effect was mediated through the reduc-
tion of the phosphorylated active form of glycogen synthase
kinase 3f (GSK-38), one of the known tau kinases (Ferrer etal.,
2005), which in turn resulted in Wnt/B-catenin pathway rescue
and consequent reduction of neuronal apoptosis (Esposito etal.,
2006a). In contrast, the ACEA and WIN55,212-2 effect on tau
hyper-phosphorylation was selectively mediated by CB; receptor
through the down-regulation of inducible nitric oxide synthase
(iNOS) protein expression and nitric oxide (NO) production in
AB-stimulated astroglioma cells co-cultured with the PC12 neu-
ronal cells (Esposito etal., 2006b). In line with the described role
for CB; receptor on tau hyper-phosphorylation, chronic treat-
ment with the CB; selective agonist ACEA reduced the levels of
tau phosphorylated at Thr181 site in the area surrounding AP
plaques in treated APP/PS1 mice, probably through the ACEA-
induced reduction in GSK-3f harmful activity (Aso etal., 2012).
Moreover, a specific role for CB, receptor in the modulation of tau
phosphorylation was also suggested. Chronic JWH-133 adminis-
tration reduced tau hyper-phosphorylation in the vicinity of Af
plaques in APP/PS1 mice, which may be explained by decreased
activity of GSK-38, p38, and stress-activated protein kinase/c-Jun
NH(2)-terminal kinase (SAPK/JNK) kinases in the treated animals
(Aso etal., 2013).

Confirming these observations, a recent study reported a
marked reduction in neurofibrillary tangles in parkin-null, human
tau overexpressing (PK~/~/TauVLW) mice, a model of complex
frontotemporal dementia, parkinsonism, and lower motor neuron
disease, after prolonged exposure to Sativex”, an already approved
medicine based on mixed A’-THC and CBD natural extracts
(Casarejos etal., 2013). The authors suggested the cannabinoid
potentiation of autophagy or improvement of redox state as likely
mechanisms accounting for the reduction in tau deposition.

ANTI-INFLAMMATORY PROPERTIES OF CANNABINOIDS

Neuroinflammation, initially manifested as microglial activation,
is a prominent feature in AD which contributes to progressive
cell damage and neuron loss (Akiyama et al., 2000; Hensley, 20105
Sardi etal., 2011). As CB; receptors are essentially expressed in
the immune system including microglial cells, where they are
known to inhibit microglia-mediated neurotoxicity, the main
interest in the role of cannabinoids as anti-inflammatory agents
in several diseases concurring with inflammation has focused
on compounds acting on CB; receptors (Cabral and Griffin-
Thomas, 2009). In the case of AD, several studies reported
that activation of CB; receptors reduced the neuroinflammatory
response to AP insults in different models of the disease. After
the inoculation of AP into the rat or mouse brain, selective or
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mixed CB, receptor agonists reduced microglial response and
pro-inflammatory molecule production in a plethora of stud-
ies (Ramirez etal., 2005; van der Stelt etal., 2006; Esposito
etal., 2007; Fakhfouri etal., 2012; Wu etal., 2013). Similarly,
selective CB; receptor agonists decreased the number of acti-
vated microglial cells surrounding AB deposition and the levels
of pro-inflammatory cytokines in at least two APP transgenic
models (Martin-Moreno etal., 2012; Aso etal., 2013). Moreover,
the A°-THC and CBD natural mixture present in Sativex" also
blunted the microglial reactivity in a genetic tauopathy model
(Casarejos etal., 2013), although no evidence of direct impli-
cation of CB, receptors or other receptors in such effects was
provided. In fact, other mechanisms related to ECS components
distinct from CB; receptors could explain the anti-inflammatory
effects of the Sativex” preparation. As noted above, A°-THC
is a partial agonist of CB; receptors, which could also play a
role in the AD inflammatory process according to a recent study
demonstrating that chronic treatment with the selective agonist
ACEA reduced the astrocytic expression of the pro-inflammatory
cytokine interferon-y in APP/PS1 transgenic mice (Aso etal,
2012). Additionally, CBD, which has no affinity for CB; or
CB, receptors, also presents anti-inflammatory properties in AD
models (Esposito etal., 2006a; Martin-Moreno etal., 2011). The
precise site at which CBD could exert its neuroinflammatory and
neuroprotective effects is still not fully elucidated, but some find-
ings point to the selective involvement of PPARy in such CBD
properties (Esposito etal., 2011).

The enzymes related to AEA and 2-AG degradation also con-
tribute to modulating the inflammatory process in AD models.
FAAH is expressed in both neurons and astrocytes, where it may
play a role in the response to inflammation. In fact, an astrocyte-
specific increase in FAAH expression is markedly maintained in
neuroinflammatory conditions including amyloidosis, which was
assumed to contribute to the harmful processes induced by toxic
insults because of the reduction in endocannabinoid tone (Ben-
ito etal., 2003). However, cortical mouse astrocytes genetically
modified to lack FAAH exhibited a pro-inflammatory phenotype
when exposed to Af, characterized by an increase in cytokine
concentration and cell death probably due to the modification
of signaling cascades involved in cell survival and inflamma-
tion, such as extracellular signal-regulated protein kinases 1 and
2 (ERK1/2), p38 mitogen-activated protein kinase (p38MAPK),
and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB), as well as to the increase in inflammatory medi-
ators such as iNOS and cyclooxygenase (COX-2; Benito etal,
2012). The authors demonstrated that these processes involved
PPAR-a, PPAR-y, and TRPV1, but not CB; or CB, receptors.
Yet, the pharmacological blockade of FAAH in cell cultures did
not lead astrocytes to a pro-inflammatory phenotype, indicat-
ing that the observed effects in astrocytes lacking FAAH could
be due to compensatory changes that result from the poten-
tially prolonged enhancement of N-acylethanolamines. These
data suggest that an excessively prolonged enhancement of the
endocannabinoid tone may have harmful consequences. In con-
trast, the genetic inactivation of MAGL, an enzyme known to
hydrolyze endocannabinoids and generate the primary arachi-
donic acid pool for neuroinflammatory prostaglandins (Nomura

etal., 2011), attenuated neuroinflammation and lowered A levels
and plaques in APP/PS1 mice (Piro etal., 2012). These observa-
tions were confirmed by the pharmacological blockade of MAGL,
which recapitulated the cytokine-lowering effects through reduced
prostaglandin production, rather than enhanced endocannabi-
noid signaling.

CANNABINOID ACTIONS ON MITOCHONDRIA ACTIVITY: OXIDATIVE
STRESS AND ENERGY METABOLISM

Mitochondria are vital cellular components essential for ATP
production and calcium homeostasis. The relevance of these
organelles in neurons is even greater than in other cell types
because neurons are highly demanding energy cells mainly depen-
dent on aerobic oxidative phosphorylation, due to their limited
capacity for glycolysis. Long axons require energy transport
over long distances, and synaptic transmission depends on cal-
cium signals. Mitochondria are abundant in presynaptic nerve
terminals where they provide energy for sustained neurotrans-
mitter release. Therefore, defects in mitochondrial activity can
have severe consequences for the cell, including energetic fail-
ure associated with decreased ATP production and apoptosis
resulting from the release of death factors and impaired calcium-
buffering capacity. Moreover, alterations in the protein complexes
of the respiratory chain located in the inner mitochondrial
membrane lead to electron transport leakage that enables the
production of ROS, which may overwhelm the capacity of the
anti-oxidant systems existing in cells to counteract free radi-
cal damage, with the subsequent oxidative damage produced to
proteins, DNA, RNA, and lipids. Numerous studies have linked
mitochondrial dysfunction to neurodegenerative diseases, includ-
ing AD (Ferrer, 2009; Ankarcrona etal., 2010; Burchell etal,
2010). Altered mitochondrial function appears early in time
in AD, even preceding the characteristic Alzheimer pathology
in mouse models, and ultimately leads to exhausted neurons
as a result of the convergence of reduced energy production,
increased energy demand, and excessive oxidative stress (Ferrer,
2009).

The anti-oxidant properties of cannabis derivatives, notably
CBD, were demonstrated early in cell cultures exposed to toxic
glutamate levels (Hampson etal., 1998, 2000). In line with these
findings, CBD prevented ROS production and lipid peroxida-
tion in PC12 neuronal cells exposed to AB, as well as reduced
apoptosis from reduced caspase 3 levels, and in counteracting
the AB-induced increase in intracellular calcium concentration
(Tuvone etal., 2004). CBD also reduced, in similar conditions,
the levels of nitrite (NO), a potent oxidant reactive molecule, as
well as the expression of iNOS, one of the enzymes responsible
for the synthesis of NO (Esposito etal., 2006b, 2011). Moreover,
other cannabinoid compounds exhibited anti-oxidant properties
in animal models of AD. Thus, the selective CB, receptor agonist
JWH-133 reduced hydroxynonenal adducts, derived from lipid
peroxidation, and enhanced the levels of the superoxide dismu-
tases SOD1 and SOD2 in the vicinity of plaques in APP/PS1 mice,
indicating the role of CB, receptors in reducing oxidative stress
damage and to promote responses against such damage (Aso etal.,
2013). A reduction of free radicals and mitochondrial activity
was also suggested in a mouse model of tauopathy exposed to
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chronic treatment with the Sativex” mixture of A°>~-THC and CBD
(Casarejos etal., 2013).

An additional topic deserving attention is the putative role
of cannabinoid receptors in the regulation of neuronal energy
metabolism. The little information available to date supports the
direct control of CB; over neuronal respiration and energy pro-
duction. One study, using anti-CB; receptor antibodies, revealed
CB; receptor protein localization in approximately 30% of neu-
ronal mitochondria, which when activated by exogenous or
endogenous cannabinoids reduces the respiratory chain complex I
activity and oxygen consumption, likely through cyclic adenosine
monophosphate (cAMP) and protein kinase A (PKA) signaling
(Bénard etal., 2012). These findings are in agreement with pre-
vious observations showing that AEA, A°-THC, and HU-210, all
of them partial CB; agonists, significantly decreased oxygen con-
sumption and mitochondrial membrane potential (Athanasiou
etal., 2007). However, these data must be interpreted with cau-
tion as commercial anti-CB; receptor antibodies also recognize
the mitochondrial protein stomatin-like protein 2 and that the for-
merly described effect of WIN 55,212-2 on mitochondrial complex
III is in fact not detectable in isolated mitochondrial preparations
(Morozov etal., 2013).

CANNABINOIDS MODULATE NEUROTRANSMISSION

Nowadays the approved drugs for treating AD are based on
acetylcholine esterase (AChE) inhibitors, which increase the ACh
availability partially palliating this neurotransmitter deficiency
in AD patients, or they are non-competitive antagonists of the
N-methyl D-aspartate (NMDA) receptor, which reduce calcium
influx and limit excitotoxicity. Interestingly, certain cannabinoid
compounds act on the same targets than current medications,
resulting in similar or enhanced beneficial effects. For instance,
A°-THC competitively inhibits AChE, thus increasing ACh levels,
as well as preventing AChE-induced AP aggregation by bind-
ing in the peripheral anionic site of AChE, the critical region
involved in amyloidogenesis (Eubanks etal., 2006). The synthetic
cannabinoid HU-211 acts as a stereoselective inhibitor of NMDA
receptors, and thus protects cells from NMDA induced neu-
rotoxicity (Feigenbaum etal., 1989; Eshhar etal., 1993; Nadler
etal.,, 1993). In the case of HU-211, its neuroprotective activ-
ity is due to the direct binding to NMDA receptors, not to
cannabinoid receptors, but the broadly accepted cannabinoid-
mediated neuroprotection against excitotoxicity can be achieved
through a number of other different mechanisms, including inhi-
bition of presynaptic glutamate release (Marsicano etal., 2003),
blockage of voltage-dependent calcium channels (Mackie and
Hille, 1992; Twitchell etal., 1997) and inhibition of calcium
release from ryanodine sensitive stores (Zhuang etal., 2005),
which mostly imply the direct or indirect participation of CB;
receptors.

OTHER EFFECTS OF CANNABINOIDS IN AD

Several other mechanisms seem to contribute to the thera-
peutic properties of cannabinoid compounds in AD, although
they have not been fully characterized. Among them, we can
note the capacity of endocannabinoids to prevent AB-mediated
lysosomal destabilization in cultured neurons, reducing in this

way the apoptotic signaling, which in turn sustains cell sur-
vival (Noonan etal., 2010). Compromised neurogenesis is an
early event in AD that limits neuronal replacement once pro-
gressive neuronal loss takes place in the brain, contributing to
cognitive deterioration (Lazarov and Marr, 2010). Interestingly,
AEA and CBD have been described as promoting neurogene-
sis in response to Af insult (Esposito etal., 2011; Tanveer etal.,
2012), suggesting an additional beneficial effect of cannabinoids
in AD.

Another aspect as yet unexplored is the interaction of cannabi-
noids with neurotrophic factors in AD. Cannabinoids are capa-
ble of increasing brain-derived neurotrophic factor (BDNF;
Khaspekov etal., 2004), a neurotrophin reduced in the AD brain
(Lee etal., 2005; Peng etal., 2009), which is known to confer
protection against excitotoxicity and to promote neurogenesis
(Scharfman etal., 2005) and neuronal plasticity; all of these pro-
cesses play a role in AD. However, there is still no evidence
about the implication that such cannabinoid-induced BDNF pro-
motion could have on the cognitive or pathological aspects of
AD. Similarly, little is known about the participation of cannabi-
noid signaling in the impaired function of degradation pathways
such as autophagy and ubiquitin—proteasome, which are known
to play a relevant role in AD progression. The impairment in
these catabolic processes results in accumulation of aggregate-
prone proteins, altered mitochondria and other cellular organelles
that might exacerbate neurodegenerative process (Nixon etal.,
2005; Harris and Rubinsztein, 2011). To date, only one study has
reported beneficial effects of cannabinoid-induced autophagy in
a model of tauopathy (Casarejos et al., 2013), but this has opened
the possibility of exploring in greater detail the involvement of
ECS in promoting degradation of toxic components in neurode-
generative diseases. Finally, the effect of cannabinoids on the
regulation of cerebral blood flow may contribute to their poten-
tial benefits on AD. A number of studies have demonstrated that
certain cannabinoids produce vasodilatation of brain blood ves-
sels and increase cerebral blood flow (Ellis etal., 1995; Wagner
etal., 2001; Pacher etal., 2005; Iring etal,, 2013). Consider-
ing that cerebral blood flow in AD contributes to the reduction
of oxygen and nutrients in brain (Iadecola, 2004), it can be
suggested that treatments improving cerebral perfusion such as
cannabinoids are advantageous in AD. Taken together, available
information suggest that cannabinoids may have multiple effects
on AD by acting not only as anti-oxidant and anti-inflammatory
agents, but also modulating a plethora of factors which con-
tribute to the pathogenesis of AD as altered AR metabolism,
autophagy, trophic factor deficiencies, and impaired blood
flow.

CONCLUSIONS AND THERAPEUTIC IMPLICATIONS

Considering the numerous complex pathological mechanisms
involved in the progression of AD, treatments targeting a single
causal or modifying factor offer limited benefit. Cannabinoids,
however, exhibit pleiotropic activity, targeting in parallel several
processes that play key roles in AD, including AP and tau aber-
rant processing, neuroinflammation, excitotoxicity, mitochon-
drial dysfunction, and oxidative stress. Cannabinoids improve
behavioral disturbances, as well. These effects are summarized in
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FIGURE 1| Summary of the main findings demonstrating
beneficial effects of cannabinoid compounds in AD models.
Cannabinoids may target in parallel several processes that play key
roles in AD, including AB and tau aberrant processing, chronic

inflammatory responses, excitotoxicity, mitochondrial dysfunction, and
oxidative stress, among others. Clinical data also reveal an
improvement in behavioral in patients with AD after treatment with
cannabinoids.

Figure 1. Then, because of these widespread properties of cannabi-
noid compounds, targeting the ECS could represent a unique and
reliable opportunity to advance toward an effective therapy against
the AD. Moreover, cannabinoids might represent a safe low-cost
therapy, with their natural origin and low side effects profile. From
our point of view, the success of cannabinoid-based therapy in
AD could be increased taking into account two important aspects:
(i) the use of a combination of compounds that cover the whole
spectrum of therapeutic properties described for cannabinoids,
i.e., combination of CB; and CB, receptors agonists plus CBD,
which presents interesting neuroprotective properties spite of its
mechanism of action remaining poorly understood, and (ii) the
early initiation of the treatment in the neurodegenerative process,
which ensures the integrity of the ECS target components and
increases the possibility of curbing the exponential degenerative
progression toward dementia.

The main concerns regarding the use of cannabis derivatives in
medicine are related with the psychoactivity of some cannabinoids,

especially A°-THC, which may disrupt short-term memory, work-
ing memory, and attention skills mainly acting through CB;
receptors, as well as with the potential A°-THC dependence
occurring after long-term use. However, the therapeutic effects of
cannabinoids must be clearly dissociated from the risks of abuse
and addiction linked to the recreational use of cannabis deriva-
tives. First, the CB; agonists with potential psychoactivity used
in experimental models to demonstrate the therapeutic properties
were administered at doses substantially lower than those produc-
ing psychoactive effects and cannabis dependence (Maldonado
etal., 2011). Second, the preferred therapeutic cannabinoid com-
bination includes CBD, which is known to mitigate the negative
consequences on cognition of A°-THC administration (Fadda
etal., 2004), and therefore insure the avoidance of such unde-
sirable effects. Finally, the brain context in healthy subjects
consuming cannabis enriched in A°-THC for recreational pur-
poses is completely different from that of AD patients subjected
to very determined combinations of cannabinoid species, in
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terms of ECS organization and neuronal signaling. In conclu-
sion, in light of the polyvalent properties for the treatment of
AD and the limited side effects exhibited by these compounds,
progress toward a clinical trial to test the capacity of cannabi-
noids to curb this neurodegenerative disease seems to be fully
justified.
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Aged dogs spontaneously develop many features of human aging and Alzheimer’s disease
(AD) including cognitive decline and neuropathology. In this review, we discuss age-
dependent learning tasks, memory tasks, and functional measures that can be used
in aged dogs for sensitive treatment outcome measures. Neuropathology that is linked
to cognitive decline is described along with examples of treatment studies that show
reduced neuropathology in aging dogs (dietary manipulations, behavioral enrichment,
immunotherapy, and statins). Studies in canine show that multi-targeted approaches may
be more beneficial than single pathway manipulations (e.g., antioxidants combined with
behavioral enrichment). Aging canine studies show good predictive validity for human
clinical trials outcomes (e.g., immunotherapy) and several interventions tested in dogs
strongly support a prevention approach (e.g., immunotherapy and statins). Further, dogs are
ideally suited for prevention studies as they the age because onset of cognitive decline and
neuropathology strongly support longitudinal interventions that can be completed within a
3-5 year period. Disadvantages to using the canine model are that they lengthy, use labor-
intensive comprehensive cognitive testing, and involve costly housing (almost as high as
that of non-human primates). However, overall, using the dog as a preclinical model for
testing preventive approaches for AD may complement work in rodents and non-human
primates.

Keywords: antioxidant diet, atorvastatin, behavioral enrichment, beta-amyloid, combination treatment, dog,

immunotherapy, statin

INTRODUCTION
Alzheimer’s disease (AD) is a progressive dementia associated with
the accumulation of beta-amyloid (AB) plaques and neurofibril-
lary tangles (NFT; McKhann etal., 1984; Mirra, 1997). Currently
five drugs are approved for use by the FDA to manage the symp-
toms of AD, although none target disease pathways and all may
provide only symptomatic relief. These drugs include donepezil,
rivastigmine, tacrine, galantamine, and memantine (Aisen etal.,
2012). However, these five approved drugs target only two path-
ways, one involving acetylcholinesterase inhibition and the second
is an NMDA receptor antagonist. Thus, preclinical studies are
critical for developing and testing new disease-modifying inter-
ventions that can be taken to clinical trials in patients with AD.
Typically, studies in rodents are the earliest steps in this process
to screen drugs that target AD pathways with most preclinical
studies of AD interventions using transgenic mouse models of
AD. Subsequently, safety studies in humans are followed by a
clinical trial in AD patients. Many of the AD clinical trials cur-
rently underway target different pathogenic pathways active in the
disease!.

Several clinical trials are targeting the reduction of Af. The
rationale stems from predictions based on the amyloid hypothe-
sis, originally proposed by Hardy and Higgins (1992) and updated

Uhttp://clinicaltrials.gov/ct2/results%3Fterm=alzheimer%27s%26pg=6

by Hardy (2006) suggesting that AP is a critical causative fac-
tor in the disease. Thus, the focus of several clinical trials has
been to either reduce production (secretase inhibition) or increase
clearance (immunotherapy) of AP. Unfortunately, most of these
promising new approaches have failed in clinical trials (for review,
see Mullane and Williams, 2013). Possible reasons for failure
include but are not limited to: (1) the targets are not criti-
cal for AD pathogenesis and dementia, (2) the single pathway
reductionist approach may be insufficient, (3) the treatment is
too late (suggesting prevention studies) or, (4) the preclinical
animal model was not a predictor of human clinical trials out-
comes. In this review we first discuss the canine model of human
aging and AD, how dogs are well suited for prevention studies
based on established sensitive cognitive tasks and brain pathol-
ogy measures, and then outcomes of preclinical studies with both
single and multiple targets that may predict human clinical trial
outcomes.

THE CANINE MODEL OF HUMAN AGING AND ALZHEIMER'S
DISEASE

Some of the most commonly studied animal models of human
brain aging are rodents and non-human primates (Gallagher and
Rapp, 1997). Other animals, including wolves, bears, cats, and
dogs, naturally develop human-like neuropathology (Head etal.,
2001). Of these animals, cats and dogs tend to have similar
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living environments to humans (Head etal., 2001). Canines,
however, show cognitive decline with age and develop most
aspects of neuropathology seen in aged human brain including
AD patients (Cummings etal., 1996b; Cotman and Head, 2008).
Such neuropathology includes Ap pathology, reduced brain vol-
ume, neuronal loss, and impaired neurogenesis (Head, 2001;
Cotman and Head, 2008). In addition to the similar cogni-
tive decline and accumulation of neuropathological hallmarks to
humans with AD, drugs exhibit similar pharmacokinetics when
administered to dogs or humans [for example statins — (Ger-
son etal., 1989; Alberts, 1990)], making them an appropriate
model for translational studies on therapeutic drugs. Not only
are dogs easy to handle due to their long history of domestica-
tion, but pet dogs also share similar living conditions and diets
to humans (Cummings etal., 1996b; Parker etal., 2004; Axels-
son etal., 2013). Canines are highly motivated by food reward
when conducting cognitive tests, which makes them cooper-
ative research subjects by reducing or eliminating deprivation
protocols for motivation. Thus, this cooperativeness eliminates
many physiological stressors that can affect cognitive testing
results present in other animal models such as rodents that
require food deprivation or cold water for motivation (Blizard
etal., 2003). The similar cognitive decline and accumulation of
neuropathology to humans makes the canine model of aging
useful for translational research on neurodegenerative diseases,
especially AD.

COGNITIVE OUTCOME MEASURES FOR PREVENTION
STUDIES IN AGING DOGS

We describe several measures of cognition that are age-sensitive
and treatment-sensitive in dogs that can be used as intervention
outcome measures to assess different cognitive abilities with anal-
ogous tasks in non-human primates and in humans (Table 1).
Much like humans, the aging canine shows cognitive decline with
various cognitive domains and cortical pathways being differen-
tially affected (Milgram etal., 1994). Dogs show cognitive deficits
due to age in tests measuring complex learning, executive func-
tion, spatial learning and attention, and memory (Milgram etal.,
1994, 2002b; Head etal., 1998a; Cotman etal., 2002; Tapp etal.,
2003a,b, 2004b; Christie et al., 2005; Siwak et al., 2005; Studzinski
etal., 2006). In addition to cognitive domain variability, individ-
ual dogs also show variability in cognitive function as seen in
humans (Adams et al., 2000). This variability becomes most appar-
ent in old canines, and using spatial learning and memory tasks,
we are able to distinguish three groups of variability: (1) suc-
cessful agers, (2) impaired dogs whose scores fell two SD above
the mean of the young animals, and (3) severely impaired dogs
who failed to learn the task (Head etal., 2001). The availability of
age-matched animals with and without cognitive deficits allowed
researchers to determine which types of neuropathology con-
tribute to individual cognitive impairments in these animals (e.g.,
Head etal., 1998a).

Several tasks, similar to those used for testing cognition in
non-human primates, have been developed to measure cognitive
decline in the aging canine (Milgram etal., 1994, 1999, 2002a;
Table 1). Such tasks include landmark discrimination, oddity
discrimination, object, size and black/white discrimination and

reversal tasks, and a spatial memory task. In our laboratory studies
using these cognitive tasks, all testing occurs in a modified Wis-
consin General Testing Apparatus such that the motor and sensory
demands are consistent across tasks (Milgram etal., 1994). For
each task, 10-12 trials are given per day and dogs are tested daily
until a predetermined criterion level of performance is reached;
total error scores are added up across days to provide a mea-
sure of learning and/or memory for each animal. These tasks are
described in more detail below to illustrate how a test battery can
be developed to measure the function of several brain circuits that
may be differentially affected by age and/or treatment in aging
dogs.

The landmark discrimination task, which measures visuospatial
function and allocentric learning, involves presenting dogs with
two identical objects, one of which is adjacent to a third object that
serves as a landmark (Milgram etal., 1999). Animals are required
to recognize that the landmark is an indicator of which object
covers the food reward, and selection of the object closest to this
landmark by the animal is considered a correct response. The task
is made successively more difficult by placing the landmark further
away from the object covering the reward. Previous work shows
that aged dogs are impaired on the landmark task and show age
decrements in their ability to determine how close the landmark
is to the correct object (Milgram etal., 1999, 2002a).

The oddity discrimination task measures complex learning, as
well as prefrontal cortex function (Cotman et al., 2002). Aged dogs
show deficits in oddity discrimination learning (Cotman etal,,
2002; Milgram et al., 2002b). In this task, dogs are presented with
three objects simultaneously, two of which are identical and a
third that is unique. A correct response is indicated when the dog
chooses the unique object, resulting in a reward. To prevent a
floor effect and detect progressive age decline, the oddity aspect
of this task is made successively more difficult. Animals progress
through four sets of three objects and each subsequent set contains
a unique object, which is more difficult to distinguish from others
than the previous set (Milgram etal., 2002b). Interestingly, young
dogs can solve this problem by using the strategy of selecting the
novel object for each successive set of objects such that error scores
plateau; in contrast, aged dogs do not learn a strategy but re-learn
each set of objects as a new problem (Cotman et al., 2002; Milgram
etal., 2002b).

Tests of object, size and black/white discrimination are adminis-
tered to measure associative learning ability. Object discrimination
involves presenting dogs with two different objects simultaneously
with one of the two objects consistently rewarded. Dogs must learn
to select the same object each presentation with the left/right posi-
tion being randomly determined. Similarly, the size discrimination
objects differ in size (small/large) and the black/white discrimina-
tion task objects differ only in color (black/white; Milgram etal.,
2005). Object, size and black/white discrimination are also pro-
gressively more difficult for animals to solve given the similarities
in the objects increasing. Thus, these three tasks in combination
can serve as different test versions (much like in clinical studies in
people) to assess longitudinal changes in learning while reducing
practice effects (Milgram etal., 2005).

Executive function can be evaluated immediately after discrim-
ination learning has been completed by using the object, size or
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black/white reversal objects. The reversal tasks differ from the orig-
inal discrimination task in that the positive and negative objects
for reward contingencies are reversed after animals have learned
the initial discrimination (Milgram etal., 2004, 2005). Revers-
ing the reward contingencies can show perseverative behaviors
(persistent choice of previously correct object), which are frontal
cortex dependent (Warren, 1964). A subset of the discrimination
learning tasks and all reversal learning tasks are age-dependent,
with reversal learning being consistently more impaired with
age (Milgram etal., 1994, 2004, 2005; Tapp etal., 2004b;
Siwak etal., 2005).

Memory also declines with age in dogs. The most useful age-
sensitive task we have used is a spatial memory task, in which
dogs are required to recognize the location of a sample stimulus
and then respond to a different location during the test trial. We
refer to this as a delayed non-match to position task (DNMP)
and it involves showing animals a single object covering a food
reward either on the left or right food well. After animals move
the object and obtain the reward, the object is withdrawn from
sight for a predetermined delay period (e.g., 10 s). Subsequently
animals are given two identical objects to choose from; one is
the same object in the same position as before and one is in a
novel position. The correct response is to select the object cov-
ering the novel location. Results published in 1995, Head etal.
(1995) suggested that the task was age-sensitive. We subsequently
developed a three-choice visuospatial working memory task that
allows determination of the differential age-dependent strategies
(e.g., cognitive or stimulus-dependent strategies) dogs use in solv-
ing the problem (Chan etal., 2002). In this task, rather than
just the left and right food wells are used but a center well is
also included to make the task more difficult. Further, this task
shows minimal practice effects in longitudinal studies (Head et al.,
2008). We identified the time course of the development of cogni-
tive decline and found that deterioration in spatial ability occurs
early in the aging process, between 6 and 7 years of age in dogs
(Studzinski et al., 2006).

BEHAVIORAL/FUNCTIONAL OUTCOME MEASURES FOR
PREVENTION STUDIES IN DOGS

In addition to cognitive outcome measures, researchers and veteri-
narians are interested in measuring functional outcomes. Further,
laboratory-based cognitive testing as described above is labor
intensive and requires many months to years to obtain data. An
open field test can be used to observe the behavioral patterns of ani-
mals in an empty room for 10 min. During this task, movement,
sniffing, urinating, grooming, rearing, jumping, vocalization, and
inactivity are noted (Head and Milgram, 1992; Siwak et al., 2000,
2001). Self-recognition can be evaluated through the mirror test,
originally developed for primates (Gallup, 1968; de Veer etal,
2003), by observing the reaction of each animal with a mirror and
their reflection. Exploratory behavior of canines can be assessed
through a curiosity test in which animals are presented with var-
ious novel play objects. During their time with the objects, the
amount of time the dogs spend in physical contact with or sit-
ting next to the objects is recorded as well as their frequency
of sniffing the objects (Siwak etal., 2001). Social responsiveness
of dogs can be gaged through a few different tasks: a human

interaction test, silhouette test, and the model dog test. A human
interaction test is performed by the presence of a person in the
middle of the room and recording the reaction of the dog to
that person by measuring the time the dog is in physical con-
tact with the person, time sitting or standing beside the person,
and frequency sniffing the person (Head etal., 1997). The sil-
houette test records the animals frequency of sniffing the front
and rear regions of a cardboard silhouette of a dog posted onto
a wall (Fox and Weisman, 1970). The model dog test also records
the sniffing frequency of the dogs, but this time in response to
the presence of a life size model dog in the center of a room
(Siwak etal., 2001).

Behavioral patterns in these tasks show age effects as well as
differential effects based on the presence of intact/impaired cog-
nition. Siwak etal. (2001) characterized the behavioral profiles of
young (2—4 years), aged (9-15 years) cognitively impaired, and
aged non-impaired beagles. Young dogs tend to show greater
responsiveness to changes in environments such as the addition
of novel objects and a person. They also showed greater social
responsiveness spending the most time next to or sniffing a per-
son, silhouette, and model dog. Aged unimpaired dogs were still
responsive to alterations in environment, but to a lesser degree
than the young animals. Additionally, aged unimpaired dogs spent
the least amount of time reacting to the mirror during the self-
recognition task. Unlike either the young or aged unimpaired
canines, the aged impaired canines were unresponsive to all stim-
uli presented to the environment and randomly moved about the
room in pacing/aimless behavior. However, the aged impaired
dogs did spend the most time interacting with the mirror in the
self-recognition test (Siwak etal., 2001).

Measures of canine function can also be assessed in a clinical
setting (Landsberg and Ruehl, 1997; Landsberg and Araujo, 2005;
Landsberg etal., 2012). Clinical measures have been developed
consisting of pet dog owner based evaluation of dog behavioral
changes (Colle et al., 2000; Pugliese et al., 2006a, 2007; Bosch et al.,
2012,2013; Landsberg et al., 2012) similar to those used in human
clinical evaluations, such as the mini mental state exam (MMSE).
Although there are different versions of these questionnaires, all
appear to be sensitive to the presence of canine cognitive dysfunc-
tion (Landsbergetal., 2012). The evaluation consists of items such
as walking, posture/emotion of expression, elimination behavior,
life rhythm, play behavior, exploratory behavior, learned specific
behavior, adaptive capabilities, and interactions with other ani-
mals or with owners. The items of individual questionnaires can
be used to derive scores that distinguish between normally and
pathologically aging dogs. Adult and older dogs generally score
worse with these types of evaluation tools, and old dogs show indi-
vidual variability in terms of the amount of cognitive dysfunction
reported (Bosch etal., 2012).

DOG NEUROPATHOLOGY AND OUTCOME MEASURES FOR
PREVENTION STUDIES

Just as canines can exhibit cognitive decline with age similar to
aging humans and patients with AD, several human-type neu-
ropathologies have been reported in dogs (Cotman and Head,
2008). In particular, the canine model has long been suggested as
an excellent model of AB pathogenesis (Wisniewski etal., 1990).
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Several changes observed in the aged canine brain are associated
with cognition and are discussed below.

Individuals with AD show significant cortical and hippocam-
pal atrophy relative to non-demented age matched controls (Alavi
etal., 1993; Raz etal., 1998) and losses in brain volume correlate
with cognitive decline (Ezekiel et al., 2004; Du et al., 2005). Similar
events are seen in aged canines. On cross sectional MR imag-
ing, aging canines show increased cortical atrophy and ventricular
widening (Su etal., 1998; Gonzalez-Soriano etal., 2001; Kimot-
suki etal.,, 2005). Ventricular widening over time was observed
by MRI in a 3-year longitudinal study (Su etal., 2005). Canine
cortical atrophy occurs earliest in the prefrontal cortex and later
with age in the hippocampus (Tapp et al., 2004a). As with humans,
the more extensive the cortical/hippocampal atrophy seen in aged
canines the more pronounced the cognitive deficits (Tapp etal.,
2004a; Rofina et al., 2006).

