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1. Epigenetics 

Conrad Waddington introduced the term epigenetics in the early 1940s 

(Waddington., 1942). He defined epigenetics as ‘‘the branch of biology which studies 

the causal interactions between genes and their products which bring the phenotype 

into being’’ (Waddington., 1968). In the original sense of this definition, epigenetics 

referred to all molecular pathways modulating the expression of a genotype into a 

particular phenotype. Over the following years, with the rapid growth of genetics, the 

meaning of the word has gradually narrowed. Epigenetics has been re-defined and 

today is generally accepted as ‘‘the study of changes in gene function that are 

mitotically and/or meiotically heritable and that do not entail a change in DNA 

sequence’’ (Wu and Morris., 2001). Otherwise stated, epigenetic processes influence 

gene expression levels without involving changes of the primary DNA sequence 

(Martín-Subero., 2011). 

The epigenetic modifications described in current literature generally comprise 

posttranslational modifications of histones, covalent modifications of DNA bases and 

non-coding RNAs (Strahl and Allis., 2000; Berger et al., 2009; Bannister and 

Kouzarides, 2011).  

Generally, histone classifications comprise the main histones or their variants H1, 

H2A, H2B, H3, and H4 (Phillips and Johns., 1965; Redon et al., 2002; Perche et al., 

2003; Hake and Allis., 2006). The fundamental building block of chromatin is the 

nucleosome and consists of DNA spooled around an octamer of histones. Every 

octamer contains two units of each principal or variant histone H2A, H2B, H3, and H4 

(Kornberg., 1974). Nucleosomes are connected by stretches of “linker DNA” and linker 

histones, such as histone 1 (Luger et al., 1997). Together they form the chromatin 

which can exist in a condensate transcriptionally inactive state (heterochromatin) or in 

a non-condensate and transcriptionally active state (euchromatin) (Berger., 2007) (Fig. 

1). 

Histones contain a flexible N-terminus that protrudes from the surface of the 

nucleosome and is often named the “histone tail”. These tails are subjected to multiple 

reversible posttranslational modifications catalysed by specific enzymes (Fischer et al., 

2010). The correlation of specific posttranslational modifications on the histones with 

transcriptional events has resulted in the histone code hypothesis (Strahl and Allis., 

2000). 
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Figure 1. Structure and organization of the chromatin. DNA wraps around a histones 
forming nucleosomes. Nucleosomes are connected by stretches of “linker DNA” and linker 
histones. Together they form the chromatin.  

 

There are a wide set of possible histone modifications: acetylation, methylation, 

ubiquitylation, phosphorylation, sumoylation, ribosylation and citrullination (Campos 

and Reinberg., 2009).  

Within these, one the most studied modification is the acetylation of histones by 

histone acetyl transferases (HATs) and the removal of acetyl groups from histones by 

histone deacetylases (HDACs) (Campos and Reinberg., 2009). The interplay between 

HATs and HDACs alters the net balance of histone acetylation levels, thereby 

remodelling chromatin structure. In general, an increase in protein acetylation at 

histone-tails results in a more open and relaxed chromatin conformation, thus 

facilitating transcription factors interaction with specific gene promoters, activating gene 

expression. Oppositely, HDACs function as a component of the transcriptional 

repressor complex. HDACs silence gene expression and induce chromatin compaction 

through histone protein deacetylation. Accordingly, HDAC inhibition shifts the balance 

towards enhanced histone acetylation, chromatin relaxation and gene expression (Fig. 

2).  

The balance between acetylated and deacetylated states plays a crucial role in 

gene expression regulation (Lee et al., 1993; Kurdistani and Grunstein., 2003; Yang 

and Seto., 2008). 

ac

Histones

Nucleosome
ac

Acetylation
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Figure 2. Histone acetylation and deacetylation. In general, an increase in histone 
acetylation results in a more open and relaxed chromatin conformation, thus facilitating gene 
transcription. Oppositely, HDACs favors a more closed and compact chromatin conformation 
repressing gene transcription.  

 

In mammals, HDACs can be grouped into four classes based on their homology 

and phylogenetic relationship: class I (HDAC1, 2, 3 and 8), which is similar to yeast 

Rpd3; class II HDACs are further divided into two subclasses – IIa (HDAC4, 5, 7 and 9) 

and IIb (HDAC6 and 10), similar to yeast Hda1; class III, also called sirtuins (SIRT1, 2, 

3, 4, 5, 6 and 7), homologous to yeast Sir2; and class IV (HDAC11), similar to yeast 

Hos3. The class I, II, and IV HDACs use zinc to catalyze hydrolysis of the acetylated 

lysines; whereas the class III enzymes rely on the cofactor NAD+ for their function (de 

Ruijter et al., 2003; Verdin et al., 2003; Blander and Guarente, 2004; Zakhary et al., 

2010; Joshi et al., 2013; Lazo-Gómez et al., 2013) (Table 1). 
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Table 1. Classification and localization of histone deacetylases (HDAC). Adapted from 
(Gomes et al., 2015; Volmar and Wahlestedt, 2015) 
 

Class Cofactor HDAC enzyme Localization 

I Zinc dependent HDAC 1 

HDAC 2 

HDAC 3 

HDAC 8 

Nucleus 

Nucleus 

Nucleus and cytoplasm 

Nucleus 

IIa Zinc dependent HDAC 4 

HDAC 5 

HDAC 7 

HDAC 9 

Nucleus and cytoplasm 

Nucleus and cytoplasm 

Nucleus and cytoplasm 

Nucleus and cytoplasm 

IIb Zinc dependent HDAC 6 

HDAC 10 

Nucleus and cytoplasm 

Nucleus and cytoplasm 

III (Sirtuins) Nicotinamide  

dependent 

SIRT 1 

SIRT 2 

SIRT 3 

SIRT 4 

SIRT 5 

SIRT 6 

SIRT 7 

Nucleus, cytosol 

Cytosol, nucleus 

Mitochondria 

Mitochondria 

Mitochondria 

Nucleus 

Nucleus 

IV Zinc dependent HDAC 11 Nucleus and cytoplasm 

 

2. Sirtuins 

The class III HDAC NAD+-dependent, also called sirtuins, constitute a class of 

deacetylases highly conserved from prokaryotes to eukaryotes. They were initially 

described as transcription-silencing histone deacetylases in yeast and associated with 

an increase in lifespan by a process believed to be analogous to caloric restriction 

(Kennedy et al., 1995; Guarente, 2000). 

In mammals, there are 7 types of isoforms (SIRT1-7) with different functions, 

substrates and cellular localizations (Grozinger et al., 2001) (Table 2). Although all of 

them share a similar catalytic domain of approximately 275 amino acids, they differ in 

the carboxyl terminal protein sequences flanking its core (Wątroba et al., 2017) and 

they are involved in a variety of biological processes including gene transcription, 

apoptosis, cell cycle progression, autophagy, metabolism, mitochondrial function, 

inflammation and aging, among others (Jayasena et al., 2016; Jęśko et al., 2017). 

While SIRT1, SIRT6 and SIRT7 are mainly nuclear enzymes, SIRT3, SIRT4 and 

SIRT5 are mitochondrial proteins. SIRT2 can be shuttled between nucleus and 

cytoplasm, depending on the phase of the cell cycle (Wątroba et al., 2017). 
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Moreover, while SIRT1, SIRT2, SIRT3, SIRT5 and SIRT7 deacetylate histone and 

non-histone protein substrates, SIRT4 and SIRT6 are primarily mono-ADP-ribosyl 

transferases (North et al., 2003; Liszt et al., 2005; Ahuja et al., 2007).  

SIRT1, which has highest sequence similarity to yeast Sir2, deacetylates histones 

3 and 4 as well as transcription factors. Although it is generally described to be a 

nuclear protein, a few studies have described nucleo-cytoplasmic shuttling of SIRT1 in 

response to oxidative stress (Kim et al., 2007; Tanno et al., 2007; Hisahara et al., 

2008). 

SIRT2 resides mostly in the cytoplasm where it associates with microtubules and 

deacetylates α–tubulin (North et al., 2003; Jin et al., 2008). However, when the nuclear 

envelope disassembles during mitosis, SIRT2 can also deacetylate histone 4 (Vaquero 

et al., 2006). 

SIRT3, SIRT4, and SIRT5 localise in the mitochondria and are therefore thought to 

play a role in energy metabolism and responses to oxidative stress (Michishita et al., 

2005). Although SIRT1, SIRT6 and SIRT7 are nuclear proteins, the three proteins 

display distinct sub-nuclear localisation patterns; SIRT6 associates with 

heterochromatin, SIRT7 localizes to nucleoli, whereas SIRT1 is largely associated with 

euchromatin within the nucleus (Michishita et al., 2005). 

Their presence has been described in the brain and, due to their multiple 

functions, it has been suggested that they could be implicated in aging and 

neurodegenerative diseases (Jęśko et al., 2017). 
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Table 2. Sirtuin localization and functions in the central nervous system (CNS). Adapted 
from (Gomes et al., 2015; Jayasena et al., 2016). 

 

Sirtuin Localization Enzymatic 

activity 

       Functions in CNS 

SIRT1 Nucleus, 

cytosol 

Deacetylation  Modulates memory formation 

and synaptic plasticity 

 Promotes increase of life 

expectancy 

  It reduces with age 

SIRT2 Cytosol, 

nucleus 

Deacetylation 

Demyelization 

 Suppressor of microglial 

activation and brain inflammation  

 Negative regulator of cholesterol 

 Involved in cell proliferation 

 Impairs neurite outgrowth an 

oligodendrocyte differentiation 

 Involved in myelin formation 

 Causes loss of microtubule 

stabilization an dynamics 

 Involved in autophagy 

 Accumulates with age 

 Highly linked with 

neurodegenerative diseases 

SIRT3 Mitochondria Deacetylation  Responds to oxidative stress  

 Involved in maintenance of 

mitochondrial function 

SIRT 4 Mitochondria ADP- 

ribosylation 

 Regulation of glial development 

 Involved in glutamate transport  

 Protective role against 

exocitotoxicity 

 Involved in maintenance of 

mitochondrial function 

SIRT 5 Mitochondria Deacetylation, 

Demalonylation 

Desuccinylation 

 SIRT5 gene polymorphism might 

favour brain aging and be a risk 

factor for mitochondrial dysfunction 

related diseases 

SIRT 6 Nucleus ADP-

ribosylation 

Deacetylation 

 Somatic growth regulator by 

modulating neuronal chromatin 

 DNA repair 

 Suppress pro-inflammatory gene 

expression 

SIRT 7 Nucleus Deacetylation  Positive regulator of RNA 

polymerase I transcription 
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3. Sirtuin 2 (SIRT2) 

Among all sirtuins, SIRT2 expression is found the strongest in the brain (Jayasena 

et al., 2016). In addition, it is also expressed in a wide range of tissues and organs 

including the muscle, liver, testes, pancreas, kidney, and adipose tissue of mice (Wang 

et al., 2007; Kim et al., 2011; Maxwell et al., 2011).  