Neuronal loss occurs in human brain aging and could explain
the brain volume losses seen in brain imaging (West, 1993; Simic
etal., 1997). With normal brain aging, neuronal loss is only seen
in the hilus (West, 1993; West et al., 1994), while neuronal loss is
much more widespread in individuals with AD (Bobinski etal.,
1997; West et al., 2000). Individuals with AD experience neuronal
loss in the CA1l, CA2, CA4, and subiculum of the hippocam-
pus (Bobinski etal., 1997; West etal., 2000; Price etal., 2001). In
aged beagles, the hilus of the dentate gyrus showed fewer neurons
compared to younger dogs (Siwak-Tapp etal., 2008). Beagles with
fewer neurons in the hilus made significantly more errors when
performing the size discrimination task (Siwak-Tapp etal., 2008).
Similarly, Pugliese etal. (2007) found that a loss of Purkinje cells
in canines correlated with data acquired by questionnaires quanti-
fying behavioral deficits. However, neuronal loss may not account
for all of the brain atrophy observed by MR as the loss of neuronal
dendritic spines occurs with AD (Knobloch and Mansuy, 2008;
Overk and Masliah, 2014) but to our knowledge, there are cur-
rently no studies published evaluating similar changes with age in
dogs.

While selective neuronal loss may occur with aging, the brain is
also able to produce new neurons. The hippocampus, for example,
grows new neurons in the subgranular layer (Eriksson et al., 1998).
Neurogenesis has been explored in aged beagles using BrdU and
doublecortin protein staining methods. Siwak-Tapp etal. (2007)
measured neurogenesis in aged beagles using BrdU and found that
animals over the age of 13 experienced a significant loss of neuro-
genesis. Fewer newer BrdU positive neurons was associated with
poorer cognitive function in learning and memory and learning
ability (Siwak-Tapp etal., 2007).

Neuronal dysfunction could result in abnormal production of
critical neurotransmitters in the brain. Thus, one potential tar-
get for therapeutics in AD is to manipulate or restore decreased
neurotransmitter levels. Some drugs targeting neurotransmitters
are already available as treatments for AD; however, as mentioned
earlier; these drugs at best provide only symptomatic relief. Neuro-
transmitter deficits have not been thoroughly explored in canines.
In humans, decreases in specific neurotransmitter systems are
associated with aging and AD (Meltzer etal., 1998; Ballard etal.,
2005; Schliebs and Arendt, 2006; Rissman etal., 2007). Dogs with
AP accumulation in the gyrus proreus possess fewer serotonergic

neurons (Bernedo etal.,, 2009). A decrease in receptor binding of
serotonin is seen with age in dogs over 8 years of age (Peremans
etal.,2002). Animals with high levels of Af in the prefrontal cortex
experience a loss of noradrenergic neurons in the locus ceruleus,
which is also associated with cognitive dysfunction (Insua etal.,
2010). Acetylcholinesterase density is reduced in granule cells of
the cerebellum with age (Pugliese etal., 2007). Aged canines expe-
rience a loss of gamma-aminobutyric acid interneurons in the
prefrontal cortex (Pugliese etal., 2004), as well as the CAl and
dentate gyrus of the hippocampus (Hwang etal., 2008b). Addi-
tionally, a loss of glutamic acid decarboxylase 67 neurons in CA1
of the hippocampus is seen in aged canines over 10 years of age
(Hwang etal., 2008b). Thus, similar patterns of age-associated
neurotransmitter system dysfunction appear in aging dogs and
may be a suitable model system in which to develop or test novel
neurotransmitter pathway-based interventions. The pathogenic
mechanisms underlying neuronal dysfunction, neurotransmit-
ter losses and death may include, e.g., the deposition of AR,
cerebrovascular dysfunction, or oxidative damage.

Beta-amyloid (AB) is derived from a longer precursor protein,
the amyloid precursor protein (APP). The APP sequence of Canis
familiaris has 98% homology with human APP? and an identical
amino acid sequence (Selkoe etal., 1987; Johnstone etal., 1991).
Additionally, dog AB peptides may undergo the same posttransla-
tional modifications as in humans (Satou et al., 1997; Azizeh et al.,
2000). These similarities make canines a viable aging model with-
out the need for genetic modification or overexpression of mutant
human proteins (Selkoe et al., 1987).

The AP present in canines is ultrastructurally fibrillar and,
though more compact deposits may form, it generally aggregates
into diffuse plaques (Giaccone etal., 1990; Russell etal., 1992;
Uchida etal., 1992; Cummings et al., 1993; Morys et al., 1994; Torp
etal., 2000a,b). This type of AP deposition most resembles early
AD pathology (Morris etal., 1996; Markesbery etal., 2006; Cot-
man and Head, 2008; Figures 1A,B). Since most AD therapeutics
studied today are likely to have a greater affect if applied earlier
in the disease progression, the early AD-like pathology canines
produce makes them an attractive model for prevention studies
(Martin etal., 2011b). As with cognitive decline, AD-like neu-
ropathology has a region specific progression in both humans
and canines (Wisniewski etal., 1970; Selkoe etal., 1987; Giac-
cone etal., 1990; Braak and Braak, 1991; Head etal., 2000; Thal
etal., 2002). Though this progression in dogs is similar to that
reported in humans, it is not identical. In canines, the accu-
mulation of AP begins in the prefrontal cortex (approximately
8 years at age of onset) and continues to develop with increasing
age to include other regions such as the temporal and occipi-
tal cortex (Russell etal., 1996; Head etal., 2000; Cotman and
Head, 2008). The severity of neuropathology can vary between
individual animals but can be linked to the extent of cogni-
tive decline (Cummings etal., 1996a; Head etal., 1998b; Colle
etal., 2000; Rofina etal., 2006). For instance, animals who per-
form worse in reversal learning tasks have greater AR pathology
in the prefrontal cortex, while those deficient in size discrimi-
nation learning show higher amounts of Ap in the entorhinal
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FIGURE 1 | Immunoreactivity for A 1-42 in frontal cortex brain tissue of
(A) an aged canine and (B) an aged human. Compact A deposits are
similar in humans and canines (arrow head). The outline of an intact neuron

enveloped by a diffuse plague is visible (arrow). Ap 1-40 immunoreactivity of
cerebral amyloid angiopathy is similar in aged canine occipital cortex (C) and
aged human occipital cortex (D). Reproduced from Martin etal. (2011b).

cortex (Cummings etal., 1996a; Head etal., 1998a; Pop etal,,
2010b).

AP peptide can also be measured in the cerebrospinal fluid
(CSF) of dogs (Sarasa etal., 2013). Measuring CSF AP as a ratio
of AP 42/AB 40 is a good predictor of AP in the brain in dogs
(Head etal., 2010). While brain Af increases with age, CSF AB
decreases with age reflecting the hypothesis that AR migrates from
the periphery and deposits in the brain with age and AD.

Aside from the fibrillar A found in diffuse plaques in AD, a
smaller, more soluble form of AB — oligomeric AP — is also seen
in the aged dog brain. This more toxic form of Ap affects synap-
tic function and can even be found in plaques (Walsh etal., 2002;
Kayed etal., 2003; Selkoe, 2008). Higher levels of oligomers are
present in canines and humans with increasing age and cogni-
tive decline. The greater the cognitive deficit, the more prevalent
oligomers are in the brain (Tomic etal., 2009; Pop etal., 2010a).
Similar to fibrillar AB, oligomeric AB can be measured in CSF,
where levels are inversely related to levels in the brain (Head etal.,
2010).

AP can also aggregate in the cerebral blood vessel walls and
cause cerebrovascular pathology (Prior etal., 1996; Attems, 2005;
Herzig etal., 2006). This type of deposition is referred to as cere-
bral amyloid angiopathy (CAA; Figures 1C,D). Typically CAA
is composed of the shorter AR 1-40 peptide (Wisniewski etal.,
1996; Attems, 2005; Herzig et al., 2006). Both humans and canines
exhibit CAA pathology, with a particular vulnerability in the
occipital cortex (Attems etal., 2005). CAA impairs the blood

brain barrier, vascular function, and can cause microhemorrhages
(Uchida etal., 1990; Prior et al., 1996; Deane and Zlokovic, 2007).
Because of these complications, CAA may contribute to cognitive
decline in both humans (Ellis etal., 1996; Rensink etal., 2003;
Nicoll etal., 2004; Attems, 2005) and canines (Giaccone etal.,
1990; Uchida etal., 1990, 1991; Head, 2013). Much like humans,
canines experience microhemorrhages with age (Uchida etal.,
1991). These cerebral hemorrhages are present in both animals
with and without CAA, but are more common in those with the
blood vessel pathology (Uchida etal., 1991). Given the significant
overlap of cerebrovascular pathology with AD, the spontaneous
accumulation of CAA in dogs also offers as yet, an underappreci-
ated model system to test the effects of cerebrovascular pathology
on cognition and AD neuropathology.

AP deposition may lead to oxidative damage or vice versa,
oxidative damage may lead to AP (Butterfield, 1997). Ultimately,
oxidative damage accumulates with age and can lead to neu-
ronal dysfunction and thus impact cognition (Butterfield etal.,
2001). Oxidative damage occurs over time due to the overpro-
duction of reactive oxygen species (ROS) produced primarily
by mitochondria. When there is an overabundance of ROS,
various mechanisms including production and release of endoge-
nous antioxidants are in place to restore a homeostatic balance.
However, ROS overproduction may exceed the levels or pro-
duction rate of endogenous antioxidants and result in oxidative
damage to proteins, lipids, and nucleotides. Oxidative damage
can be measured by the amount of protein oxidation (carbonyl
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groups), 4-hydroxynonenal, lipofuscin, lipofuscin-like pigments,
and malondialdehyde (lipid peroxidation). Further, 8-hydroxy-2'-
deoxyguanosine (80HdG) can be measured to detect DNA/RNA
oxidation.

While oxidative damage occurs with normal aging, it is more
pronounced in AD (Smith etal., 1991, 1996, 2000; Ames etal.,
1993; Lovell etal., 1999; Montine et al., 2002; Pratico etal., 2002;
Butterfield etal., 2007; Lovell and Markesbery, 2008), and sim-
ilar patterns are seen in canines. In the canine model, there is
evidence that ROS production is higher than in younger ani-
mals. In mitochondria isolated from aged canine brain, there
is an increased production of ROS compared to mitochondria
isolated from young animals (Head etal., 2009). Canines also
experience an accumulation of carbonyl groups with age (Head
etal., 2002; Skoumalova etal., 2003). Lipid peroxidation is exhib-
ited in old dogs, measured by 4-hydroxynonenal (Papaioannou
etal., 2001; Rofina et al., 2004, 2006; Hwang et al., 2008a), lipofus-
cin (Rofina etal., 2006), lipofuscin-like pigments (Papaioannou
etal., 2001; Rofina etal., 2004), or malondialdehyde (Head etal.,
2002). Increased 8OHAG in aged canines has also been reported
(Rofina etal., 2006; Cotman and Head, 2008). In particular,
increased protein oxidation and lipid peroxidation (lipofuscin-like
pigment) correlates with cognitive decline in dogs (Skoumalova
etal., 2003; Rofina etal., 2004, 2006). Given that canines exhibit
age-associated oxidative damage in the brain that correlates with
poorer cognition, these animals are suitable to study antioxidant
treatment/prevention strategies.

One hallmark AD pathology canines do not produce is NFTs
(Selkoe et al., 1987; Russell etal., 1992). While no research to date
has observed NFTs in the canine brain, the increased phosphoryla-
tion seen at some sites of tau in AD cases also occurs in cognitively
impaired canines (Kuroki et al., 1997; Wegiel et al., 1998; Papaioan-
nou etal., 2001; Head et al., 2005; Pugliese et al., 2006b). This lack
of NFT pathology could possibly be due to significant differences
in the tau protein sequence between canines and humans®. How-
ever, an advantage to dogs not accumulating NFTs is that they serve
as a model that is selective for AP pathology and ideally suited for
testing interventions that target this toxic protein.

TREATMENT STUDIES IN AGED DOGS AND PREDICTING
HUMAN CLINICAL TRIALS

Several studies have tested therapeutic strategies using the canine
model of aging and AD with both cognitive and neuropatho-
logical outcome measures (Table 2). Several of these involve
dietary and/or environmental manipulations. One of the earliest
studies to develop a treatment for cognitive dysfunction in aged
dogs tested an antioxidant-rich diet in combination with behav-
ioral enrichment. The behavioral enrichment included increased
exercise, interaction with other dogs, and cognitive enrichment
(Cotman etal., 2002; Milgram etal., 2002a, 2004, 2005). The
diet included vitamins E and C, fruits and vegetables, lipoic acid
and carnitine. Compared to control animals, those receiving an
antioxidant-rich diet committed fewer errors during landmark
acquisition and retention tasks (Milgram etal., 2002a) as well
as oddity discrimination tasks (Cotman etal., 2002). Treatment

Shttp://www.ensembl.org/Canis_familiaris/

with an antioxidant diet and behavioral enrichment resulted in
improved performance during black and white object discrim-
ination and reversal (Milgram etal., 2005). Pop etal. (2010b)
found dogs provided with both behavioral enrichment and an
antioxidant diet have an overall reduction in AB pathology across
multiple regions of the brain. However, when looking at group
treatment effects, only the antioxidant-treated animals had a
significant reduction in AP plaque pathology. Additionally, the
combination treatment approach of behavioral enrichment and
an antioxidant-rich diet in aged canines was unable to reduce
existing brain Ap (Pop etal., 2010b). While plaque load was
affected by the dual intervention, soluble and insoluble A 1-40
was not affected, and only soluble levels of AR 1-42 were lowered
specifically in the prefrontal cortex. A trend toward a signif-
icant decrease in oligomers specifically in the parietal cortex
was observed in canines receiving the combined treatment (Pop
etal.,, 2010b). Interestingly, the combination group also showed
reduced oxidative damage (Opii etal., 2008) with the antioxi-
dant diet group alone showing reduced mitochondrial dysfunction
(Head etal., 2009). Further, the behavioral enrichment group,
independent of the antioxidant diet treatment showed less neu-
ron loss in the hippocampus (Siwak-Tapp etal., 2008) as well as
improved levels of brain derived growth factor (Fahnestock etal.,
2010).

Supplemental medium-chain TAG (MCT) increases ketone lev-
els in the brain, and these ketones can in turn be used as an
alternative energy source. Pan etal. (2010) measured cognitive
effects seen due to this supplement on the landmark discrimi-
nation, oddity discrimination, and two choice egocentric spatial
learning tasks. Results indicated aged dogs given a diet with MCT
supplementation performed better than those receiving a control
diet in all tasks (Pan et al., 2010).

In contrast, fewer benefits on cognition were observed in a study
using a medical food cocktail (Head etal., 2012). Dogs receiving a
combination cocktail containing an extract of turmeric containing
95% curcuminoids, an extract of green tea containing 50% epi-
gallocatechin gallate, N-acetyl cysteine, R-alpha lipoic acid and
an extract of black pepper containing 95% piperine exhibited
fewer errors compared to control animals during the landmark
task indicating improved spatial attention. However, other areas
of cognition were unaffected and brain AB remained unchanged
(Head etal., 2012).

In 2008, a therapeutic approach that directly targeted AP
reduction was explored in which aged beagles were actively immu-
nized with fibrillar AB1-42 for 2 years (Immunized - IMM)
based upon previous work in transgenic mouse models of AD
(Schenk etal., 1999). This immunotherapy approach led to no
improvement in cognitive function, but interestingly a long
term maintenance of executive function was noted based on
error scores from the size reversal learning task (Head etal,
2008). However, significant benefits to brain pathology were
observed in the IMM dogs who showed significantly decreased
AP plaque load in prefrontal, entorhinal, and occipital cor-
tical regions, as well as reduced CAA (Head etal, 2008).
While soluble and insoluble brain AP 1-40 and 42 signifi-
cantly decreased in treated canines, there was no significant
reduction in soluble oligomers. This study suggests that reducing
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or eliminating pre-existing AP in aging dogs is not sufficient to
improve cognition.

Outcomes from the longitudinal dog vaccination study are sim-
ilar to reports of the clinical trial in patients with AD where no
differences between antibody responders and placebo groups on
several cognitive and disability scales was observed. A small num-
ber of patients enrolled in the AN1792 study have come to autopsy
and show AP plaque reduction without any effect on the extent
of NFT or CAA (Nicoll etal., 2003; Ferrer etal., 2004; Masliah
etal.,2005). Further, the frontal cortex showed the largest response
to immunotherapy (Masliah etal., 2005), which is similar to our
observations in the dog. The most recent autopsy study of eight
patients that were in the AN1792 study further confirm reduced
AP pathology in response to treatment, 5 years after the last injec-
tion (Holmes et al., 2008). However, reduction of brain Af did not
slow disease progression and seven of eight patients had severe end
stage dementia prior to death. (Gilman etal., 2005). Interestingly,
a composite score of a neuropsychological test battery indicated
“less worsening” of decline in antibody responders after 12 months
and an improvement in the memory domain (Gilman et al., 2005).

Bosch etal. (2013) recently showed benefits of an active fibril-
lar AB4o and ABy_49 combination vaccine on cognition in aged
housed beagles and pet dogs treated for 51 days. Over the course
of treatment, cognitive evaluations by questionnaire were given at
31 days post treatment and at the end of treatment. Immunized
animals showed a significant improvement in cognitive evalua-
tion scores at both 31 and 51 days post treatment compared to
pre-immunized scores (Bosch etal., 2013). Differences in the for-
mulation, the outcome measures or the source of animals may
explain the positive effects in the Bosch study compared with the
previous beagle vaccine studies.

Several studies in the aged dog have tested the effects of drugs
already approved for use in humans, with novel applications
to brain aging. For example, several cross-sectional or case-
control epidemiological studies revealed a striking link between
cholesterol-lowering drugs (e.g., statins and others) and a 20-70%
reduction in risk of developing AD (Jick et al., 2000; Wolozin et al.,
2000, 2007; Hajjar etal., 2002; Rockwood et al., 2002; Rodriguez
etal., 2002; Zamrini et al., 2004; Dufouil etal., 2005). Modest cog-
nitive benefits have been reported in preliminary AD clinical trials
with simvastatin (Simons etal., 2002) and atorvastatin (Sparks
etal., 2005a,b, 2006a,b). In particular, AD patients with mild to
moderate dementia who were treated with 80 mg/day atorvastatin
had significantly improved scores on one measure of cognition
Alzheimer’s Disease Assessment Scale-Cognitive subscale (ADAS-
Cog) at 6 months of treatment, with smaller non-significant
benefits at 12 months (Sparks etal., 2005b).

Statins may reduce the risk of incident AD through the pre-
vention of AP production (Simons et al., 1998; Hartmann, 2001).
In rodent models, treatment with inhibitors of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) or statins reduces A
(Petanceska et al., 2002). However, rodents respond to statin treat-
ment by massively upregulating HMG-CoA reductase levels (Fears
etal., 1980; Alberts, 1990; Todd and Goa, 1990; Thelen et al., 2006).
To compensate, long-term studies in rodent often employ physio-
logically excessive doses, making it difficult to translate the results
of these studies into human trials.

The dog model is particularly useful to study chronic statin
treatment, given similarities with humans in terms of dose require-
ments, responsiveness, drug handling, and metabolism (Gerson
etal., 1989; Alberts, 1990). For example, 12 dogs were treated
with 80 mg/day of atorvastatin for 14.5 months (Murphy etal,,
2010). Peripheral levels of cholesterol, low density lipoproteins,
triglycerides and high density lipoproteins were reduced in treated
dogs. Surprisingly, a transient impairment in reversal learning
was observed, suggesting prefrontal dysfunction. Spatial memory
remained unchanged up to over a year of treatment. The lack
of cognitive benefits of treatment was also reflected by a lack of
reduction in plasma, CSF, and brain Af. Interestingly, BACE1 pro-
tein level was decreased in the brains of atorvastatin-treated dogs.
This intriguing outcome may suggest that statins might be more
useful to prevent the production of AB through lowering BACE1
if started in animals in middle age, consistent with human studies
indicating that middle-aged individuals using statins are protected
from AD.

More recent work on the brain from statin-treated aged dogs
suggests that additional benefits of atorvastatin include reducing
oxidative damage and upregulating endogenous protective path-
ways. Thus, statins may have multiple benefits to the brain by
affecting several pathways impaired by aging (Barone etal., 2011,
2012; Martin etal., 2011a; Butterfield etal., 2012). Aged dogs are
a unique model that may provide novel insights and translational
data to predict outcomes of statin use in human clinical trials.

SUMMARY

Aged dogs capture many features of human aging and AD includ-
ing cognitive decline and neuropathology. Canine studies show
that multi-targeted approaches may be more beneficial than single
pathway manipulations (e.g., antioxidants combined with behav-
ioral enrichment vs. AP vaccine). Further, prevention studies could
be accomplished in a 5-year period to test the effects of an interven-
tion on the development of cognitive decline and neuropathology.
Interestingly, an immunotherapy study in aged dogs illustrates
the predictive validity of using this model system as aged dogs
did not show cognitive improvements with an AP vaccine despite
showing significant brain Ap reductions, much like reports in the
AD clinical trial. The canine model has numerous advantages as
described above, however, systematic cognitive testing can be a
lengthy and costly (given per diem rates) process and requires
significant technical support. Still, the canine model should be
considered an option since it is less involved and costly than a
human clinical prevention study. Overall, using the dog as a pre-
clinical model for testing preventive approaches for AD may be
a useful step that complements work in rodents and non-human
primates.
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Alzheimer's disease (AD) is a complex disorder that affects the central nervous system
causing a severe neurodegeneration. This pathology affects an increasing number of
people worldwide due to the overall aging of the human population. In recent years SUMO
protein modification has emerged as a possible cellular mechanism involved in AD. Some
of the proteins engaged in the physiopathological process of AD, like BACE1, GSK3- tau,
ABPP and JNK, are in fact subject to protein SUMO modifications or interactions. Here, we
have investigated the SUMO/deSUMOQylation balance and SUMO-related proteins during
the onset and progression of the pathology in the Tg2576 mouse model of AD. We
examined four age-stages (1.5, 3, 6, 17 months old) and observed shows an increase
in SUMO-1 protein conjugation at 3 and 6 months in transgenic mice with respect
to WT in both cortex and hippocampus. Interestingly this is paralleled by increased
expression levels of Ubc9 and SENP1 in both brain regions. At 6 months of age also the
SUMO-1 mRNA resulted augmented. SUMO-2-ylation was surprisingly decreased in old
transgenic mice and was unaltered in the other time windows. The fact that alterations
in SUMO/deSUMOylation equilibrium occur from the early phases of AD suggests that
global posttranslational modifications may play an important role in the mechanisms
underlying disease pathogenesis, thus providing potential targets for pharmacological

interventions.

Keywords: sumoylation, Tg2576, Alzheimer’s disease, SENP1, Ubc9, SUMO-1, SUMO-2/3, neurodegeneration

INTRODUCTION

Alzheimer’s disease (AD) is considered one of the most com-
mon and debilitating pathologies in the elderly. AD is a slowly
progressive neurodegenerative disease that is characterized by
impairment of memory and eventually by other symptoms (Heun
et al., 2013).

Research indicates that the disease is associated with the pro-
duction of oligomers of amyloid beta (AB) leading to progressive
neuritic plaque deposition and hyperphosphorylation of micro-
tubule protein tau with subsequent formation of neurofibrillary
tangles (Tiraboschi et al., 2004).

An “oxidative stress hypothesis” for AD has been recently pos-
tulated (Markesbery, 1997; Di Domenico et al., 2011; Leitao et al.,
2011), albeit it is still unclear whether oxidative stress represents a
trigger mechanism to unbalance normal cell functions or might
be rather the consequence of pathogenic events. SUMOylation
is among the PTMs that has been recently linked to AD (Lee
et al., 2013). In fact, SUMOylation induces critical changes on
AD-associated proteins like microtubule-associated protein tau
(MAPT), amyloid f precursor protein (ABPP) (Georgopoulou
et al., 2001; Marcus and Schachter, 2011), c-Jun terminal kinase
(JNK) (Feligioni et al., 2011; Sclip et al., 2013) and AMPA

receptors (Jaafari et al., 2013), that play an important role in
neuronal physiology (Pittaluga et al., 2005, 2006; Holman et al.,
2007), therefore providing novel targets for therapeutic interven-
tion. SUMO family includes at least three paralogs (SUMO-1
to -3) ubiquitously expressed in all organism tissues includ-
ing the brain (Droescher et al., 2013). SUMOs target proteins
through non-covalent or covalent interactions affecting their cel-
lular localization, aggregation, metabolism and activity (Steffan
et al., 2004; Martin et al., 2007; Feligioni et al., 2011; Krumova
et al.,, 2011; Droescher et al., 2013). Protein SUMOylation has
recently been recognized to play a fundamental role in oxida-
tive stress (Bossis and Melchior, 2006; Feligioni et al., 2011;
Leitao et al., 2011; Feligioni and Nistico, 2013), in the regu-
lation of glutamate release (Feligioni et al., 2009) and also in
the modification of activity of several intracellular proteins like
ABPP and tau (Dorval and Fraser, 2006, 2007; Zhang and Sarge,
2008). As a consequence, SUMO-mediated alterations in specific
intracellular signaling pathways could promote AD pathogen-
esis. Altogether, these observations indicate that SUMOylation
could play an important role in the onset of AD, though its pre-
cise contribution still remains elusive. Here we performed an
age-related analysis on the expression levels of global protein
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SUMOylation and SUMO-related enzymes in the Tg2576 mouse
modeling AD. Importantly, we observe significant differences
in SUMO/deSUMOylation balance at an early stage of the
pathology.

MATERIALS AND METHODS

ETHICS STATEMENT

All experiments were done in accordance with the European
Community Council Directive of 24 November 1986
(86/609/EEC) and approved by the Ethical Committee on
animal experiments of EBRI “Rita Levi-Montalcini” Foundation
(Rome, Italy).

BRAIN TISSUE DISSECTION

Adult male and female Tg2576 (Brecht et al., 2005) mice were sac-
rificed by cervical dislocation and immediately after hippocampal
and cortical brain regions were dissected on ice. Both Tg2576
and WT mice were processed in parallel and were used for the
experiments at the different age stages (1.5, 3, 6, and 17 months).
Once removed, brain tissues were immediately placed in a cryop-
reservation solution {containing 0.32 M sucrose, buffered to pH
7.4 with Tris-(hydroxymethyl)-amino methane [Tris, final con-
centration (f.c.) 0.01 M]} and stored at —80°C until needed. The
cortical and hippocampal tissues of Tg2576 and their wild-type
(WT) littermates have been kindly provided by Lundbeck AS
(Denmark).

PREPARATION OF LYSATE FROM BRAIN TISSUE

Around 200pg of mice tissues were lysed in 300l of
Lysis Buffer solution (LB) made up of 1% Triton X-100
(Serva, Germany), complete protease inhibitor cocktail solution
(Serva, Germany), phosphatase inhibitor cocktail solution (Serva,
Germany), 20 mM of NEM (Sigma—Aldrich) and the following
components (mM): TRIS acetate, 20; sucrose, 0.27; EDTA, 1;
EGTA, 1; Na Orthovanadate, 1; NaF, 50; Na Pyrophosphate, 5; Na
B-glycerophosphate, 10; DTT, 1.

Samples were then kept for 30 min on ice to allow protein sol-
ubilization. Later a centrifugation step of 10 min at 12000 rpm
was applied to the samples and the supernatant was collected and
stored at —20°C until needed.

WESTERN BLOT

Protein concentrations for each sample were determined
by Bradford assay and the samples were directly analyzed
by immunoblotting following resuspension in Laemmli
buffer.

Equal amount of proteins (~15pg for each condition) were
resolved by 10% SDS-polyacrylamide gels and blotted onto PVDF
membrane (Serva, Germany). The proteins blotted on the mem-
brane were then blocked for 1h at room temperature using
Tris-buffered saline-Tween (t-TBS) (M) Tris, 0, 02; NaCl, 0, 15;
Tween 20, 0, 1%) containing 5% skimmed milk.

Later the membranes were treated with specific antibod-
ies and the incubation last for 12h at 4°C with mild agi-
tation. The primary antibody used for western blot analysis
are: rabbit amyloid precursor protein (ABPP) 1:2000 (Sigma-
Aldrich, USA), rabbit SUMO-1 1:1000 (Cell Signaling, USA),
rabbit SUMO-2/3 (18H8) 1:1000 (Cell Signaling, USA), rabbit

SENP1 1:500 (Thermo scientific, USA), mouse UBC9 (C12)
1:1000 (Santa Cruz Biotechnology, USA), mouse p-actin 1:30000
(Sigma-Aldrich, Italy).

Tris-buffer saline solution (TBS) with 0, 1% of Tween 20
was used to wash the membranes for 50 min of wash in t-TBS.
Then the blots were incubated for 1h at room temperature
with peroxidase-conjugated goat anti-rabbit or anti-mouse IgG
secondary antibodies (UCS Diagnostic), as needed.

After 50 min of washes in t-TBS bands immunoreactivity
was detected by enhanced chemiluminescence (ECL; WESTAR,
Cyanagen, Italy). For all experiments stripping procedure was
applied when the control of loading, performed blotting for
fB-actin, was required (stripping buffer from SignaGen, USA).

For each time point, a western blot has been performed in
which proteins from six samples for WT and Tg2576 have been
separated and analyzed. Where possible, membranes have been
stripped and re-blotted for different antibodies with the purpose
of using same loading conditions.

RNA EXTRACTION AND REAL-TIME PCR

Total RNA was extracted from brain cortex and hippocampus
using the Trizol reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instruction. RNA yield and purity were deter-
mined by spectrophotometry absorption at 260 and 280 nm. To
obtain ¢cDNA, an equal amount of mRNA (1 pg) underwent to
Reverse Transcription (Promega, Madison, WI). The resulting
cDNA was stored at —20°C until used for the further analy-
sis. Messenger RNA expression was quantitatively measured with
quantitative (q) real time PCR using iCycler Bio-Rad. The reac-
tion was performed in a 25ul volume using SensiMix SYBR
Green and Fluorescein kit (Bioline, London, UK). All the mea-
sures were performed in triplicate. The reaction conditions were
as follows: 95°C for 10 min (Polymerase activation), followed by
40 cycles at 95°C for 15, 55-50°C (Temp. depends on the Tm of
primers) for 15s and 72°C for 15 s. The reaction mixture without
the cDNA was used as control.

The primer sequences used in this study were as fol-
lowing for SUMO-1: forward 5-GCCTGGGACATGGGTTT-3'
and reverse 5'-TTAATGAAGCTGGTACAGACGATG-3'; SUMO-
2: forward 5-GGCAGGGTTTGTCAATGAGGC-3" and reverse
5'-CTGGAGTAAAGTA GTAGCAGGCTC-3'; SUMO-3: forward
5'-GAGGCAGGGCTTGTCAATGAG-3' and reverse 5-GGTC
AGGACAACGGTTGGGTG-3'; SENP1: forward 5 -AATGGCTG
ATGATGATGTG-3’ and reverse 5-TTGGACAAGGATTAGA
CTGAAT-3; UBC9: forward 5-CATCCAGCCTTCGT AAA
CC-3’ and reverse 5'-GCTAACAGGCAGGGAGAT-3'; glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH): forward 5'-GCCA
AGGCTGTGGGCAAGGT-3' and reverse 5'-TCTCCAGGCGGC
ACGTCAGA-3'.

The Cr values of the specific gene of interest were normalized
to the Ct value of the endogenous control, GAPDH, and the com-
parative Ct method (2724¢") was then applied using WT mice
group as calibrator.

STATISTICAL ANALYSIS

In the western blots and real time PCR experiments, T-test
analysis was performed and p < 0.05 was considered statisti-
cally significant. Statistical analysis for biochemical experiments
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was performed using GraphPad PRISM 5. A number (as indi-
cated in figure legends) of animal tissues has been used at the
same time point for the experiments. Values shown represent the
mean = s.e.m. Final western blots have been run using represen-
tative sampling

RESULTS

ABPP INCREASES IN Tg2576 MICE

The Tg2576 transgenic mouse carries a transgene coding for the
695-amino acid isoform of human ABPP derived from a large
Swedish family with early-onset AD (Hsiao et al., 1996). This
mouse model of AD expresses high concentrations of mutant Ap,
develops a significant number of amyloid plaques, and displays
functional deficits like decreased dendritic spine density, impaired
long-term potentiation (LTP), and behavioral deficits (Jacobsen
et al., 2006; Balducci et al., 2011).

In order to validate the mice model used in this work
we measured ABPP immunoreactivity in the cortical and hip-
pocampal tissues from the brains of Tg2576 and WT mice.
Tg2576 are expected to have an augmented expression of ABPP
because, beside the murine endogenous APPP, they geneti-
cally over-express human mutated ABPP. Indeed, both cortex
and hippocampus prepared from Tg2576 mice showed a more
intense immunoreactivity of the ABPP band corresponding to
95-100 kDa compared to WT (Figure 1D).

PROTEIN SUMOylation CHANGES IN THE CORTEX OF Tg2576 MICE
DURING ONTOGENESIS

The cerebral cortex is among the most vulnerable brain regions
affected by the disease showing progressive plaque burden and tis-
sue atrophy (Tosun et al., 2011). Although in a less severe manner,
some biochemical hallmarks have also been reported in different
AD mice models (Sclip et al., 2011; Izco et al., 2014).

In order to evaluate protein SUMOylation changes during dis-
ease progression, we dissected and lysated cortical tissues from
1.5, 3, 6, 17 months old Tg2576 and their age-matched WT lit-
termates. Protein SUMOylation has been revealed by western
blotting using an anti-SUMO-1 and an anti-SUMO-2/3 antibody.
SUMO-1 and SUMO?2/3 for each time point has been normalized
against the actin. Interestingly, the ratio in protein SUMO-1-
ylation between Tg2576 and WT mice is increased at early stages,
and it later decreases following a bell-shaped curve. In fact, a
peak of SUMO-1-ylation is observed at 3 and 6 months old ani-
mals (Figure 1A, 3 months: 1.65 £ 0.16 p < 0.05; 6 months:
1.78 £0.08 p < 0.01).

Noteworthy a protein SUMOylated band, absent in the other
ages analyzed, appears at 6 months of age. The immunoreactivity
of this band results more intense in the Tg2576 mice compared
to controls (Figure 1A, black arrow). Further studies are required
to identify which protein becomes target of SUMO-1 at this stage,
and whether this protein modification has a role in AD pathology.

SUMO-2/3-ylation did not show any differences in the ratio
between Tg2576 and WT mice at different ages except for 17
months old mice, where it resulted drastically decreased in
transgenic mice (Figure 1B, 17 months: 0.35 £ 0.05 p < 0.01).
Further experiments are required to understand what implica-
tion this reduction may have. As for the SUMO-1 western blot,

also for SUMO-2/3 a more intense band is detectable (Figure 1B,
black arrow).

PROTEIN SUMOylation CHANGES IN THE HIPPOCAMPUS OF Tg2576
MICE DURING ONTOGENESIS

The hippocampus is the part of the brain that is involved in
memory formation, being one of the first regions to suffer dam-
age in AD. Since Tg2576 show cognitive impairment caused by
hippocampal dysfunction even before the onset of the pathol-
ogy (D’Amelio et al., 2011), we analyzed protein SUMOylation
changes between Tg2576 and WT mice also in this brain area.

Similarly to the cortex, SUMO-1-ylation is increased in the
hippocampus of 3 and 6 months old Tg2576 compared to
WT (Figure 2A, 3 months: 1.71 £0.07 p < 0.01; 6 months:
2.07£0.39p < 0.01).

SUMO-2/3-ylation did not show any differences in the ratio
between Tg2576 and WT mice at different ages except for 17
months old, where surprisingly it resulted decreased in transgenic
mice (Figure 2B, 17 months: 0.65 4 0.01 p < 0.01). This result
needs more investigation in order to understand its potential
implication in the pathophysiology of AD.

SUMO PATHWAY RELATED PROTEINS IN Tg2576 TRANSGENIC MICE
ONTOGENESIS

The protein conjugation by SUMO occurs through the activ-
ity of four key enzymes which form the SUMOylation pathway.
Among them Ubc9 and SENPI are the most important since
they are dedicated exclusively to protein SUMOylation. On the
one hand Ubc9 binds and transports SUMO to the target pro-
tein, on the other SENP1 is the isopeptidase that regulates the
deSUMOylation (Droescher et al., 2013; Feligioni and Nistico,
2013). Ubc9 and SENPI are critical for the maintenance of
SUMO/deSUMOylation balance, therefore their expression levels
have been assessed by western blotting in cortical and hippocam-
pal tissue from Tg2576 and WT mice. The expression level of the
two proteins has been normalized on actin and the ratio between
Tg2576 and WT has been analyzed.

Interestingly, we found that the expression level of Ubc9 is
modulated both in cortical and hippocampal tissue. In fact, the
western blots show for both WT and Tg2576 an increase of
Ubc9 from 3 to 17 months with a peak at 6 months of age.
Moreover Ubc9 seems to be highly expressed in Tg2576 com-
pared to WT at different ages (Figure 1C, 6 months: 1.57 +0.16
p < 0.05) (Figure 2C, 3 months: 1.42 £ 0.24 p < 0.05; 6 months:
2.22+0.37 p < 0.01). Conversely, immunoreactivity of SENP1
seems to be augmented in the cortex of transgenic mice at
3 and 6 months and only at 6 months in hippocampus of
Tg2576 compared to age-matched WT animals (Figure 1C, 3
months: 1.75 £ 0.21 p < 0.05; 6 months: 2.51 + 0.21 p < 0.01)
(Figure 2C, 6 months: 2.15 + 0.42 p < 0.01).

SUMO-1-, SUMO-2-, SUMO-3-, SENP1- AND Ubc9-mRNA IN BRAIN
CORTEX AND HIPPOCAMPUS

SUMO-1 mRNA levels in the cortex (Figure 3A) and hippocam-
pus (Figure 4A) of Tg2576 mice at 1.5 months of age were similar
to the levels measured in WT mice, whereas at 6 months of
age their levels were significantly higher than that of WT mice.
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On the contrary, we did not find any significant changes in
SUMO-2, SUMO-3, SENP1, and Ubc9 mRNA levels in the cor-
tex (Figures 3B-E) and hippocampus (Figures 4B-E) of Tg2576
and WT mice at the age of 1.5 and 6 months. The SUMO-1
mRNA increase is in accordance with the elevated level of SUMO-
1-ylation that has been found in cortex and hippocampus at 6

months of age. It seems that SUMO-1 synthesis is augmented in
order to be disposable for conjugation, whereas the Ubc9 and
SENPI protein levels are sufficient in both tissues to maintain
SUMOylation pathway functional. The SUMO-2 and -3 mRNA
level is in line with protein SUMO-2/3-ylation expression that
resulted unchanged up to 6 months of age.
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of age) was compared with their age-matched Tg2576 mice. B-Actin was used as loading control.

DISCUSSION
Tg2576 mice model were developed to test the amyloid hypothesis

of AD. These mice model answered partially the question whether
AD pathology comes from the accumulation of AP species. AB
species, although poorly detectable, can be found in the soluble
form (monomers, dimers, trimmers or oligomers) already at a

young age (<5 months old) (Kawarabayashi et al., 2001; Klingner
et al,, 2003; Lesné et al., 2006), but they reach a highly detectable
level around 6-8 months (Hsiao et al., 1996). Insoluble amyloid
plaques start to form at around 9-10 months in hippocampus
and cortex (Hsiao et al., 1996). This model also shows the typical
AD cognitive impairment with a mild onset at 3 months, which
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is exacerbated starting from 6 months of age. However, Tg2576
do not resemble all the features of AD since they do not dis-
play any formation of neurofibrillary tangles, marked neuronal
loss or gross brain atrophy, (Irizarry et al.,, 1997), but are any-
way a very useful model to study AD amyloid-related pathology
(Deacon et al., 2008).

Several AD-associated proteins undergo SUMO protein mod-
ification, leading to hypothesize that SUMO plays a fundamental
role in AD pathogenesis. Despite that, we still lack information
about how SUMO/deSUMOylation process is altered during
AD onset and development. Therefore a better understand-
ing of SUMO changes during AD pathogenesis could help
to disclose the role of protein modification in the onset of
AD. Notably, McMillan and co-authors (McMillan et al., 2011)
reported that no clear differences in global protein SUMOylation
can be measured in adult Tg2576 (9 months old) vs. their
respective WT.

In this manuscript, we decided to investigate SUMOylation
changes during mice lifespan analyzing four time points.

To our knowledge this is the first ontogenetic study of
SUMO/deSUMOylation profile in an AD model.

Yun and co-authors have shown in in-vitro experiments that
SUMO-1 can be considered a modulator of the synthesis of AB
oligomers (Yun et al., 2013). In fact SUMO-1, but not SUMO-2
or -3, when overexpressed in neuronal or cell culture, increases
BACE]1 level which mediates the amiloydogenic cleavage of ABPP.
Moreover, as previously reported in 18 months old ABPP trans-
genic mice (Yun et al., 2013) SUMO-1 free protein is increased in
their cortical tissue. So, it has been postulated that the increase of
AP accumulation together with an accrual of cell oxidative stress
can act synergistically to enhance protein SUMO-1-ylation. By
conjugating BACE1, SUMO-1 intensifies Ap oligomers produc-
tion (Yun et al., 2013). Our data show that already at the age of
3 months, protein SUMO-1-ylation is augmented both in corti-
cal and hippocampal tissue of Tg2576 model compared to their
respective WT.

Therefore it can be hypothesized that at early stages (3
months) the “cell stress” might contribute more to the increase
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in SUMO-1-ylation compared to AP oligomers which are present
at low levels at this age. As a result, SUMO-1-ylation activates
multiple signaling pathways, like BACE1, GSK3p, JNK activation,
that can contribute to boost the production of Af oligomers. The
feedback loop established between SUMO-1, Af oligomers and
cell stress cooperate to the development of AD neuropathology.
Interestingly, SUMO-2-ylation does not change between Tg2576
and WT except for 17 months old transgenic mice where it is dras-
tically diminished both in cortex and hippocampus. This aspect
also deserves a deeper investigation since very little is known
about SUMO-2/3 contribution to AD.

Ubc9 and SENP1 are critical enzymes for protein
SUMOylation (Droescher et al., 2013; Feligioni and Nistico,
2013). An increase of SUMOylation is associated with the onset
of several pathologies including cancer. For example, Ubc9
expression, the E2 enzyme which facilitates SUMOylation, has
been reported increased in primary colon and prostate cancer
compared with normal tissue (Moschos et al., 2010). We here

demonstrate that the increase of SUMOylation in Tg2576 brain
tissues corresponds to a high expression level of Ubc9 at the
same time points. Therefore Ubc9 plays a fundamental role
for SUMOylation event also in AD. On the other hand, the
over-functionality of SUMOylation in Tg2576 is also supported
by an elevated presence of the SUMO protease SENP1. Our
results are in line with previous data where SENP-1 was found
increased during oxygen-glucose deprivation (OGD) experi-
ments, suggesting that the neuronal response could involve a
complex interplay between SUMOylation and deSUMOylation
(Cimarosti et al., 2012).

The analysis of mRNA expression has shown an increase of
SUMO-1 RNA only at the age of 6 months both in cortex and
hippocampus. This is in line with our western blot data where the
major increase of SUMOylation was exactly found at 6 months
of age in Tg2576 mice, where probably there is a need for more
protein synthesis. In contrast, although we reported an increase
in protein expression level of both Ubc9 and SENP1, the mRNA
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expression of both proteins was unchanged. We can therefore
speculate that the degradation system of Ubc9 and SENP1 could
be decreased during lifespan of mice. Further studies should be
carried out in order to better clarify this aspect. In line with a pre-
vious work (McMillan et al., 2011), our experiments did not show
significant changes in protein SUMO-2/3-ylation in AD mice up
to 6 months of age. SUMO-2/3 role in AD remains still elusive.
However, in in-vitro experiments it has been shown that SUMO-
2 increases N-terminal ADAM-cleaved ABPP fragment (a-NTF)
while a mutant form of SUMO-2 lacking the SUMOylation activ-
ity secreted significantly more N-terminal BACE1-cleaved ABPP
fragment (B-NTF) and AP (Li et al., 2003). In line with this report,
we can speculate that the reduction in protein SUMO-2/3-ylation
that was observed in 17 months old Tg2576 mice is concomitant
with an elevated amyloid deposition which occurs at this stage
in AD mice model (Jacobsen et al., 2006). In conclusion, here
we report for the first time that protein SUMO/deSUMOylation
equilibrium is unbalanced in a mouse model of AD at a very early
stage of the pathology. We believe that this event can contribute
to the onset of AD pathogenesis. Future investigation on the tar-
get(s) of protein SUMOylation at an early stage could possibly
lead to the identification of novel pharmacological targets.
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ALZHEIMER'S DISEASE, APP PROCESSING AND AMYLOID-8
PRODUCTION/ACCUMULATION

Alzheimer’s disease (AD) is a neurodegenerative disorder char-
acterized by progressive decline in cognitive functions leading to
memory loss and dementia. It involves degeneration of limbic
and cortical brain structures, especially in the temporal lobe. In
2010, it was estimated that 35.5 million individuals were affected
by dementia in the world with a prediction that this number will
increase to 65.7 million by 2030, and 115.4 million by 2050. The
World Alzheimer Report 2010 (AD International) estimated that
the total costs of dementia in 2010 were US$ 604 billions. Most
(>90%) AD cases are sporadic. Only a minority of them have a
genetic inheritance and are referred to as familial AD. The main
risk factor for AD is aging. The disease afflicts 10% of the pop-
ulation over the age of 65 and 50% of the population over the
age of 85. Several factors may increase the chances to develop AD
(Imtiaz etal., 2014). Among the “genetic” risk factors, the carriage
of a type 4 allele of the apolipoprotein E gene (APOE-¢4) has been
widely recognized (see references in Kim etal., 2009). Among the
“environmental” risk factors, persistent brain infections, particu-
larly those induced by herpes simplex virus type-1 (HSV-1), seem
to play a key role in AD pathogenesis. In a multifactorial dis-
ease like AD, to identify the contribution made by each factor and
the underlying mechanisms is critical to the development of new
therapeutic strategies to prevent the disease and/or slow down its
progression.

From the neuropathological point of view, the brains of
AD sufferers are characterized by the presence of two major
hallmarks mainly located in the hippocampus and cortex: extra-
cellular amyloid plaques composed of insoluble aggregates of
the amyloid-p protein (AB) and intraneuronal neurofibrillary

Among the multiple factors concurring to Alzheimer's disease (AD) pathogenesis, greater
attention should be devoted to the role played by infectious agents. Growing epidemi-
ological and experimental evidence suggests that recurrent herpes simplex virus type-1
(HSV-1) infection is a risk factor for AD although the underlying molecular and functional
mechanisms have not been fully elucidated yet. Here, we review literature suggesting
the involvement of HSV-1 infection in AD also briefly mentioning possible pharmacological
implications of these findings.

Keywords: HSV-1, Alzheimer’s disease, recurrent infection, y secretase, amyloid-g protein

tangles, composed of hyperphosphorylated Tau protein (Kosik
etal., 1986). Numerous other conditions, among which oxidative
stress (Mattson etal., 1993) and inflammation, due to microglia
activation and astrocytosis, may concur to produce the structural
and functional alterations typically found in AD brain (Kitazawa
etal., 2004).

Amyloid-p protein is a small protein (generally composed of
40 to 43 amino acids) generated by the proteolytic cleavage of
the amyloid precursor protein (APP), a ubiquitous transmem-
brane protein whose functional role in cell biology has been only
partially discovered. APP seems to be involved in neurite out-
growth and synaptogenesis, neuronal protein trafficking along
the axon, transmembrane signal transduction, cell adhesion and
Ca?™ signaling (Zheng and Koo, 2006; Octave et al., 2013). Among
the various isoforms of APP, due to alternative splicing of APP
gene located on chromosome 21 in humans, those of 695-amino
acid length is prevalent in neurons whereas the other two forms,
APP751 and APP770, are expressed in other tissues (Zhang etal.,
2011).

Amyloid precursor protein is normally subjected to processing
by specific enzymes called “secretases” (Nunan and Small, 2000). It
may be processed along two different pathways. The first one, that
is most frequent and “non amyloidogenic”, involves sequential pro-
teolytic cleavages by the a- and y-secretases. The former cuts APP
at a position 83 amino acids from the C-terminus, thus producing
a large N-terminal domain (sAPPa), normally secreted into the
extracellular medium, whose function is not well defined. On the
opposite site, the other 83-amino-acid C-terminal fragment (C83)
is retained in the membrane and it is subsequently cleaved by the
y-secretase complex (that consists of presenilins, nicastrin, ante-
rior pharynx-defective 1 and presenilin enhancer 2), producing a

www.frontiersin.org

May 2014 | Volume 5 | Article 97 |44


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/about
http://journal.frontiersin.org/Journal/10.3389/fphar.2014.00097/abstract
http://community.frontiersin.org/people/u/132321
http://community.frontiersin.org/people/u/155743
http://community.frontiersin.org/people/u/155739
http://community.frontiersin.org/people/u/155738
http://community.frontiersin.org/people/u/140885
http://community.frontiersin.org/people/u/140727
mailto:grassi@rm.unicatt.it
http://www.frontiersin.org/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive

Piacentini etal.

HSV-1 infection and AD

short fragment that is generally considered non-toxic and known
as “p3”. The amyloidogenic pathway begins when APP undergoes
cleavage by the B-secretase, also known as B-site APP cleaving
enzyme 1 or BACE-1 (Vassar etal., 1999). B-secretase cuts APP
16 amino acids before a-secretase and yields two species, the large
N-terminal ectodomain of the precursor and the 99-amino acid C-
terminus stub (C99). Subsequent cleavage of the latter fragment by
y-secretase results in the formation of AP species containing 40 to
42 amino acids. This also means that APP cleavage by a-secretase
prevents the AB formation. On the other C-terminal side of APP,
y-secretase (in both amyloidogenic and non-amyloidogenic path-
ways) also generate the “APP intracellular domain” (AICD), that
has been reported to modulate the transcription of several genes
(including APP itself, BACE-1 and the AB-degrading enzyme
neprilysin), to regulate apoptosis and contribute to AD patho-
genesis (Octave etal.,, 2013). In APP, the amino acid threonine
in position 668 (Thr668) is an important site for its processing.
Indeed, APP phosphorylation at Thr668 resulted in increased AP
formation (Lee etal., 2003; Pierrot etal., 2006). This amino acid
is on the C-terminal region of APP and its phosphorylation also
regulates the activity of AICD. In fact, when AICD is phosphory-
lated at Thr668 it interacts with the Fe65 adapter protein (Bérquez
and Gonzalez-Billault, 2012) and enters the nucleus, where it may
regulate gene transcription and induce neurodegeneration (Chang
etal., 2006).

Amyloidogenic cleavage of APP is not confined to cell mem-
brane; it also takes place in several cellular compartments (Vetrivel
and Thinakaran, 2006), including the intermediate compartment
of the endoplasmic reticulum (Cook etal., 1997), the trans-Golgi
network (Choy etal., 2012), and the endosomal/lysosomal system,
where APP processing is regulated by cytoplasmic phosphoryla-
tion at Thr668 (Lee etal., 2003). For these reasons, AP species
may be secreted directly into the extracellular space, where their
subsequent aggregation promotes senile plaque formation. Alter-
natively, it may remain within the cell or may be re-internalized in
neurons, where it accumulates (Mohamed and Posse de Chaves,
2011). Some recent findings suggest that AR accumulating in neu-
rons, particularly in the form of small oligomers (especially dimers
and trimers) is the major determinant of the synaptic damage
that highly correlates with the cognitive deficits characterizing
the early phases of the disease preceding neuronal death (Tam-
pellini etal., 2007; Mucke and Selkoe, 2012; Ripoli etal., 2013).
However, A is not a mere toxic peptide. It is constitutively pro-
duced and secreted by cells and, especially when present at very
low concentration (in the range of pM), it even supports synapses
by increasing synaptic strength in the hippocampus (Puzzo etal.,
2008,2011).

In addition to secretases, APP may be processed by caspases
(in particular caspase-3), especially in cells undergoing apop-
tosis (Gervais etal., 1999; Pellegrini etal., 1999; Fiorelli etal.,
2013). In neurons, caspase-induced processing of APP generates
a C-terminal fragment (C31) with neurotoxic potential (Lu etal.,
2003; Nguyen etal., 2008). Moreover, Fiorelli etal. (2013) showed
that caspases cleavage generates two APP fragments (APP-Fs) of
25-35 kDa that are recognized by anti-Af antibodies.

Among the genetic risk factors for AD, the carriage of APOE-
¢4 allele plays a major role. Apolipoproteins carry lipids in

the circulation and regulate lipid metabolism. ApoE, expressed
predominantly in astrocytes, is suggested to be involved in redis-
tribution of cholesterol and phospholipids during membrane
remodeling (Holtzman et al., 2012). Links between AD and APOE-
¢4 are multiple: ApoE protein exists in 4 isoforms (E1 to E4), with
ApoE3 being the most common allele, and it seems to play a role
in A fibrillogenesis and oligomerization as well as in AB clear-
ance. Differently from the other three variants, ApoE4 exhibits
scarce ability to bind A, thus its expression contributes to Af
accumulation and aggregation inside neurons and influences the
formation of the parenchymal amyloid plaques (Holtzman etal.,
2012; Verghese etal., 2013). When human ApoE isoforms were
expressed in APP transgenic mice, differences in extracellular A
accumulation were observed in an isoform-dependent manner
(E2 < E3 < E4; Holtzman etal., 2000). Similar results were also
recently obtained by Hashimoto etal. (2012) who reported that
the levels of AP oligomers in APOE e4/e4 AD brains were 2.7 times
higher than those found in APOE €3/e3 AD brains, and that ApoE
increased Af oligomer levels in an isoform-dependent manner
(E2 < E3 < E4).

Finally, alterations of intracellular Ca>* homeostasis and sig-
naling have also been implicated in AD pathogenesis. It is well
known that intracellular Ca>T, besides playing a pivotal role
in a large number neuronal functions, is a critical determi-
nant of neuronal survival and death (Piacentini etal., 2008a,b;
Maiti etal., 2011; Bading, 2013). Several reports demonstrated
correlation between Ca’t homeostasis dysregulation leading
to increased intracellular Ca?t levels and AD (Green, 2009).
Interestingly, ApoE expression in neuronal and glial cells cor-
relates with increased intracellular Ca?* concentrations in an
isoform-dependent manner (E2 < E3 < E4; Miiller etal., 1998).

HOW CAN HSV-1 BE INVOLVED IN AD?

Herpes simplex type 1 virus is a neurotropic double-stranded
DNA virus that primarily infects epithelial cells of oral and nasal
mucosa. Here virus undergoes lytic replication; the newly pro-
duced viral particles may enter sensory neurons and, by axonal
transport, reach the trigeminal ganglion where usually establishes
alatent infection. The virus undergoes periodic reactivation cycles
in which the newly formed viral particles are transported back to
the site of primary infection through the sensory neurons, caus-
ing the well-known clinical lesions (i.e., cold sores and blisters).
However, the bipolar trigeminal ganglion neurons also project to
the trigeminal nuclei located in the brainstem. From here, neurons
project to the thalamus to finally reach the sensory cortex. This is
the path through which the reactivated virus may reach the cen-
tral nervous system (CNS), where it may cause acute neurological
disorders like encephalitis [herpes simplex encephalitis (HSE)] or
a mild, clinically asymptomatic, infection, or establish life-long
latent infection (Kastrukoff et al., 1982; Lewandowski et al., 2002;
references in Dobson et al., 2003). The weakening of immune sys-
tem occurring during aging may favor this process. In addition to
the neuronal route, HSV-1 may enter the CNS through the blood
stream, as demonstrated by Burgos et al. (2002, 2003, 2005). Many
experimental evidence, described below, suggest that accumula-
tion of intracellular damage caused by repeated cycles of viral
reactivation may concur to neurodegeneration.
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Some reports suggest that during infection herpes virus inter-
acts with several human proteins that it uses to enter the cell
and to move from plasma membrane to the nucleus and back
(reviewed in Carter, 2008). HSV-1 also uses the host’s tran-
scriptional machinery to replicate and binds to proteins that
control immune surveillance or apoptosis. Noteworthy, in the
attempt to eliminate the virus, host may even cause cell damage
via immune and inflammatory responses targeting the virus-
containing cells. If this happens in the CNS, HSV-1-induced
inflammatory response may result in HSE or, in milder cases, in
cell death and neurodegeneration.

Several epidemiological, immunological and molecular evi-
dence link HSV-1 infections to AD pathogenesis. HSV-1 is a
ubiquitous virus that affects more than 80% of people over 65
worldwide. The first evidence suggesting the involvement of HSV-
1 in AD dates back to 1982 and is based on the observation
that people surviving to HSE showed clinical signs reminiscent
of AD (i.e., memory loss and cognitive impairment), and that
brain regions primarily affected in HSE (limbic system, frontal
and temporal cortices) were the same regions compromised in AD
(Ball, 1982). During the last 30 years several research groups have
conducted many studies providing solid support to the involve-
ment of HSV-1 infection in AD pathogenesis. Here we will briefly
summarize the main results of these researches.

EPIDEMIOLOGICAL DATA

Several studies have been performed to assess the presence of
HSV-1 in the brain of AD patients. After the first observa-
tions made by Ball (1982), other studies have demonstrated
that HSE affected the same brain areas involved in AD in
humans as well as in rodent experimental models (Damasio
and Van Hoesen, 1985; Caparros-Lefebvre etal., 1996; Beffert
etal., 1998; Wu etal., 2003; Taylor etal., 2007; Ando etal,
2008). Jamieson etal. (1992) and Itzhaki etal. (1997) reported
that a high proportion (about 60%) of brains of elderly peo-
ple contained latent HSV-1 DNA, especially in the CNS regions
critically involved in AD. When present in AD brains, HSV-1
DNA was primarily located within amyloid plaques (Wozniak
etal., 2009a). Whether or not the virus contributes to activation
of pro-neurodegenerative pathways may largely depend on sev-
eral host factors, including genetic predisposition, as described in
greater detail below. Many infectious agents whose pathogenetic
role has been established in other CNS diseases (e.g., varicella
zoster virus, causing meningitis or encephalitis; Epstein—Barr
virus, associated to both multiple sclerosis and CNS lymphoma;
human herpes virus 6, associated to seizure in children) may
infect subjects without producing evident clinical signs. On the
other hand, even in the presence of “clinically silent” infec-
tion, virus may periodically reactivate and replicate in the CNS
(Peter and Sevall, 2001; Bearer, 2012). There is no clear evi-
dence on whether HSV-1 reaching the brain and infecting neurons
resides there in latent form. However, the detection of HSV-1
DNA in the cerebro-spinal fluid (Deatly etal., 1988; Peter and
Sevall, 2001; Plentz etal., 2008) suggests that HSV-1 replicates
in the CNS (Bearer, 2012). The presence of HSV-1 proteins
in hippocampal neurons of mice infected intraperitoneally with
HSV-1 was demonstrated by Burgos etal. (2006a) who also

showed that virus is reactivated by hyperthermia. After every
reactivation, the newly produced viral particles generated by
this “silent” replication and potentially reaching the brain might
act, in a drop by drop fashion, to produce local brain dam-
ages that may largely differ from those of acute diseases like
HSE. It has been recently reported that in brain of infected
but asymptomatic mice, HSV-1 reactivation was associated to
neuroinflammation and to the appearance of several mark-
ers of neurodegeneration including Tau hyperphosphorylation
(Martin etal., 2013).

IMMUNOLOGICAL DATA

A number of studies have been conducted to demonstrate the
association between AD and HSV-1 infection by searching for
antibodies against HSV-1 in the blood of AD patients. These
studies revealed a strong correlation between AD occurrence
and HSV infection or reactivation, as addressed in a longitudi-
nal study including 512 elderly persons looking for correlation
between anti-HSV-1 IgM positivity (a marker of virus primary
infection or its reactivation) and development of AD-like cog-
nitive dysfunctions (Letenneur etal., 2008). In the same study,
no correlation was found between anti-HSV-1 IgG positivity and
early dementia, thus suggesting that recurrent infection, rather
the primary one, is dangerous for the CNS. Anti-HSV IgM lev-
els, and not those of IgG, have also been found to inversely
correlate with lower plasma AP levels (Féart etal., 2011). It is
believed that increased amyloid deposition in the brain is par-
alleled by a lowering of AP levels in plasma and that low plasma
AP levels might be considered possible short-term risk marker
of dementia (Schupf etal., 2008; Lambert etal., 2009; Blennow
etal, 2010). Another study recently demonstrated that HSV-
1 reactivation, assessed as anti-HSV IgG avidity index (that is
a more accurate way to demonstrate viral reactivation) occurs
in prodromal AD and highly correlates with symptoms of mild
cognitive impairment (Kobayashi etal., 2013). Finally, Mancuso
etal. (2014) recently found that elevated HSV-1 antibody titers
were significantly more frequent in AD patients than in control
healthy patients and that they positively correlated with corti-
cal bilateral temporal and orbitofrontal gray matter volume, that
may be considered an index of AD pathology (Whitwell etal.,
2012).

GENETIC DETERMINANTS

Some studies have suggested that in people carrying the APOE-e4
allele and, therefore, predisposed to develop AD, HSV-1 infection
markedly increases the risk of AD (Itzhaki et al., 1997; Itzhaki and
Lin, 1998; references in Bearer, 2012). However, this correlation
was not always confirmed (Beffert etal., 1998). APOE seems to
affects the outcome of several different infections (Itzhaki etal.,
1998; Dobson etal., 2003) and, interestingly, APOE-¢4 is a risk
factor for cold sores (Itzhaki and Wozniak, 2008). Some studies
also demonstrated that ApoE4 presence influences the viral load
in the brain. Indeed, viral spreading into the brain of ApoE KO
mice was lower than that occurring in wild-type mice and cor-
relation was reported between ApoE expression and HSV-1 DNA
concentration detected in the CNS (Burgos et al., 2002). In a subse-
quent study, the same authors showed that during acute infection
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with HSV-1, ApoE4 was more efficient than ApoE3 in promoting
viral colonization of the brain (Burgos etal., 2006b). However,
many genes and proteins implicated in AD, other than ApoE, have
been found to interact with herpes simplex viral genome or reg-
ulate its life cycle, further supporting the hypothesized synergy
between host and pathogens in causing AD-like brain damage
(Carter, 2008). From this point of view, genome wide association
investigations (GWAs) carried out in a large cohort of AD and
non-AD subjects also suggested an infective etiology for sporadic
AD. In particular, the polymorphism association of genes located
on the chromosome 19 (i.e., Nectin-2 [NC-2]; APOE, glycopro-
tein carcinoembryonic antigen related cell adhesion molecule-16
[CEACAM-16]; B-cell lymphoma-3 [Bcl-3]; translocase of outer
mitochondrial membrane 40 homolog [TOMM-40]) and on the
chromosome 8 (complement receptor-1 [CR-1]; APOJ, C-type
lectin domain A family-16 member [CLEC-16A]), results in a
genetic fingerprint that might modulate brain susceptibility to
herpes virus infection and lead to neuronal loss, inflammation
and A deposition (Porcellini etal., 2010; Licastro etal., 2011).

MOLECULAR DATA

Several studies demonstrated that HSV-1 affects APP process-
ing. HSV-1 infection may have profound effects on the host
intracellular pathways leading to activation/inactivation of sev-
eral signaling molecules and kinases involved in APP metabolism.
Ruth Itzhaki’s group found that in human SH-SY5Y neuroblas-
toma cells HSV-1 induces APP cleavage with the production of
a 55-kDa fragment (recognized in Western blot analysis by an
anti-C-terminal APP antibody) starting from 6 h post infection
(hpi), and the concomitant reduction of band intensity relative to
full-length APP (Shipley etal., 2005). These authors also reported
that HSV-1 infection caused AB40 and AP42 accumulation in
human neuroblastoma and glioblastoma cells in vitro, whereas
in brains of mice infected with HSV-1 they only found an increase
in AB42 (Wozniak et al., 2007). However, further studies on in vivo
models of recurrent HSV-1 brain infections are needed to deter-
mine the structural and functional alterations induced by viral
reactivation.

We have demonstrated that in cultured neuronal cells HSV-1
induces amyloidogenic APP cleavage, with production of sev-
eral APP-Fs including AP (De Chiara etal., 2010; Piacentini etal.,
2011). In particular, we found that infection of SH-SY5Y human
neuroblastoma cells and rat cortical neurons with HSV-1 induces
multiple cleavages of APP, which result in the intra- and/or extra-
cellular accumulation of several APP-Fs with neurotoxic potential.
Among them we found: (i) APP-Fs of 35 and 45 kDa (APP-F35
and APP-F45) that comprise portions of Af; (ii) N-terminal APP-
Fs that are secreted extracellularly; (iii) intracellular C-terminal
APP-Fs, including AICD; and (iv) AP40 and AB42 in the form of
monomers and small oligomers (dimers and trimers). Notably,
the fragment APP-F35 seems to be a large AP oligomer (probably
a nonamer) that is typical of viral-induced APP processing given
that it was only found in cells infected with HSV-1. Indeed, it
was revealed with antibodies recognizing amino-acidic sequences
in AP (e.g., 4G8 and M2°, targeting amino acids 17-24 and
1-10 of AP, respectively), only 8-18 hpi (Figures 1 and 2A).
Moreover, its formation was inhibited in the presence of B- and

y-secretase inhibitors. APP-F45 was revealed by M2° only. On
the contrary, neither of these APP-Fs were recognized by anti-
bodies raised against the N- and C-terminals of APP (Figure 1),
thus indicating that they are not APP cleavage end-products. We
also demonstrated that APP-Fs were present in the extracellular
space and they had the ability to induce apoptosis in the neigh-
boring cells (De Chiara etal., 2010). The multiple cleavages of
APP occurring in infected cells are produced in part by known
components of the amyloidogenic APP processing pathway, i.e.,
host-cell B-secretase, y-secretase, and caspase-3-like enzymes, and
in part by other cellular or viral enzymes not yet identified. Inci-
dentally, the increased production of AP also reflected in an
increased production and nuclear accumulation of AICD frag-
ment that it is known to play a role in AD by modulating gene
transcription.

It has been hypothesized that viral glycoprotein B is responsible
for AP aggregation because this glycoprotein shares a significant
portion of amino acid sequence similarity with Af, and it might
serve as “core” to trigger AP aggregation (Cribbs et al., 2000). How-
ever, we and others (Wozniak etal., 2007; Piacentini etal., 2011)
found that HSV-1-induced increased AR immunoreactivity was
not due to cross-reactivity of the anti-Af antibodies with this
glycoprotein.

From a functional point of view, we reported that HSV-1 bind-
ing to neuronal membrane induced membrane depolarization
leading to increased neuronal excitability and triggering action
potentials. This depolarization was due to activation of persis-
tent Na™ currents and inhibition of leak Kt currents. Neuronal
hyperexcitability persisted over time and was observed in neu-
rons also at 12 hpi. Downstream to this effect we observed
increased intracellular Ca®* signaling, mainly due to activation
of L-type Ca?>*t channels and opening of inositol trisphosphate
receptors (InsP3Rs) that caused marked intracellular Ca®* entry
from extracellular medium and Ca®* release from intracellular
stores (Piacentini etal., 2011). As above described, this Ca2*t dys-
regulation may trigger neurodegeneration (Mattson and Chan,
2003; Piacentini etal., 2008a,b; Chakroborty et al., 2012). We also
found that HSV-1 induced Ca?*-mediated APP phosphorylation
at Thr668. This is a key event critically involved in APP pro-
cessing and AP formation (Pierrot etal., 2006). We demonstrated
that HSV-1 infection induces a significant accumulation of AB42
inside neurons (Figure 2), and this effect depended on Ca®* sig-
naling activation. Indeed, in the presence of nifedipine and/or
2-aminoethoxydiphenyl borate (2-APB), that are specific blockers
of L-type Ca?* channels and InsP; receptors, respectively, intra-
neuronal AP accumulation was significantly reduced (Piacentini
etal., 2011). Besides accumulating inside neurons, A monomers
and small oligomers (dimers and trimers) were also released in the
culture medium of infected neurons and revealed by Western blot
analysis.