Related to brain cells, SIRT2 is mostly expressed in neurons, oligodentrocytes (Li 

et al., 2007; Michan and Sinclair, 2007; Pandithage et al., 2008; Southwood et al., 

2007; Werner et al., 2007; Zhu et al., 2012) and other glial cells such as astrocytes and 

microglia (Jayasena et al., 2016; Li et al., 2007; Pandithage et al., 2008). Within the 

cell, it is mainly located in the cytoplasm although it can also be found in the nucleus 

and mitochondria. As expected, due to its ubiquitous cell distribution, its function is 

determined by its localization. 

In the cytoplasm, SIRT2 is involved in cytoskeleton stabilization by targeting the 

major component of microtubules, α-tubulin (North et al., 2003). Thus, SIRT2 regulates 

microtubule dynamics by deacetylating several cytoskeletal proteins and regulates cell 

cycle progression.  

In the nucleus, SIRT2 is implicated in gene transcription repressing genes 

encoding for DNA binding proteins as well as transcription factors that participate in 

synaptic plasticity, cell proliferation, differentiation and cell survival (Eskandarian et al., 

2013). It has been described that SIRT2 transiently migrates to the nuclei during 

mitosis and deacetylates histone 4 at lysine 16 (Vaquero et al., 2006). 

In addition to α-tubulin and histone 4, SIRT2 deacetylates many other substrates 

including p53, p300, NF-Kb, CDK9, LDH-A, PRLR, GLUA1 and forkhead transcription 

factors of class O, FOXO1 and FOXO3 (Li et al., 2007a; Wang and Tong., 2009; 

Nakagawa and Guarente., 2011; Zhu et al., 2012; Jing and Lin., 2015; Huang et al., 

2017; Sundriyal et al., 2017; Wang et al., 2017). It is suggested that all this variety of 

substrates might be correlated with key roles of SIRT2 in diverse biological processes 

such as the cell cycle, apoptosis, chromosomal stability, autophagy, microtubule 

stability, oxidative stress, myelination, immune response, inflammation and energy 

metabolism (Saunders and Verdin., 2007; Gan and Mucke., 2008; Milne and Denu., 

2008; Outeiro et al., 2008; Luthi-Carter et al., 2010; Gomes et al., 2015). Importantly, 

all these processes are involved in natural aging as well as in neurodegenerative 

diseases.  
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Many recent studies suggest an important involvement of SIRT2 in bacterial 

infections, type II diabetes, obesity, cardiovascular diseases, neurodegenerative 

disorders and cancer (Heltweg et al., 2006; Outeiro et al., 2007; Peck et al., 2010; 

Chen et al., 2011; Taylor et al., 2011; Park et al., 2012; Chopra et al., 2012; He et al., 

2012; Krishnan et al., 2012; Hoffmann et al., 2014; Cheon et al., 2015; Zhao et al., 

2015; Matsushima and Sadoshima, 2015; Jing et al., 2016). Hence, SIRT2 promises a 

therapeutic target for the treatment of these disorders.  

3.1. Role of SIRT2 in aging and inflammation 

Aging is a natural biological process associated with physiological decline, both 

physically and cognitively. Over the last decades, the increase in human life 

expectancy and the reduction in death rates have made the world elderly population to 

increase exponentially. According to data from World Population Prospects, the 2017 

Revision, the number of older people, those aged 60 years or over, is expected to more 

than double by 2050, rising from 962 million globally in 2017 to 2.1 billion in 2050. 

Currently, Europe has the greatest percentage of population aged 60 or over. 

There is a continuum between normal aging and disease in terms of pathological 

and biochemical changes in many tissues. In fact, nowadays, especially in high-income 

countries, medical attention is dominated by a broad range of chronic conditions for 

which age is, by far, the biggest risk factor for osteoporosis, arthritis, diabetes, 

sarcopenia and macular degeneration and neurodegenerative disorders (Kirkwood, 

2017). Therefore, the pharmacological treatment of these pathologies must be 

understood in the context of the molecular biology of the aging process (Bishop et al., 

2010). 

There are around 300 hypotheses about aging (e.g., the free radical hypothesis, 

the hypothesis of neuroendocrine phenomena, the collagen hypothesis and others…) 

(Diaconeasa et al., 2015). Among all of them, accumulating evidence has linked aging 

to genetic and epigenetic alterations. 

In this sense, previous reports describing the role of SIRT2 expression in 

senescence have been contradictory. In mouse brain, three different isoforms of SIRT2 

have been detected, SIRT2.1, 2.2 and 2.3, of which the 2.3 isoform showed an 

increase with age in the central nervous system (Maxwell et al., 2011). Additionally 

Anwar et al., (2016) reported an upregulation of SIRT2 as a specific feature associated 

with stress induced premature senescence. On the other hand, another report 

indicated that increase in SIRT2 levels in aged rat brain is specific only to occipital 
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region and no other regions (Braidy et al., 2015) whereas Kireev et al., (2013) found a 

decrease in SIRT2 expression in the dentate gyrus of old rats. Additionally, a more 

recent study showed that middle-aged mice lacking SIRT2 exhibited locomotor 

dysfunction due to axonal degeneration providing a novel link between SIRT2 and 

physiological aging impacting the axonal compartment of the central nervous system 

(Fourcade et al., 2017). Despite being contradictory, these reports reinforce the idea of 

SIRT2 acting as a powerful regulator of aging with a potential role in 

neurodegeneration. 

SIRT2 has also been proposed to play a role in neuroinflammation, although this 

has been also controversial. For example, upon inhibition or deletion of SIRT2, 

stimulation of the immune response by lipopolysaccharide (LPS) led to an overt 

production of pro-inflammatory cytokines in an experimental model of colitis and after 

traumatic brain injury (Lo Sasso et al., 2014; Yuan et al., 2016), suggesting a role for 

SIRT2 in inhibiting the inflammatory response. However, a role for SIRT2 in promoting 

inflammation was found upon LPS treatment in microglial cell lines, macrophages, and 

mouse brain (Lee et al., 2014; Chen et al., 2015; Wang et al., 2016). This was also 

supported by the observed attenuation of cytokine levels in a lethal septic model where 

the activity of SIRT2 was pharmacologically reduced (Zhao et al., 2015).  

However, ischemic brains of wild type (WT) and Sirt2 knockout mice were 

characterized by a similar induction of neutrophils and activated 

microglia/macrophages (Krey et al., 2015). Thus, whether and how SIRT2 regulates 

inflammation in the brain still remains unclear (Fourcade et al., 2017).  

3.2. Role of SIRT 2 neurodegenerative diseases 

Neurodegenerative disorders share some features in common, including (i) 

polygenic/complex anomalies, together with epigenetic modifications, cerebrovascular 

alterations and environmental risk factors; (ii) age-related onset and disease 

progression (an increase in prevalence in parallel with age); (iii) progressive neuronal 

degeneration starting in early periods of life with clinical manifestations occurring 

decades later; (iv) accumulation of abnormal proteins and conformational changes in 

pathogenic proteins (abnormal deposits of neurotoxic byproducts); (v) no specific 

biomarkers for a predictive diagnosis and unspecific clinical phenotypes for an early 

detection; and (vi) limited options for therapeutic intervention with no curative 

treatments (Cacabelos, 2017). In this context finding a molecular substrate involved in 

all these common pathways underlying the neurodegenerative disease would provide a 

novel pharmacological target for these pathologies. In this line, several studies have 
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identified a major role for SIRT2 in different neurodegenerative diseases (the role of 

SIRT2 specifically in Alzheimer disease will be addressed in depth in the next section): 

Regarding Parkinson disease (PD), Outeiro et al., (2007) demonstrated for the 

first time that inhibition of SIRT2 rescued alpha-synuclein toxicity and modified 

inclusion morphology in a cellular model of PD. Furthermore, SIRT2 inhibitors 

protected against dopaminergic cell death both in vitro and in a Drosophila model of 

PD. Since then, many other studies have corroborated the beneficial effects of SIRT2 

inhibition in different model of this disease and have tried to decipher the underlying 

mechanisms (Harrison and Dexter, 2013; Chen et al., 2015; Di Fruscia et al., 2015; de 

Oliveira et al., 2017; Silva et al., 2017; Esteves et al., 2018). In this regard, Esteves et 

al. (2018) observed that NAD+ metabolism is altered in sporadic PD patient-derived 

cells, which contributes to SIRT2 activation and subsequent decrease in acetylated-α-

tubulin levels. Accordingly, pharmacological inhibition of SIRT2 selectively enhanced α-

tubulin acetylation and facilitated the trafficking and clearance of misfolded proteins. 

Moreover, MPTP-treated SIRT2 knock-out mice showed no alterations in motor 

behaviour, highlighting the association between SIRT2, mitochondrial metabolism, 

autophagy and neurodegeneration in PD. On the other hand, De Oliveira et al., (2017) 

have provided a mechanistic insight into the interplay between SIRT2 and α-synuclein, 

the major component of the pathognomonic protein inclusions in PD. They found that 

α-synuclein acetylation is a key regulatory mechanism governing α-synuclein 

aggregation and toxicity. Interestingly, genetic manipulation of SIRT2 levels in vitro and 

in vivo modulates the levels of α-synuclein acetylation, its aggregation and autophagy, 

demonstrating the potential therapeutic value of SIRT2 inhibition in synucleinopathies. 

Other authors have also demonstrated the neuroprotective effects of 

pharmacological and/or genetic inhibition of SIRT2 in different models of Huntington 

disease (HD) (Luthi-Carter et al., 2010; Chopra et al., 2012) suggested that the 

neuroprotective effects observed after SIRT2 inhibition in cellular and invertebrate 

models of HD could be due to the transcriptional repression of cholesterol biosynthesis, 

in agreement with previous studies that showed detrimental effects of cholesterol 

accumulation in neurons and justifying the potential benefit of decreasing neuronal 

cholesterol (or other sterol species) as a neuroprotective strategy. This study was later 

corroborated by Chopra et al., (2012), who observed that SIRT2 inhibition with the 

compound AK-7 improved the motor function, extended survival, reduced brain atrophy 

and improved the striatal neuronal volume of two genetic mouse models of HD. 

Additionally, it ameliorated their neuropathological phenotype by reducing mutant 
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huntingtin polyglutamine and cholesterol aggregates. 