Several other studies have investigated the link between HSV-
1 and AD at molecular level, independently on APP processing.
It has been demonstrated that HSV-1 infection causes several
functional and molecular alterations including: neurodegenera-
tion and AD-like phosphorylation of tau protein (Zambrano et al.,
2008; Wozniak etal., 2009b), the latter involving the activation of
the glicogen sinthase kinase 3; caspase-3-mediated cleavage of Tau
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FIGURE 1 | HSV-1 infection induces APP cleavage. (A) Our data suggest
that HSV-1 binding to the heparan sulfate protecaminoglycans (HSPGs)
expressed on neuronal plasma membrane induces Ca2+ signals triggering
APP phosphorylation at Thr668 that, in turn, increases p- and y-secretase
activity. As a result, there is an increased production of AB that aggregates
to form oligomers of various size. The C-terminal APP fragment called AICD,
created by the cleavage of y secretase is phosphorylated at Thr668 and
internalized in the nucleus where it may modulate gene transcription. (B)
Western blots showing representative experiments performed with 4G8
antibody and anti pAPPTh’668 on intracellular lysates of neuronal cells.
Asterisks in the blots indicate bands that are modified by 18 h of HSV-1
infection (hours post infection, hpi) with respect to the mock-infected
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conditions. Double asterisk in the Western blot for 4G8 indicates the APP
fragment F35, characteristic of HSV-1 infected cells. (C) Cartoon indicating
the amino acid sequences targeted by the different antibodies we used for
Western blot and immunofluorescence experiments: 4G8 recognizes all
APP fragments containing the amino acid sequence 17-24 of Ag,
independently on its cleavage. Therefore, it reacts with APP “full-length’
and with all APP fragments that contain AR 17-24 sequence; pAF’PT’"668
antibody reacts with all C-terminus APP fragments containing
phosphorylated Thr668, including APP full-length; anti AB42 C-terminus
specifically reacts with the C-terminal part of AB42, and it does not
recognize APP. Western blots in the panel B refer to previously published
data (De Chiara etal., 2010).
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pAPP (AICD)

FIGURE 2 | HSV-1 infection induces intracellular accumulation of
several APP fragments. Representative examples of mock and
HSV-1-infected (18 hpi) rat cortical neurons immunostained for AB42
C-terminus (green) and HSV-1 (red; A); pAPPTh668/A|CDPTHE68 (green)
and MAP-2 (red; B). Nuclei are stained in blue with DAPI. White
arrowheads in the panel A (right) indicate intracellular accumulation of A42
in infected (HSV-1-positive) neurons. In the panel B (right), yellow
arrowheads indicate nuclear accumulation of AICDPTH668 jn infected
neurons (MAP-2-positive) whereas white arrowheads indicate staining for
putative APP full-length phosphorylated at Thr668. Images in the panels A
and B refer to previously published data (Piacentini etal., 2011).

(Lerchundi etal., 2011); activation of the arachidonic acid cas-
cade, which is involved in AD-type neuropathological changes
(Hill etal., 2009). With regard to the interaction between herpes
simplex viruses and APP, it has been recently shown that HSV-
1 alters the distribution of cellular APP, and APP and HSV-1
capsid proteins physically interact to allow the migration of new
viral particles inside infected cells by fast anterograde transport
mechanisms (Cheng etal., 2011). This also suggests that HSV-1
affects APP dynamic and its intracellular distribution thus possibly

causing alterations in its metabolism and processing.

POSSIBLE HSV-1 RELATED THERAPEUTIC INTERVENTIONS

Experimental evidence reviewed above allows us to hypothesize
that, in the near future, treatments aimed at preventing and/or
delaying AD might include antiviral agents and/or target HSV-1-
activated intracellular pathways. At the present, the main antiviral
agent used for HSV-1 is Acyclovir. Acyclovir, that is the common
name of acycloguanosine, targets infected cells and inhibits viral
replication (Park etal., 1979). Wozniak etal. (2011) demonstrated
that acyclovir reduced AP formation and Tau phosphorylation in
vitro. This finding suggests that the appearance of molecular AD
hallmarks depends on HSV-1 replication. Similarly, we observed
that in rat cortical neurons, UV-inactivation of HSV-1 parti-
cles prevented AP42 formation and its intracellular accumulation,

although the virus retained the ability to bind the neuronal mem-
brane and trigger intracellular signaling leading to short-term APP
phosphorylation (Piacentini etal., 2011). Itzhaki suggested that
treatment with a variant of acyclovir, the valacyclovir, could be
of great interest in treatment of HSV-1-induced neurodegener-
ation (Itzhaki and Wozniak, 2012). Indeed, valacyclovir displays
greater bioavailability than acyclovir (5-fold to 10-fold), it crosses
the blood brain barrier and has no toxicity when used in patients
with multiple sclerosis (Friedman et al., 2005). Interestingly, lysine
supplementation has been suggested to have a role in preventing
the development of AD by reducing HSV-1 replication (Rubey,
2010).

Among the proposed pharmacological treatments for AD, the
use of statins seems to be promising (Barone etal., 2013). It has
been suggested that their beneficial effects may be related to their
ability to modulate the entry of pathogens given that cholesterol
synthesis inhibition blocks the entry, and limits neuronal spread,
of HSV-1 (Hill etal., 2005).

Finally, some studies also suggested the use of GSK-3f
inhibitors as possible candidates for AD treatment (King etal.,
2014). Among them, lithium has been shown to have some benefi-
cial effects on AD symptoms (see references in Forlenza et al.,2012;
Nunes et al., 2013). Lithium has also been reported to inhibit HSV-
1 replication both in vitro and in vivo (Ziaie and Kefalides, 1989;
Ziaie etal., 1994; Amsterdam etal., 1996), thus allowing to spec-
ulate that its beneficial effects might also depend on its antiviral
activity.

CONCLUSION

Data reviewed here support the hypothesis that recurrent HSV-1
infection in the brain may have a critical role in AD pathogenesis
by directly activating intracellular pathways leading to typical AD
molecular hallmarks. Studies ongoing in our laboratory on in vivo
models of recurrent mild brain HSV-1 infection will expectedly
further support the causal relationship between HSV-1 reacti-
vation in the CNS and AD-like cognitive decline. Collectively,
data discussed in this manuscript indicate that greater attention
should be paid to infectious and, especially, viral agents among the
environmental factors contributing to AD pathogenesis.
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Alzheimer's Disease (AD) is the most common form of dementia, affecting approximately
36 million people worldwide. To date there is no preventive or curative treatment available
for AD, and in absence of major progress in therapeutic development, AD manifests a
concrete socioeconomic threat. The awareness of the growing problem of AD is increasing,
exemplified by the recent G8 Dementia Summit, a meeting held in order to set the stage
and steer the compass for the future. Simultaneously, and paradoxically, we have seen key
players in the pharmaceutical industry that have recently closed or significantly decreased
their R&D spending on AD and other CNS disorders. Given the pressing need for new
treatments in this area, other actors need to step-in and enter this drug discovery arena
complementing the industrial efforts, in order to turn biological and technological progress
into novel therapeutics. In this article, we present an example of a novel drug discovery
initiative that in a non-profit setting, aims to integrate with both preclinical and clinical
academic groups and pharmaceutical industry to explore the therapeutic potential of new
concepts in patients, using novel biology, state of the art technologies and rapid concept
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INTRODUCTION

During the last 25 years the population of the world has increased
from 5.3 to almost 7.2 billion people (World Population Review,
2013). While an increased standard of living has resulted in
decreased mortality, a global increased awareness of healthy living
in combination with major progress in several areas of medicine
has also made significant contribution to the increase in world
population. Indeed, the death caused by heart disease, stroke,
and cancer have decreased in the USA from 68% (1980) to 53%
(2010) (75 Years of Mortality in the United States, 1935-2010,
2012). In parallel with these encouraging numbers, another major
medical threat is emerging which could result in a major socioe-
conomic chaos in the absence of medical progress. The threat
is named Alzheimer’s Disease (AD). Worldwide, approximately 36
million people are diagnosed having dementia and 7.7 million new
cases are discovered every year. AD is the most common cause of
dementia among the elderly and may contribute up to 60-70%
of all cases (World Health Organization, 2012). Currently there
is no curative or preventive treatment for the patients and only
a few drugs, which all provide limited symptomatic relief dur-
ing a relatively short time frame, are available. Age is by far the
largest risk factor for developing AD and the incidence increases
exponentially from about 1% of 65-year old people to 30% of
all 85-year-old people. With the current global increase in aver-
age lifespan, approximately 115 million people are estimated to
be suffering from AD in 2050. Besides the tremendous suffer-
ing for the affected individuals and their close relatives, the cost

for the society is estimated to be more than 200 billion USD in
2013 and 1200 billion USD by 2050 in the USA alone, a num-
ber that will put the healthcare system under enormous strain
(Alzheimer’s Association, 2013; World Alzheimer Report 2013,
2014).

Awareness, at the highest political level, of the emerging threat
of dementia was highlighted with the recent G8 summit on
dementia held in London in December 2013. The aim of the
meeting was to develop a coordinated global action on demen-
tia, and to shape an effective international response to dementia,
resulting in the communication of a declaration (G8 Demen-
tia Summit Agreements, 2013). This declaration included; “an
ambition to identify a cure, or a disease-modifying therapy, for
dementia by 2025.” This will be achieved by, e.g., significantly
increasing the amount spent on dementia research, increasing
the number of people involved in clinical trials and studies on
dementia as well as develop an international action plan for
research. These efforts clearly state the sense of urgency in this
field to move forward and for the research community to find a
solution.

Dementia or senility as a concept or condition is a very old
phenomenon, referred to in medical texts since antiquity. Today,
we are aware of a large number of diseases that cause demen-
tia but AD represents the most common one (Ballenger, 2006;
Lane etal., 2012; Savonenko etal., 2012; Agis-Torres etal., 2014).
A major milestone in the history of AD took place approximately
100 years ago (1907), when the German neuropsychiatrist Alois
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Alzheimer first described the key neuropathological hallmarks
of the disease (Hardy, 2006). During the examination of brain
sections derived from his patient Auguste D, a middle-aged woman
who suffered and died from dementia, Dr. Alzheimer discov-
ered so-called senile plaques and neurofibrillary tangles in the
brain parenchyma. These were seminal findings, linking for the
first time the form of dementia now called “Alzheimer’s disease,”
to specific pathological changes within the brain. However, the
recognition that dementia was a result of abnormal pathological
changes distinct from normal aging, did not really gain momen-
tum until the 1970s, with the birth of the cholinergic hypothesis.
A number of studies showed that, in AD brains, there was a par-
ticular loss of markers for cholinergic function as well as basal
forebrain cholinergic neurons early on in the disease pathol-
ogy (Francisa etal., 1999). These discoveries fueled an intense
research effort to find drugs that could target cholinergic dys-
function and today three out of the four commonly prescribed
drugs for AD (donepezil, rivastigmine and galantamine) are so-
called cholinesterase inhibitors (Greenberg etal., 2013). These
drugs inhibit the degradation of acetylcholine in the synaptic
cleft, thereby sustaining the action of acetylcholine with a subse-
quent improvement in cognitive function in the patient. However,
the underlying neurodegenerative cascade is not affected by these
treatments, and the effect is thereby limited in time due to the
continuous loss of cholinergic neurons and thus acetylcholine
production in the disease. Moreover, gastrointestinal side effects,
relating to muscarinic receptor engagement in the gut, as well as
headache and effects on heart rate are also dose-limiting factors
for the patients. The fourth described drug for AD is memantine,
a weak NMDA receptor antagonist, prescribed for moderate to
severe AD. Similar to the acetylcholinesterase inhibitors, meman-
tine provides symptomatic relief for a limited time period, but
is not believed to alter the neurodegenerative cascade of the
disease.

ALZHEIMER'S DISEASE — NAVIGATION THROUGH
COMPLEXITY

Although the progress in the drug development for AD has been
limited over the last 30—40 years, significant progress has been
made in understanding the mechanisms behind the development
of AD, e.g., the pathology, neurobiology, and genetics (Corbette
etal.,2012; Dunkel et al., 2012; Kepp, 2012; Greenberg et al., 2013).
Among these finding were the discoveries of the amyloid beta
peptide (AB) and the tau protein, the principal components of
senile plaques and neurofibrillary tangles, respectively. Further-
more, researchers were also able to identify more than 200 disease
causing mutations localized to three genes directly involved in Af
generation as well as unravel some of the molecular machinery
and underlying mechanisms of Ap production. Combined, these
discoveries provided a strong rationale for a better understanding
of the neurotoxic role of AB in AD and for the development of AP
amyloid-directed therapies. Accordingly, during the last 15 years,
both active and passive vaccines targeting AP as well as several
inhibitors and modulators targeting the aggregation or synthesis
of AP peptide has been developed and tested in AD clinical trials.
In addition, a large number of other drug candidates exhibiting
a range of different non-Af targeting therapeutic mechanism of

BOX 1 | Some key challenges to be addressed in the develop-
ment of novel therapeutics for Alzheimer’s disease.

Identify and link novel pathways and biomarkers to AD progres-
sion.

Improved preclinical modeling of disease relevant pathology.
Engaging multiple targets might be required (polypharmacology)
and thereby using a multi-drug regimen.

Establish and conduct conclusive proof-of-concept (PoC) studies.
Use appropriate patient inclusion criteria in clinical trials.
Achieve sufficient CNS exposure/target engagement of the drug.
Establish appropriate biomarkers and/or surrogate markers for
target engagement.

Establish surrogate markers for clinical effect to shortened the
length of clinical trial.

Improved clinical endpoints, e.g., more sensitive and relevant
cognitive measures.

Avoid safety issues due to chronic, systemic exposure of the
drug.

Feedback to discovery from clinical PoC to refine hypothesis and
improve research models.

Handle potential drug—drug interactions (patient population often
on other medications).

action have been tested clinically. These include those that are
primarily aiming for a symptomatic effect by increasing synaptic
activity, e.g., compounds that interact with nicotinic, histaminer-
gic, and serotonergic receptors (Misra and Medhi, 2013). Despite
that many of these drug candidates have shown promising effect
in preclinical models, the results from clinical trials have been
disappointing, and no new drugs after the acetylcholine esterase
inhibitors and the NMDA blocker memantine have made it all the
way to the market. It is well recognized that drug discovery in the
AD field has been hampered by the failure of preclinical models
to recapitulate some of the key features of the AD pathogenesis
(Savonenko etal., 2012). The use of these models to unravel the
complex features of the neurodegenerative cascade in AD, as well as
translational tools in, e.g., dose prediction studies, have therefore
been limited.

The reasons for the clinical failures are likely many, and dif-
fer among the drug candidates tested (Mangialasche etal., 20105
Schneider etal., 2014). Major contributors to the general lack of
success include insufficient target exposure to achieve a clinically
meaningful effect, that the drug was not tested long enough, safety
issues due to on- and off-target pharmacology and/or that the dis-
ease context was not appropriate for the therapeutic mechanism
explored (see Box 1). The latter stems from recent progress in
biomarker research, which has shown that the AD pathological
cascade start early and takes place over decades prior to symp-
toms onset, and where A amyloidosis dominates at early stages
followed by more overt and outbread neuronal dysfunction and
neuronal degeneration, implicating other pathogenic drivers of
disease, once the disease becomes symptomatic and progresses
into severe stages of dementia (Sperling etal., 2011). Therefore, a
therapy tailored for a specific component of the AD pathogenic
cascade may have to be given to patients at a specific stage of
the disease in order to be efficacious. The recent development
of specific radiopharmaceutical diagnostic tools for PET imaging
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AB-amyloid plaque density (e.g., florbetapir and florbetaben) has
been extremely useful in assessing amyloid load in patients at var-
ious stages of the disease (Herholz and Ebmeier, 2011). Thanks
to these new methods with improved resolution combined with
improvements in biomarker monitoring, the characterization and
diagnosis of patients suspected to be suffering from AD pathogen-
esis have improved. Interestingly, such analyses have revealed that
as many as 25-30% of the patients included in recent trials with
therapeutic antibodies targeting A amyloidosis were in fact neg-
ative for AB-amyloid in their brains (Doody et al., 2014; Salloway
etal., 2014). These observations highlight the need to design trials
where a lot of emphasis is put on the patient inclusion criteria in
order to increase the odds to get meaningful clinical response of
the therapeutic compound and/or mechanism tested.

FUTURE IDEAS TOWARDS NOVEL AD THERAPEUTICS
THE POTENTIAL OF ACADEMIC DISCOVERIES IN AD
The pharmaceutical industry (pharma) is currently under pres-
sure from a range of different challenges in its environment,
e.g., increased R&D costs, patent cliffs causing a major loss of
income, high attrition of projects in the portfolio, increasing
cost-constraints in the healthcare system mandating generics and
parallel import, and not the least, more demanding regulatory
requirements (Kola and Landis, 2004; Cuatrecasas, 2006; Schachter
and Ramoni, 2007; Munos, 2009; Paul etal., 2010; Scannell et al.,
2012; Slusher etal., 2013). In our view, an attractive alternative to
the current way of working, as well as a way to offer a potential
solution to the gaps in drug discovery and development pipelines,
is to increase the research efforts in non-profit biopharmaceuti-
cal research institutions, such as universities and private research
institutes, where creative and innovative science is not severely
restricted by commercial objectives, but where novel hypothe-
sis can be tried with industrial stringency in a dedicated way.
These types of smaller research units could make significant con-
tributions to the field since it is well recognized that small- and
medium-sized biotechnological companies have been more suc-
cessful than big pharmaceutical companies in moving candidate
substances through the pipeline, and in particular, more successful
in producing biological products, such as monoclonal antibodies,
vaccines, and peptides (Munos, 2009). Non-profit organizations
are well suited to address areas of large unmet need in rare CNS-
disorders classified as orphan diseases. These diseases are, on the
whole, not commercially blockbusters and, thus, research funded
by philanthropists and public sources will be key to encourage
work in these areas. It is also likely that certain therapeutics
developed for an orphan indication may turn out to be effica-
cious in related disorders that share certain common features or
principles of pathogenesis. The availability of clinically validated
drugs is extremely valuable, and repositioning of existing drugs for
novel indications opens up novel exciting possibilities to accelerate
therapeutic development in complex CNS disorders such as AD.
Today when many major pharmaceutical companies are down-
sizing their R&D efforts in the CNS area (Alzheimer’s Drug Failure:
implication for Future R&D in Neuroscience, 2012), they have a
strong need to get access to outside expertise in specific scien-
tific areas such as for the identification of novel targets, increasing
the knowledge in certain target families, advancing new platform

technologies for preclinical and clinical research, improving the
diagnosis of disease, pharmacology and safety biomarker devel-
opment, access to human cells and tissues for target validation, as
well as how to perform earlier proof-of-mechanism (PoM) and
proof-of-concept (PoC) studies, including clinical safety stud-
ies. Some of this will of course be possible through established
collaborations between the pharmaceutical industry and third par-
ties such as contract research organization (CRO) and academia,
such an example is the Dominantly Inherited Alzheimer Net-
work (DIAN, established in 2008), which test diagnostics and
novel treatments in a specific patient population. Although many
CROs now provide customers with various non-regulatory in vitro
and in vivo experiments during early discovery, their main activ-
ities are regulatory-driven (in accordance with good laboratory
practice (GLP) in later phases of drug development). How-
ever, we see an attractive alternative in non-profit biomedical
research institutions, where scientific collaborations can be based
on a close interaction rather than contracting. This collaborative
network/partnership will facilitate a closer preclinical-to-clinical
translation at the target, model, assay, substance, patient and clini-
cal testing levels as well as in the development of new technologies.
Innovation and progress driven in these areas by such constel-
lations will certainly accelerate therapeutic development in AD,
and thereby attract increased interest from the big pharmaceutical
companies, given that the potential return of investment would be
substantial.

AlzeCure FOUNDATION — AN EXAMPLE

AlzeCure is a Swedish-based non-profit drug discovery founda-
tion, whose aim is to develop novel therapeutics for AD and
related disorders (see Box 2 and Figure 1). This new organiza-
tion was founded in 2013 by former AstraZeneca scientists with
more than 30 years of experience from the CNS drug discovery
and development area. The team exhibits complementary skills
and expertise, from medicinal chemistry, screening, in vivo transla-
tional/biomarker competence to ADME and clinical development.
The strategy of AlzeCure Foundation (“AlzeCure”) is to use its
wide experience and international network in the Alzheimer field
to run collaborative projects with external expertise that has the
potential to deliver real value for the patients. The team focuses
on areas of research and development, which are of urgent need
of innovative solutions, such as mechanistic diversity, preclinical
models, drug delivery, clinical testing, and biomarker monitor-
ing. We are convinced that rapid feedback to the drug discovery
process from positive or failed PoC studies are essential in order
to improve our understanding and to progress the development
of efficacious therapeutics. Such backtranslation is also crucial in
order to accelerate the development of follow-on compounds that
address the same mechanism, but have improved drug-like char-
acteristics, or to identify related mechanistic targets that will lead
to new clinical studies. History has proven that there is a synergy
between technology and biology innovation and in that interface,
exciting discoveries take place that can result in novel products
with a remarkable potential. Similarly, we strongly believe that
technology breakthroughs will contribute significantly to speed
up and improve the development of novel therapies in major CNS
disorders.
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BOX 2 | Strategies of the AlzeCure foundation.

Strong focus on both innovative drug discovery and clinical
testing.

Use unique technology for drug administration.

Develop novel technology for biomarker monitoring.

Explore new therapeutic mechanisms and principles.

Develop of combination treatments affecting more than one
biological pathway.

Test old marketed drugs or early closed candidate drugs on novel
AD-targets.

Run phenotypic screens with well-defined pathological end-
points.

Collaborate with academic and industrial expertise to comple-
ment in-house expertise and capabilities.

Design early PoM and PoC clinical studies to test new hypothe-
sis.

Optimize patient selection for earlier clinical safety and efficacy
studies, based on qualified clinical biomarkers.

The laboratories of AlzeCure are located in direct vicinity to
biotech companies and Karolinska Institute Alzheimer Research
Center with academic groups of leading experts in neurobi-
ology, preclinical and clinical laboratories with a long track
record in AD translational research and in clinical trials. The
strategic localization of AlzeCure has resulted in face-to-face
interactions with these institutions and disciplines on a regu-
lar basis, which is a strong enabling factor for effective project
progression and success. The non-profit nature of AlzeCure has
turned-out to facilitate the establishment of joint efforts with
both academia and industry and attract alternative funding.
Today, AlzeCure manages several collaborations with interna-
tional academic experts in both preclinical and clinical research.
AlzeCure collaborates with several biotech companies, which
provide unique chemistry and technology that in combination
with neuronal screening assays based on induced pluripotent
stem cells (iPS) and phenotypic endpoints, provide the basis for
novel drug discovery. The most advanced collaboration aims at
a novel way of administering therapeutic tau-directed antibod-
ies to the brain, in order to increase target engagement and
thereby therapeutic activity!. Tau is emerging as a new impor-
tant molecular target in AD, and several anti-tau antibodies are
rapidly approaching clinical trials. However, a major challenge
with peripheral administration of antibodies is to reach the tar-
get in the brain to a sufficient extent. AlzeCure is together with
NsGene, a Denmark and US-based biotechnology company, and
Peter Davies (Feinstein Institute) evaluating a new concept to
deliver therapeutic antibodies to the brain, using a novel pro-
prietary Brain-Repair technology platform developed by NsGene
(Lindvall and Wahlberg, 2008). The Brain-Repair platform is an
implant comprised a semi-permeable hollow fiber containing a
human cell line, which is engineered to locally produce thera-
peutic proteins of choice that diffuse into the target tissue. The
implant has been clinically validated in patients diagnosed with
AD through collaboration between NsGene and the Karolinska

!See www.alzecure.org

Institute (Eriksdotter-Jonhagen etal., 2012). An opportunity with
this device would be to more rapidly test the hypothesis in a
PoC study in a well-defined tauopathy patient population for
an orphan indication, before entering large expensive phase III
trials. In this manner, we foresee getting both the technology,
therapeutic mode of action, clinical effect, and safety evalu-
ated, in an effective and conclusive manner within a shorter
time frame compared to common standards of clinical testing in
AD. Obviously the Brain-Repair implant also offers a very excit-
ing concept to rapidly test other therapeutic hypothesis beyond
tau-directed antibodies, and illustrates a concrete example where
technology innovation together with new biology form a novel
avenue for therapy development applicable for multiple CNS
disorders.

A co-initiator and also major financial contributor to AlzeCure
is the Swedish Alzheimer foundation, a charity organization. This
type of direct financial commitment and interest in drug discov-
ery and development in complex disorders such as CNS diseases
from charity organizations is novel and may point to a new path
for future organizations. In addition, the Swedish Brain Power
program is sponsoring AlzeCure with two Ph.D. positions, which
are highly integrated into the academic labs thereby providing
the basis for a strong two-way communication between academic
science and industrial development, which is of high mutual inter-
est. Given the declining interest from many big pharmaceutical
companies and venture capitalists alike in CNS disorders and the
pressing need for new medications, initiatives like these are new
ways of trying to directly stimulate drug discovery efforts in an
area of great medical need. Interestingly, in line with the inten-
tion of AlzeCure, Alzheimer Research UK announced at the end
of 2013 that they were to initiate a Drug Discovery Institute con-
sisting of leading academic groups in the UK that will have close
access to both preclinical and clinical research units and hospitals
specialized in neurodegenerative diseases that cause dementia.

CONCLUSION

The problem we as a society are facing is of unseen proportions,
highlighting the need of concerted actions at multiple levels of
society. A firm political leadership paired with a well-designed
regulatory framework and strong incentives for academia, the
industry and the health care providers is needed in order to
consolidate the resources and optimize the process required to
make rapid and significant progress in therapeutic development
for AD. In this light it may seem paradoxical that several major
industrial actors, such as AstraZeneca, Bristol-Myers Squibb,
GlaxoSmithKline, and Novartis have either abandoned the neuro-
science therapeutic indication as such, or heavily decreased their
head count within this area (Abbot, 2011). However, other com-
panies, e.g., Eli Lilly, Roche, Pfizer have continued a strong interest
in the area and are closely collaborating the regulatory agencies,
which recently resulted in a Guidance for Industry from FDA on
Alzheimer’s disease: Developing drugs for the treatment of early
stage disease (U.S. Food and Drug Administration, 2013). The
medical need is however still unmet and rapidly growing, thus
something radical needs to be done. For a start, we believe that
new initiatives such as the AlzeCure Foundation and Drug Dis-
covery Alzheimer Research UK group, both being non-profit and
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FIGURE 1 | This cartoon illustrates the proposed AlzeCure business
(A) and strategy models (B) to develop new therapies and
medicinal technology products, highlighting the proof-of-mechanism
(PoM)/proof-of-concept (PoC) as an important milestone in drug
discovery and development process. Traditionally, in order to reach
clinical PoM and PoC with “standard peripherally administered” drug
candidates in a chronic condition, the drug needs to display key and
optimized features including adsorption, distribution, metabolism,
tolerability, and BBB permeability, in addition to its desired
pharmacology and safety. This is seldom achieved despite significant
medicinal chemistry, an effort that takes place over a very long time in
the discovery phase. As a consequence, many suboptimal compounds
are being explored in the clinic without being able to test the
hypothesis they were aimed for in a conclusive manner. Building the
need to get strong evidence for PoM/PoC, including close collaboration

with international academic preclinical research, utilizing new Translational
enabling technologies into the discovery process, is crucial. To reduce
the attrition due to lack of efficacy and safety, it is important to design
the first clinical trials, a design based on appropriate animal models,
pharmacokinetic/pharmacodynamic modeling, and utilizing biomarkers and
surrogate markers, in the “right patients,” to facilitate that the molecular
target is being hit at an expected concentration to give the anticipated
physiological response without safety issues. Optimally, the PoM/PoC
clinical trials are conducted at Clinical Trial Centers that are closely
involved in the discovery research. It is also important to have a rapid
feed-back to the drug discovery process from positive or failed PoM/PoC
studies to improve the understanding of mechanisms, and to accelerate
the development of follow-up compounds that address the same
mechanism, but with improved drug-like characteristics or to identify
related mechanistic targets that will lead to new clinical studies.

taking full advantage of the open-minded academic style of work-
ing with the stringent and goal-oriented industrial R&D, have the
promise of being more innovative and effective unleashing the
potential of academic discoveries and providing an exciting new
framework for the long-term objective to deliver effective therapies
to the benefit of the patients.
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Among neurodegenerative disorders, Alzheimer's disease (AD) represents the most
common cause of dementia in the elderly. Several genetic and environmental factors
have been identified; however, aging represents the most important risk factor in the
development of AD. To date, no effective treatments to prevent or slow this dementia
are available. Sirtuins (SIRTs) are a family of NAD*-dependent enzymes, implicated
in the control of a variety of biological processes that have the potential to modulate
neurodegeneration. Here we tested the hypothesis that activation of SIRT1 or inhibition
of SIRT2 would prevent reactive gliosis which is considered one of the most important
hallmark of AD. Primary rat astrocytes were activated with beta amyloid 1-42 (AB 1-42) and
treated with resveratrol (RSV) or AGK-2, a SIRT1 activator and a SIRT2-selective inhibitor,
respectively. Results showed that both RSV and AGK-2 were able to reduce astrocyte
activation as well as the production of pro-inflammatory mediators. These data disclose
novel findings about the therapeutic potential of SIRT modulators, and suggest novel

r ies for AD treatment.
have contributed equally to this work. strategies fo treatment

Keywords: resveratrol, AGK-2, sirtuins, beta-amyloid, astrocyte, reactive gliosis, Alzheimer’s disease

INTRODUCTION

Alzheimer’s disease (AD) represents one of the major health con-
cern and it is a research priority since there is a pressing need to
develop new agents to prevent or treat it. A part of the progres-
sive deposition of beta amyloid peptide (Af) and accumulation of
phosphorylated tau, several other alterations occur in AD brain,
all concurring to neuronal loss. Among these, growing interest has
been attracted by the role of inflammation in the onset and pro-
gression of this disorder. In fact, senile plaques and neurofibrillary
tangles (which are considered the more characteristic hallmarks of
AD) co-localize with activated astrocytes, suggesting for these cells
a key role in the pathogenesis of AD (Meda etal., 2001; Craft etal.,
2006). Along this line, in several experimental models it has been
demonstrated that Ap peptide fragments markedly alter astrocytes
functions. This process is accompanied with a noticeable neuroin-
flammatory response, accounting for the synthesis of different
cytokines and pro-inflammatory mediators which amplify neu-
ropathological damage (Mrak and Griffin, 2001; Caricasole et al.,
2003; Tuppo and Arias, 2005; Griffin, 2006; Scuderi etal., 2011,
2012, 2013). It is established that neuroinflammation is directly
linked to neural dysfunction and cell death, representing a pri-
mary cause of neurodegeneration (Block and Hong, 2005). In fact,
over-release of pro-inflammatory cytokines by glia cells causes
neuronal dysfunction and loss of synapses, which correlates with
memory decline. These phenomena are believed to precede neu-
ronal death. Thus, research focused on developing therapeutic
strategies directed at controlling the prolonged and uncontrolled
glia activation should be encouraged.

An uncommon opportunity to improve inflammation and neu-
rodegeneration simultaneously is provided by compounds able
to modulate histone acetylation/deacetylation, since they partic-
ipate in brain immune control and neuroprotection, in addition
to their well-known effects on the molecular mechanisms associ-
ated to senescence and metabolic syndromes. Mounting evidence
indicates sirtuins (SIRTs) exert neuroprotective effects in several
models of neurodegeneration (Outeiro et al.,2008; Tang and Chua,
2008; de Oliveira et al., 2010). SIRTs, a family of NAD " -dependent
enzymes with seven isoforms identified (SIRT1-7), are implicated
in the control of a variety of biological processes including tran-
scriptional silencing, chromosomal stability, cell cycle progression,
apoptosis, autophagy, metabolism, growth suppression, inflam-
mation, and stress response (Gan and Mucke, 2008; Haigis and
Sinclair, 2010).

Recent observations indicate both SIRT1 and SIRT2 regu-
late neuronal survival, but with divergent functional outcomes.
Indeed, activation of SIRT1 mainly exerts neuroprotective actions,
while SIRT? fosters neurodegeneration. The reason for such oppo-
site effect may be due to their different sub-cellular localization,
which gives SIRT1 and SIRT?2 distinct molecular targets (Harting
and Knoll, 2010). It has been demonstrated that the overexpres-
sion of SIRT1 prevents neuronal death in tissue culture models
of AD, amyotrophic lateral sclerosis, and polyglutamine toxic-
ity, and it reduces hippocampal degeneration in a mouse model
of AD (Kim etal., 2007; Li etal., 2007). Moreover, treatment
with resveratrol (RSV), a polyphenolic compound acting as a
pharmacological activator of SIRT1, is protective in a number
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of experimental neurodegeneration paradigms (Anekonda, 2006;
Sun etal., 2010). Resveratrol, like other polyphenol compounds
including curcumin, displays a plethora of actions, behaving as a
potent antioxidant agent, increasing SUMOylation, and activat-
ing protein kinase C, all mechanisms able to counteract astrocyte
reactivity and protect neurons (Jefremov etal., 2007; Hoppe et al.,
2013; Menard etal., 2013). Finally, it has been observed that both
SIRT1 overexpression and RSV treatment are able to significantly
decrease the AB-induced activation of NF-kB, thus operating a
simultaneous control on both neurodegeneration and neuroin-
flammation processes (Chen etal., 2005). Indeed, NF-kB is a
transcription factor which controls the expression of gene prod-
ucts involved in key cellular signaling, including those associated
to inflammatory and degenerative events. Post-mortem studies
on cerebral cortices from AD patients have established a corre-
lation between loss of SIRT1 and the accumulation of A and
hyperphosphorylated tau proteins (Julien etal., 2009). Growing
evidence indicates that also SIRT2 is involved in regulating several
brain processes including oligodendrocyte mitosis and differen-
tiation, cytoskeletal dynamics necessary for trafficking, neurite
outgrowth and synaptic remodeling. Unlike SIRT1, SIRT2 appears
to promote neuronal death. In fact, blocking SIRT2 counteracted
alpha synuclein toxicity in Parkinson’s disease models (Outeiro
etal., 2007). However, less is known about the role of SIRT2 in
AD.

On the basis of these considerations, we explored the effects
of modulators of SIRTs on astrocyte activation and the sub-
sequent inflammatory process. In particular our experiments
focalized the ability of RSV, a SIRT1 activator, and AGK-2, a
SIRT2-selective inhibitor, to control astrocyte activation and to
suppress the production of pro-inflammatory mediators in pri-
mary rat astrocytes exposed to AP peptide. These findings suggest
that either RSV or AGK-2 may be an effective agent for neu-
rodegenerative diseases initiated or maintained by inflammatory
processes.

MATERIALS AND METHODS

CELL CULTURES AND TREATMENTS

Newborn Sprague-Dawley rats (1 or 2 days old) were used to
obtain primary astroglial cultures (Vairano etal., 2002; Scud-
eri etal.,, 2011). Briefly, brain cortices were homogenized and
processed to obtain single cells. Astrocytes were cultured at a
density of 3 x 106 cells/75-cm? flask and incubated at 37°C
in a humidified atmosphere containing 5% CO2. The culture
medium used was DMEM supplemented with 5% inactivated
fetal bovine serum, 100 IU/ml penicillin and 100 pg/ml strep-
tomycin (all from Sigma—Aldrich, Milan, Italy), replaced 24 h
after isolation and again one a week until astrocytes were grown
to form a monolayer. Approximately 14-15 days after dissec-
tion, astrocytes were mechanically separated from microglia
and oligodendrocytes. Obtained astrocytes were seeded onto
10-cm-diameter Petri dishes (1 x 106 cells/dish) or onto 24
well plates (1 x 105 cells/well). The monoclonal anti-glial fib-
rillary acidic protein (GFAP) was used to verify cell culture
purity. Only cultures with more than 95% GFAP-positive cells
were utilized. The 5% of non-astrocyte cells were microglia and
oligodendrocytes.

All experiments were performed in accordance with the Italian
Ministry of Health (DL 116/92), the Declaration of Helsinki, and
the Guide for the Care and Use of Mammals in Neuroscience and
Behavioral Research, and they were approved by the Institutional
Animal Care and Use Committee at our institution.

Mature astrocytes were challenged with 0.23 pM AP 1-42
(Tocris Bioscience, Bristol, UK) in the presence or absence of the
following substances: RSV (2 — 10 — 50 wM), a well-known SIRT'1
activator, or AGK-2 (0.35—3.5—35 uM), a potent SIRT2-selective
inhibitor (both from Sigma—Aldrich). After 24 (for viability and
protein expression analyses) or 72 h (for proliferation assay) of
treatment, astrocytes were collected for experiments. The con-
centration of the substances was chosen according to literature
(Howitz et al., 2003; Outeiro et al., 2007; Scuderi et al., 2011, 2012).

ANALYSIS OF ASTROCYTE VIABILITY BY NEUTRAL RED UPTAKE ASSAY
Astrocyte viability was evaluated 24 h after treatments by the neu-
tral red uptake assay according to Repetto etal. (2008), with some
modifications (Scuderi and Steardo, 2013). Cells were seeded in
24-well plates and treated as previously described. 24 h after
treatments, the plates were incubated for 3 h at 37°C with a
neutral red working solution (50 jug ml™! in PBS 1X without
calcium and magnesium, Sigma-Aldrich). The cells were washed
and the dye removed from each well through a destain solution
(ethanol:deionized water: glacial acetic acid, 50:49:1, v/v). The
absorbance was read at 540 nm using a microplate spectropho-
tometer (Epoch, Bio Teck, Winooski, VT, USA). The values of
treated cells were referred to control non-exposed cultures, and
expressed as percentage variation.

ANALYSIS OF ASTROCYTE PROLIFERATION BY TRYPAN BLUE ASSAY
Trypan blue exclusion assay was performed to monitor astrocyte
proliferation 72 h after treatments. This method is based on the
principle that living cells do not take up the dye, whereas dead cells
do. To determine the number of cells and their viability using try-
pan blue, 20 pl of trypsinized and re-suspended cells were mixed
with 20 pl of 0.4% solution of trypan blue dye (Sigma—Aldrich)
for 1 min. Cells were immediately counted using a Biirker chamber
with a light microscope. All counts were done using four technical
duplicates of each sample.

ANALYSIS OF PROTEIN EXPRESSION BY WESTERN BLOTTING

Western blot analyzes were performed on extracts of cell cultures
challenged as previously described. 24 h after treatment, cells
were detached from petri dishes and each pellet was suspended
in ice-cold hypotonic lysis buffer containing NaCl 150 mM;
Tris/HCI pH 7.5 50 mM; Triton X-100 1%; ethylenediaminete-
traacetic acid [EDTA] 1 mM, supplemented with PMSF 1 mM,
Aprotinin 10 pg/ml, Leupeptin 0,1 mM (Roche, Mannheim,
Germany). After incubation for 40 min at +4°C, homogenates
were centrifuged at 14000 rpm for 15 min and the supernatant
removed and stored in aliquots at —80°C until use. Equivalent
amounts (70 g) of each sample calculated by Bradford assay
were resolved on 12% acrylamide SDS-PAGE precast gels (Bio-
Rad Laboratories). Proteins were transferred onto nitro-cellulose.
Membranes were blocked with 5% wt/vol no-fat dry milk pow-
der in Tris-buffered saline-Tween 0,1% (TBS-T) for 1 h before
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overnight incubation at 4°C with one of the following primary
antibodies: rabbit anti-GFAP (1:50000, Abcam plc, Cambridge,
UK), rabbit anti-S100B (1:1000, Epitomics, Burlingame, CA,
USA), rabbit anti-inducible nitric oxide synthase (iNOS; 1:9000,
Sigma-Aldrich), rabbit anti-cyclooxygenase-2 (COX-2; 1:1000,
Cell Signaling Technology, MA, USA), rabbit anti-B-actin (1:1500,
Santa Cruz Biotechnology, Santa Cruz, CA, USA). After being
extensively washed in TBS-T, membranes were incubated for 1 h
at 25 °C with the secondary horseradish peroxidase-conjugated
antibody (HRP conjugated goat anti-rabbit IgG, 1:30000, Jackson
Immunoresearch Europe, Suffolk, UK). The immunocomplexes
were visualized using an ECL kit (Amersham, Bucks, UK). Pro-
tein expression was quantified by densitometric scanning of the
X-ray films with a GS 700 Imaging Densitometer (Bio-Rad labo-
ratories) and a computer program (Image]J software v1.44p, NIH,
USA).

STATISTICAL ANALYSIS

Analysis was performed using GraphPad Prism (GraphPad Soft-
ware, San Diego, CA, USA). Data were analyzed by one way analysis
of variance (ANOVA) to determine statistical differences between
experimental groups. Multiple comparisons were performed with
Bonferroni’s test for post hoc analyzes. Differences between mean
values were considered statistically significant when p < 0.05.

RESULTS

EFFECT OF RSV AND AGK-2 ON ASTROCYTE VIABILITY AND
PROLIFERATION.

First of all, we decided to perform experiments to assess the effect
of the SIRT modulators on astrocyte viability and proliferation
after AP 1-42 challenge. In fact, it has been already demonstrated
that AP peptides are able to affect cell viability and to induce astro-
cyte proliferation (Allaman etal., 2010; Scuderi etal., 2012). Our
results highlighted a significant increase in cell viability after 24 h
treatment with Af 1-42 (Figures 1A,C, p < 0.01). RSV and AGK-
2 were able to reduce this effect at the two higher concentrations
used (Figures 1A,C). In addition, we found a reduction in cell via-
bility after treatment with AGK-2 at the concentration of 35 uM
on un-stimulated cells, indicating a cytotoxic effect (Figure 1C).
Trypan blue experiments revealed a significant astrocyte prolifer-
ation after 72 h treatment with AP 1-42 (Figures 1B,D, p < 0.01).
Once again, both RSV and AGK-2 significantly controlled such
increase at the two higher concentrations used. Surprisingly, RSV
50 M and AGK-2 35 uM caused a reduction in proliferation rate
also in un-challenged astrocytes (Figures 1B,D).

EFFECT OF RSV AND AGK-2 ON ASTROCYTE ACTIVATION

In order to test the effect of RSV and AGK-2 on AB-induced
astrogliosis, the expression of GFAP and S100B, specific mark-
ers of astrocyte activity, was explored. Reactive astrocytes display
hypertrophied cell bodies and thickened processes exhibiting
GFAP-immunoreactivity (O’Callaghan and Sriram, 2005; Olabar-
ria etal, 2010). Using Western blot analysis, we observed a
marked increase in the expression of GFAP after AB 1-42 challenge
(p < 0.01; Figure 2). RSV was able to significantly attenuate such
increase in a concentration dependent manner (Figures 2A,B).

Likewise, the AP-induced GFAP overexpression was counteracted
by AGK-2 at the three concentrations used (Figures 2C,D).

Similarly, the expression of S100B was investigated by Western
blot. S100B is an astroglia-derived protein which acts as a neu-
rotrophic factor and neuronal survival protein, even though the
overproduction of S100B by activated astrocytes lead to further
neurodegeneration. Elevated S100B levels are generally associated
with a sustained reactive gliosis (Griffin, 2006; Donato and Heiz-
mann, 2010). Results from cultured astrocytes showed a significant
increase in S100B protein expression after AB 1-42 exposure
(p < 0.01; Figure 2). Both RSV and AGK-2 controlled such
increase. Also in this case, RSV exerted its effect in a concentration
dependent manner (Figures 2A,B). Instead, all the AGK-2 con-
centrations completely abolished the AB-induced S100B increase
(Figures 2C,D).

EFFECT OF RSV AND AGK-2 ON INFLAMMATION

Another set of experiments was aimed at assessing the effect of RSV
and AGK-2 on the production of inflammatory factors induced
by AP 1-42 challenge. In fact, astrocyte activation is linked to the
production of pro-inflammatory mediators which, in turn, stim-
ulate gliosis and can kill neighboring neurons (Mrak and Griffin,
2001; Ferreira etal., 2014). Treatment with A 1-42 resulted in
an increase in iNOS expression, as determined by Western blot
analysis (Figure 3; p < 0.05). Interestingly, this observed effect
was reduced by both RSV and AGK-2 at the two higher concen-
trations used (Figures 3A-D). Parallel results were obtained with
immunoblot experiments aimed at studying COX-2 expression.
In fact, AP 1-42 significantly increased COX-2 protein expression
(Figure 3; p < 0.05). Also in this case, both RSV and AGK-2 sig-
nificantly decreased such effect at the two higher concentrations
used (Figures 3A-D).

DISCUSSION

The purpose of this study was to assess the efficacy of RSV, a
well-known SIRT1 activator, and AGK-2, a potent SIRT2-selective
inhibitor, in counteracting reactive gliosis, now considered one
of the characteristic phenomena occurring in AD. AD leads to
disability and death in a significant proportion of the world’s
aged population (Alzheimer’s Association Report, 2013). However,
the available treatments are limited and exert only symptomatic
effects. Several promising drugs have recently failed to provide
benefit, so there is urgent need to develop new, and hopefully
more efficacious, drugs to affect AD course. To this attempt, in the
last years researchers focused their attention on the role of reactive
gliosis in the onset and progression of many neurodegenerative
disorders, including AD. Produced results gave evidence that neu-
roinflammation and neurodegeneration mutually have a critical
impact on AD course (Wyss-Coray and Rogers, 2012). For this
reason, it is possible to assume that early combination of neuropro-
tective and anti-inflammatory treatments represents a particularly
appropriate approach to AD (Di Filippo etal., 2008). Although
neurodegenerative disorders have distinct clinical manifestations,
many of the underlying pathogenic processes are similar (intra-
or extracellular accumulation of misfolded proteins, cytoskeletal
abnormalities, disruption of calcium homeostasis, mitochondrial
dysfunction, and inflammation), and most of them are strongly

www.frontiersin.org

May 2014 | Volume 5 | Article 89 | 61


http://www.frontiersin.org/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive

Scuderi etal.

Sirtuins and reactive gliosis

o Ctrl
m AP 1-42 e
150~ i
=
=S 100
2 =
< O
£ 3
= <
8 é 504

0
RSV(M) 0 2 10 50 0 2

10 50
c
*%k%k
150- x
*%
25 B
ZE 1001
= =
= e
=2
- e
8 °\:« 504
0 T
AGK-2(uM) 0 0.35 3.5 35 0 03535 35

FIGURE 1 | Resveratrol (RSV) and AGK-2 affect astrocyte viability and
proliferation induced by Ag 1-42 challenge. Cells were challenged with
0.23 wM AB 1-42 in the presence or absence of one of the following
substances: RSV (2 - 10 — 50 M), a potent SIRT1 activator; AGK-2 (0.35 - 3.5
— 35 nM), a selective SIRT2 inhibitor. 24 h later cell viability was assessed by
neutral red uptake assay (A,C). 74 h after treatments cell proliferation was
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evaluated by trypan blu assay (B,D). Results are expressed as cell
viability-fold increase versus unchallenged (open bars) or AB-challenged cells
(black bars). Results are the mean + SEM of four experiments in triplicate.
Statistical analysis was performed by one-way ANOVA followed by Bonferroni
multiple comparison test. p < 0.01 Ap-challenged versus unchallenged cells;
*p < 0.05; **p < 0.01; ***p < 0.001 for multiple comparison among groups.

influenced by and increased during aging. In particular, in both
early- and late-onset sporadic AD, aging represents a major con-
tributing factor for the disease development and progression,
although the precise role remains still unclear. Transcriptional pro-
filing studies revealed that expression of genes that play central
roles in synaptic plasticity, vesicular transport and mitochon-
dria function is reduced, whereas expression of genes encoding
for stress, inflammatory or immune factors is increased in aged
human frontal cortex (Lu etal., 2004). These findings impli-
cate ongoing DNA damage, oxidative stress and inflammation
as contributors to the functional decline occurring in age-related
neurodegenerative diseases, including AD.

In this context, the discovery of SIRTS, indicated as class III
histone deacetylases (HDACs), offers a close relationship between
aging, metabolism and neurodegeneration, thereby representing
an innovative target to develop therapeutic strategies (Outeiro
etal., 2008). SIRTs play pleiotropic biological functions that range
from repression of gene expression (through histone deacetyla-
tion) to regulation of cellular differentiation and/or apoptotic
processes, from control of energetic cell metabolism to that of
aging events. These enzymes have been extensively studied because
of their involvement in mediating the effect of caloric restriction

(CR) in fostering longevity and healthy aging. In addition, many
data indicate that SIRTs are potentially able to delay neurode-
generative diseases related to senescence, including AD. (Michan
and Sinclair, 2007). It has been demonstrated that CR reduces
the content of AP in the temporal cortex of squirrel monkeys,
and such effect is inversely linked to SIRT1 expression in the
same brain region (Qin etal., 2006a). Moreover, in a transgenic
mouse model of AD, the same authors previously demonstrated
that CR antagonizes AP neuropathology by increasing the SIRT1
and NAD/nicotinamide ratio (Qin et al., 2006b). Recently, SIRT2
inhibition has been proposed as a promising therapeutic strategy
to achieve neuroprotection in in vitro and in vivo models of Parkin-
son’s and Huntington’s diseases (Outeiro et al., 2007; Luthi-Carter
etal.,, 2010). Moreover, Spires-Jones etal. (2012) demonstrated
that inhibition of SIRT?2 is a safe and promising neuroprotective
agent in both tau-associated frontotemporal dementia and AD.

It is recognized that A affects cell viability and proliferation
(Allaman etal., 2010; Scuderi etal., 2012). It is possible to specu-
late that these AP actions are due to its ability to enhance astrocyte
metabolism turning on morpho-functional changes in such cells
(Verkhratsky and Butt, 2007). Interestingly, our experiments high-
lighted alterations in astrocyte viability and proliferation after Af

Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery

May 2014 | Volume 5 | Article 89 | 62


http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive

Scuderi etal. Sirtuins and reactive gliosis
A B S C
— o - GFAP = -y S e = GFAP
—— — — R — ——. <1 0B L S ———— s e100B
— e e w— w— e w (-actin — — — — —— —— (-aCtin
B 0 Ctrl Kk D "
m AR 1-42 = "
= 1504 g8 o 300 *
= S
- L~
5% 1004 /= L (L xrm
v = =
= =
=3 =
22 2.8
e - e
g 501 5. 1004
- " a =
< <
= =
&) &) 0
1 T
RSV (uM) 0 2 10 50 0 2 10 50 AGK-2 (uM) 0 0.35 3.5 35 0 035 3.5 35
* —_—
o 250- - o 2001 —_—
2 S
2 200- s =
2o @ ~ 150-
£ 52
o < 150+ S
) - 8
‘§ 2 = S 100+
S S 1004 5%
N A
-’ —
27 501 g~ S0
< =
7 7 "
1
RSV (uM) 0 2 10 50 0 2 10 50 AGK-2(upM) 0 0.35 3.5 35 0 03535 35
FIGURE 2 | Effect of RSV and AGK-2 on GFAP and S100B expression. 24 h  analyzes normalized to B-actin loading controls (B,D for RSV and AGK-2,
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evaluated. Representative Western blots for GFAP and S100B proteins in Statistical analysis was performed by one-way ANOVA followed by Bonferroni
lysates from astrocytes challenged with Ag 1-42 (0.23 M) in the presence of multiple comparison test. p < 0.01 AB-challenged versus unchallenged cells;
RSV (2 - 10 - 50 pM; A) or AGK-2 (0.35 — 3.5 - 35 nM; C). Densitometric *p < 0.05; **p < 0.01; for multiple comparison among groups.

1-42 challenge, and both RSV and AGK-2 markedly controlled
these effects. SIRTs are considered as sensors of cell metabolic state
because they finely modulate physiological processes. For this rea-
son it is important to establish the appropriate concentrations to
avoid dangerous unwanted consequences. In fact, in our condi-
tions, we found that the highest concentrations used of both RSV
and AGK-2 caused cytotoxic effects.

As a consequence of exogenous insults, glial cells lost their
physiological functions and acquire a reactive phenotype, char-
acterized by profound morphological and functional alterations,
such GFAP and S100B overexpression (O’Callaghan and Sriram,
2005; Donato et al.,2013). In our model, we detected marked alter-
ation of both these proteins. In fact, Western blot analysis showed
that astrocytes express higher GFAP and S100B protein levels after

AB challenge. Interestingly, RSV and AGK-2 negatively modulated
the expression of both GFAP and S100B.

As mentioned before, the direct correlation between the
AB-induced toxicity and the production of pro-inflammatory
mediators prompted us to investigate the expression of the two
main inducible enzymes related to inflammation, iNOS and COX-
2. In our experimental condition, we highlighted the existence of
an inflammatory state induced by AP 1-42 treatment, as detected
by the increased expression of both iNOS and COX-2. The alter-
ation of these two proteins was significantly blunted by RSV and
AGK-2, indicating a key role in regulating astrogliosis and impor-
tant astrocyte changes, which contribute to disease progression.
In the current study it was observed that SIRT1 and SIRT2 can
represent promising targets, whose manipulation could prevent
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normalized to B-actin loading controls (B,D for RSV and AGK-2, respectively).
Results are the mean + SEM of four experiments in triplicate. Statistical
analysis was performed by one-way ANOVA followed by Bonferroni multiple
comparison test. p < 0.001 and p < 0.05 AB-challenged versus unchallenged
cells; *p < 0.05; **p < 0.01; for multiple comparison among groups.

over-activation of neuroglia upon pro-inflammatory stimulation.
These data suggest a SIRT-dependent mechanism to restrain detri-
mental effects of excessive astrocyte activation. Moreover, the
findings bear major implications in the context of several inflam-
matory conditions of the central nervous system where astroglia
are known to mediate deleterious consequences. In conclusion, the
results of the present study provide evidence that SIRT modulation
can represent a strategy to counteract reactive gliosis, and suggest
new avenues to walk for the discovery of novel and promising
therapy for AD.
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INTRODUCTION

Amyloid deposits, constituted of amyloid beta (AB) aggregates, are a characteristic feature
of several neurodegenerative diseases, such as Alzheimer’s, mild cognitive impairment
and Parkinson’s disease. They also have been recently implicated in the pathogenesis of
retinal damage, as well as age-related macular degeneration and glaucoma. Glaucoma is
a progressive optic neuropathy characterized by gradual degeneration of neuronal tissue
due to retinal ganglion cell loss, associated to visual field loss over time resulting in
irreversible blindness. Accumulation of Ap characterizes glaucoma as a protein misfolding
disease, suggesting a pathogenic role for oxidative stress in the pathogenesis of retinal
degenerative damage associated to glaucoma. There is a growing body of evidence
demonstrating a link between Alzheimer's disease and glaucoma. Further, several heat
shock proteins (HSPs) members have been implicated both in neurodegenerative diseases
and glaucomatous apoptosis. To maintain redox homeostasis vitagenes, as integrated
mechanisms, operate actively to preserve cell survival under condition of stress. Vitagenes
encode for sirtuin, thioredoxin and HSPs. The present study was designed to investigate
cellular stress response mechanisms in the blood of patients with glaucoma, compared
to control subjects. Levels of vitagenes HSP-72, heme oxygenase-1, as well as F2-
isoprostanes were significantly higher in the blood of patients with glaucoma than in
controls. Furthermore, in the same experimental group increased expression of Trx and
sirtuin 1 were measured. Our results sustain the importance of redox homeostasis
disruption in the pathogenesis of glaucoma and highlights the opportunity that new
therapies that prevents neurodegeneration through non-immunomodulatory mechanisms
might be synergistically associated with current glaucoma therapies, thus unraveling
important targets for novel cytoprotective strategies.

Keywords: free radicals, stress response, vitagenes, hormesis, antioxidants

underlying the pathogenesis of glaucoma (Calandrella et al., 2007;

Glaucoma is a progressive optic neuropathy characterized by
degeneration of neuronal tissue due to loss of retinal ganglion
cells (RGCs), with accompanying compromission of visual field
over time (Gupta etal., 2006; Quigley and Broman, 2006). It is
a leading cause of irreversible blindness estimated to affect 79.6
million people worldwide by 2020 (Hinton etal., 1986; Yoneda
etal., 2005). Research studies have demonstrated that RGC dam-
age in glaucoma is not limited to the primary insulted neurons, but
also involves neighboring neurons. The increase in the prevalence
of glaucoma with age is not accounted for only by the increase
in ocular hypertension alone, being accompanied by an increase
in the vulnerability of the optic nerve to the effects of glaucoma
risk factors which increase as function of age. In particular, fac-
tors such as tissue hypoxia, disturbed protein metabolism and
oxidative stress have been identified to interact in a vicious cycle

Gupta etal., 2008), ultimately leading to apoptotic retina gan-
glion cell death (Tatton etal., 2001; Soti etal., 2005; De la Monte
and Wands, 2006). In view of these considerations glaucoma
can be viewed as a neurodegenerative disease which, similarly
to other neurodegenerative pathologies, i.e., Alzheimer’s and
Parkinson’s disease, where irreversible functional deficit ensues
as consequence of neuronal dysfunction and death. There is now
a growing body of evidence demonstrating a link between AD and
glaucoma.

Amyloid deposits, consisting of AP, which are a charac-
teristic feature of several neurodegenerative diseases such as
Alzheimer’s (AD), mild cognitive impairment, and Parkinson’s
disease (Hinton etal., 1986) have been recently implicated in the
pathogenesis of retinal damage, macular degeneration, and glau-
coma (Yoneda etal., 2005). Accordingly, drugs designated to target
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B-amyloid (AP) has been found to reduce apoptotic degenera-
tion of RGCs, as observed in vitro and in vivo. Furthermore, the
presence of increased levels of AP characterizes glaucoma as a
protein misfolding disease, also suggesting a role for oxidative
stress in the pathogenesis of retinal degenerative damage associ-
ated to glaucome. Although oxidative stress has been recognized
to play a critical role in the development and progression of
glaucoma, yet, the exact mechanisms remain elusive. Oxidative
stress can cause oxidative attack to DNA, proteins, and lipids,
leading to DNA and protein modification, thus sustaining the
pathophysiology of degenerative damage of RGCs (Gupta etal,,
2006). Relevant to protein misfolding, of emerging interest are
heat shock proteins (HSPs), specialized molecular chaperones
which mediate various cellular functions. HSPs are up regulated
in response to conditions of stress in order to restore normal cell
integrity (Soti etal., 2005). The heat shock response, an impor-
tant component of vitagene family, contributes to establishing a
cytoprotective state in a wide variety of human diseases. Vita-
genes include, besides HSPs 70 and 32, the latter also called heme
oxygenase-1 (HO-1), thioredoxin and sirtuins (Butterfield etal.,
2010, 2011). Several families of HSP have been implicated in neu-
rodegenerative diseases and glaucomatous RGC apoptosis with
increased levels of circulating autoantibodies to alpha-crystallins
and HSP-27 and increased immunostaining of HSP-60, HSP-27 in
RGCs and the retinal blood vessels in glaucoma patients (Shieds
etal., 1996; Izzotti etal., 2006). In a rat glaucoma model, treat-
ment with geranylgeranylacetone increases HSP-72 synthesis while
reducing markedly RGC loss, possibly through interactions with
different protein kinases, such as Akt kinase, and the inhibition
of NF-kB. In this study we tested the hypothesis that there may
be a causal relationship between AD and glaucoma that may
be explained by systemic oxidative stress and dysregulation of
cellular stress response. Present work elucidated cellular stress
response in peripheral cells in patients with glaucoma as com-
pared to healthy volunteers, as control, in order to gain insight
into the pathogenic mechanisms operating in the neurodegener-
ative damage associated with this disease and exploit the possible
role of vitagenes in opening up new therapeutic targets for limit-
ing the oxidative damage associated to degeneration occurring in
glaucoma.

MATERIALS AND METHODS

PATIENTS

Eighteen patients (12 males and six females, mean age
60 =+ 15 years) with diagnosis of hypertensive primary open-
angle glaucoma (POAG), with typical optic nerve head and
visual field damage, were included in the study. Mean MD
and PSD were respectively —7.5 + 8.6 dB, and 4.2 + 3.8 dB.
Twenty age-matched healthy volunteers were recruited as con-
trols. Patients and control subjects underwent IOP measure-
ment by Goldmann applanation tonometer, optic nerve head
examination by 78 D lens at the slit lamp, and visual field
test 24-2 SITA standard, by a 750 Humprey perimeter (HFA
II). Clinical characteristics of patients and control subjects are
shown in Table 1. Patients with normal tension glaucoma,
previous uveitis, diabetes, arterial hypertension were excluded.
The study was conducted according to guidelines of local

Ethics Committee, and informed consent was obtained from all
patients.

SAMPLING AND LYMPHOCYTE PURIFICATION

Blood (5 ml) collected from controls and patients into tubes
containing EDTA, was divided into two aliquots, 1 and 4 ml
respectively. One aliquots (1 ml) was centrifuged at 3000 x g for
10 min at 4°C to separate serum from red blood cells, while 4 ml
aliquots, were utilized for lymphocytes purification, which was
accomplished by using the Ficoll Paque System following the pro-
cedure provided by the manufacturer (GE Healthcare, Piscataway,
NJ, USA).

WESTERN BLOT ANALYSIS

HSP-70, HO-1, Trx, and Sirt-1 protein levels were estimated
by Western blot analysis which was accomplished as previously
described in Calabrese etal. (2012). Plasma samples were pro-
cessed as such, while the isolated lymphocyte pellet was homoge-
nized and centrifuged at 10,000 x g for 10 min. The supernatant
was then used for analysis after determination of protein con-
tent. Proteins extracted for each sample, at equal concentration
(40 pg), were boiled for 3 min in sample buffer (containing 40 mM
Tris-HCI pH 7.4, 2.5% SDS, 5% 2-mercaptoethanol, 5% glycerol,
0.025 mg/ml of bromophenol blue) and then separated on a poly-
acrylamide mini gels precasting 4-20% (cod NB10420 NuSept Ltd
Australia). Separated proteins were transferred onto nitrocellulose
membrane (BIO-RAD, Hercules, CA, USA) in transfer buffer con-
taining (0.05% di SDS, 25 mM di Tris, 192 mM glycine and 20%
v/v methanol). The transfer of the proteins on the nitrocellulose
membrane was confirmed by staining with Ponceau Red which
was then removed by three washes in PBS (phosphate buffered
saline) for 5 min each. Membranes were then incubated for 1 h
at room temperature in 20 mM Tris pH 7.4, 150 mM NaCl and
Tween 20 (TBS-T) containing 2% milk powder and incubated
with appropriate primary antibodies, namely anti-HSP-70, anti-
HO-1, anti-Trx and anti Sirt-1 polyclonal antibody (Santa Cruz
Biotech. Inc.), overnight at 4°C in TBS-T. The same membrane
was incubated with a goat polyclonal antibody anti-beta-actin (SC
1615 Santa Cruz Biotech. Inc., Santa Cruz, CA, USA, dilution
1:1000) to verify that the concentration of protein loaded in the
gel was the same in each sample. Excess unbound antibodies were
removed by three washes are with TBS-T for 5 min. After incu-
bation with primary antibody, the membranes were washed three
times for 5 min. in TBS-T and then incubated for 1 h at room
temperature with the secondary polyclonal antibody conjugated
with horseradish peroxidase (dilution 1:500). The membranes
were then washed three times with TBS-T for 5 min. Finally, the
membranes were incubated for 3 min with SuperSignal chemilu-
miniscence detection system kit (Cod 34080 Pierce Chemical Co,
Rockford, IL, USA) to display the specific protein bands for each
antibody. The immunoreactive bands were quantified by captur-
ing the luminescence signal emitted from the membranes with the
Gel Logic 2200 PRO (Bioscience) and analyzed with Molecular
Imaging software for the complete analysis of regions of interest
for measuring expression ratios. The molecular weight of proteins
analyzed was determined using a standard curve prepared with
protein molecular weight.
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Table 1 | Clinical data of glaucoma patients and control subjects.

Number of subjects Age (Mean + SD)

Gender (F/M)

md (Mean + SD) Psd (Mean =+ SD)

Patients 18 60 + 15 7N —75+8.6 42+38
Controls 20 73+5 2/8 —-1.2+11 0.8+0.3
Md, mean defect; psd, pattern standard deviation.

MEASUREMENT OF F2-ISOPROSTANES A

F2-isoprostanes were determined by HPLC according to the pro-
cedure of Ritov et al. (2002). F2-isoprostane content in plasma was
expressed in nM.

DETERMINATION OF PROTEIN

Protein concentration in all experimental samples was determined
by the bicinchoninic acid protein assay (Pierce, Rockford, IL, USA)
according to Smith etal. (1985) and using serum bovine albumin
as standard.

STATISTICAL ANALYSIS

Results were expressed as means & S.E.M. Each experiment was
performed, unless otherwise specified, in triplicate. Data were ana-
lyzed by one-way ANOVA, followed by inspection of all differences
by Duncan’s new multiple-range test. Differences were considered
significant at P < 0.05.

RESULTS

In our study we evaluated the expression of stress proteins in
plasma and lymphocytes of glaucomatous patients compared to
controls. Among the 70 kDa family of HSPs we evaluated the
inducible HSP-70 (HSP-72) isoform and its expression. As shown
in Figure 1A, a significant (P < 0.05) increase in HSP-70 was
found in lymphocytes of patients with glaucoma with respect to
healthy control subjects. A representative immunoblot is reported
in Figure 1B. Western blot analysis of plasma probed for HSP-70
are reported in Figure 2A, which shows that HSP-70 expres-
sion increased significantly (P < 0.05) in patients with glaucoma,
compared to controls. A representative immunoblot is shown in
Figure 2B.

Heme oxygenase-1, another HSP-32 endowed with cytoprotec-
tive properties (Soti etal., 2005), was found expressed at signifi-
cantly higher levels in lymphocytes of patients with glaucoma than
in controls (Figure 3A). A representative immunoblot is illustrated
in Figure 3B. Similarly to lymphocyte finding, patients with glau-
coma exhibited higher level plasma HO-1 protein then healthy
controls (Figures 4A,B).

Analysis of lymphocytes in patients with glaucoma, compared
to control group, revealed a significant (P < 0.05) increase of
Trx expression (Figure 5A), while in the plasma there was no
statistically significant difference between the two experimental
groups (Figure 6A). Representative immunoblots are reported in
Figures 5B and 6B, respectively.

Interestingly, we found significantly (P < 0.05) higher levels
of sirtuin-1 in lymphocytes of patients with glaucoma than in the
control group (Figure 7A). Consistent with the changes found
in lymphocytes, analysis of plasma confirmed increased protein

Hsp 70 (D.U.)
5 8 8 8§ 8§ &

I
=3

o

Glaucoma

Glaucoma

B-actin —» - &

. - e

FIGURE 1 | (A) HSP-70 protein levels in plasma of glaucoma and control
subjects. Samples from control and glaucoma patients were assayed for
HSP-70 expression by Western blot. A representativ eimmunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. * P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.

levels of sirtuin-1, higher in patients with glaucoma as to com-
pare with the healthy control group (Figure 8A). Representative
immunoblots are shown in Figures 7B and 8B, respectively. As
to our knowledge this is the first evidence of changes in sirtuin-1
expression in glucomatous pathology, although this finding may
not be a marker specific for this progressive chronic inflammatory
systemic disease.

Further, we evaluated systemic pro-oxidant conditions, by
measuring lipid-derived circulating F2 isoprostanes. We found
a significant increase (P < 0.05) of total F2-isoprostanes in the
plasma of patients with glaucoma (P < 0.05) with respect to
controls (Figure 9).