However, some conflicting results have also emerged. Bobrowska et al., (2012) 

showed that genetic reduction or ablation of SIRT2 in a genetic mouse model of HD 

(R6/2 mice) had no effect on disease progression or huntingtin protein levels. In 

addition, Chen et al., (2015) demonstrate that SIRT2 pharmacological inhibition by the 

compound AK7 does not show beneficial effects in mouse models of amyotrophic 

lateral sclerosis and cerebral ischemia. Furthermore Singh et al., (2017) have recently 

observed in SH-SY5Y cells that elevated SIRT2 protected from rotenone or diquat 

induced death. In this context the authors interpreted the higher SIRT2 activity in PD 

brain as a compensatory mechanism to combat neuronal stress (Singh et al., 2017). 

Altogether, these studies highlight the relevance to further investigate the 

connection between SIRT2 and neurological disorders.   

3.3. Role of SIRT2 in Alzheimer´s disease 

Alzheimer’s disease (AD) is the most common form of dementia and one of the 

leading causes of morbidity and mortality in the aging population (Selkoe., 2012). More 

than 35 million people worldwide have AD, a memory and other cognitive domains 

deterioration that leads to death within 3 to 9 years after diagnosis (Querfurth and 

LaFerla., 2010). AD patients suffer from a decline in memory, aphasia, performance 

disorders, personality and behaviour changes, eating problems and infections in 

advanced dementia. These symptoms lead to the decline of patients’ life quality and 

increase cost of care which will be important public health challenges. In terms of 

costs, AD accounts for $226 billion/year in the USA and €160 billion/year in Europe 

(>50% are costs of informal care, and 10–20% are costs of pharmacological 

treatment). It is estimated that in the USA alone, the direct cost of AD in people older 

than 65 years of age could be over $1.1 trillion in 2050. Despite its relevance, 

paradoxically, no new drugs have been developed for AD during the past 15 years. 

Anti-AD drugs are not cost-effective, and less than 20% of patients can obtain a mild 

benefit with conventional drugs (Cacabelos and Torrellas., 2014; Cacabelos et al., 

2016). 

AD can be categorized into two clinical subtypes, familial AD (fAD) and sporadic 

AD (sAD). Although both types of the disease (fAD and sAD) develop similar 

pathological phenotypes, the factors triggering the neurodegenerative process are 

completely different. In fAD, the pathological buildup is caused by the presence of 

autosomal-dominant mutations: amyloid-β protein precursor (APP), presenilin-1 
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(PSEN1), or presenilin-2 (PSEN2) (Querfurth and LaFerla, 2010). However, the 

etiology underlying sAD, which represents the majority of AD cases (∼98%), is 

complex and multi-factorial resulting from a combination of genetic, epigenetic, and 

lifestyle factors. In these cases, age in the major risk factor (Bertram et al., 2010). What 

is more, the incidence of the disease doubles every 5 years after 65 years of age and 

the odds of receiving the diagnosis of AD after 85 years of age exceed one in three 

(Hebert et al., 2003). On the other hand, to the date, the apolipoprotein E (APOE) 4 

allele of the APOE gene is considered the strongest genetic susceptibility factor for 

sAD development. However, only 30% to 50% of all AD cases bear the APOE 4 allele, 

and not all APOE 4 carriers develop the disease (Crean et al., 2011). Recent large 

genome wide association studies have proposed several new susceptibility genes in 

AD, but these variants only contribute a modest level of risk (Bertram et al., 2007).   

The principal hallmarks of neurodegeneration in AD are extracellular plaques, 

mainly consisting of aggregated amyloid-β (Aβ), and intracellular neurofibrillary tangles 

(NFTs) (Alzheimer’s Association, 2015).  

Aβ peptides are natural products of metabolism consisting of 36 to 43 amino 

acids. Monomers of Aβ40 are much more prevalent than the aggregation-prone and 

damaging Aβ42 species. β-amyloid peptides are generated by means of the 

amyloidogenic cascade. Though this pathway, the amyloid precursor protein (APP) 

suffers proteolysis by the sequential enzymatic actions of beta-site amyloid precursor 

protein–cleaving enzyme 1 (BACE-1), a β-secretase that cleaves APP generating the 

soluble sAPPβ and leaving a C99 fragment. Then, γ-secretase, a protein complex with 

presenilin 1 at its catalytic core, cleaves residues to produce the Aβ toxic peptides 

(Haass and Selkoe., 2007). An imbalance between production and clearance followed 

by an aggregation of peptides, causes Aβ to accumulate, and this excess may be the 

initiating factor in AD. Altogether, this cascade constitutes the “amyloid hypothesis”. In 

non-pathological conditions the non-amyloidogenic cascade is favoured. In this case, 

α-secretase cleaves APP within the Aβ sequence leading to the secretion of a soluble 

protein (sAPPα) (Busciglio et al., 2002). Aβ spontaneously self-aggregates into multiple 

coexisting physical forms. One form consists of oligomers (2 to 6 peptides), which 

aggregates into intermediate assemblies (Klein et al., 2001; Kayed et al., 2003). β-

amyloid can also grow into fibrils, which arrange themselves into β-pleated sheets to 

form the insoluble fibres of amyloid plaques (Querfurth and LaFerla, 2010) (Fig. 3). 
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Figure 3. APP processing pathways: non-amyloidogenic cascade and amyloidogenic cascade. 
AICD: Amyloid precursor protein intracellular domain; APP: Amyloid precursor protein, sAPP: 
soluble APP. 

 

On the other hand, the major component of the NFTs is an abnormally 

hyperphosphorylated and aggregated form of the protein Tau. Normally an abundant 

soluble protein in axons, Tau promotes assembly and stability of microtubules and 

vesicle transport. However, hyperphosphorylated Tau is insoluble, lacks affinity for 

microtubules, and self-associates into paired helical filament structures (Fig. 4). The 

number of NFTs is a pathologic marker of the severity of AD. 

Figure 4. Alteration of the microtubules derived from the phosphorylation of the Tau protein. 

Additionally, other molecular lesions have been detected in AD, however, the 

general idea that emerges from the published data is that misfolded proteins in the 

β-secretase γ-secretaseα-secretaseγ-secretase

APPsAPPαp3 sAPPβ Aβ Oligomers Fibrils

Plaques

C83AICD C99 AICD

Non-amyloidogenic cascade Amyloidogenic cascade
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aging brain results in oxidative and inflammatory damage, which in turn leads to energy 

failure and synaptic dysfunction (Querfurth and LaFerla., 2010). Growing studies have 

been attracted by the role of inflammation in the onset and progression of AD. In fact, 

senile plaques and NFT co-localize with activated astrocytes, inducing 

neuroinflammation response (Meda and Baron., 2001; Mrak ., 2001; Caricasole et al., 

2003; Tuppo and Arias, 2005; Craft, 2006; Scuderi et al., 2011, 2013, 2014). It is 

accepted that neuroinflammation is directly linked to neural dysfunction and cell death, 

representing a primary 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.  

Interestingly, since long-term memories require gene expression, of the several 

types of epigenetic modifications that have been associated with cognitive functions, 

histone acetylation has a critical role in memory acquisition and maintenance (Gräff 

and Tsai., 2013). In this sense, memory acquisition leads to an increase in histone 

acetylation by increasing HAT activity and decreasing HDAC activity, resulting in a 

particular pattern of gene expression (McQuown and Wood., 2011). Supporting this 

hypothesis it has been demonstrated that this balance between HAT and HDAC is 

altered in aging and deficits in age related memory acquisition are due to an increase 

in HDAC activity and, therefore, to a decrease in the transcription of several genes 

involved in learning (Sharma et al., 2015). Importantly, reduced histone acetylation 

correlates with age in the frontal cortex of the human brain, notably at the promoter 

regions of several genes involved in neurotransmission (Tang et al., 2011). 

Therefore, it has been suggested that pharmacological manipulations reverting 

these aging-related epigenetic modifications can revert the cognitive deficits associated 

with aging and AD (Mastroeni et al., 2011). In agreement with this hypothesis, inhibitors 

of HDAC activity enhance histone acetylation, synaptic plasticity, learning and memory 

(Guan et al., 2009; McQuown and Wood., 2011; Cuadrado-Tejedor et al., 2013; 

Fonseca, 2016; Krishna et al., 2016).  

Regarding SIRT2, a recent study has shown for the first time that SIRT2 protein 

levels are increased in AD post-mortem samples from the temporal cortex and 

unchanged in the hippocampus (Silva et al., 2017). However, Wongchitrat et al., (2019) 

have recently found that mRNA SIRT2 levels in plasma were significantly higher in AD 

and healthy aging patients compared to healthy young controls suggesting that it is not 

a biomarker of the disease but of the aging process (Wongchitrat et al., 2018).   
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Within this framework, few studies have addressed the potential role of SIRT2 in 

the etiology of AD.  

Although it has been described an association between human SIRT2 SNP 

rs10410544 C/T and AD susceptibility in the APOE 4-negative population (Polito et al., 

2013; Wei et al., 2014; Xia et al., 2014), the first study providing a proof-of-concept for 

therapeutic benefits of SIRT2 inhibitors in both Tau-associated frontotemporal 

dementia (FTD) and AD came in 2012 (Spires-Jones et al., 2012). The authors tested 

the hypothesis that SIRT2 inhibition would be non-toxic and prevent neurodegeneration 

in rTg4510 brain, which expresses a mutant form of the Tau protein associated with 

FTD. In this study, they delivered SIRT2 inhibitor AK1 directly to the hippocampus with 

an osmotic minipump and confirmed that AK1 treatment was safe in WT mice and in 

the rTg4510 mouse model. Interestingly, SIRT2 inhibition provided some 

neuroprotection in the rTg4510 hippocampal circuitry and delayed hippocampal 

neuronal degeneration. 

Later, Scuderi et al., (2014) evaluated if SIRT2 inhibition with the compound AGK-

2 would prevent reactive gliosis, which, as explained above, is considered one of the 

most important hallmark of AD. Their results showed that SIRT2 inhibition increased 

cell viability in primary rat astrocytes exposed to Aβ peptide. Additionally, AGK-2 was 

able to counteract the overexpression of four neuroinflammation markers (GFAP, 

S100B, iNOS and COX2) induced by Aβ42 exposure. In their study, the authors 

suggest that SIRT2 inhibition may be an effective agent for neurodegenerative 

diseases initiated or maintained by inflammatory processes. 

The next study showed that SIRT2 inhibition with the compound AK-7 improved 

cognitive performance in two AD transgenic mouse models, 3xTg-AD and APP23 

(Biella et al., 2016). Preliminary, in vitro results showed that the inhibition of SIRT2 

reduced Aβ production. Later, in vivo data showed an improvement of cognitive 

performance in the novel object recognition test and an effect on APP proteolytic 

processing leading to a reduction of soluble APPβ and an increase of soluble APPα 

protein. However, they were unable to find any differences in the brain levels of the 

Aβ40, Aβ42 or Aβ oligomers suggesting that the treatment may be sufficient to trigger a 

quick molecular change in APP processing but too short to elicit any change in the pool 

of soluble Aβ fragments, which have been accumulating for months. Additionally, in 

3xTg-AD mice, they noticed that total Tau protein levels were increased. Interestingly, 

AK-7 increased Ac-α-tubulin, which may have promoted microtubule stability and 

raised the steady-state levels of Tau. 
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Overall, this study demonstrates that SIRT2 inhibition improves cognitive 

performance in two different transgenic AD models though the modulation of APP 

amyloidogenic processing and Tau stability, however, the molecular mechanisms 

involved in such effects require further investigation.  

Microtubules are labile dynamic structures that are stabilized by Tau-tubulin 

interactions and mediate organelle transport, cell motility, maintain synaptic targets and 

(Morris and Hollenbeck., 1995). Interestingly, all these processes exhibit deficits or 

alterations in both normal aging and in neurodegenerative disorders (Mattson and 

Magnus, 2006; Xie et al., 2010).  

In order to further understand the role of SIRT2 on microtubule stability, more 

recently, Silva et al., (2017) have demonstrated that over-activation of SIRT2 results in 

tubulin deacetylation, Tau phosphorylation and microtubule destabilization which leads 

to a dysfunction in autophagy, accumulation of Aβ oligomers and neuritic dystrophy. 

Accordingly, SIRT2 inhibition recovers microtubule stabilization and improves 

autophagy, favouring cell survival through the elimination of toxic Aβ oligomers. These 

results have been recently corroborated by Esteves et al., (2018). In their study, the 

authors demonstrate, in different AD in vitro models, that α-tubulin deacetylation by 

SIRT2 causes microtubule loss of stability which facilitates Tau dissociation and 

consequent phosphorylation. In agreement, after SIRT2 inhibition they observe an 

increase of α-tubulin acetylation followed by a decrease in Tau phosphorylation and 

increase in Tau/tubulin binding (Esteves et al., 2018).  

Overall, these findings establish a link between SIRT2, microtubule stabilization 

and AD main neuropathological hallmarks. In this way, the positive effects observed 

after SIRT2 inhibition on neuronal homeostasis by improving cytoskeletal dynamics, 

axonal transport and autophagy makes SIRT2 inhibition a desirable candidate for age-

related neurodegenerative diseases. 

3.4. SIRT2 inhibitors 

Increasing number of selective SIRT2 inhibitors have been identified and 12 of 

them have come into preclinical studies (Zhou et al., 2018). Within all these, AK-1, AK-

7 and AGK-2 have extensively been used in cellular and animal models of 

neurodegenerative diseases including PD (Outeiro et al., 2007; Chen et al., 2015), HD 

(Luthi-Carter et al., 2010; Chopra et al., 2012) and AD (Spires-Jones et al., 2012; 

Scuderi et al., 2014; Biella et al., 2016; Silva et al., 2017; Esteves et al., 2018). Despite 
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their promising therapeutic results, none have been approved. In this sense, their low 

selectivity has been reported to be one of their main limitations.  

Even though AK-1 (IC50 = 6 µM) is more potent that AK-7 (IC50 = 9 µM), it lacks of 

blood-brain barrier permeability, a crucial characteristic for the treatment of 

neurodegenerative diseases (Zhou et al., 2018). Furthermore, AGK-2 was until the 

date the most potent selective SIRT2 inhibitor (IC50 = 3.5 µM) (Suzuki et al., 2012). 

The compound 33i, 2-{3-(3-fluorophenethyloxy)phenylamino} benzamide, is a 2-

anilinobenzamide derivative (MW= 350.39 g/mol) (Fig. 5). It has been synthesized by 

Dr Suzuki (Kyoto Prefectural University) with the objective of finding a potent SIRT2-

selective inhibitors based on homology models of SIRT2 (Suzuki et al., 2012).  

 

Figure 5. 33i compound structure (Suzuki et al., 2012). 

 

Among all the compounds synthesized, 33i exhibited potent and selective SIRT2 

inhibition in enzyme assays, showing more than 3.5-fold greater SIRT2-inhibitory 

activity and more than 10-fold greater SIRT2-selectivity over SIRT1 and SIRT3 

compared to AGK2 (Suzuki et al., 2012) (Table 3).  

Table 3. SIRT2 inhibitory activity of 33i and AGK2 (Suzuki et al., 2012). 

 

 IC50 (µM) Selectivity 

Compound SIRT2 SIRT1 SIRT3 SIRT1/SIRT2 SIRT3/SIRT2 

33i 0.57 ± 0.12 >300 >300 >530 >530 

AGK2 3.5 ± 0.30 30 ± 0.40 91 ± 27 8.6 26 
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4. Animal models of Alzheimer’s disease 

Due to the complex pathogenesis and pathological mechanisms of AD, numerous 

animal models have been developed in order to simulate the disease. As expected 

there are be different models to reproduce the origin and symptomatology of both types 

of AD: sAD and fAD. Among them, in the present thesis, the SAMP8 mouse model was 

used to emulate sporadic AD and the APP/PS1 mouse model was used to reproduce 

the familial form of AD. 

4.1. The SAMP8 model 

The senescence-accelerated prone mouse 8 (SAMP8) mouse model has drawn 

attention in gerontological research of dementia since it manifests irreversible 

senescence and shares similar characteristics with aged humans.  

SAMP8 was developed, along with other 11 SAMP strains, by selective inbreeding 

of the AKR/J strain. It is a spontaneous model based on age rather than on mutations, 

hence this mouse provides a more global picture of human aging triggered by a 

combination of age-related events. Moreover, its biochemical features, short life span 

and fast aging progress have made it an adequate model for the study of age-related 

neurodegenerative disorders.  Conversely, the senescence-accelerated mice resistant-

1 (SAMR1) strain, with a normal pattern of aging (Takeda., 1981), is considered the 

control reference strain in almost all the studies using this model.  

The main phenotypic characteristic is the progressive cognitive decline and the 

neurodegenerative changes that have led to the proposal of the SAMP8 mouse as a 

good model of neurodegeneration (Takeda., 1999). More specifically, there is 

increasing evidence that the SAMP8 is an acceptable model for sporadic AD showing 

several advantages over the gene-modified models as it may represent the complex 

multifactorial nature of AD (Pallàs et al., 2008; Woodruff-Pak,. 2008; Tomobe and 

Nomura., 2009; Morley et al., 2012; Pallàs., 2012). Studies using a variety of different 

cognitive tasks have demonstrated an early-onset of spatial (Orejana et al., 2015), 

cortex-dependent (Fontán-Lozano et al., 2008; López-Ramos et al., 2012; Dobarro et 

al., 2013) and contextual fear learning and memory decline in SAMP8 mice (Ohta et 

al., 2001). 

Furthermore, SAMP8 mice present some of the typical AD neuropathological 

hallmarks. They are characterized by having elevated biomarkers of oxidative stress 

(Alvarez-García et al., 2006; Petursdottir et al., 2007; Bayram et al., 2012) and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/inbreeding


Introduction 
 

21 
 

impaired antioxidant defence (Alvarez-García et al., 2006; Gong et al., 2008), neuronal 

cell loss (Kawamata et al., 1997), neuroinflammation (Tha et al., 2000; Cuesta et al., 

2010), mitochondrial dysfunction (Carretero et al., 2009), blood–brain barrier 

dysfunction (Pelegrí et al., 2007; Del Valle et al., 2009), autophagy alterations (Ma et 

al., 2011) as well as amyloid and Tau pathology (Sureda et al., 2006; Porquet et al., 

2013). Regarding Tau pathology, Tau hyperphosphorylation increases occur as early 

as 5 months of age (Sureda et al., 2006), suggesting that this process is an early event 

and an integral part of aging. Concerning the amyloid pathology, although the Aβ 

deposits in SAMP8 mice might not be the same of those found in the brains of AD 

patients, the Aβ-immunoreactive granules in SAMP8 mice may be pathologically 

related to the Aβ deposits observed in humans. Several studies have demonstrated 

that SAMP8 mice show Aβ deposition in the hippocampus that increases in number 

and extent with age (del Valle et al., 2010, 2011; Manich et al., 2011; Porquet et al., 

2013). This Aβ deposition consists of clustered granules containing Aβ42, Aβ40, and 

other Aβ protein precursor fragments, Tau, microtubule-associated protein 2 (MAP2), 

and neuronal nuclei protein (NeuN) (del Valle et al., 2010; Manich et al., 2011).  

Interestingly, both the number and size of the Aβ42 immunoreactive plaques are 

increased also in the cortex of SAMP8 mice with age (Morley et al., 2000). The 

chronological appearance of the most relevant neuropathological hallmarks in this 

model is represented in Fig. 6. 

Overall, SAMP8 as spontaneous model, with distinct advantages over the gene-

modified models, is considered to be a valuable resource to explore the 

etiopathogenesis of sporadic AD.  

 

Figure 6. Phenotypical characteristics developed by the SAMP8 mouse model. Schematic 
representation of the chronological appearance of the phenotypical characteristics in the 
sporadic Alzheimer’s disease model. 
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4.2. The APP/PS1 model 

The APP/PS1 mouse model was first described by Jankowsky and co-workers 

(2001). In this mouse line, two genetic strategies are combined to reach elevated Aβ 

levels: overexpression of the human amyloid precursor protein encoding gene with the 

Swedish mutation (APPswe) together with the mutant presenilin-1 gene (PS1dE9), 

which additionally impairs amyloid protein processing leading to elevated Aβ42 levels 

(Kurt et al., 2001; Radde et al., 2006). In the APPswe mutation, Leu and Lys are 

substituted by Asn and Met at the end sites of 670 and 671 coding sequence of APP. 

Additionally, PS1dE9 is the ninth exon deletion in the familial AD.  

It has been reported that these mice present small amounts of Aβ depositions in 

hippocampus at 6 months (Végh et al., 2014) and senile plaques in hippocampus at 8 

months and (Krauthausen et al., 2015). Likewise, increasing Aβ levels lead to deficits in 

lysosomal proteolysis, axonal transport and autophagy (Bero et al., 2012; Torres et al., 

2012). However, the level of hyperphosphorylated Tau remains low and does not form 

neurofilaments (Kurt et al., 2003). 

Moreover, APP/PS1 mice are characterised by intensive gliosis (Malm et al., 2007; 

Yan et al., 2009; Jardanhazi-Kurutz et al., 2011) and increased levels of 

proinflammatory cytokines and TNF-α (Craig-Schapiro et al., 2009; Fuster-Matanzo et 

al., 2013; McClean et al., 2015). Furthermore, it has been described that the oxidative 

damage caused by over activation of microglia combined with defects in mitochondrial 

activity (Trushina et al., 2012) significantly contributes to the observed reduction in 

neurogenesis and cognitive deficits (Choudhry et al., 2012; Hamilton and Holscher., 

2012).  