DISCUSSION

Glaucoma is one of the leading causes of vision loss worldwide.
Open-angle glaucoma, the most common form of glaucoma,
is characterized by a progressive loss of RGCs and atrophy of
the optic nerve, resulting in loss of visual field (Hinton etal.,
1986; Yoneda etal., 2005). Several theories have been pro-
posed, including mechanical and vascular pathogenesis for the
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FIGURE 2 | (A) HSP-70 protein levels in lymphocytes of glaucoma and
control subjects. Samples from controls and glaucoma patients were
assayed for HSP-70 expression by Western blot. A representative
immunoblot is shown. B-actin has been used as loading control.
(B) Densitometric evaluation: the bar graph shows the values are
expressed as mean standard error of mean of 3 independent analyses.
*P < 0.05 vs. control. D.U., densitometric units; CTRL, control.
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FIGURE 4 | (A) HO-1 protein levels in lymphocytes of glaucoma and control
subjects. Samples from control and patients with glaucoma were assayed
for HO-1 expression by Western blot. A representative immunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. * P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 3 | (A) HO-1 protein levels in plasma of glaucoma and control
subjects. Samples from control and patients with glaucoma were assayed
for HO-1 expression by Western blot. A representative immunoblot is
shown. p-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. *P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 5 | (A) Sirtuin-1 protein levels in plasma of glaucoma and control
subjects. Samples from control and patients with glaucoma were assayed
for Sirt-1 expression by Western blot. A representative immunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of three independent analyses. *P < 0.05 vs.
control. D.U., densitometric units; CTRL, control.

glaucomatous optic neuropathy. Elevated intraocular pressure is
a strong risk factor, but a subset of glaucoma patients has nor-
mal intraocular pressure designating a normal tension glaucoma.
Clearly, other factors different from intraocular pressure, such
as genetic factors, are thought to be involved in RGC apoptotic
cell death in glaucoma. The e4 allele of the APOE gene has been
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FIGURE 6 | (A) Sirtuin-1 protein levels in lymphocytes of glaucoma and
control subjects. Samples from control and patients with glaucoma were
assayed for Sirt-1 expression by Western blot. A representative immunoblot
is shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. *P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 7 | (A) Thioredoxin protein levels in plasma of glaucoma and
control subjects. Samples from control and patients with glaucoma were
assayed for Trx expression by Western blot. A representative immunoblot is
shown. p-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 8 | (A) Thioredoxin protein levels in lymphocytes of glaucoma and
control subjects. Samples from control and patients with glaucoma were
assayed for Trx expression by Western blot. A representative immunoblot is
shown. B-actin has been used as loading control. (B) Densitometric
evaluation: the bar graph shows the values are expressed as mean
standard error of mean of 3 independent analyses. *P < 0.05 vs. control.
D.U., densitometric units; CTRL, control.
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FIGURE 9 | Total F2-isoprostanes levels in plasma glaucoma patients.
Plasma samples from patients with glaucoma and age-matched controls
were assayed for total F2-isoprostanes. Data are expressed as

mean + SEM of 18 to 20 patients per group. *P < 0.05 vs. controls.

also considered in the pathophysiology of open-angle glaucoma,
although the question still remains elusive (Quigley and Broman,
2006).

Oxidative stress is considered an important risk factor for the
development of primary angle-closure glaucoma and increased
levels of oxidative stress products have been documented in pri-
mary angle-closure glaucoma (Shieds etal., 1996; Izzotti etal,
2006; Butterfield etal., 2011). Visual loss which often starts in
the periphery and advances involving central vision, has devas-
tating consequences to patient’s quality of life (Gupta etal., 20065
Quigley and Broman, 2006).
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We have recently demonstrated that increased oxidative stress
and cellular stress response are a systemic presentation of the
oxidative burden occurring in AD patients, rising the conceiv-
able possibility that Alzheimer’s disease might not be exclusively
a primary neurological pathology rather being a systemic oxi-
dant disorder (Siciliano etal., 2011; Cornelius etal., 2013). In
this study we hypothesize that there may be a causal relation-
ship between AD and glaucoma that may be explained by systemic
oxidative stress and dysregulation of cellular stress response. We
have found in patients with glaucoma a systemic condition of
oxidative stress as revealed by upregulation of lipid-derived F2
isoprostanes. This marker of oxidative stress was found in the
blood of patients with glaucoma at significantly higher levels
than in controls. Similarly to other oxidant disorders, such as
AD (Calabrese etal., 2012; Mayeux and Stern, 2012) or multiple
sclerosis (Calabrese etal., 2010b) a direct relationship, although
not necessarily causal, may exist between organ specific pathol-
ogy and systemic alterations underlying or reflecting the local
oxidative status (Ferreira etal., 2004). Reactive oxygen species
(ROS) are an essential component of intracellular signaling net-
work, regulated through the intrinsic antioxidant capacity of a
cell, but when ROS formation exceedingly increases damage to
DNA, proteins, and lipids macromolecules ensues. During cel-
lular metabolism mitochondrial compartment accounts for the
major source of ROS generation. However, excess in free rad-
ical production induces oxidative stress and damage. Growing
evidence now sustains a critical role for free radical-induced
oxidative damage in glaucomatous neurodegeneration occur-
ring in different subcellular compartments of RGCs. Consistent
with this notion, oxidatively modified proteins and advanced
glycation end products accumulate in glaucomatous neurode-
generation, thus increasing neuronal susceptibility to glial dys-
function (Shieds etal., 1996; Sloane etal., 2002; Tamura etal.,
2006). This last event, in turn, contributes to propagate neu-
ronal damage resulting in secondary degenerative damage. Fur-
thermore, free radical-mediated oxidative insult in glaucoma
enhances antigen presenting activity of glial cells and hence
stimulates immune response (Tezel, 2006; Calandrella etal,
2007).

Oxidative damage is one of the most important causes of
brain protein damage and dysfunction in several age-related neu-
rodegenerative disorders including Alzheimer’s disease (Sloane
etal., 2002). RGCs and the optic nerve have demonstrated
similar mechanisms of cell death in glaucoma to those of
Alzheimer’s disease, marking glaucoma as a neurodegenerative
disease (Guo etal., 2006; Pennisi etal., 2011). AD is a progres-
sive neurodegenerative disorder characterized by cognitive and
memory deterioration, as well as changes in personality, behav-
ioral disturbances and an impaired ability to perform activities
of daily living (McKinnon, 2003; Wostyn etal., 2009; Sicil-
iano etal., 2011). AD is known to be the most common form
of dementia and is a major public health problem through-
out the world (Calabrese etal., 2012). In addition to synaptic
degradation and extensive neuronal cell loss, neuropatholog-
ical characteristics of AD include extracellular senile plaques
containing B-amyloid (AP) derived from p-amyloid precur-
sor protein (APP) after sequential cleavage by b-secretase and

c-secretase, and intracellular neurofibrillary tangles caused by
abnormally phosphorylated tau protein (De la Monte and Wands,
2006).

There is a growing body of evidence demonstrating a link
between AD and glaucoma. However, the nature of this link
remains obscure. Interestingly, recently published research may
provide a clue toward a better understanding of the high rate of
comorbidity reported between AD and glaucoma.

It is intriguing to note that AD and glaucoma have many
common features. Both are slow and chronic neurodegenerative
disorders with a strong age-related incidence. Studies consistently
report decreased levels of B-amyloid and increased levels of tau in
cerebrospinal fluid from AD patients in comparison with healthy
subjects. Similarly, decreased levels of B-amyloid and significantly
increased levels of tau have been detected in the vitreous fluid from
patients with glaucoma or diabetic retinopathy in comparison with
the levels in a control group (Calabrese et al., 2010b; Pennisi et al.,
2011; Siciliano etal., 2011; Cornelius etal., 2013). This finding
corroborates a role for f-amyloid and tau in the pathogenesis of
glaucoma, suggesting that the neurodegenerative process in these
ocular diseases might share, at least in part, a common mecha-
nism with AD. It was also demonstrated recently that abnormal
tau AT8 is present in human glaucomas with uncontrolled elevated
intraocular pressure. Furthermore, there is evidence of a build-up
of AB in RGCs in experimental rat glaucoma. Activation of cas-
pases and abnormal APP processing, which includes production
of AP are important events in AD (Bullock and Hammond, 2003;
Guo etal., 2006).

To gain further insight into the role of oxidant/antioxidant
balance in the pathogenesis of glaucoma, in addition to oxida-
tive stress, expression of Sirt-1 and Trx was determined in the
peripheral blood of glaucomatous patients. Interestingly, levels of
vitagenes HSP-72 and HO-1 were significantly higher in the blood
of patients with glaucoma than in controls. These changes were
associated with an increased expression of Trx and sirtuin 1 in the
same experimental group.

To adapt to environmental changes and survive different types
of injuries, as in the case of acute or chronic stress, exposed
cells are continually challenged to activate integrated survival
responses (Bullock and Hammond, 2003). One of these, the heat
shock response actively operate in the optic cell system, under
control of redox regulated gene network, the vitagene network,
recognized to be critical for the intracellular chaperoning func-
tion which is essential for the proper folding of misfolded or
mutated proteins, thereby protecting vulnerable cells from death
(Selkoe, 2001; Rocchi etal., 2003; Guo etal., 2006). As stress
inducible proteins, chaperones help the correct folding and main-
tenance of the proper conformation of essential proteins, thus
promoting cell survival in all those pathological conditions asso-
ciated oxidative stress (Hirota et al., 2002; Calabrese etal., 2010c).
Under oxidative stress conditions, such as that found in patients
with glaucoma, HO-1 was also found increased in lymphocytes
and plasma of patients with glaucoma. HO-1 is an early gene
induced by oxidative stress producing powerful antioxidant and
antinitrosative molecules such as biliverdin and bilirubin (Halli-
well, 2006; Calabrese etal., 2010a, 2013). HO-1 increase in the
lymphocytes of patients with glaucoma may indicate that, in
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response to an oxidant insult, induction of an early gene is a
significant part of the antioxidant response which might have bio-
logical relevance considering the long term course of the disease.
Under stress conditions, induction of sirtuins is a well recog-
nized defense mechanism against oxidative injury, representing
a common feature in a number of neurodegenerative diseases
(Salminen etal., 2008). Here we found that the levels of Sirt-1 in
glaucoma lymphocytes were significantly higher than in controls,
a finding associated with increased content of F2-isoprostanes
as marker of oxidative stress. This is relevant to the pathogen-
esis of glaucoma. Several studies suggest that the Sirt-1 gene is
redox-regulated and its expression appears closely related to con-
ditions of oxidative stress (Drake etal., 2003; Bonda etal., 2011).
Thus, its induction could represent a protective system poten-
tially active against brain oxidative injury (Kessing etal., 2007;
Herranz and Serrano, 2010). In addition, another protein, thiore-
doxin (Trx), which is emerging as critical vitagene involved in
brain stress tolerance was found increased in the same experi-
mental group (Tanaka etal., 2000; Tonissen and Trapani, 2009).
Besides its role in the protection against oxidative stress, Trx is
critically involved in the regulation of cell growth and cell death
(Yiand Luo, 2010; Di Paola etal., 2011). Consistently, modulation
of endogenous cellular defense mechanisms such as the vitagene
network, including HSPs, sirtuin, and thioredoxin proteins may
open a new approaches to therapeutic interventions in diseases
associated with tissue damage and cell death, such as in glau-
comatous neurodegeneration (Dali-Youcef etal., 2007; Dumont
etal., 2009; Ballard etal., 2011). Our data are in favor of the
hypothesis linking oxidative stress to the pathogenesis of glau-
coma, and indicate that stress responsive genes may represent an
important target for novel cytoprotective strategies, as molecules
inducing this defense mechanism, via nutritional and/or pharma-
cological approaches, can exploit the potential for antidegenerative
therapeutic interventions.
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INTRODUCTION

Alzheimer's disease (AD) and osteoporosis are multifactorial progressive degenerative
disorders. Increasing evidence shows that osteoporosis and hip fracture are common
complication observed in AD patients, although the mechanisms underlying this association
remain poorly understood. Reactive oxygen species (ROS) are emerging as intracellular
redox signaling molecules involved in the regulation of bone metabolism, including receptor
activator of nuclear factorkB ligand-dependent osteoclast differentiation, but they also
have cytotoxic effects that include lipoperoxidation and oxidative damage to proteins and
DNA. ROS generation, which is implicated in the regulation of cellular stress response
mechanisms, is an integrated, highly regulated, process under control of redox sensitive
genes coding for redox proteins called vitagenes. Vitagenes, encoding for proteins such as
heat shock proteins (Hsps) Hsp32, Hsp70, the thioredoxin, and the sirtuin protein, represent
a systems controlling a complex network of intracellular signaling pathways relevant to life
span and involved in the preservation of cellular homeostasis under stress conditions.
Consistently, nutritional anti-oxidants have demonstrated their neuroprotective potential
through a hormetic-dependent activation of vitagenes. The biological relevance of dose—
response affects those strategies pointing to the optimal dosing to patients in the treatment
of numerous diseases. Thus, the heat shock response has become an important hormetic
target for novel cytoprotective strategies focusing on the pharmacological development of
compounds capable of modulating stress response mechanisms. Here we discuss possible
signaling mechanisms involved in the activation of vitagenes which, relevant to bone
remodeling and through enhancement of cellular stress resistance provide a rationale to
limit the deleterious consequences associated to homeostasis disruption with consequent
impact on the aging process.

Keywords: oxidative stress, redox status, Alzheimer’s disease, cellular stress response, hormesis, vitagenes

while the nuclear and cytosolic compartment was functionally

Mitochondrial medicine is emerging as powerful candidate for
expanding anatomical and Mendelian biological concepts aimed
to solve complexity in age-related diseases, aging and cancer (Di
Domenico etal., 2010; Wallace, 2010, 2012, 2013). Interaction
between structure and energy is a fundamental life prerequisite.
This dualism in eukaryotic cell, was generated approximately
two billion years ago after the symbiosis of a glycolytic pro-
genitor, which evolved the nucleus—cytosolic compartment, and
an oxidative progenitor evolving toward an ancient mitochon-
drion. Initially each proto-organism contained all the genes for
an independent life. However, 1.2 billion years later, after sub-
sequent genomic reorganizations and alternative rearrangements,
was achieved a cellular arrangement in which the mitochondrial
compartment became specialized in the generation of energy,

polarized toward structure. This final arrangement was the start-
ing point for multicellularity fostering evolution in higher plants
and animal kingdom, including humans. Notably, this original
architecture comeback powerfully in our cells in all conditions
where tumor initiation and promotion occur and the glycolytic
tone of metabolic potential put in motion a process leading to
the marginalization of energy transduction mechanisms, kicking
off mitochondrial energy production in favor of a sustained high
proliferative potential which underlie tumor progression (Cal-
abrese etal., 2007¢; Wallace, 2008; Perluigi et al., 2010; Bellia etal.,
2011). In view of this, comprehension of aging mechanisms of
aging and determinants of life span will contribute to decrease
age-related morbidity and promote healthy aging. Over the last
centuries, as a consequence of exogenous environmental factors
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and medical progress, average lifespan has increased, but maximal
life span has not changed (Edrey etal., 2014; Willcox and Will-
cox, 2014). Consistent with this notion and relevant to longevity
mechanisms, vitagenes by preserving cellular homeostasis dur-
ing stressful conditions represent a functional network regulating
life span. Vitagenes, are redox sensitive genes encoding for heat
shock proteins (Hsps) Hsp32, Hsp70, for the thioredoxin and
the sirtuin protein systems (Calabrese etal., 2008e; Bellia etal,,
2009; Cornelius etal., 2013b). In this regard, nutritional anti-
oxidants, have recently been demonstrated to be neuroprotective
via hormetic pathways, including vitagenes. The hormetic feature
of dose-response appears to quantitatively describe the limits of
biological plasticity across phyla as well as at different levels of
biological organization (cell, organ, and organism). Thus, phar-
maceutical treatments for a wide range of human conditions can
be based upon the hormetic biphasic dose response, as discovered
within preclinical evaluations and then directly applied to human
populations. The biological relevance of hormetic dose—response
affects, ultimately, those strategies pointing to the optimal dos-
ing to patients in the treatment of numerous diseases and, within
this context, the heat shock response (HSR) can be considered an
important hormetic target to design cytoprotective compounds
able of inducing stress response mechanisms. Here we discuss
signaling mechanisms activating vitagenes, which are relevant to
bone remodeling which, through enhancement of stress resistance
provide a rational therapeutic approach to limit the deleterious
consequences associated to disruption of homeostasis with con-
sequent impact on the aging process (Murshid etal., 2013; Saibil,
2013).

ALZHEIMER'S DISEASE

Alzheimer’s disease (AD) is characterized by progressive deterio-
ration of cognitive functions and stress (Calabrese etal., 2006d),
with biochemical alterations consisting in the accumulation of
amyloid-B (AB) protein in the form of senile plaques and intracel-
lular neurofibrillary tangles, associated with hyperphosphorylated
tau protein and neuronal cell depletion (Liu and Chan, 2014).
Prevalence of AD rises exponentially with age, increasing drasti-
cally after 65 years. Sporadic AD, affecting more than 15 million
people worldwide, is more common than familial AD (Richard
and Brayne, 2014). Mild cognitive impairment (MCI) is regarded
as a transition state between normal aging and dementia (Swom-
ley etal., 2013). Importantly, almost one half of these individuals
evolves to late onset AD (LOAD), accounting for about 60% of
the total cases of dementia in USA and Western countries (Swom-
ley etal., 2013). MCI, which can also be due to severe depression,
extensive white matter pathology or severe vitamin B12 deficiency,
is characterized by memory impairment with or without com-
promission in other single or multiple cognitive domains, in the
absence of fulfillment of the standardized criteria for dementia
(Swomley etal., 2013). The pathological hallmarks of AD are
amyloid plaques, formed of AB peptide derived from the trans-
membrane amyloid precursor protein (APP; Siciliano etal., 2011),
and neurofibrillary protein tangles, composed of hyperphospho-
rylated tau, in the temporal lobe and some other brain cortical
regions associated with death of neuronal cells and synaptic deple-
tion (Hardas etal., 2013). Given the heterogeneity of the etiologic

factors underlying the pathophysiology of AD, although integrated
approaches have been elaborated to explain its pathogenesis, such
as AP aggregation, the precise definition of most critical fac-
tors determining the clinical onset and progression of the disease
remains and elusive and a difficult task (Siciliano etal., 2011).
AP peptide (Lodi etal., 2006; Wallace, 2013) has been shown
to induce protein oxidation in both in vitro and in vivo studies
(Hardas etal., 2013), and increasing evidence supports the role
of free radical reactions in the pathogenesis of the disease. Con-
sistent with this notion, it is demonstrated that these peptides
form oligomers exerting neurotoxic effects by enhancing reac-
tive oxygen species (ROS) level in the brain (Hardas etal., 2013).
More specifically, AP oligomers directly generate H,O, through:
(i) a cupper-dependent superoxide dismutase-like activity (Fang
etal., 2010), (ii) activation of NADPH-oxidase in astrocytes,
(iii) modulation of mitochondrial ROS generation via regulation
of activity of enzymes such as AB-binding alcohol dehydrogenase
and a-ketoglutarate dehydrogenase (Borger et al., 2013). Increased
proteotoxic and lipoperoxidative brain damage has been docu-
mented in subjects with MCI, compared to normal (Chico etal,,
2013; Swomley etal., 2013; Cervellati et al., 2014). Thus, oxidative
stress and disturbed protein metabolism and their interaction in
a vicious cycle characterize AD as a protein misfolding disease,
with protein clearance defects through the ubiquitin-proteasome
system (Hong etal., 2014; Valasani etal., 2014). There is strong
evidence, also, that APP may act as a trophic factor relevant to
neurite outgrowth and synaptogenesis, as well as growth and cell
proliferation (Abramov etal., 2009; Jiang etal., 2013; Bukanova
etal., 2014; Dawkins and Small, 2014; Hughes etal., 2014). How-
ever, future research are required to fully clarify mechanisms of
APP action (Dawkins and Small, 2014). In addition, identification
of normal physiological functions of AB is an extremely impor-
tant emerging issue, as many therapeutic strategies used for the
treatment of AD point to prevent AP production or to increase
AP clearance from the brain. Consistently, it cannot be, so far,
ruled out that these strategies does not interfere with important
physiological functions (Abramov etal., 2009; Kang etal., 2013;
Bukanova etal., 2014; Mizoi etal., 2014; Ponnayyan Sulochana
etal., 2014).

Among biochemical alterations occurring in AD pathology,
deficit in choline esterase and overstimulation of NMDA receptors
are the main target for current therapeutic approaches focusing on
symptoms rather than more substantial eradication of the disease.
Thus, to date there not drugs are available in the market capable of
revert the disease, but only to influence the intensity of symptoms
and the progression of the pathology (Ponnayyan Sulochana etal.,
2014).

CELLULAR STRESS RESPONSE AND THE VITAGENE
NETWORK

It is known that low concentrations of ROS are able to induce
the expression of anti-oxidant enzymes and other defense mech-
anisms. The basis to explain this phenomenon refers to the
concept of hormesis (Calabrese etal., 2006b), which is a dose—
response relationship in which a given substance is stimulatory
at low dose while at high doses exerts inhibitory effects. Radi-
cal active species may be beneficial since they act as signals to
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enhance cellular defenses but become deleterious when present
within a cells at high levels. ROS when in excess can over long-
term disrupt redox homeostasis, cause oxidative stress, loss of
molecular fidelity which underlie accumulation of unfolded or
misfolded proteins in brain. Alzheimer’s, Parkinson’s, Hunt-
ington’s, amyotrophic lateral sclerosis, and Friedreich ataxia
all belong to the so called “protein conformational diseases”
affecting several thousands of aged people in all the world
(Lodi etal., 2006). Unfolded protein response put in motion
by chaperons actively rescue misfolded proteins, breaking up
aggregates, and assisting the refolding process. Those proteins
that cannot be rescued by refolding are, however, delivered
to the proteasome by other chaperones and recycled (Lodi
etal., 2006). In general, an unfolded protein response occur
within conformational diseases characterized by dysfunctional
aggregation of proteins accumulating in a non-native confor-
mation. Under these physiopathological conditions, multiple
metabolic derangements generally take place in association to
excessive production of ROS and oxidative stress (Lodi etal,
2006).

The ability of a cell to withstand stressful conditions is
defined cellular stress response (Figure 1). This phenomenon
includes the HSR and represents a highly conserved ancient
mechanism of cytoprotection (Calabrese etal., 2006b; Lodi etal.,
2006). Synthesis of Hsps, which includes protein chaperones, is
fundamental for proper folding and repair of denatured pro-
teins, thus promoting conditions favorable to cell survival that
would otherwise result in apoptotic cell death (Calabrese etal.,

2006¢; Scapagnini etal., 2006). Chaperones promote cell sur-
vival by sequestering damaged, denatured proteins and inhibiting
formation of aggregates. The response to formation of aggre-
gates is coordinated by an elaborated regulatory system which,
simultaneously to up-regulation of several chaperones and other
survival-promoting proteins, silences most cellular highly energy
demanding functions. For this reason, most chaperones are
also defined Hsps in reference to heat shock as the prototypic
form of cellular stress. Chaperones under normal conditions
elicit multiple roles, promoting proteins or RNA transport and
remodeling events in large protein complexes essential for the
regulation of cell migration, differentiation, signaling, tran-
scription, and proliferation. Cellular stress response consist of
pro-survival pathways controlled by cytoprotective genes called
vitagenes (Mancuso etal., 2007b), resulting in the production
of molecules endowed with anti-oxidant and anti-apoptotic
potential, such as Hsps, glutathione, bilirubin (BR), and car-
bon monoxide (CO; Calabrese etal., 2007a). Vitagenes include
members of the Hsp family, such as heme oxygenase-1 and
Hsp72, sirtuins and the thioredoxin/thioredoxin reductase sys-
tem (Calabrese et al., 2008d). Increasing evidence suggests that the
HSR promotes cytoprotective conditions in several human dis-
ease states, such as mild chronic inflammation, cancer, aging,
and neurodegenerative diseases (Calabrese etal., 2007b, 2008e,
2011). Thus, an emerging interest is growing on the cytopro-
tective potential of the HSR as pharmacological agents capa-
ble of inducing the HSR are important candidate for novel
anti-degenerative and anti-inflammatory therapeutic strategies

Longevity stimuli:
Fasting

Caloric restriction
Polyphenols

FIGURE 1 | Vitagenes and the pathway of cellular stress response.
Misfolded proteins cumulating in response to proteotoxic stresses trigger
the cellular stress response. Hsps that are normally bound to HSF1,
maintaining it in a repressed state before stress, are titrate away by
damaged or misfolded proteins with resulting HSF-1 activation. Multi-step
activation of HSF1 involves post-translational modifications, such as
hyperphosphorylation, deacetylation, or sumoylation, which allow HSF1 to
trimerize, translocate into the nucleus, and bind to heat shock elements
(HSEs) in the promoter regions of its target Hsp genes. Nutritional

CELLULAR STRESS RESPONSE

Oxidant Disorders and Aging stress:
Inflammaging

Diabetes
Ischemia-reperfusion

Malfolded
proteins

Protein conformational diseases:
Neurodegenerative disorders
Aging, Metabolic diseases
Cancer, Osteoporosis

anti-oxidants, are able to activate vitagenes, such as heme oxygenase,
Hsp70, thioredoxin reductase and sirtuins which represent an integrated
system for cellular stress tolerance. Activation of vitagene system, with
up-regulation of HO-1, thioredoxin, GSH, and sirtuin, results in reduction of
pro-oxidant conditions. During inflammaging, including aged-associated
pathologies, such as Alzheimer’s disease and osteoporosis, a gradual
decline in potency of the heat shock response occur and this may prevent
repair of protein damage, leading to degeneration and cell death of critical
parenchymal cells.
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(Abdul etal.,, 2006; Mancuso etal., 2007a;
2008b,g,}).

Transcriptional, translational, and post-translational regula-
tion of cellular stress response occur with the intervention of heat
shock transcription factors (HSFs) normally expressed and main-
tained in an inactive state (Calabrese and Maines, 2006; Perluigi
etal., 2006; Calabrese etal., 2008f,h; Zhang etal., 2014). Post-
translational regulation of HSFs is an emerging area of interest
integrating the metabolic state of the cell with biology of stress,
and hence controlling important complex aspects of proteome
molecular fidelity and physiology with consequent impact on
aging processes. The HSR is transcriptionally controlled through
cis-acting sequences called heat shock elements (HSEs) present
in multiple copies upstream of the Hsp genes. Unlike inverte-
brates showing a single HSF, vertebrates express multiple HSFs
as for plants. Four mammalian members of HSF have been
identified: HSF1, HSF2, HSF3, and HSF4, all recognizing and
binding the HSE, formed by inverted repeats of nGAAn consen-
sus sequences. Thus, all four HSFs have overlapping functions
associated with distinct patterns of tissue-specific expression, and
undergo multiple post-translational modifications and exhibit-
ing various interacting protein partners. Up-regulation of Hsp
synthesis in response to stress, besides heat shock, is also initi-
ated by redox-dependent mechanisms, endogenous or exogenous,
in both cases resulting in trimerization and DNA binding of
HSF1. Relevant to transactivation process is the cysteine moi-
ety which operates as critical redox switch leading to the HSF
activation (Zhang etal., 2014). In particular, formation of an
intermolecular disulfide bond between cysteine 36 and cysteine
103 within HSFI1, trigger trimerization and subsequent DNA
binding, whereas a disulfide intramolecular bond formation has
inhibitory effects for the transactivating activity of HSE Con-
sistent with this notion, modulation of HSF-mediated gene
regulation has an emerging pharmacologic potential, as small-
molecule with the capability of activation or inhibition of HSFs,
can exert important influence on aging, neurodegenerative pro-
cesses and longevity mechanisms (Fujimoto etal., 2010; Zhang
etal., 2011; Akerfelt etal., 2012; Westerheide etal., 2012). The
regulatory domain of HSF has competence to sense heat shock,
however, its induction is post-translationally controlled (Fuji-
moto etal., 2010; Akerfelt etal., 2012; Westerheide etal., 2012).
In normal non-stressed cellular conditions, HSF1 is maintained
inactive and in a monomeric state through interaction with Hsp90.
Thus, pharmacological inhibition of Hsp90 results in a conversion
of monomeric HSFI in a trimerized HSF1 with DNA-binding
competence (Calabrese etal., 2008¢,i, 2009a,b,d). Trimerization,
nuclear translocation and interaction with HSE in the DNA rapidly
declines in cells soon after proteotoxic insult exposure, since
HSF1 binding to the promoter occurs within seconds, reach-
ing in about 1 min saturation with the contribution of other
components such as a ribonucleoprotein complex containing the
eukaryotic elongation factor 1A and a constitutive non-coding
RNA, heat shock RNA-1 (HSR-1) endowed with heat-sensing
capability (Calabrese et al., 2009¢, 2010g,h). According to the most
accredited model, in response to heat shock HSR-1 undergoes con-
formational changes facilitating HSF1 trimerization. Under this
transactivating conditions, HSF1 is post-translationally modified

Calabrese etal.,

through phosphorylation, sumoylation, and/or acetylation (Cal-
abrese etal.,, 2010d, 2011). Increasing evidence suggests that
phosphorylation and sumoylation of HSF1 is a phenomenon
occurring rapidly after heat shock, while acetylation occurs with
a delayed kinetics in coincidence of the attenuation phase of
the cycle of HSF1 activation. In particular, acetylation of HSF1
is a process regulated by the ratio of acetylation/deacetylation
controlled by p300-CBP (CREB-binding protein) and by the
NAD™-dependent sirtuin, SIRT1. With respect to this, enhanced
DNA-binding activity of HSF1 ensues after increased expression
and activity of SIRT1, whereas acetylation of HSF1 consequent
to down-regulation of SIRT1 reduces DNA-binding activity with
no effect on the trimerization process (Calabrese etal., 2010d).
Increasing evidence indicates the involvement of SIRT1 in caloric
restriction and aging, as demonstrated in senescent cells where
the age-dependent loss of SIRT1, associated to impairment in
HSF1 activity, correlate with attenuation of the HSR and dis-
ruption of proteostatic mechanisms, thereby linking HSR to
nutrition and aging (Calabrese etal., 2010e,f; Di Paola etal,
2011).

Keap1/Nrf2/ARE BIOLOGY AND THE HEME OXYGENASE
PATHWAY OF STRESS TOLERANCE

HSF1 is a central regulator in the gene expression of Hsps,
however, in addition to this mechanism controlling vitagenes coor-
dination, a response protecting against various electrophiles and
oxidants operates integrating cytoprotection as “phase 2 response,”
known also as “the electrophile counterattack response” (Zhang
etal., 2011, 2014). Phase 2 response proteins include heme oxy-
genase 1, thioredoxin, and thioredoxin reductase, all of which
can be up-regulated by the transcription factor Nrf2 (nuclear
erythroid 2-related factor 2), similarly to other cytoprotective
proteins, including NAD(P)H:quinone oxidoreductase 1 (NQOL1),
y-glutamylcysteine synthetase, glutathione reductase, glutathione
transferases (GST), UDP-glucuronosyltransferase, epoxide hydro-
lase, aldo-keto reductases, ferritin, and glutathione conjugate
efflux pumps (Zhang etal., 2011, 2014). The elaborate network
of Nrf2-dependent phase 2 response proteins enable eukaryotic
cells to counteract the damaging effects associated to oxidants
and electrophiles, agents primarily involved in the pathogenesis
of neurodegenerative disorders, atherosclerosis, aging, and cancer
(Zhang etal., 2011, 2014). A major factor operating in the con-
trol of the expression of these proteins is the Keapl/Nrf2/ARE
system. Activation of gene expression requires that Nrf2, a basic
leucine zipper transcription factor, binds in the upstream regu-
latory regions of these genes containing single or multiple copies
of the anti-oxidant/electrophile response elements (ARE, EpRE).
Nrf2 binding to the ARE occur in heterodimeric combinations
with members of the small Maf family of transcription factors.
Under normal conditions the pathway operates at basal levels
controlled by a cytosolic protein with function of repressor, the
Kelch-like ECH-associated protein 1 (Keapl). When Keapl is
bound to Nrf2, the latter is presented, by binding to the E3
ubiquitin ligase Cullin3—RING box1 (Cul3-Rbx1), to the ubiq-
uitin system for proteasomal degradation. At least 10 distinct
chemical classes of inducers of the Keap1/Nrf2/ARE pathway, are
known and belong to: (i) Michael acceptors (olefins or acetylenes
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conjugated to electron-withdrawing groups); (ii) isothiocyanates;
(iii) oxidizable diphenols, quinones, and phenylenediamines; (iv)
thiocarbamates; (v) trivalent arsenicals; (vi) dithiolethiones; (vii)
hydroperoxides; (viii) vicinal dimercaptans; (ix) heavy metals;
and (x) polyenes. All these members share the common prop-
erty of presenting chemical reactivity toward sulfhydryl groups
through oxido-reduction, alkylation, or disulfide interchange
mechanisms (Calabrese etal., 2010d, 2011; Zhang etal., 2011,
2014).