APP/PS1 mice show apparent learning and memory dysfunction at 6-8 months 

(D’Amelio et al., 2011; Végh et al., 2014). More specifically, in the early phase of the 

disease they suffer similarly to humans with AD, apparent loss in working and 

contextual memory (Gong et al., 2004; Huntley and Howard., 2010; Kilgore et al., 2010; 

Lagadec et al., 2012) and in the later phase of the disease, impaired spatial memory in 

the MWM (Gong et al., 2004; Huntley and Howard., 2010; Kilgore et al., 2010; Lagadec 

et al., 2012) (Fig. 7). 

Regarding non-cognitive symptoms associated with AD, APP/PS1 show circadian 

rhythm disruptions, motor functions alterations, depression, and anxiety (Pugh et al., 

2007). 
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Figure 7. Development of the amyloid pathology in the APP/PS1 mouse model. Schematic 
representation of the time line of the appearance of the amyloid pathology in the familial 
Alzheimer’s disease model. 
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AD is the most common form of dementia and one of the leading causes of 

morbidity and mortality in the aging population. Although its exact etiology remains to 

be elucidated, it is likely to result from complex interactions between genetic, 

epigenetic, and environmental factors, with age as the main risk factor. Therefore, 

understanding the changes and alterations that occur during aging is essential to 

understand the aetiology of AD and to establish new pharmacological therapies. In this 

line, several studies have identified a major role for the histone deacetylase SIRT2 in 

aging and different neurodegenerative diseases, including AD. 

Among all sirtuins, SIRT2 expression is found strongest in the brain. Although its 

biological functions are not well described yet, mounting evidence indicates that excess 

of SIRT2 might be deleterious to neurons; hence its inhibition is postulated as a novel 

promising therapeutic strategy to tackle a wide variety of hallmarks that are altered 

during aging and neurodegenerative diseases. 

Based on the observations previously mentioned, the overarching aim of the 

present study is to investigate SIRT2 inhibition as a future potential treatment for AD. 

For this, we propose to evaluate the effectiveness of the compound 33i, a new potent 

SIRT2-selective inhibitor, as a pharmacological strategy to prevent, improve or even 

reverse the functional and molecular alterations in two different mouse models of AD 

representing the sporadic and familial forms of the disease.  

 

To achieve the main objective, the proposed specific aims are: 

 

1. In vitro pharmacological and toxicological studies with the compound 33i 

 

In this section we aim to confirm in vitro the inhibitory activity of the compound 33i 

towards SIRT2 in a neuroblastoma cell line. Moreover, given the relationship 

between HDAC inhibitors and DNA toxicity, we aim to investigate any potential 

mutagenic or genotoxic effect. To this end, SH-SY5Y cells and Salmonella 

typhimurium TA98 will be treated with increasing concentrations of the compound 

33i. 

 

1.1. To evaluate the potential inhibitory activity of 33i towards other HDACs. 

1.2. To determine the cytotoxicity of 33i using the neuroblastoma cell model (SH-

SY5 cells). 
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1.3. To validate the inhibitory activity of 33i on SH-SY5Y cells. For this, two well-

known SIRT2 targets will be checked: the nuclear histone 4 and the 

cytoplasmic α-tubulin. 

1.4. To evaluate potential mutagenicity caused by the 33i or any of its metabolites. 

1.5. To evaluate potential genotoxicity caused by the 33i on SH-SY5Y cells. 

 

2. To study the behavioural and molecular consequences of SIRT2 inhibition on a 

sporadic AD mouse model. 

 

This section intends to study whether SIRT2 inhibition, by means of the 33i molecule, is 

able to prevent/slow the age-dependent progression of the pathology in the SAMP8 

mouse. To this purpose, 5-month-old SAMP8 (early treatment) and 8-month-old 

SAMP8 (therapeutic treatment) as well as aged-matched SAMR1 mice will be treated 

with 33i for 8 weeks. This will let us compare preventive and therapeutic 

pharmacological interventions with 33i in different stages of the pathology and relate 

them with aging and cognitive decline.   

2.1. To confirm in vivo the inhibitory activity of 33i towards SIRT2 in the SAMP8 

model. 

2.2. To evaluate the behavioural consequences of an early treatment with 33i to 5-

month-old SAMP8 mice. 

2.3. To evaluate the effects of an early 33i-treatment on the main 

neuropathological hallmarks shown by 7-month-old SAMP8 mice: Tau 

pathology, synaptic dysfunction, autophagy and neuroinflammation. 

2.4. To evaluate the behavioural consequences of a therapeutic 33i treatment 

administered to 8-month-old SAMP8 mice. 

2.5. To evaluate the molecular effects of a therapeutic 33i treatment on the main 

neuropathological hallmarks shown by 10-month-old SAMP8 mice: Tau 

pathology, amyloid pathology, synaptic dysfunction, autophagy and 

neuroinflammation. 
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3. To study the behavioural and molecular consequences of SIRT2 inhibition on a 

familiar AD mouse model. 

 

To this purpose, 8-month-old APP/PS1 and its respective control will be treated 

with 33i for 8 weeks. This will allow us to evaluate the effects of SIRT2 inhibition on 

a familial model of AD as well as evaluate, in a more appropriate model, the effects 

of the 33i on the Aβ pathology.  

 

3.1. To evaluate the behavioural consequences of 33i on APP/PS1 mice. 

3.2. To evaluate the effects of 33i on Aβ plaques, which the main 

neuropathological hallmark shown by this transgenic mouse model. 
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1. In vitro model 

SH-SY5Y cell lines were used as an in vitro model. This cell line is a subline of 

SK-N-SH (ATCC (®) HTB-11™) which was originated from a metastatic bone marrow 

from a 4-year old female with Neuroblastoma, first reported in 1973 (Biedler et al., 

1973). The parental line was sub-cloned three times from SK-N-SH, first to SH-SY, 

then SH-SY5, and finally producing SH-SY5Y which was initially described in 1978 

(Biedler et al., 1978). The group of cells have a distinct neuron-like characteristic and 

can produce immortalized cell lines, which is easily maintained and sub-cultured, 

representing a highly controllable environment due to neuroblastomas having one of 

the highest rates of spontaneous tumour regression (Thiele et al., 1999). The human 

Neuroblastoma clonal SH-SY5Y cells were obtained from American Type Culture 

Collection (ATCC) and stored in aliquots at −150°C. Cells were taken out from the 

freezer and plated in a T75 flask (10mL of DMEM in each flask) in the presence of 

Dulbecco's Modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal 

bovine serum (FBS) and 0.1% Penicillin and Streptomycin (PEST); (DMEM +/+) and 

maintained at 37ºC under 5% CO2/95% air.  

2. In vivo models 

For aim 2, experiments were carried out in male SAMP8 (28-30 g) and SAMR1 

(35-39 g). These animals were bred from founders provided by Dr Pallàs (University of 

Barcelona, Spain). Animals were housed (5 per cage) in constant conditions of 

humidity and temperature (22 ± 1ºC) with a 12-hour/12-hour light-dark cycle (lights on 

at 7:00 hours). Food and water were available ad libitum. Only males were used for the 

present study because female SAMP8 mice have less robust memory changes than 

male SAMP8 mice (Flood et al., 1995). Animals were weighed and assessed weekly 

before starting with the treatment and daily throughout the study. All the procedures 

followed in this work and animal husbandry were conducted according to the principles 

of laboratory animal care as detailed in the European Communities Council Directive 

(2013/53/EC) and were approved by the ethical committee of the University of Navarra. 

All efforts were made to minimize animal suffering and to reduce the number of animals 

used in the experiments.  

For aim 3, male APP/PS1 (40-45 g) and WT (40-45 g) obtained from Jackson 

(034832-JAX, MMRRC) (Jankowsky et al., 2004) were used. Animals were housed (5 

per cage) in constant conditions of humidity and temperature (22 ± 1ºC) with a 12-

hour/12-hour light-dark cycle (lights on at 6:00 hours). Food and water were available 
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ad libitum. Behavioural testing was performed during the light phase. All experiments 

were approved by the Institutional Animal Care and Use Committee at Columbia 

University and the New York State Psychiatric Institute. 

3. Experimental design 

3.1. Aim 1: In vitro pharmacological and toxicological studies with the 
compound 33i 

SH-SY5Y cells were seeded in 6-well plates at a concentration of 1x106 cells/mL 

and once settled and confluents they were treated with 33i compound (Suzuki., 2012) 

at different concentrations for 3 hours in an incubator at 37°C and 5% CO2. 

The compound 33i was dissolved in dimethyl sulfoxide (DMSO) to obtain a stock 

solution of 5 mM. For cell viability, survival and proliferation assessment, the following 

final concentrations were used: 0.1, 0.5, 1, 5, 10, 20, 50 and 100 μM.  

For the confirmation of the inhibitory effect of 33i towards SIRT2, cells were 

treated with different concentrations of 33i (0.1, 1 and 5 μM) for 3 and 6 hours. These 

concentrations were chosen based on the results obtained in the MTT assay (see point 

5). The cells were then transferred in an ice-cold lysis buffer (PBS) and then 

centrifuged at 1200 rpm for 10 minutes at 4ºC. Afterwards, the supernatant was 

removed, and the samples were stored at -80ºC until use. 

To evaluate the mutagenicity, the Ames test was carried out using Salmonella 

typhimurium TA98 treated for 24 hours with the following range of 33i concentrations 

0.5, 5, 50, 500 and 5000 μg/plate. 

To assess the possible genotoxic effects of 33i, the comet assay was performed in 

SH-SY5Y cells treated with 33i (0.1, 1, 5, 10 and 20 μM) for 3 hours. 

3.2. Aim 2: To study the behavioural and molecular consequences of 
SIRT2 inhibition on a sporadic AD mouse model 

The compound 33i was prepared in suspension using 18% tween 80 and 5% 

DMSO in saline and administered i.p. at 5 mg/kg once daily. The dose was chosen 

based on a preliminary study carried out in our laboratory (Erburu et al., 2017).  

In a first experiment, 2-month-old and 9-month-old SAMP8 and SAMR1 animals 

(n=7 animals per group) were sacrificed by cervical dislocation and hippocampal tissue 

was prepared for SIRT2 analysis by western blot. 



 Experimental design and methods 
 

35 
 

In order to evaluate the inhibitory activity and pharmacological effect of 33i, 3-

month-old SAMP8 and SAMR1 animals (n=6 animals per group) were treated with 

vehicle (Tween 80 18%, DMSO 5% in saline) or 33i (5 mg/kg i.p. every 24 hours, 5 

days) and sacrificed 2 hours after last administration. Hippocampal tissue was 

prepared for acetylated histone 4 and abca1 expression.  