Heme oxygenase is a sensors of oxidative stress within cells
modulating redox status and homeostasis. Heme oxygenase-1, an
Hsp32, protects against oxidative damage converting pro-oxidant
heme into biliverdin, free iron, and CO. With the interven-
tion of the enzyme biliverdin reductase (BVR) biliverdin is then
reduced by into BR, a linear anti-oxidant tetrapyrrole (Cal-
abrese etal., 2010d). BR has been demonstrated efficiently buffer
nitrosative stress, owing to its capability to bind and inactivate
NO-derived RNS (Pennisi etal., 2011; Scapagnini etal., 2011).
Two HO isoforms are known: an inducible isoform, HO-1 and
HO-2 which is a constitutive enzyme (Calabrese and Maines,
2006). These isoforms share only 43% homology being products
of different genes. HO-1 and HO-2 present important differ-
ences in cell and tissue regulation and distribution (Mancuso
etal., 2006, 2008). Moreover, only in rat as third protein, HO-3
has been found to be retrotransposomal product of the HO-
2 gene (pseudogene). In spite of playing the same enzymatic
role, HO-1 and HO-2 have different protective function in tis-
sues. HO-1 induction occurs as early response to oxidative insult
resulting rapid transformation of heme into CO and BR. On
the contrary, constitutive HO-2, regulates heme homeostasis a
function associated within a cell with the sensing of intracellu-
lar levels of CO. HO-1, is induced in response to oxidative and
nitrosative stress, heme, AP, dopamine analogs, H,O,, hyper-
oxia, UV light, heavy metals, prostaglandins, NO, peroxynitrite,
Thl cytokines, oxidized lipid products, and lipopolysaccharide,
as well as growth factors. In all these conditions, the ARE con-
tained in its promoter region, is central to its redox regulation
(Alam and Cook, 2007; Calabrese etal., 2012b), recognizing two
upstream enhancers, E1 and E2 where multiple ARE elements
are contained. Consistently, polymorphisms in the lengths of GT
repeats (Calabrese etal., 2011; Pennisi etal., 2011; Scapagnini
etal.,, 2011) within the ho-1 promoter is critical for the expres-
sion and functions of HO-1 in humans. Higher HO-1 activity
is associated with the short-GT polymorphisms, a conditions
thought be protective against oxidant disorders (e.g., coronary
artery disease, atherosclerosis-linked conditions), whereas long
GT sequences, coding for a relatively unstable, Z-conformational
DNA, exhibits reduced transcriptional activity, as well as basal
and stimulated HO-1 protein levels, as found in various malig-
nant conditions (Calabrese et al., 2010d). Overexpression of HO-1
results in increased cGMP and bcl-2 levels in neurons, inactivation
of p53, up-regulation of anti-oxidant proteins as well as ferritin
which sequesters and inactivates free iron (Alam and Cook, 2007;
Calabrese etal., 2012b). Although large consensus exists on the
fact that increased HO-1 expression is a protective mechanism
operating under oxidative stress conditions, however, there is evi-
dence that HO-1 can be repressed during the same conditions,

particularly during hypoxia. HO-1 repression under this con-
dition is sustained by the heme-regulated transcription factors
Bach1/Bach2 (Calabrese etal.,2010d,2011) and it has been argued
that this might be necessary to reduce the energy request due
to heme degradation, to limit formation of CO and BR which
can accumulate to toxic levels, and to increase heme availabil-
ity for proper mitochondrial respiration (Calabrese etal., 2006¢,
2008g). Neurodegeneration as a chronic inflammatory oxida-
tive condition caused by AP metabolic disruption, makes HO-1
an important target for therapeutic anti-inflammatory strategies.
HO-1 mRNA and protein expression have been documented to
be increased in AD brain, in association with neurofibrillary
tangles. This finding may have the biological meaning of a pro-
tective response in vulnerable neurons to transform pro-oxidant
heme into BR and CO, whose anti-oxidant and anti-inflammatory
nature has been ascertained. This opens new therapeutic avenue,
as polyphenols contained in herbs and spices can represent poten-
tial drugs for the prevention and treatment of AD (Scapagnini
etal.,2006; Calabrese etal.,2007a,2008b). Epidemiological studies
have demonstrated that curcumin is responsible for the signifi-
cantly reduced (4.4-fold) prevalence of AD in India, compared
to United States (Calabrese etal., 2007b, 2008b; Mancuso etal.,
2007a), and curcumin given chronically in the diet to transgenic
APPSw, a mouse model (Tg2576) of AD suppresses brain inflam-
matory and oxidative damage, an effect associated to inhibition
of nuclear factor-kB (NF-«kB) and efficient prevention of neu-
ronal cell death (Calabrese etal., 2009b,d, 2010d,h; Gupta etal,,
2011).

HORMESIS
Hormesis is a dose-response phenomenon, characterized by
a low-dose stimulation and a high-dose inhibition. The term
hormesis was first introduced into the scientific literature in 1943
by Chester Southam and John Ehrlich, mycology researchers
at the University of Idaho, who reported that low concen-
trations of extracts from the Red Cedar tree enhanced the
metabolism of a number of fungal species. The term horme-
sis was derived from the Greek meaning to excite. Prior to the
report of Southam and Ehrlich (1943), there was a substance
history of reports in the biological literature on also demon-
strating a similar biphasic dose response. It was first reported
by Schulz who found that low concentrations of numerous dis-
infectants stimulated metabolism at low concentrations while
being inhibitory at higher concentrations (Schulz, 1887, 1888).
The research of Schulz was confirmed by other investigators
and extended to other biological models and agents, with par-
ticular emphasis on bacteria, fungi, and plants over the next
several decades. The phenomenon was initially referred to as
the Arndt-Schulz Law and Hueppe’s Rule, with these terms
being subsequently replaced by the term hormesis. The occur-
rence of hormetic dose responses from the time of Schulz up
to approximately 1950 has been summarized in depth for both
chemical and radiation induced hormesis (Calabrese and Baldwin,
2000a,b,c,d,e).

Despite the fact that the hormesis concept has considerable
historical literature supporting its occurrence and reproducibility,
it failed to gain traction within the biomedical community due
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to the fact that Schulz inappropriately claimed that he had dis-
covered the explanatory principle of homeopathy, based on his
biphasic dose response with yeast (Calabrese, 2005). This procla-
mation led to strong disputes with medically oriented researchers
principally due to the long and intense conflict between home-
opathy and traditional medicine. In fact, a considerable effort
by leading pharmacologists of the Schulz era, such as Alfred
J. Clark, devoted considerable effort to criticize Schulz and his
biphasic dose response and to try to link it with high dilution
homeopathy, in an effort to marginalize and discredit homeopa-
thy (Calabrese, 2011). In addition to such historical antipathies,
the concept of hormesis was also difficult to prove scientifically
as it required a substantial number of doses, especially in the
low dose zone, reasonably high statistical power, and biologi-
cal model systems with generally low variability and the strong
capacity for replication of findings. These factors are important
since the low dose stimulation is modest, with most maximum
stimulatory responses only being about 30-60% greater than the
unexposed control group (Figure 2). Thus, trying to test hormetic
hypotheses requires far more rigorous study designs and more
resources than was usually the case in hazard assessment type
investigations.

As a result of the historical conflicts between homeopathy
and traditional medicine and the inherent challenges in testing
hormetic hypotheses, the concept of hormesis never became well
established as a scientific concept in throughout most of the
twentieth century (Calabrese, 2008d). However, since the late
1970s there has been a multi-disciplinary-based resurgence of
the hormesis concept, based largely on technical improvements
in the capacity to measure at lower concentrations, advances in in

vitroand high throughput research which has facilitated the capac-
ity to test a wide range of concentrations in an efficient manner,
the development of mechanistic understandings of biphasic dose
responses especially at the receptor and cell signaling pathways lev-
els and the dose response and mechanistic linkage of developments
in the area of adaptive responses, including that of preconditioning
with hormesis (Calabrese, 2010).

Within recent years substantial hormetic dose response data
bases have been developed based on rigorous a priori entry and
evaluative criteria providing documentation for the hormetic dose
responses (Calabrese and Blain, 2005,2009,2011). These databases
provide strong evidence that hormetic dose responses are inde-
pendent of biological model, endpoint measured, the chemical
class of the inducing agent, the level of biological organization
(i.e., cell, organ, organism) and mechanism (Calabrese, 2013d).
These databases have confirmed and far more firmly established
the quantitative features of the hormetic dose response, reveal-
ing that it represents a modest stimulation, usually less than twice
the value of the control group. It has also been established that
the hormetic dose response is typically reported for highly inte-
grated endpoints, especially those relating to cell proliferation,
complex behaviors, adaptive/preconditioning responses, repro-
ductive endpoints such as fecundity, cancer, mutation, cancer
endpoints, and longevity/aging. Detailed evaluations of the phar-
maceutical literature have also revealed that entire drug classes
are based up the hormetic dose responses. For example, preclin-
ical studies in the areas of anxiolytic drugs (Calabrese, 2008b),
anti-seizure drugs (Calabrese, 2008¢), memory enhancing agents
(Calabrese, 2008a), drugs treating osteoporosis (Calabrese, 2008¢),
and others typically demonstrate hormetic dose responses. Since

Maximum response
(averages 130-160% of control)

Distance to Response Threshold

/ (averagesS-fold)

/ Threshold

Control Normalized to 100%

Hormetic Zone
(averages 10- to 20-fold)

Response (%)

FIGURE 2 | The hormesis (biphasic) dose-response curve: generalized
quantitative features. The hormetic dose response is characterized by
specific quantitative features concerning its amplitude and width. Based on
more than 10,000 hormetic dose responses in various hormetic databases,
approximately 80% have their maximum response less than twofold
greater than the control. The strong majority of hormetic dose responses
extend over approximately a 5- to 10-fold dose range immediately below
the estimated response threshold. The hormetic dose response may occur
either as a result of a direct stimulation or as an overcompensation

Increasing Dose ——

response following an initial disruption in homeostasis, in both cases being
the quantitative features similar. The hormetic response appears to
quantitatively describe the limits of biological plasticity across phyla as well
as at different levels of biological organization (cell, organ, and organism).
The quantitative features of the hormetic dose response are also
independent of mechanism. Pharmaceutical treatments for a wide range of
human conditions are based upon the hormetic biphasic dose response as
discovered within preclinical evaluations and then directly applied to human
populations.
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it is now believed that the modest hormetic stimulation is a mea-
sure of biological plasticity it suggests that the hormetic dose
responses describes the degree to which pharmaceutical agents can
enhance biological performance (Calabrese and Mattson, 2011;
Calabrese, 2013a). It is important to note that during the entire
twentieth century the biomedical and regulatory communities
never validated the capacity of the threshold dose response to
make accurate predictions below the threshold, that is, the area
of the dose response where most people spend the majority of
their time. This lead to a series of direct, head-to-head compar-
isons between the threshold, linear and hormetic dose response
models using multiple large and independent dose response data
sets with multiple models, endpoints and agents (Calabrese and
Baldwin, 2001, 2003; Calabrese etal., 2006a, 2008a, 2010a). In
each of these assessments, the hormetic dose response signif-
icantly out-performed the threshold and linear dose response
models.

Major comprehensive evaluations of the biomedical litera-
ture have revealed that hormesis dose responses are commonly
reported in essentially all areas of research including the immune
system, tumor cell biology, neuroscience, including memory,
stress, anxiety, seizure, pain, numerous degenerative diseases,
wound healing and for a very broad range of receptor systems
and peptides (Calabrese, 2013b). The applications of the hormesis
dose response are therefore extensive, affecting drug discovery,
drug development, and the design of the clinical trial. Fur-
thermore, even areas such as preconditioning are based on the
hormetic concept (Calabrese etal., 2010b,c, 2012a, 2013; Cal-
abrese and Calabrese, 2013a,b; Krenz etal., 2013). This may be
seen in numerous studies which have assessed a wide range of
graded preconditioning doses with results being reflective of the
biphasic-hormetic dose response. The historical assessment of the
dose response has revealed that the dose response model that
was once rejected by the biomedical community about a cen-
tury ago is now the dose response model that has repeatedly
outcompeted the traditional doses responses models in direct
comparisons. It is the dose response model that has provided
quantitative insight into the magnitude of biological plasticity
and the theoretical basis for it. The hormetic dose response
thus underlines the basis of pharmaceutical strategies aimed at
enhancing biological performances in a broad range of scientific
areas.

BONE REMODELING, REDOX STATE, AND Ag METABOLISM

Osteoporosis is a devastating disease having enormous health and
economic impacts, particularly considering the global shift toward
an aging population, characterized by a systemic and progressive
skeletal pathology characterized by compromised bone mineral
density and strength with the increased occurrence of fractures.
Despite rapid progress in our understanding over recent years,
patient morbidity and mortality resulting from this disease are still
too high (Ono etal., 2014), and there is an urgent need for a proper
assessment of the underlying mechanisms and the development of
new treatment strategies to address this pathophysiological issue.
Patients with AD show significantly increased risk of osteoporotic
hip fractures. However, whether abnormal Af peptide (AB) depo-
sition also occurs in osteoporosis and the relationship between

AP and human osteoporosis remains an open, not elucidated,
question (Li etal., 2014).

Amyloid-p peptide, one of the pathological hallmarks of AD, is
asmall (40-42 amino acids) proteolytic fragment of a glycosylated
integral membrane cell surface receptor protein called APP and is
encoded by a gene on human chromosome 21 (Liu and Chan,
2014; Richard and Brayne, 2014). AB has attracted much attention
for its association with various pathologies (Stefanova etal., 2014).
Besides AD, AP plays a crucial role in other important neurode-
generative diseases, such as Huntington’s, Parkinson’s, and prion
disorders, as well as amyotrophic lateral sclerosis as well as type
2 diabetes and the most common age-related muscle disease of
inclusion body myositis (T6th etal., 2014). Thus, APP/AB seems
to be associated with multiple degenerative disorders. Epidemio-
logical studies showed that patients with AD had an increased risk
of developing osteoporotic hip fractures even after considering the
increased frequency of fallings in AD patients (Xia etal., 2013),
suggesting one or more common denominators between both
disorders. Nevertheless, an association between AB and human
osteoporosis has not yet been clearly established, and also it has
been inferred that AP may be of physiological importance for sur-
vival of cells (Li et al., 2014). Excessive AP aggregates and fibrillates
to form amyloid plaques in the brain, thus leading to the exacer-
bation of AD pathology. Previous studies have identified a role for
AB in the activation of osteoclasts through gene knockout exper-
iments and use of the transgenic AD mouse model, Tg2576 (Li
etal.,, 2014). However, whether a large amount of AB deposits
also occur in osteoporotic bone tissues and the role human Af
may play on OC activation remain unclear. In addition to having
an activation effect on osteoclasts, AP may accumulate abnor-
mally in osteoporotic bone and play an important pathogenic
role. A close relationship between AB and osteoporosis is shown
across species from rodent to human, as demonstrated in differ-
ent clinical conditions in patient samples as well as in various
animal model and cell cultures. AD and osteoporotic hip frac-
tures often coexist during aging. Platelets have been shown to be
the primary source (90%) of AP in human blood with plasma
AB levels fluctuating over time among individuals (Roher etal.,
2009). Besides human plasma and cerebrospinal fluid, soluble
AP is also a component of human urine in Alzheimer’s. Despite
this level of knowledge surrounding APP and Af expression in
many tissues, reports on the expression and distribution of Af
in bone tissues and osteocytes remain an emerging evidence. Af
deposition has been found on the endosteal and periosteal sur-
faces of adult rat ulnae (Li etal., 2014). Notably, occurrence of
AP and APP abnormal accumulation in different tissues supports
the hypothesis that A diseases may be a systemic disease, sug-
gesting that these malfolded proteins may either be produced
locally in diverse organs or may originate from a common cir-
culating precursor. Consistent with this notion, abnormal Af
and APP burden has been detected in osteoporotic bone tissues
from both human and rat OVX models, where AB42 was iden-
tified mainly in the membrane and cytoplasm of osteocytes and
extracellular matrix, while APP largely found in the membrane
of osteocytes. Despite increasing research efforts, still the mech-
anism underlying the accumulation of A and APP in osteocytes
in osteoporotic bones remains elusive. One possible source for
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AB deposition in bone may be blood, where AB increases dur-
ing senescence (Li etal., 2014). In addition to this, secretion of
AP by mature osteoblasts has been documented, in agreement
with the finding of AB42 and APP formation in osteoblasts from
both human and OVX rats osteoporotic bone. In these condi-
tions, APP has been found to be able of suppressing osteoblast
differentiation, associated with osteoporotic alterations (Xia et al.,
2013). Given that osteoblast is the precursor of the osteocyte,
it is conceivable that the deposition of AB and APP in osteo-
cytes can be consequence of secretion by osteoblasts during both
osteogenic differentiation and aging processes. In turn, accumu-
lating A may promote apoptotic process in osteocytes, likewise in
neurons thus determining bone loss and osteoporosis (Cui etal.,
2011). An interesting and controversial question concerns why
the abundant presence of proteins of Ap abnormal metabolism in
the bone of osteoporotic patients did not cause them to develop
brain degeneration, such as AD. A number of explanations may
exist to provide a possible rationale. First, bone is a very special
organ, with limited blood supply, with most of the osteocytes
embedded in the matrix without direct contact with blood. In
these conditions, release of Af into the blood stream is not an
easy process. Second, the blood-brain-barrier (BBB) permeability
can be of extreme importance for the prevention of A invasion
into the brain tissues, as uptake of peripheral Ap by the brain is
not a normal occurrence without BBB compromission (Jefferies
etal., 2013). Lastly, both osteoporosis and AD are multifactorial
diseases with complex etiology and pathogenesis (Rachner etal.,
2011). AP deposits are present in several tissues, which indicates
that the protein may originate as product of local metabolism in
various organs or, similarly to other amyloidoses, can derive from
a circulating precursor common to all these pathophysiological
conditions. However, further studies are necessary to explore these
dynamics and understand the underlying mechanisms. Abnormal
AP deposition in osteoporotic bone tissues and its potent enhance-
ment effect on osteoclast differentiation and activation, is already
clearly demonstrated suggesting an important role for Af in the
pathogenesis of osteoporosis (Li et al., 2014). This is of great clin-
ical significance for providing novel insights into the tight link
between A and human osteoporosis, thus revealing a potential
mechanism underlying altered bone mineral density by Ap abnor-
mal metabolism. Clearly, however, further work is required to
elucidate the exact mechanisms through which AP regulates osteo-
porosis signaling. These research efforts may eventually lead to a
promising future discovery of a new etiology for osteoporosis,
and prompt healthcare professionals and researchers to develop
innovative anti-bone-resorptive therapeutic agents and strategies,
particularly those designed by targeting AB, to efficiently mini-
mize deleterious consequences associated with bone homeostasis
disruption. In line with these evidence, since a biomarker is a trace-
able substance indicating changes in expression or metabolism
of a given protein which correlates with the risk or progression
of a disease, as consequence, Ap may be a novel and promising
candidate biomarker for drug targeting and characterization of
osteoporotic therapeutic approaches in the future (Osorio etal.,
2014).

Bone tissue undergoes, throughout life, a continuous renewal
through a process called bone remodeling, which is controlled

by the activity of osteoclasts mediating bone resorption and
parallel activity of osteoblasts which mediate bone formation
(Vacek etal., 2013). Any disturbance in the balanced formation
and resorption process, which can be linked to hormone dis-
equilibrium or aging decreases bone mass and result in bone
pathologies, such as osteoporosis leading to increased vulnerability
to fractures. Within this context, the receptor activator of NF-«kB
ligand (RANKL) appears to be an important factor underlying
osteoporosis pathogenesis for its critical role played in osteoclast
differentiation and activation (Park etal., 2014). For this reason,
inhibition of RANKL represents an innovative therapeutic tar-
get for controlling osteoclastogenesis (Park etal., 2011). Notably,
an important role in bone remodeling is played by alternative
or non-canonical NF-kB pathway, which mediates activation of
the p52/RelB NF-kB complex, thus regulating various biologi-
cal processes. This pathway differently from IkBa degradation in
the canonical mechanism, consists of processing of p100 a NF-
kB2 precursor protein,. In this context a central role is played by
NF-kB-inducing kinase (NIK), a component of the non-canonical
NE-kB pathway and a downstream kinase, IKKa (inhibitor of NF-
kB kinase) which operate with integrated functions promoting
induction of phosphorylation-dependent ubiquitination of p100.
Under normal conditions, NIK is processed by a tumor necro-
sis factor (TNF) receptor-associated factor-3 (TRAF3)-dependent
E3 ubiquitin ligase. After signals mediated by a subset of TNF
receptor superfamily members, TRAF3 is degradated and NIK
is stabilized leading to non-canonical activation of NF-«kB (Sun,
2012; Figure 3). Accordingly, the inhibitory role of p100, in
both basal and stimulated osteoclastogenesis in bone formation
as well as resorption has been clearly demonstrated (Soysa etal.,
2010). In the alternative NF-kB pathway p52 derived from p100
through NIK, binding of p52 and RelB induces effects on osteo-
clast biology (Soysa etal., 2010). However, to date, the precise
physiologic importance of alternative NF-kB in bone biology, is
not completely elucidated. Furthermore, the currently known
intracellular signaling pathways activated after receptor binding of
RANKL include the nuclear factor of activated T cells (Piva etal.,
2009), mitogen-activated protein kinases (MAPKs), TRAFs, c-Jun
N-terminal kinases (JNKs), and ROS (Kaunitz and Yamaguchi,
2008; Kanzaki etal., 2013). In addition, NF-kB is a transcription
factor, which pleiotropically regulate osteoclast formation, func-
tion, and survival (Piva etal., 2009). Deletion of both NF-kB p50
and p52 subunits is associated to osteopetrosis as consequence
of osteoclast absence and, in addition, NF-kB is central for the
differentiation of RANK-expressing osteoclasts into osteoclasts
TRAP* induced by osteoclastogenic cytokines. This explain the
inhibitory effect on osteoclast formation induced by prevention
of NF-kB activation (Piva etal., 2009; Augustine and Horwitz,
2013).

Reactive oxygen species act as intracellular signaling molecules
involved in the regulation of RANKL-dependent osteoclast differ-
entiation, but they also have cytotoxic effects that include peroxi-
dation of lipids and oxidative damage to proteins and DNA. Taking
into account the relationship between Nrf2 and osteoclastogenesis,
stimulation of osteoclast precursors (mouse primary peritoneal
macrophages and RAW 264.7 cells) with RANKL results in the up-
regulation of Keapl, a negative regulator of Nrf2, with decreased
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FIGURE 3 | Canonical and non-canonical pathway leading to the
activation of NF-kB. TRAF3 inhibits activation of the classical NFkB
pathway A high level of TRAF3 interferes with the recruitment of TRAF2
to the receptor. In parallel, TRAF3 induces NIK degradation and
consequently inhibits the activation of the alternative arm of NFkB. The
activation of canonical pathway results in the phosphorylation of IkBaa by
the IKK complex, leading to its ubiquitylation and subsequent degradation
by the proteasome. The RelA/p50 complex is free to translocate to the

Transcription

nucleus to activate the transcription of target genes. The non-canonical
pathway results in the NIK stabilization. In response to receptor
crosslinking, TRAFs and clAP1/2 are recruited to the receptor, where
clAP1/2 ubiquitinates TRAF2 and TRAF3 and stimulates their degradation.
Accumulated NIK activates IKKa, which in turn phosphorylates p100,
leading to p100 processing to p52, which can lead to the activation of
p52-RelB that target distinct kB element and induce the transcription of
target genes.

Nrf2/Keap] ratio, and down-regulation of cytoprotective enzymes,
such as heme oxygenase-1 and y-glutamylcysteine synthetase
(Kanzaki etal., 2013). On the other hand, Nrf2 overexpres-
sion results in up-regulation of the expression of cytoprotective
enzymes, associated with decrease in ROS levels, tartrate-resistant
acid phosphatase-positive multinucleated cell number, as well as
osteoclast differentiation, and attenuation of bone destruction,
as found both in vitro and in vivo models (Kanzaki etal., 2013).
Consistent with this line of evidence, overexpression of Keapl
or RNAi-induced knock-down of Nrf2 resulted in effects oppo-
site to those obtained by stimulation of Nrf2-dependent DNA
binding activity (Kanzaki etal., 2013). The precise mechanisms
by which stimulation with RANKL reduces Nrf2 is not currently
known. It is known Keap! has highly reactive thiol groups in its
structure and that oxidation of this domain leads to significant
changes in the conformation of Keapl, resulting in dissocia-
tion from Nrf2 and stimulation of nuclear Nrf2-dependent DNA
binding activity (Kanzaki etal., 2013). In addition, Nrf2 (see pre-
vious section) autoregulates its own expression (Calabrese etal.,
2010d; Zhang etal., 2011, 2014). Taken together, this evidence
implies that an increase in ROS levels induced by stimulation

with RANKL may up-regulate Nrf2. It has also been reported
that Nrf2 regulates Keapl by controlling its transcription (Cal-
abrese etal,, 2010d; Zhang etal., 2014). Change of stability of
Nrf2 mRNA or decrease of translation by miRNA can modu-
late RANKL-dependent Nrf2 down-regulation. Also, Bachl, an
inhibitor of Nrf2 binding to the ARE, could participate to this
mechanism, as indicated by attenuated osteoclastogenesis found in
Bach1 knock-out mice (Kanzaki etal., 2013). However, although
extensive investigations will be required to clarify the exact reg-
ulatory mechanisms linking Nrf2 to stimulation with RANKL,
it is clearly proven that Keapl/Nrf2 axis regulates RANKL-
dependent osteoclastogenesis through redox-modulation of intra-
cellular ROS signaling and expression of cytoprotective enzymes.
This raises the exciting possibility that the Keap1-Nrf2 axis may
be a therapeutic target for the treatment of bone destructive
disease.

CONCLUSION

Comprehensive evaluation of the biomedical literature has pin-
pointed the role of hormetic dose responses as reported in
essentially all areas of research, including the immune system,
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tumor cell biology, neuroscience, drugs treating osteoporosis,
as well as wound healing and a broad range of receptor sys-
tems and peptides (Calabrese, 2008¢, 2013b). Applications of
the hormesis dose response are therefore extensive, affecting
drug discovery, drug development, and the design of the clini-
cal trial. It is now conceivably expected that the hormetic concept
is at the core of attempts leading to enhanced development of
biological shields via processes such as preconditioning which
can help to improve the quality normal living, the aging pro-
cess and to reduce the impact of various types of degenerative
diseases. AD is a chronically progressive disorder, in which neu-
rodegenerative damage progresses for many years before clinical
onset (Calabrese etal., 2006d; Liu and Chan, 2014; Richard and
Brayne, 2014). Osteoporosis is a progressive degenerative disor-
der, also recognizing a multifactorial origin that is characterized
by bone deterioration resulting in fragility and fractures. The
medical and social and economic effects of osteoporosis, given
the increasingly aging population, in particular osteoporosis of
postmenopausal nature, will growth drastically. A better knowl-
edge of bone biology with particular regard to the functional
relationship between bone-formation by osteoblast activity and
bone-resorption by osteoclasts with a better definition of the
underlying signaling network has unraveled novel therapeutic
targets. Osteoporosis and hip fracture are commonly observed
complications seen in patients with AD. Although the mech-
anisms underlying this association remain poorly understood,
emerging evidence supports the view that AD risk genes may
also be a risk factor for osteoporosis, and that AD and osteo-
porosis may share conserved oxidative stress-driven pathogenic
mechanisms. Consistent with this notion, using transgenic mice
expressing an AD-associated mutant form of APP, known as APP-
swe, to explore the effects of mutant APP on bone remodeling,
significant defects in bone formation associated with reduced dif-
ferentiation of bone marrow stromal cells into osteoblasts in ex
vivo culture experiments, were found in these mice compared with
wild-type controls. Treatment with N-acetylcysteine ameliorated
the impact of APPswe on bone marrow stromal cell differen-
tiation, and increased bone volume in these transgenic mice
(Woodman, 2013). Thus, ROS may be a conserved mechanism
underlying APPswe-induced neurodegenerative and osteoporotic
pathological alterations. Bone remodeling is a process of con-
tinuous formation and resorption occurring in specific areas of
the matrix. Novel therapeutic strategies have been developed
focused on the inhibition of excessive bone resorption and pro-
motion of bone formation process. Due to novel drugs available,
using the most recent knowledge of bone-cell biology, we have
increased our therapeutic intervention to osteoporotic patients
with more individualized lines of treatment. Accordingly, basic
research can greatly contribute to the identification of specific
pathways that can be effectively targeted by novel compounds able
to treat and possibly reverse osteoporosis, particularly that occur in
already chronically severed patients, such as in neurodegenerative
disorders.
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Several chemical substances belonging to classes of natural dietary origin display pro-
tective properties against some age-related diseases including neurodegenerative ones,
particularly Alzheimer's disease (AD). These compounds, known as nutraceuticals, differ
structurally, act therefore at different biochemical and metabolic levels and have shown
different types of neuroprotective properties. The aim of this review is to summarize data
from observational studies, clinical trials, and randomized clinical trials (RCTs) in humans
on the effects of selected nutraceuticals against age-related cognitive impairment and
dementia. We report results from studies on flavonoids, some vitamins and other natural
substances that have been studied in AD and that might be beneficial for the maintenance
of a good cognitive performance. Due to the substantial lack of high-level evidence studies
there is no possibility for recommendation of nutraceuticals in dementia-related therapeutic
guidelines. Nevertheless, the strong potential for their neuroprotective action warrants
further studies in the field.
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INTRODUCTION

Advanced age is often characterized by a decline in a large spectrum
of cognitive abilities including reasoning, memory, perceptual
speed, and language. The impairment of more of these activi-
ties, when lasting long enough and being associated to functional
loss is referred to as dementia. Alzheimer’s disease (AD) is the
most common and feared form of dementia representing circa
70% of all dementia cases and displaying a dramatic epidemics
due to the enormous growth of the aged population worldwide.
Incidence of dementia has increased over the recent years although
recent epidemiological studies seem to show a decline that needs
to be confirmed in the future (Larson etal., 2013). The num-
ber of cases is expected to approach a million people per year in
USA by 2050 (Alzheimer’s Association, 2009). AD impacts dra-
matically on everyday life of older adults, being one of the main
causes of disability in the old age. There has been an increas-
ing interest in the past decades about interventions that may
help to improve cognitive performance in older age or, at least,
delay the onset of dementia. Due to the absence of a cure against
dementia and AD, the public health priority has focused more
recently on prevention of cognitive decline. It is still unclear which
factors lead to the molecular cascade of neurodegeneration in
AD, but along with genetic and environmental factors vascular
pathology and risk factors have been recently shown to play a
crucial role in AD pathogenesis (Polidori etal., 2012). Therefore,
lifestyle strategies with beneficial effects on neurodegeneration
and vascularity — including natural nutrition and nutritional sup-
plementation, cognitive and social activity, physical exercise —
have been identified as possible target options for AD prevention
(Brown etal., 2010; Polidori etal., 2012; Polidori and Schulz,
2014).

The effect of a correct diet on human health has been reported
in many epidemiological studies and randomized controlled tri-
als (RCTs; Everitt etal., 2006). There is clear evidence that a
diet rich in specific nutritional food groups (fruit, fish, vegeta-
bles) can reduce the incidence and prevalence of some of the
main clinical outcomes, such as neurodegenerative disorders, car-
diovascular diseases, diabetes, cancer (Grant, 1999; Panza etal.,
2004; Sofi etal., 2008; Frisardi etal., 2010). These specific nutri-
tional food groups are rich in micronutrients and vitamins that,
for their characteristic of being of nutritional nature and ben-
eficial for health (like pharmaceuticals) at the same time, have
been defined as nutraceuticals by De Felice in 1989 (Kalra, 2003).
Among different types of diet, the Mediterranean pattern obtained
a considerable amount of interest in the past recent decades due
to the results of large epidemiological and bench studies show-
ing its high content in nutraceuticals. The Mediterranean diet
is characterized by a high consumption of plant foods, fish,
olive oil as primary sources of monounsaturated fat and mod-
erate intake of wine. This kind of food intake pattern might
be particularly healthy due to synergistic actions of its com-
ponents. Synergistic mechanisms between food components are
responsible particularly for the neuroprotective effects displayed
by certain nutrients and nutraceuticals. In addition, cardiovas-
cular diseases such as diabetes mellitus, hypertension, and lipid
disorders, as well as white substance lesions are highly susceptible
to micronutrient changes. This might be particularly important
in light of the recently shown major pathophysiological role of
vascular pathology and risk factors in both AD and its prodro-
mal phase, mild cognitive impairment (MCI; De la Torre, 20105
Polidori etal., 2012; Féart etal., 2013). Independent of the mech-
anism through which the Mediterranean dietary pattern exerts its
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beneficial effects, a large amount of studies have recently shown its
protective activity against MCI and AD (systematically reviewed
and meta-analyzed by Singh etal., 2013 and Psaltopoulou etal,,
2013).

The aim of this review was to present evidence on a particular
group of plant and food components, the so-called nutraceuticals,
which have displayed over the years the ability or a strong potential
to act as neuroprotectans and/or delay cognitive impairment.

Practically, no official definition exists for the term “nutraceu-
tical,” though it is often used to describe a broad list of products
sold under the premise of food components with an expressed
intent of treatment or prevention of disease and for enhancing the
health and wellbeing of an individual (Hardy et al., 2003). In other
words, nutraceuticals are foods, or food components, that provide
medical or health benefits, including prevention and treatment of
several diseases (Calabrese et al., 2009).

In this review, we focused our attention on a group of sub-
stances proposed to prevent or treat cognitive impairment or
dementia, with a particular attention on AD. Nutraceuticals
evaluated in humans in epidemiological, observational, or clin-
ical studies as well as in RCTs were selected. Only molecules
with stronger evidence for neuroprotection as well as those
more widely studied were included. To avoid redundancies,
we refer the reader to our previous studies for the role and
use of vitamin E family (Mangialasche etal., 2010, 2012, 2013;
Mecocci and Polidori, 2012; Mecocci etal., 2013) and to recent
reviews for the role and use of vitamin C (Heo etal., 2013;
Harrison etal., 2014) and of omega-3 fatty acids (Lin etal,
2012; Sydenham etal., 2012; Dacks etal., 2013; Denis etal,
2013).

FLAVONOIDS

Flavonoids are a group of poliphenolic compounds that are very
common in the daily human diet. They are found in most plants,
including fruits, vegetables, and several types of natural drinks
such as tea, cocoa and wine (Manach etal., 2004; Spencer etal.,
2008).

On the basis of their chemical structure they can be divided
into six subgroups (Table 1).

Flavonoids and their metabolites modulate several neurolog-
ical processes as shown by studies in which an interaction with
neuronal-glial signaling pathways involved in neuronal survival
and function was observed (Spencer, 2010; Williams and Spencer,

2012). In addition, flavonoids induce changes in cerebral blood
flow (Francis et al., 2006; Fisher et al., 2006; Williams and Spencer,
2012), upregulate antioxidant enzymes and proteins involved in
synaptic plasticity and neuronal repair (Mann etal., 2007; Eggler
etal., 2008; Spencer, 2009) and inhibit neuropathological pro-
cesses in brain regions typically involved in AD pathogenesis
(Wang etal., 2008a).

FLAVANOLS: CATECHIN, EPICATECHIN, EPIGALLOCATECHIN,
EPIGALLOCATHECHIN GALLATE

Flavanols are a main flavonoid group and are found in cocoa and
chocolate as well as in black and green tea and in grapes. Research
over the past decade has identified flavanols as showing diverse
beneficial physiologic and antioxidant effects, particularly in the
context of vascular function (Francis et al., 2006).