The next sets of experiments were designed to evaluate whether SIRT2 inhibition 

with 33i treatment could prevent (early treatment) or reverse (therapeutic treatment) the 

age-dependent progression of the pathology in SAMP8 mice. Sample sizes were 

chosen following previous studies in our laboratory using the same model (Orejana et 

al., 2012, 2013, 2015) and using one of the available interactive web sites 

(http://www.biomath.info/power/index.html). 

5-month-old SAMP8, with a mild cognitive impairment but not evident 

neuropathological signs (early treatment) or 8-month-old SAMP8 mice, with an 

established cognitive impairment and neuropathological alterations (therapeutic 

treatment), were treated intraperitoneally once a day with 33i (5 mg/kg) or vehicle (18% 

Tween 80, 5% DMSO in saline) for 8 consecutive weeks (Fig. 8). Aged-matched 

SAMR1 control mice followed the same experimental designed. Animals were 

randomised for treatment.  

For the early treatment group, 2 SAMP8 mice had to be withdrawn from the study 

since they presented a significant physical deterioration being impossible for them to 

carry out the behavioural tests. The final number of animals per group in this 

experiment was: SAMR1-vehicle n=10; SAMR1-33i n=12; SAMP8-vehicle n=8; 

SAMP8-33i n=10.  

For the therapeutic treatment group, 10 animals were selected for each group, but 

4 SAMP8-vehicle mice died during the first 3 weeks of treatment and one SAMR1 

treated with 33i had to be removed from the experiment due to skin wounds and a poor 

general condition. Therefore, the final number of animals in each group that performed 

the behavioural tests was SAMR1-vehicle n=10; SAMR1-33i n=9; SAMP8-vehicle n=6; 

SAMP8-33i n=10.  

Behavioural tests started at the beginning of the 6th week. The days in which the 

behavioural study took place, 33i was given at the end of the behavioural tests. Mice 

were sacrificed 1 hour after the last trial of the Morris Water Maze. Therefore, the last 

drug injection took place 20-24 hours before the sacrifice. 

http://www.biomath.info/power/index.html
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For Chromatin immunoprecipitation assay, 3-month-old SAMR1 were treated daily 

with 33i (5 mg/kg i.p.) or vehicle (n=4 animals/group) for 5 consecutive days. Mice were 

sacrificed 2 hours after last administration.   

 

Figure 8. Experimental design of 33i administration in the SAMP8 model. 5-month-old 
(early treatment) or 8-month-old (therapeutic treatment) SAMR1 and SAMP8 mice were treated 
daily with 33i (5 mg/kg i.p.) or the vehicle used to prepare 33i (see material and methods) for 8 
consecutive weeks. Behavioural tests started at the beginning of the 6

th
 week. During these 

days, 33i or vehicle were given at the end of the behaviour test. Mice were sacrificed after the 
last trial of the Morris Water Maze. The last injection was administered 24 hours before the 
sacrifice. 

 

3.3. Aim 3: To study the behavioural and molecular consequences of 
SIRT2 inhibition on a familiar AD mouse model 

To study the effect of 33i on this mouse model, 8-month old APP/PS1 and WT 

mice were treated i.p. once a day with 33i (5 mg/kg) or vehicle (Tween 80 18%, DMSO 

5% in saline) for 7 consecutive weeks. The number of animals in each group that 

performed the behavioural tests was WT-vehicle n=11; WT-33i n=6; APP/PS1-vehicle 

n=12; APP/PS1-33i n=13. The dose was chosen based on the results obtained in the 

SAMP8 model (see previous chapter). Behavioural tests started at the beginning of the 

6th week. During these days, 33i was given at the end of the behaviour test, being the 

last injection 24 hours before the sacrifice. Methoxy-X04 (10 mg/kg) was administered 

24h before sacrifice to label Aβ plaques (Fig. 9). 

 

 

 

 

months

Sacrifice

Early treatment Therapeutic treatment

Sacrifice

(Vehicle or 33i, 5mg/kg) (Vehicle or 33i, 5mg/kg)

Behavioural tests

Spontaneous motor activity

Rotarod

Marble burying

Morris Water Maze

SAMR1

SAMP8

3 4 5 6 7 8 9 10

ArcCreERT2

Biochemical studies

AD neurophatological hallmaks

Autophagy

Learning and memory-related proteins

Neuroinflammation



 Experimental design and methods 
 

37 
 

months

Treatment

Sacrifice

(Vehicle or 33i, 5mg/kg)

APP/PS1

WT

3 4 5 6 7 8 9 10

ArcCreERT2

Open field

NSF

Marble burying

Light Dark box

Forced swimming test

NORT

Behavioural tests

4-methoxy

Biochemical studies

Quantification of amyloid plaques

 

Figure 9. Experimental design of 33i administration in the APP/PS1 model. 8-month-old 
APP/PS1 and WT were treated daily with 33i (5 mg/kg i.p.) or vehicle used to prepare 33i (see 
material and methods) for 6 consecutive weeks.  Behavioural tests were performed at the 
beginning of the 6

th
 week. During these days, 33i or vehicle were given at the end of the 

behaviour test. The last 33i injection was administered 24 hours before the sacrifice. Methoxy-
X04 was administered 24h before sacrifice. 

4. HDACs enzyme activity assays 

In order to see whether the 33i compound has inhibitory activity on other HDACs, 

an enzyme activity assay was performed. In this context, the affinity of 33i for class I 

HDACs (HDAC1, HDAC2 and HDAC3) and class IIb (HDAC6) isoforms was tested as 

they have been implicated in AD memory-related dysfunction and are thought to be 

critical in the control of multiple memory-related genes (Ding et al., 2008; Guan et al., 

2009; Cuadrado-Tejedor et al., 2017). 

HDACs enzyme activities were measured with a specific fluorescence-labelled 

substrate (BPS Biosciences, Cat #50037) after its deacetylation by HDACs. The 

fluorogenic substrate, containing an acetylated lysine side chain, can be deacetylated 

and then sensitized to subsequent treatment with the lysine developer, which produces 

a fluorophore that can be measured with a fluorescence plate reader. Human HDAC1 

(GenBank Accession No. NM_004964), full length, with C-terminal His-tag and C-

terminal Flag-tag, was obtained from BPS Biosciences (Cat. #50051). Human HDAC2 

(GenBank Accession No. NM_001527), full length, with C-terminal His-tag was 

obtained from BPS Biosciences (Cat. #50002). Human HDAC3 (GenBank Accession 

No. NM_003883), full length, with C-terminal His-tag and human NCOR2, N-terminal 

GST-tag was obtained from BPS Biosciences (Cat. #50003). Human HDAC6 

(GenBank Accession number No.BC069243), full length with N-terminal GST tag was 

obtained from BPS Biosciences (Cat. #50006). 5 µL of vehicle or tested compound 10x 

concentrated prepared in assay buffer (BPS Biosciences, Cat #50031) were added in 

black 96 well plates (final volume of 100 µL). The final percentage of DMSO was 1%. 5 
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µL of HDAC1 (4 µg/mL) or HDAC2 (15 µg/mL) or HDAC3 (10 µg/mL) or HDAC6 (36 

µg/mL) enzyme in assay buffer was added (final HDAC1, HDAC2, HDAC3 and HDAC6 

concentration of 0.4 µg/mL, 1.5 µg/mL, 0.1 µg/mL and 3.6 µg/mL respectively) and the 

reaction was started by the addition of 40 µL of reaction mixture containing 0.125 

mg/mL BSA (final concentration of 0.1 mg/mL) and 12.5 µM of fluorogenic HDACs 

substrate (final concentration of 10 µM). The reaction was incubated for 30 min at 

37ºC. After incubation, the reaction was stopped with 50 µL of lysine assay developer 

(BPS Biosciences, Cat #50030) and the fluorescence of each well was measured at 

355 nm excitation and 460 nm emission in a Mithras plate reader (Berthold 

Techonologies, Germany). Positive control was obtained in the presence of the vehicle 

of the compounds. Negative control was obtained in the absence of HDAC enzyme 

activity. A best fit curve was fitted using GraphPad Prism 6 to derive the half maximal 

inhibitory concentration (IC50) from this curve. 

5. MTT study 

The MTT assay is the best-known method for determining mitochondrial 

dehydrogenase activities in the living cells as a validated value for cell viability 

assessment (Riss et al., 2004). For the MTT assay, the reagent used is (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium. In the method, MTT 

is reduced to a purple formazan by NADH. MTT formazan is insoluble in water and 

forms purple needle shaped crystals in the cells, which after being solubilized with an 

organic solvent, can be detected using a spectrophotometer. 

When cells were confluent, the medium was removed and the treatment (200 µL of 

33i at different concentrations) was added to each well, in an ascendant concentration 

way. DMSO treated cells were used as control so the potential toxicity coming from the 

solvent could be detected. After a 24-hour treatment, cell viability was checked using 

the MTT study.  

For this, after removing the media, 200 µL of the MTT reagent preparation (final 

concentration 0.5 mg/mL in DMEM) were addes to each well. After incubating the plate 

at 37°C for 2 hours, the MTT reagent was removed using a regular pipette.  

Next, 100 µL of DMSO were added to each well and mixed thoroughly with a 

pipette in order to lyse the cells and dissolve so that formazan purple crystals. The 

intensity of the purple colour is directly proportional to the number of cells alive. The 

absorbance was read at 595 nm on an Enzyme Linked InmunoSorbent Assay (ELISA) 

plate reader.  
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6. Ames test 

The Ames test is a biological test used to evaluate the potential mutagenicity of a 

compound. In the Ames test, the bacteria Salmonella typhimurium have an auxotrophic 

mutation in one of the genes encoding the histidine amino acid, which is easily 

detectable. These bacteria are histidine negative (His-) in such way that they can only 

grow in an enriched medium with histidine. In order to determine whether a compound 

is mutagenic or not, His- bacteria are exposed to such compound. If the product is 

mutagenic, there will be a reversion of the His- mutation and, therefore, the bacteria will 

be able to grow in a histidine-lacking medium.  

Likewise, biotransformation reactions can produce modifications in the structure of 

the testing compound so that the resulting metabolites can be more or less toxic or with 

the same toxic potential. Hence, in addition of studying the product, it is necessary to 

study the toxicity of its metabolites. As bacteria do not have metabolic machinery it is 

necessary to add to the medium the enzymes that catalyse phase I and phase II 

biotransformation reactions. These enzymes are present in the S9 fraction of rat liver 

homogenate.  

Firstly, to correctly perform the Ames test it is necessary to have a bacterial 

phenotype control. In this case, specific characteristic of Salmonella typhimurium TA98 

strain were evaluated:  

- The strain TA98 has the UvrB gene deleted, which is the gene that is responsible 

for repairing DNA damage. To determine this deletion, a part of the bacterial grass 

was submitted to ultraviolet light for 10 seconds. The ultraviolet light produces 

damage in the DNA but as the bacteria are not able to repair it, they could not 

replicate. Hence, we did not see any bacterial growth. 

- In addition, this stain has the Rfa gene deleted. This gene is responsible for 

maintaining optimal porosity of the bacterial wall, repairing any damage that occurs 

in it. To confirm this deletion, we added crystal violet, a substance of high 

molecular weight that enters through the pores of the wall, causing swelling of the 

bacteria, loss of the integrity of the wall and eventually lysis. Therefore, as 

expected, there was no growth.  

- TA98 Salmonella typhimurium is ampicillin resistant. As expected, it was able to 

grow after adding ampicillin antibiotic. 
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- TA98 Salmonella typhimurium is tetracycline sensitive. Therefore, as expected, 

they did not grow. 

For the present project, in order to evaluate a possible mutagenic effect of the 33i 

compound, the TA98 Salmonella typhimurium was used, as it is the most sensitive 

strain to mutations. The concentration of bacteria used was 2 x 109 His- bacteria and 5 

different concentrations of 33i dissolved in DMSO (0.5, 5, 50, 500 and 5000 μg/plate) 

were tested in triplicates with and without S9 fraction. Once plated, bacteria went under 

48 hour incubation in a 37ºC stove for correct growth and the number of colonies 

observed was counted as an indicator of the possible mutagenicity of the compound 

33i (Fig. 10).  

Figure 10. Schematic diagram of the protocol followed in the Ames test. In order to assess the 
potential mutagenicity of 33i, this schematic diagram was followed in duplicate, meaning that 
firstly the experiment was carried out without the S9 homogenate and after it was carried out 
adding the S9 fraction. 

 

7. Survival and Proliferation assay 

Viability of the SH-SY5Y cells treated with different concentrations of 33i (0.1, 1, 5, 

10 and 20 μM) was evaluated using the proliferation assay. SH-SY5Y cells were 

seeded in 6-well plates at a concentration of 1x106 cells/mL and once settled and close 

to be subconfluent they were treated with 33i compound at different concentrations for 

3 hours in an incubator at 37°C and 5% CO2. After exposure, cultures were washed 

twice with PBS solution and neutralized with 2 mL of fresh cell culture medium without 

treatment.  
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Cells were counted before and after the treatment (to check the survival) and after 

48 hours (proliferation) in fresh medium using the Neubauer chamber.  

The total growth (TG) and the relative growth (RG) of each condition were 

calculated as follow: 

TG= 
number of cells at 48 h post-treatment

number of cells before the treatment
 

RG=
TG in exposed cultures

TG in unexposed control cultures
× 100 

It was considered that the viability was affected when a decrease of more than 

30% RG was obtained. 

8. Comet assay 

The genotoxicity of the 33i compound was evaluated using the alkaline comet 

assay (single-cell gel electrophoresis), in combination with the enzyme 

formamidopyrimidine DNA-glycosylase (Fpg). This test was performed to evaluate if 

the compound 33i produces DNA strand breaks or oxidized bases (Fig. 11). 

For the present study, SH-SY5Y cell lines were treated with different 

concentrations of 33i (0.1, 1, 5, 10 and 20 μM) for 3 hours. Thirty microliters of the 

cellular suspension of each sample were mixed with 140 μL of 1% low melting point 

agarose in PBS at 37°C. Immediately, two drops of 70 μL each were placed on a glass 

microscope slide (pre-coated with 1% normal melting point agarose in distilled water 

and dried) and covered with 20 x 20 mm coverslips. Gels were set on a cold metal 

plate for 5 min until the gels were gelified, then, coverslips were removed. Three slides 

were prepared per condition: ‘Lysis’, ‘Buffer’ and ‘Fpg’. 

Positive and negative assay controls were also included in each electrophoresis 

run to assess the correct performance of the assay and the inter-assay reproducibility. 

Positive controls were produced by treating SH-SY5Y with 20 µM methylsulfonate 

(MMS) for 3 hours to induce oxide bases. Untreated cells were used as negative assay 

controls.  

After lysing the cells by immersion in lysis solution (2.5 M NaCl, 0.1 M Na2EDTA, 

10 mM Trizma® base, pH 10.0, 1% Triton X-100) one hour at 4ºC, slides were washed 

three times (5 min each) with the Buffer F (40 mM HEPES, 0.1 M KCl, 0.5 mM 

Na2EDTA, 0.2 mg/mL bovine serum albumin, pH 8.0 Buffer F) at 4°C.  
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Then, gels were incubated with Buffer F or Fpg by adding a drop of 45 µL of the 

solutions on top of the corresponding ones. Each drop was covered with a 22 x 22 mm 

coverslip and the gels were incubated in a humidified chamber at 37°C for 1 hour. 

During this time ‘Lysis’ slides were kept immersed in the lysis solution at 4°C.  

Alkaline unwinding of all slides was then performed by immersion in an alkaline 

buffer (0.3 M NaOH, 1 mM Na2EDTA, pH>13) at 4°C for 40 minutes. After that, 

electrophoresis was performed in the same buffer at 1.1 V/cm, 4ºC for 20 minutes. 

Then, slides were firstly neutralised with PBS for 10 minutes at 4°C and secondly 

washed in distilled water for another 10 minutes at 4°C. Lastly, they were air-dried at 

room temperature. 

The day after, the DNA in each gel was stained with 1 μg/mL of 4,6-diamidino-2-

phenylindole (DAPI), and comets were visualised under a fluorescence microscope 

(NIKON Eclipse 50 i). DNA damage was quantified in 100 randomly selected comets 

per slide (50 comets in each gel) by measuring the % tail DNA using the image 

analysis software Comet Assay IV (Perceptive Instruments Ltd). For each slide, the 

median value of the % tail DNA was calculated. DNA strand breaks and alkali-labile 

sites (ALS) are measured in the ‘Lysis’ slide, while Fpg-sensitive sites were calculated 

by subtracting the median value of the ‘Buffer F’ slide from the one obtained in the 

‘Fpg’ slide. 

 

Figure 11. Schematic diagram of the comet assay. Adapted from Azqueta and Collins, 2011. 
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9. Behavioural tests 

The behavioural tests were performed one per day following an increasing degree 

of stress scale in order to minimise stress derived behavioral effects. Concerning the 

SAMP8, the behavioural tests were performed in the following order: spontaneous 

locomotor activity, marble burying, rotarod and Morris water maze test. In the APP/PS1 

study the order was: spontaneous locomotor activity, marble burying, novel object 

recognition, light-dark box, novelty-suppressed feeding and forced swimming test. 

Spontaneous locomotor activity 

The open field test is used to assess spontaneous locomotor activity and anxiety-

like behaviour. Locomotor activity was measured in an open field consisting of 8 black 

square arenas (43 x 50 x 45 cm) in a softly illuminated experimental room. One mouse 

was placed in each cage and distance travelled (cm) and speed was recorded during a 

30 minutes period. The following parameters were recorded and analysed: total 

distance travelled, number of entries into a predefined centre region and total time 

spent in the centre. This behavioural test was recorded and analysed with Ethovision 

XT 11.5; Noldus Information Technology B.V, Wageningen, Netherlands and ANY-

maze video-tracking system (Dublin, Ireland).  

Marble burying 

Exploratory behaviour usually present in normal mice behaviour was assessed 

with this test. For the sporadic AD experiment, 12 marbles (1.5 cm diameter) were 

placed uniformly in a cage (45 x 28 x 20 cm) containing a constant amount of sawdust 

(3 cm deep). However, for the familial AD experiment, 16 marbles were placed 

uniformly in a box (50 x 50 x 45 cm) containing a constant amount of sawdust (3 cm 

deep). In both cases, mice were placed in the centre of the cage and left for 30 

minutes. The number of marbles buried (2/3 covered with sawdust) after this period 

was recorded by two experimenters. 

Novel object recognition test (NORT) 

The NORT is a test of short-term memory, perceptual discrimination, and novelty 

detection. This cognitive task is unique in that does not require food restriction, 

punishment, or reward. This task exploits the mouse’s natural tendency to explore 

novel objects.   
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The test was performed in an open box (35 cm x 35 cm x 45 cm) with black walls. 

On the previous day to the experiment, animals were familiarized with the square for 30 

minutes. Various small metal or plastic objects were used; examples include a white 

plastic microscope slide box, a plastic replica of a baby shoe, and a translucent plastic 

funnel. During the first trial (sample phase), two identical objects were placed inside the 

cubicle, and the mice were allowed to explore them for 5 minutes. During the second 

task, which took place 24 hours later, one object was replaced by another and the 

exploration time was recorded for 5 minutes. It is important to highlight that the 

exploration was considered complete when the nose of the mouse was oriented within 

2 cm of the object. Results were expressed as discrimination index calculated by using 

the following equation:  

Discrimination index (DI)=
Time in novel object  - Time in old object

Total time of exploration
 

This behavioural test was recorded and analysed with ANY-maze video-tracking 

system (Dublin, Ireland). 

Rotarod 

Motor coordination and balance were measured by rotarod test. The apparatus 

(LE8200 Panlab, Harvard Apparatus) consists of a five-lane rotating rod hence it is able 

to simultaneously test five mice. The animals were evaluated for 3 trials on 2 

consecutive days. In each session all groups were placed on the rotarod which was 

scheduled to accelerate gradually (4 to 40 rpm) for 5 minutes. We left the mice one 

extra minute at a speed of 40 rpm. The time (seconds) that each mouse takes to fall 

was scored and then the mean of the three trails was obtained.  

Light-dark box 

This procedure is based on the natural aversion of mice for well-lit areas, and is 

used as an indicator of anxiety-like behaviour. 

The device consists of two compartments next to each other. One is a light box 

with transparent sides (20 × 20 × 15 cm), illuminated by a bright light coming from a 

desk lamp positioned over its centre to provide a lux illumination. The other 

compartment is a dark opaque box with the same dimensions. The boxes are 

connected by a small tunnel (5.5 × 6.5 × 10 cm), which allow the animals to move 

freely between them. At the beginning of the test, animals were placed in the light-box. 

At this moment the stopwatch was started and they were observed for five minutes. 
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The latency to enter the tunnel from the light box, the total time spent in the dark box 

and the number of transitions across the tunnel were recorded. Importantly, an entry to 

a box was recorded when the animal placed all four paws in the box. This behavioural 

test was recorded and analysed with ANY-maze video-tracking system (Dublin, 

Ireland). 

Novelty-Suppressed Feeding (NSF) 

The purpose of the NSF test is to assess anxiety-like behaviour when an animal is 

faced with a conflict between two motivations: the drive to feed and the drive to avoid 

an open and brightly lit novel environment.  