Catechin and epicatechin are the most abundant flavanols in
grape seeds and grape juice. A study on supplementation of grape
juice from a variety of Vitis vinifera called Koshu demonstrated
an inhibition of glutamate excitotoxicity (Narita etal., 2011). In
humans, few clinical trials with grape juice have shown that short-
and moderate-term supplementation produces benefit in indi-
viduals with cerebrovascular diseases including increased serum
antioxidant capacity and reduced LDL oxidation, improvement
of endothelial function and reduction of platelet aggregation
(Krikorian etal., 2010a).

Daily EGCG treatment in rats has been demonstrated to reduce
the progressive increase of oxidative stress induced by hyperten-
sion. EGCG also decreases the concentration of reactive oxygen
species on hippocampus. Based on these results a therapeutic
effect of EGCG in treating vascular-induced learning and mem-
ory impairment has been proposed (Wang etal., 2012). Black and
green teas have a high content of catechins, being EGCG the most
abundant. There are several studies that show the protective effect
of catechins in cellular and animal models of AD. Despite the lack
of clinical trials with tea polyphenols in neurodegenerative dis-
eases, epidemiological observations in US and Finnish populations
showed a reduced risk of Parkinson’s disease in high consumers of
tea (Checkoway etal., 2002; Hu etal., 2007) and a reduced risk of
cognitive impairment in a Japanese population drinking green tea
(Kuriyama et al., 2006).

Consumption of cocoa flavanols has been previously shown to
influence cerebral hemodynamics. It has been suggested that one
consequence of the effect of cocoa flavanols on cerebral blood flow

Table 1 | Flavonoid chemical subgroups and relative food sources.

Groups Molecules Food source

FLAVANOLS Catechin, epicatechin, epigallocathechin, epigallocatechin gallate (EGCG) Cocoa and chocolate, green tea, grapes
FLAVONOLS Kaempferol, quercetin Onions, apples, green tea, capers, leeks, broccoli
FLAVONES Luteolin, apigenin Celery, parsley, rosemary

ISOFLAVONES Daidzein, genistein Soy

FLAVANONES Hesperetin, naringenin Citrus fruit, tomatoes

ANTHOCYANIDINS Pelargonidin, cyanidine, malvidin

Berry fruits, red wine
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might be to improve performance on visual and cognitive tasks as
shown after drinking of cocoa beverages (Scholey et al., 2010; Field
etal., 2011).

FLAVONOLS: QUERCETIN, KAEMPFEROL

Quercetin, one of the most studied bioflavonoids, is found in
many common foods, such as capers, apples, onions and green tea
(Kelsey etal., 2010). Its primary activity is to prevent endothelial
apoptosis caused by oxidants, thanks to a highly potent antioxi-
dant activity and cytoprotective effects (Dong etal., 2012). There
are several in vitro studies about quercetin effects demonstrating
that this molecule increases cell survival in neurotoxic conditions
as in the presence of hydrogen peroxide (Heo and Lee, 2004),
linoleic acid hydroperoxide (Sasaki et al., 2003; Kelsey et al., 2010),
interleukin-1f8 (Sharma etal., 2007; Kelsey etal., 2010). In vivo
studies have demonstrated that quercetin could have a role in vas-
cular dementia by decreasing the size of ischemic lesions (Dajas
etal., 2003; Kelsey etal., 2010). Quercetin improves memory and
hippocampal synaptic plasticity in models of impairment induced
by chronic lead exposure and it could have a role in neuronal
repairing, as shown in spinal cord injury models (Schiiltke etal.,
2003).

Kaempferol is widely distributed in the human daily diet such as
fruits, beverages, tea, and vegetables (Aherne and O’Brien, 2002).
Kaempferol protects PC12 cells against the oxidative stress induced
by H,O, (Hong etal,, 2009) and improves cognitive learning
and memory capability in mice (Lei etal., 2012). It was reported
that the intake of flavonols including quercetin, kaempferol, and
myricetin has favorable effects on cognitive performance (Spencer,
2009).

Ginkgo biloba (Gb) is a plant whose herbal extracts (mainly
EGb761) are often used as an alternative treatment to improve
cognitive function. Extracts of Gb include several components,
such as the flavonols quercetin and kaempferol as well as terpenoid
lactones that are considered to be responsible for the neuroprotec-
tive functions of Gb (Rendeiro etal., 2012). Standardized extracts
of Gb leaves are studied for their potential to improve memory
and cognitive function in general. Hemodynamic, neurotransmit-
ter, and free-radical scavenging effects of Gb have been shown in
several studies. All of these biological functions may be relevant
to aging and age-related disorders (Maclennan etal., 2002; Brown
etal., 2010). For this reason, several in vivo studies from humans
have been performed and beneficial effects of Gb in prevention
and treatment of neurodegenerative disorders like AD have been
shown. Improvement of cognitive performance (Le Bars etal,
1997; Kanowski and Hoerr, 2003), memory (Kanowski and Hoerr,
2003), and attention (Le Bars, 2003; Chan et al., 2007) were con-
sistently observed. Two large RCTs on the use of Gb extracts (the
GEM and the GuidAge study) did not show less cognitive decline
over time in older adults with normal cognition or MCI taking Gb
than those assuming placebo (Snitz etal., 2009; Vellas et al., 2012).
Also, Gb showed no effects in reducing either the overall incidence
rate of dementia or AD in old age individuals with normal cogni-
tion or MCI (De Kosky et al., 2008). The latest published Cochrane
review including 36 RCTs could not report a significant evidence
for a predictable clinical benefit of Gb for people with dementia
or cognitive impairment (Birks and Grimley Evans, 2009).

FLAVONES: LUTEOLIN, APIGENIN

Luteolin is the most abundant flavonoid in plants such as rose-
mary, celery, and parsley (Chowdhury etal., 2002; El Omri etal.,
2012). It has been shown that luteolin has several pharmacologi-
cal properties including a protective role of DNA against hydrogen
peroxide-induced toxicity and anti-inflammatory actions (Cheng
etal., 2010; El Omri etal., 2012).

Apigenin was shown to protect neurons against Ap-mediated
toxicity induced by copper, to increase neuronal viability as well
as to relieve mitochondrial membrane dissipation and neuronal
nuclear condensation (Zhao et al., 2013). Apigenin also modulates
GABAergic and glutamatergic transmission in cultured cortical
neurons (Losi et al., 2004). Up to now no clinical studies have been
performed with luteolin and apigenin in cognitive impairment
or AD.

ISOFLAVONES: SOY - GENISTEIN, DAIDZEIN, GLYCITIN

Soybean (soy) is a rich source of phytoestrogens, especially
isoflavones. These are not the only constituents of soy; in fact,
soybean contains also several minerals, fibers, proteins and
oligosaccharides. The isoflavones from soybean are considered
agonists of estrogen receptors. The presence of soy isoflavones
may be responsible for the observed memory-improving effects
of soybean supplementation. Isoflavones appear to improve cog-
nitive function by mimicking the effects of estrogen, in particular
through estrogen receptor p in the brain (Lee etal., 2004a). Estro-
gen replacement can improve cholinergic function by increasing
choline uptake and potassium-stimulated acetylcholine release
(Gabor etal., 2003; Bansal and Parle, 2010). Former studies
revealed that soy isoflavones improve visual spatial memory and
learning ability as well as memory of male and female animals
(Duncan etal., 2003; Lee etal., 2004b) and humans (File etal.,
2001; Zhao and Brinton, 2007; Bansal and Parle, 2010). Fur-
thermore, soy isoflavones can influence the brain cholinergic
system and reduce age-related neuronal loss and cognition decline
in male rats (Lee etal., 2004b). A study on young and mature
mice (Bansal and Parle, 2010) demonstrated that chronic dietary
supplementation with soybean improves cognitive performance,
decreases thiobarbituric acid reactive substances (TBARs) and
increases plasma glutathione peroxidase levels, suggesting that soy
isoflavones have antioxidant properties (Djuric etal., 2001; Lee
etal., 2004b).

Few RCTs have been performed with soy supplementation,
with controversial results. A long-term supplementation of soy
in women had no effect on global cognition but improved visual
memory after thirty months (Henderson etal., 2012), while in
men, treated for twelve weeks, only spatial working memory
improved compared to the placebo group (Thorp etal., 2009). A
previous study in postmenopausal women who received soy pro-
tein for twelve months had no benefit in cognitive performance
(Kreijkamp-Kaspers et al., 2004).

ANTHOCYANIDINS: PELARGONIDIN, CYANIDINE, MALVIDIN

Blueberry, bilberry, cranberry, elderberry, raspberry seeds,
and strawberry are sources of natural anthocyanin antiox-
idants. Proanthocyanidins extracted from grape seeds (the
bark of the Chinese Scutellaria baicalensis herb) exert potent
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anti-inflammatory, antioxidant, antinociceptive, and vasodi-
latative effects and may show antidepressant properties (Ogle
etal., 2013). Berry anthocyanins also improve neuronal and
cognitive brain function, ocular health as well as pro-
tect genomic DNA integrity (Zafra-Stone etal., 2007). How-
ever, blueberries also contain significant amounts of fla-
vanols, flavonols, and other phenolics which may justify
their role in increasing their beneficial effects (Harnly etal,
2006).

After blueberries feeding, anthocyanidins are found in specific
cerebral sites, including hippocampus and neocortex (Andres-
Lacueva etal., 2005). Neurogenesis acting on hippocampus may
represent one mechanism by which blueberry flavonoids improve
memory. There is strong evidence suggesting that blueberry can
improve memory and learning in aged animals. These improve-
ments seem linked to the modulation of important structural and
synaptic plasticity markers (Rendeiro etal., 2012). One of the role
of anthocyanins in neuroprotection could be mediated through
phospholipase A2 inhibition (Frisardi etal., 2010), which is nega-
tively involved in a complex network of signaling pathways linking
receptor agonists, oxidants, and proinflammatory cytokines to the
release of arachidonic acid and eicosanoid synthesis (Sun etal.,
2004).

Memory performance has been demonstrated to be linked
to the modulation of the expression of particular proteins like
CREB (cAMP-response element-binding protein), which is a path-
way known to be activated in response to A and brain-derived
neurotrophic factor (BDNF). Changes in CREB and BDNF in
berry-feed animals were accompanied by increases in the phos-
phorylation state of the protein factor ERK, very important for
synaptic plasticity and memory formation (Williams et al., 2008).
Furthermore, blueberry seems to have a more significant effect
on short-term memory than long-term memory, as demon-
strated by improved performance in several memory maze tasks
(Ramirez et al., 2005; Williams et al., 2008; Rendeiro etal., 2012).
Another study (Fuentealba etal., 2011) that underlines the role of
berries-extract against AP shows how these extracts could partially
antagonize two newly found effects of AB: the decrease in intracel-
lular Ca2+ activity, an important element in neurodegenerative
processes and ATP leakage, an effect of aggregated AP (Petrozzi
etal., 2007). Short-time blueberry diet might produce benefits on
memory in aged rats (Malin etal., 2011) by a suggested alteration
of ROS signaling through CREB and MAP-kinase (Brewer etal.,
2010). Inflammation pathways and modulation of the expres-
sion of inflammatory genes might also be involved (Shukitt-Hale
etal., 2008). Finally, there is evidence that anthocyanins have
insulin-like and glitazone-like properties which may contribute
to improve metabolic function and lipid lowering effects (Kalt
etal., 2008; Tsuda, 2008; Krikorian etal., 2010b) as well as to
improve memory and reduce depressive symptoms (Krikorian
etal., 2010b).

In humans, a prospective evaluation with a food frequency
questionnaire showed that a greater intake of blueberries and
strawberries is associated with slower rates of cognitive decline in
subjects older than seventy years, suggesting the potential protec-
tive role of berries on different cognitive functions (Devore etal.,
2012).

NON-FLAVONOID POLYPHENOLS: RESVERATROL AND
CURCUMIN

There is evidence that both resveratrol and curcumin, non-
flavonoid polyphenols, show beneficial effects in cell culture and
in vivo models of neurotoxicity and neurodegeneration.

Resveratrol is a polyphenol found enriched in seeds
and skin of several fruits, including grapes used for red
wine. It is well known mostly for its cardiovascular effects
(Bertelli and Das, 2009; Kelsey etal., 2010). Recent evi-
dence has shown that resveratrol can increase 5-HT activity,
which could explain its antidepressant properties (Ogle etal.,
2013). In animal models it has been shown that resvera-
trol inhibits noradrenalin and 5-HT reuptake in rats, with
increasing hippocampal serotonin (Xu etal., 2010). Resvera-
trol is also able to reduce inflammation and protect neu-
rons from death, as shown by in vivo experiments on ani-
mal models of oxidation-induced neuronal toxicity (Alvira
etal., 2007; Kelsey etal., 2010). Protection of organotypic
hippocampal slices from hydroperoxide insults has been also
observed (Karlsson etal., 2000; Kelsey etal., 2010). Other
possible mechanisms for the neuroprotective action dis-
played by resveratrol are related to its antioxidant properties
and its capacity of modulation of A processing and up-
regulation of the longevity-linked gene sirtuin 1 (Pocernich etal.,
2011).

Several studies in humans have shown a lower risk of dementia
in subjects drinking moderate amounts of red wine when com-
pared to abstainers (Orgogozo etal., 1997; Truelsen etal., 2002).
Furthermore, a small clinical trial in healthy adults showed an
increase of cerebral blood flow during cognitive tasks in sub-
jects treated with resveratrol compared to placebo (Kennedy et al.,
2010).

Curcumin is the most active element of tumeric (Curcuma
longa), an herb of the ginger family. It has been a staple of
oriental medicine for thousands of years (Ogle etal., 2013).
Since the prevalence of AD in Indian countries is much lower
than in US, it has been suggested that a diet rich in curcumin
may reduce the risk of AD (Ganguli etal., 2000). Curcumin
seems to act with different mechanisms including antioxidant,
anti-inflammatory and anti-amylodogenic ones. For example,
curcumin enhances cell viability by decreasing ROS and inhibit-
ing pro-apoptotic signals in mouse models of encephalitis (Dutta
etal., 2009; Kelsey etal., 2010). It also reduces Af-related cere-
bral burden and inflammation in transgenic AD mice (Lim etal.,
2001). It has been proposed that curcumin exerts most of its
effects by inhibiting monoamine oxidase levels, thereby reducing
depression also because it modulates serotonergic, dopaminer-
gic, and noradrenergic transmission (Xu etal., 2012; Ogle etal,,
2013).

A 6-month RCT performed in patients with AD showed no
beneficial results in cognitive performances (Baum etal., 2008).
More recently, a randomized clinical trial with Curcumin C3
Complex -consisting of 95% curcuminoids with 70-80% com-
prised by curcumin, 15-25% demethoxycurcumin, and 2.5-6.5%
bisdemethoxycurcumin-was conducted in mild to moderate AD
with no evident benefit on cognitive functions (Ringman etal.,
2012).
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CAROTENOIDS

Over 700 different members of the carotenoid family have been
identified and about 40 are found in human blood and tis-
sue. Major carotenoids in human organism are lycopene, lutein,
zeaxanthin, B-cryptoxanthin, a-carotene, and the most promi-
nent carotenoid, B-carotene. Depending on dietary habits, blood
levels vary between 0.01 and 1 mol/L but they can be consid-
erably increased upon supplementation with single compounds
or mixtures (Stahl etal., 1992). For structural reasons and
based on experimental data carotenoids have been assigned as
antioxidants (Krinsky and Johnson, 2005). Carotenoids as nat-
ural fat-soluble pigments are found mostly in vegetables and
fruits that are red, orange, and deep yellow in color. More
recently, astaxanthin, a carotenoid mainly present in seafood,
has been extensively studied in in vitro and in vivo models,
showing antioxidant and anti-inflammatory properties as well
as protective functions in microcirculation and in mitochondrial
functions (Kidd, 2011) suggesting a potential efficacy in sev-
eral neurodegenerative diseases (Barros etal., 2014). High plasma
carotene concentrations associated with lower mortality from all
causes were shown by the SENECA investigators (Buijsse etal.,
2005), although conflicting data from intervention studies with
B-carotene to prevent cancers and cardiovascular disorders have
challenged the concept (Polidori and Stahl, 2009). Like other
important carotenoids of the antioxidant network, lutein and
zeaxanthin, the predominant carotenoids of the macula lutea,
are suggested to act as photoprotectants preventing age-related
degeneration of the macula lutea (Sabour-Pickett etal., 2012).
Astaxanthin showed a protective effect for visual problems, such as
blurred vision or reduced visual acuity, and also improved muscle
strength and endurance in runners and in soccer players (Kidd,
2011).

Patients with moderate to severe AD showed lower plasma lev-
els of two major carotenoids, lutein, and p-carotene, compared to
patients with mild AD or controls (Wang etal., 2008b). Among
AD patients a lower MMSE score (Mini Mental State Examina-
tion, a measure of cognitive performance) was associated with
lower lutein and B-carotene levels in this study (Wang et al., 2008b).
Lycopene displays not only sun protective effects (Stahl et al., 2006)
but also beneficial effects against development of prostate cancer
(Seren etal., 2008). Among six carotenoids tested, lycopene was
the only carotenoid inversely associated with quality of cogni-
tive performance as assessed by both MMSE, DemTect (Dementia
Detection Test) and Clock Drawing Test in healthy subjects from
45 to 102 years of age (Polidori et al., 2009).

A randomized trial with beta carotene supplementation in men
participating to the Physicians’ Health Study showed, after a mean
treatment duration of 18 years, better cognitive performances in
the treated compared to the placebo group. The same effect was
not observed in newly randomized subjects after one year treat-
ment, suggesting that efficacy of beta carotene can be obtained
only after a long term supplementation (Grodstein etal., 2007). In
amulticenter trial in old age subjects suffering from MCI, a dietary
supplement of astaxanthin, phosphatidylserine, and vitamin E
improved memory skills after sixty days of treatment, suggesting
a significant potential role of his kind of supplementation in
counteracting age-related cognitive decline (Zanotta etal., 2014).

CROCIN - SAFFRON

Crocin is the main chemical compound identified in saffron,
whose scientific name is Crocus sativus. It has been used over the
years in folk medicine as an antispasmodic, gingival sedative, nerve
sedative, carminative, and expectorant stimulant (Akhondzadeh
and Abbasi, 2006; Akhondzadeh etal., 2010). It has been reported
that saffron active constituents have anticonvulsant, antidepres-
sant, and anti-inflammatory effects, and improve learning and
memory (Schmidt etal., 2007). Crocin is the actual active compo-
nent involved in both the improvement of learning and memory
and preventing effect of long term potentiation blocked by ethanol
(Akhondzadeh and Abbasi, 2006) and its potential in the treatment
of neurodegenerative diseases like AD (Khalili and Hamzeh, 2010).
In animal models, the effectiveness of crocin has been shown in
antagonizing the cognitive deficits caused by neurotoxic agents like
streptozocin (Naghizadeh etal., 2013).

Crocin improved cognition as evaluated by means of ADAS-
Cog and CDR-SB in subjects with mild to moderate AD
(Akhondzadeh etal., 2010). In a recent in vivo study, it has
been demonstrated that crocin significantly modulate the levels
of oxidative markers in the hippocampus, abolishing the deleteri-
ous effects of chronic stress on learning and memory (Ghadrdoost
etal., 2011).

B-VITAMINS: FOLATE, COBALAMIN, PYRIDOXIN

Folate (vitamin B9), cobalamin (vitamin B12), and pyridoxin
(vitamin B6) are the most studied B-vitamins in the field of cogni-
tive decline and dementia (Brown etal., 2010). They are essential
for maintaining the integrity of the nervous and hematopoietic
systems (Malouf and Areosa Sastre, 2009).

Folate is absorbed from the diet and its decrease in blood is
highly dependent on a poor diet, malabsorption, and alcoholism;
cobalamin deficiency is also associated with malabsorption due
to digestive disorders occurring in older adults, and can result in
irreversible neurological disorders such as peripheral neuropathy
(Rébeillé et al., 2007; Clarke, 2008). Vitamin B6 - comprising three
chemically distinct compounds, pyridoxal, pyridoxamine, and
pyridoxine - is involved in the regulation of mental function and
mood. Itis also an essential homocysteine re-methylation cofactor,
and its deficiency is associated with an increase in blood homo-
cysteine levels (Malouf and Grimley Evans, 2003). Poor vitamin
B6 status is common among older people. Folate and cobal-
amine deficiencies cause accumulation of homocysteine. Many
studies have found cross-sectional associations between low cir-
culating folate levels or hyperhomocysteinemia and low MMSE
scores (Morris and Jacques, 2009; Morris etal., 2012). Vitamin
B12 is involved in the methylation of homocysteine to methio-
nine for the synthesis of methyl acceptors such as membrane
phospholipids, myelin and neurotransmitters. Homocysteine is
potentially toxic to neurons, its levels have been associated
with atrophic changes in the brain and are negatively corre-
lated with neuropsychological tests scores; it is also considered
a marker for low serum vitamin B12 and folate (Ellinson etal.,
2004).

A prospective study over a 4, 5-year period found that homocys-
teine is a risk factor for dementia or cognitive impairment (Haan
etal.,2007). In this study, plasma cobalamin levels were associated
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with reduced risk (Haan et al., 2007). A recent clinical cohort trial
found that plasma homocysteine levels are inversely related to
cognitive performance, but no evidence of a significant protec-
tion of high plasma folate against dementia was found (Morris
etal., 2012). However, B12- and B6-vitamin treatment has been
demonstrated to stabilize performance on the CLOX test (Royall
etal.,, 1998) as well as on executive and planning function (De
Jager etal., 2012). Kado etal. (2005) and colleagues demonstrated
that folate, but not cobalamin levels, are independently predictive
of cognitive decline over a 7-year period in high functioning old
people.

These heterogeneous and contradictory results are reported
in the last Cochrane reviews, in which a significant effect of
B-vitamin treatment in cognitive function could overall not be
reported (Malouf and Grimley Evans, 2008; Malouf and Areosa
Sastre, 2009).

Supplementation with B vitamins including vitamin B6 has
been shown to reduce blood homocysteine levels. In addition,
B6 vitamin concentration has been associated with better global
cognition scores, especially with better attention, and executive
function scores (Moorthy etal., 2012). Although vitamin B6 did
not succeed in reducing atherosclerotic manifestations in hyper-
homocysteinemic patients (Cacciapuoti, 2013), neuropsychiatric
disorders - seizures, migraine, chronic pain, and depression -
have been linked to vitamin B6 deficiency. However, there is

no evidence that short-term treatment with vitamin B6 improves
mood (depression, fatigue, and tension symptoms) or cognition
(Malouf and Grimley Evans, 2003).

Recent RCTs on the effects of folate, vitamin B12, and vitamin
B6 supplementation have been performed in subjects with mild
to moderate AD. These failed in showing any effect of supplemen-
tation in slowing cognitive decline (Sun etal., 2007; Aisen etal.,
2008; Malouf and Grimley Evans, 2008; Malouf and Areosa Sastre,
2009). A review on supplementation of vitamins B12, B6, and folic
acid alone or in combination showed that results from nineteen
RCTs did not appear to improve cognitive function in individuals
with or without existing cognitive impairment (Ford and Almeida,
2012). So, it remains to be established if prolonged treatment with
B-vitamins can reduce the risk of dementia in later life. However,
in a recent study high-dose B-vitamin treatment (folic acid, vita-
min B6, and vitamin B12) not only slowed shrinkage of the whole
brain volume over 2 years but it reduced, by as much as seven-
fold, the cerebral atrophy in those gray matter regions specifically
vulnerable to the AD process, including the medial temporal lobe
(Douaud etal., 2013).

DITERPENES: CARNOSIC ACID, AND ROSMARINIC ACID

Carnosic and rosmarinic acids are two of the most important
antioxidant compounds in rosemary. They are parts of the bigger
family of phenolic acids and diterpenes, that have been extensively

Table 2 | Nutraceuticals in clinical trials: reference, dosage, and study quality (*low; **moderate; ***high; ****very high).

References Dosage Quality
Flavanols
Catechin, epicatechin, Krikorian etal. (2010a), Field etal. (2011), 6-9 ml/kg of grape juice, 720 mg of cocoa * kx k%
epigallocatechin, EGCG Scholey etal. (2010) flavanols, 300 mg EGCG
Flavonols
xxx

Quercetin-kaempferol in Birks and Grimley Evans (2009; Cochrane)
Gingko biloba

Isoflavones

Genistein, daidzein, glycetin
in soy Henderson etal. (2012)
Anthocyanidins
Pelargonidin, cyanidine, Krikorian etal. (2010b), Devore etal. (2012)
malvidin in berries
Resveratrol, curcumin Kennedy etal. (2010), Ringman etal. (2012)
Carotenoids

Grodstein etal. (2007), Zanotta etal. (2014)
Akhondzadeh etal. (2010)

Malouf and Grimley Evans (2003) (Cochrane),

Beta carotene, astaxanthin

Crocin

Vitamin B6, vitamin B12,

folic acid £vit. B12, folic

acid, vit.B12, vit. B6
Almeida (2012)

Kreijkamp-Kaspers etal. (2004), Thorp etal. (2009),

80-720 mg /day of EGb761 (Gb extract)

*¥¥¥ XX X%

25.6 gr /day of soy protein, 116 mg/day

isoflavone equivalent, 25 mg/day of soy protein

6-9 ml/kg of blueberry juice, dietary intake of ~ *, ***
berries

250 or 500 mg resveratrol, Curcumin C3 *, xx
Complex 2-4 gr/day

50 mg/alternate days, extract of astaxanthin KX K%
30 mg/day saffron *%

See reviewed studies RE KK KKK KKK

Malouf and Areosa Sastre (2009) (Cochrane), Malouf
and Grimley Evans (2008) (Cochrane), Ford and

For the Cochrane reviews the quality refers to the mean quality of the reported studies.
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studied (Yang etal., 2001; Kayashima and Matsubara, 2012). Both
carnosic and rosmarinic acid showed a neuroprotective action
both in in vitro models of neuronal death and in in vivo mod-
els of neurodegeneration. They scavenge reactive nitrogen species
(Qiao etal., 2005; Kelsey etal., 2010) and protect neuroblastoma
cells from hydrogen peroxide-induced oxidative stress (Lee etal.,
2008; Kelsey et al., 2010).

Diterpenes also significantly alleviate memory impairment
associated with AP neurotoxicity in AD and significantly delay
the onset of the disease (Kelsey etal., 2010; Shimojo etal., 2010).
Recently it has been found that carnosic acid has antiangiogenic
effects (Kayashima and Matsubara, 2012). The neuroprotective
effects of this substance, therefore, might be explained on the basis
of the recently identified role of angiogenesis in the formation of
B-amyloid plaques and the consequent neurotoxicity (Vagnucci
and Li, 2003). The exact mechanism by which carnosinic acid
inhibits angiogenesis is not clear; however, its antioxidant activity
seems to play an important antiangiogenic role.

CONCLUSION AND FUTURE PERSPECTIVE

When placed in the context of a healthy lifestyle behavior, age-
related changes in nutrition may play an important role in
brain functioning as well as in major organ functioning of old
people. Susceptibility of elderly population to specific nutrient
deficits may exacerbate processes of cognitive decline. Indeed,
there is large evidence regarding benefits of several nutrients
in the common diet towards cognitive impairment and other
diseases. There is great public and scientific interest about the
potential of nutritional supplementation to prevent age-related
diseases in general and cognitive decline in particular by counter-
acting deleterious neurodegenerative and pathological processes.
We reviewed several components of common diets and sev-
eral phytochemicals that have been shown to have benefits on
these diseases and cognitive impairment. Unfortunately, there is
a substantial lack of well conducted studies to be included in
comparison analyses; scientific literature is still poor of RCTs
(a summary is reported in Table 2) for effects of some of
these molecules, and lots of studies are conducted on either
in vitro models or animal models. A very few studies testing
the effects of a combination of two substances or antioxidant
mixtures also display little benefit against AD onset or progres-
sion as well as against the transition of MCI to AD. All critical
components of studies on nutraceuticals in cognitive impair-
ment, from sample size to cell types, to dosage to cognitive
measures used, are not comparable. For instance, diagnostic
criteria of MCI and AD as well as inclusion criteria and out-
comes are not homogeneous. Start and end of the intervention
with a particular nutraceutical in MCI or AD have been set for
logistic reasons mostly so that intervention begin occurs too
late during the course of the disease and study end delimits a
far too short intervention period. Finally, specific compound-
related issues might be responsible for the lack of clear success
of intervention, including dosage-, kinetic-, bioavailability-,
metabolic, and genetic-related issues that have been repeatedly
discussed (http://lpi.oregonstate.edu/infocenter/cognition.html;
Polidori and Schulz, 2014). Despite this, it seems difficult to
uniform trial design and method in AD nutritional studies.

Theoretically, phytochemical-based treatments for geriatric
cognitive decline and depression could be moved into a stronger
clinical trial level on humans, especially due to their low toxi-
city and high bioavailability. Future studies addressing whether
short-term or long-term dietary intake of nutraceuticals can
reduce the severity and incidence of neurodegenerative and
other age-related diseases appear critical and important for the
future.
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A commentary on

The battle of Alzheimer’s Disease - the
beginning of the future Unleashing the
potential of academic discoveries

by Lundkvist, J., Halldin, M. M., Sandin,
J., Nordvall, G., Forsell, P, Svensson, S.,
et al. (2014). Front. Pharmacol. 5:102. doi:
10.3389/fphar.2014.00102

Recently, ~Winblad and colleagues
(Lundkvist et al., 2014) reported an inter-
esting point of view highlighting the
current failures of the pharmaceutical
industry to find an effective drug solu-
tion against Alzheimer’s disease, and the
difficulties rising from greater Research
and Development costs in the context
of growing regulatory and administra-
tive straitjacket. This paradigm shift may
result to a critical situation of decline
of Alzheimer’s research and therapy.
Alzheimer’s disease is a worldwide big
concern because of its expanding preva-
lence and incidence, and its numerous
adverse consequences including loss of
autonomy, poor quality of life, high
morbid-mortality and institutionalization
(Prince et al., 2013). No curative treat-
ment has been discovered so far, and the
only treatment options are symptomatic
(Anand et al., 2014). Thus, in order to
reduce Alzheimer’s impact and costs, the
development of curative drugs proves
necessary.

One solution emphasized by Winblad
and colleagues to avoid this crisis is the
back to basics way, meaning turning to
non-profit academic research to break the

deadlock (Lundkvist et al., 2014). The
value of academic research is based on
the small size of research teams, avoid-
ing too much inertia and making it pos-
sible to work through close interaction
rather than contracting; on the oppor-
tunity to test candidate molecules; and
also on their ability to work on rare dis-
eases and orphans drugs in the CNS area
that may provide indirect solutions to the
problem of Alzheimer’s disease (Lundkvist
et al., 2014). Eventually, most impor-
tantly, these biomedical academic research
teams have the opportunity to develop
more easily translational research and to
conduct action-research, a way of think-
ing together and combining research and
clinical practice (Beauchet et al., 2012).

The academic approach is indeed still
promising. Nevertheless, it is worth point-
ing out that research as conceived hitherto
could not answer a number of impor-
tant issues, leaving the door open for the
pharmaceutical industry. It is therefore
highly suitable to make academic research
evolve. The main problem was the exces-
sive fragmentation, dispersion and con-
finement of skills and knowledge fiercely
guarded by every academic research team.
Research should overcome these difficul-
ties and open up to others. Future of
research will undoubtedly be based on the
pooling of resources, research, databases,
and teams. This is exactly the purpose of
Biomathics consortium.

Biomathics is an emerging scien-
tific research consortium applied to
human systems modeling intended to
help physicians and scientists worldwide

to work together and think faster and
wider. Firmly focused on the fields of
human longevity, autonomy and predic-
tion of health issues and their adverse
consequences, Biomathics Consortium
aims at generating initiatives, linking data
from research and data from quantified-
self, i.e., the self-measure of health and
function using digital technologies to
promote health in the general popu-
lation (den Braber, 2013). Biomathics
involves researchers worldwide, operates
international collaborations, intercon-
nects research databases on health and
well-being, and initiates and/or joins
international research programs.
Biomathics connects academic research
teams working in the same research fields,
and offer them to share their respective
basis in order to compound a larger and
more comprehensive data basis. Of course,
this organization process requires to evalu-
ate similar or close outcomes, and to adopt
a shared language. Nevertheless, methods
based on effect size or z-score can combine
slightly different variables. This allows
extremely fast answers to research ques-
tions with only little additional financial
resources and using very large population-
based samples. Moreover, it is also likely
that some endpoints identified in a spe-
cific study may be of concern to another
team, or at least may respond to queries of
this second team. In such case, the request-
ing team launches an initiative within
Biomathics and contacts all teams likely to
help. Willing researchers are included in
the initiative, participate in the research,
revise the collaborative publication and
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Rethinking research

are included in the list of co-authors
based on their involvement in the work
and the number of participants made
available.

The main strengths of Biomathics
Consortium are to make a formal link
between worldwide leading research teams
on aging and longevity, specifically those
who have not worked together thus far.
It allows building an effective worldwide
operational network, applying to grants
as a research network, training students
and fellows, and offering immediate reac-
tivity and high efficiency. It offers data
extracted from various international clin-
ical researches. It makes also possible to
screen for potential participants for future
research programs. Last, but not least, it
promotes the emergence of new ideas and
the validation of pilot projects through
international multicentric studies. For
this reason, Biomathics Consortium
is a typical and distinctive model of
“bottom-up” operation in the context
of “top-down” reorganization of most
research programs due to budgetary con-
straints and restrictions. While research
studies are increasingly built to meet
government programs and grants (“top-
down” model), Biomathics Consortium
is raised by researchers for themselves
and is intended to explore research ques-
tions that do not necessarily receive the
attention of governing bodies. In con-
vergence with top-down organization,
rapid production of big results would

eventually influence the decision-making
and change health and research poli-
cies, hence the “bottom-up” word
acceptation.

In conclusion, we are at a crucial
time for research. Times are changing,
research too. Tomorrow’s opportunities
imply global convergence, efficient net-
works, and merging academic legitimacy
and flexibility with private funds and
stringency to keep producing innova-
tive science not restricted by commer-
cial objectives. Biomathics Consortium
is intended to unify forces in order to
improve the efficiency of research and
quickly find effective treatment options for
patients. Since this is still, and always must
be, researchers’ first priority.
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