According to the protocol, animals were food-deprived for 24 hours prior to the 

test.  Mice were weighed before and after food restriction to assess weight loss. 

Immediately after the test, they were given food ad libitum again. Testing was 

performed in a 50 x 50 x 45 cm box covered with bedding, and illuminated by a 70 watt 

lamp. Pellets of food were placed in the centre of the box, on top of a piece of white 

filter paper. The mice were tested individually by placing them in the box for a period of 

5 minutes. The latency to begin feeding was recorded.  

Forced swim test (FST)  

The FST is used to test depression-like behaviour. Swim sessions are conducted 

by placing mice in individual cylinders (46 cm tall x 32 cm in diameter) containing 30 

cm deep water at 23-25°C. An initial 2-minutes pre-test, where the animal becomes 

familiar with the testing apparatus, was immediately followed by a 4 minute test session 

(total of 6 minutes). Swim sessions were videotaped and hand-scored later.  

In order to analyse the mice immobility time during the test, a time-sampling 

technique was employed. At the end of each 5 second period, the software scored the 

mouse's immobility time. These data were cumulated for individual subjects and 

expressed as mean counts per 4-minute period. The scoring system has demonstrated 

excellent inter-rater reliability and validity with timed scoring methods. 

Morris water maze test (MWM) 

The Morris water maze (MWM) test was used to test spatial memory and to 

evaluate the working and reference memory functions in response to treatment, as 

previously described. 
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The water maze was a circular pool (diameter of 145 cm) filled with water (21-

22°C) and virtually divided into four equal quadrants identified as northeast, northwest, 

southeast and southwest. Firstly, mice underwent visible-platform training (habituation 

phase) for 6 trials in one day in which a platform was located in the southwest quadrant 

raised above the water.  

Hidden-platform training (adquisition phase) was conducted with the platform 

placed in the northeast quadrant 1 cm below the water surface over 8 consecutive days 

(4 trials/day). Several large visual cues were placed in the room to guide the mice to 

the hidden platform. Each trial was finished when the mouse reached the platform 

(escape latency) or after 60 seconds, whichever came first. Mice failing to reach the 

platform were guided onto it. After each trial mice remained on the platform for 15 

seconds. 

To test memory retention, 3 probe trials were performed at the beginning of the 

day 4, day 7 and the last day of the test (day 9). In these probe trials, the platform was 

removed from the pool and mice were allowed to swim for 60 seconds. The percent of 

time spent in the target quadrant was recorded. All trials were monitored by a video 

camera set above the centre of the pool and connected to a video tracking system 

(Ethovision XT 11.5; Noldus Information Technology B.V, Wageningen, Netherlands). 

10. Western blot  

For aim 1, after treated SH-SY5Y had been homogenised with a lysis buffer 

containing 10 mM Tris HCl, 1 mM NaF, 0.1 mM VaNO4 in the presence of protease and 

phosphatase inhibitors, samples were sonicated and then centrifuged at 13000 rpm for 

20 minutes at 4ºC. The supernatant which contained the cytosolic fraction was kept 

and protein concentration was calculated by using the Bradford assay (Biorad 

Laboratories). 

For the electrophoresis, 15 µg of protein where loaded in each lane in a sodium 

dodecyl sulphate-polyacrylamide gel (9%) under reducing conditions and it was 

transferred into a nitrocellulose membrane.  

For Aim 2, western blot analysis was carried out in hippocampal tissues collected 

from mice killed 1 hour after the last trial of the MWM. Hippocampus was sonicated in a 

cold lysis buffer with protease inhibitors (0.2 M NaCl, 0.1 M HEPES, 10% glycerol, 200 

mM NaF, 2 mM Na4P2O7, 5 mM EDTA, 1 mM EGTA, 2 mM DTT, 0.5 mM PMSF, 1 mM 

Na3VO4, 1 mM benzamidine, 10 mg/mL leupeptin, 400 U/mL aprotinin). The 
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homogenate was centrifuged at 14000 g at 4ºC for 20 minutes and the supernatant 

aliquoted and stored at -80ºC. Total protein concentrations were determined using the 

BioRad Bradford assay (BioRad Laboratories, CA, USA).  

To determine the APP carboxy-terminal fragments and Aβ oligomers, a sample of 

hippocampus was homogenized in a buffer containing 2% SDS, 10 mM Tris-HCl (pH 

7.4), protease inhibitors (Complete™ Protease Inhibitor Cocktail, Roche) and 

phosphatase inhibitors (0.1 mM Na3VO4, 1 mM NaF). The homogenates were 

sonicated for 2 minutes and ultracentrifuged at 100000g for 1 hour at 4ºC. The protein 

concentrations were determined by the Bradford method using the Bio-Rad protein 

assay (Bio-Rad, Hercules, CA, USA).  

For ubiquitinated proteins determination, hippocampal tissues were lysed with NP 

buffer (150 nM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol, 25 mM Tris-Cl pH 7.5) and 

protease inhibitor cocktail and left on ice for 20 minutes. After centrifugation at 16000 

rpm for 5 minutes, we collected the supernatant containing the NP-soluble fraction (Gal 

et al., 2012). Protein concentration in each sample was calculated using the Bradford 

assay. 

Equal amounts of protein (40 µg) were separated by electrophoresis on a sodium 

dodecyl sulphate-polyacrylamide gel (6% or 9%) under reducing conditions and 

transferred onto a nitrocellulose membrane (Hybond-ECl; Amersham Bioscience, CA, 

USA). The trans blots were blocked with Odyssey ® Blocking Buffer (PBS) (LI-COR®) 

in TBS for 1 hour. Membranes were probed overnight at 4ºC with the primary 

antibodies (1:1000 dilution) detailed in Table 4. Odyssey® goat anti-rabbit and anti-

mouse secondary antibodies (1:5000; Odyssey, LI-COR®, Lincoln, USA) were used. 

 Bands were visualized using Odyssey Infrared Imaging System (LI-COR 

Biosciences, Lincoln, NE, USA). Depending on the proteins analysed in each 

membrane, β-actin or β-Tubulin (1:10000, Sigma-Aldrich, St. Louis, MO, USA) were 

used as internal control. Results were expressed as % optical density vs. Control or % 

optical density vs. SAMR1 vehicle mice. 
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Table 4. List of primary antibodies used for Western blot studies. 

 

APP processing 

To analyse APP fragments, 50 µg of protein were mixed with XT sample buffer™ 

(Bio-Rad, Hercules, CA) plus XT reducing agent™ (Bio-Rad, Hercules, CA) and 

boiled for 5 minutes. The proteins were separated in a Criterion™ X precast Bis-Tris 

4–12% (Bio-Rad, Hercules, CA).  

The gels were transferred to nitrocellulose membranes. The membranes were 

blocked with 5% fat-free milk, 0.05% Tween-20 in TBS followed by overnight incubation 

with rabbit polyclonal antiserum raised against the C-terminal of APP (1:2000) (Sigma-

Aldrich, St. Louis, MO, USA). After two washes in PBS or TBS/Tween-20 and one 

wash in TBS alone, the proteins were detected with HRP-anti-rabbit antibody (1:5000, 

Antibody Host                    Reference 

6E10 Mouse Sig-39320, Covance 

Acetylated -Tubulin Mouse T7451, Sigma-Aldrich 

AcH4 Rabbit 06-866, Merck Millipore 
 

ARC H-300 Rabbit Sc15325, Santa Cruz Biotechnology 

Beclin 1 Rabbit 3738, Cell Signaling Technology 

CD11b Rabbit NB 110-89474, Novus biologicas   

CREB (48H2) Rabbit 9197L, Cell Signaling Technology 

CT19 Rabbit 751-770, Sigma-Aldrich 

GFAP Mouse 3670, Cell Signaling Technology 

GluA1 Rabbit Ab1504, Merck Millipore 

GluN2A Rabbit 07632, Merck Millipore 

GluN2B Mouse 05-920, Merck Millipore 

Histone 4 Rabbit 07-108, Merck Millipore 

Lamin A/C Rabbit 2032,  Cell Signaling Technology 

LC3-II Rabbit Ab48394, Abcam 

Myelin Basic Protein Rabbit 78896S, Cell Signaling Technology 

p-CREB Mouse 05-807, Merck Millipore 

p-GluA1 Rabbit 04-823, Merck Millipore 

p-Tau (AT8) Mouse MN 1020, Thermo Fisher Scientific 

Pro-BDnF Rabbit Ab72439, Abcam 

PSD95 Rabbit 2507, Cell Signaling Technology 

ROCK2 Rabbit 8236, Cell Signaling Technology 

SIRT1 Mouse S5196, Sigma-Aldrich 

SIRT2 Rabbit S8447, Sigma-Aldrich 

Synaptophysin Mouse Ab8049, Abcam 

Total Tau Mouse T9450, Sigma-Aldrich 

β-Actin Mouse A1978, Sigma-Aldrich 

β-Tubulin Rabbit T2200, Sigma-Aldrich 
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Cell signaling), and they were visualized by enhanced chemiluminiscence (ECL, GE 

Healthcare Bioscience) and autoradiographic exposure to Hyperfilm ECL (GE 

Healthcare Bioscience). Signals were quantified using the Quantity One™ software 

v.4.6.3 (Bio-Rad, Hercules, CA). 

Aβ oligomers  

To analyse Aβ oligomers, 50 µg of protein extracts were boiled for 1 minute. The 

proteins were separated in a 15% acrylamide gel. 

The gels were transferred to nitrocellulose membranes. The membranes were 

blocked with 5% fat-free milk, 0.05% Tween-20 in TBS followed by overnight incubation 

with rabbit polyclonal antiserum raised against the 6E10 mouse monoclonal antibody 

(amino acids 1-16 of A peptide, 1:1000, Covance, NJ, USA). After two washes in 

TBS/Tween-20 and one wash in TBS alone, the proteins were incubated with 

Odyssey® goat anti-mouse secondary antibodies (1:5000; Odyssey, LI-COR®, Lincoln, 

USA). Bands were visualized using Odyssey Infrared Imaging System (LI-COR 

Biosciences, Lincoln, NE, USA). β-actin (1:10000, Sigma-Aldrich, St. Louis, MO, USA) 

was used as internal control. Results were expressed as % optical density vs. SAMR1-

vehicle mice. 

11. Quantification of Aβ by Enzyme-Linked Immunosorbent Assay 

Total Aβ42 and Aβ40 burden was measured in the hippocampus of the animals as 

previously described by Orejana et al., (2015). Briefly, each hippocampus was 

homogenized in 70% formic acid (15 mg of tissue in 100 μL of 70% formic acid). 

Homogenates were then centrifuged at 100000g for 60 minutes. The supernatant was 

neutralized with a 20-fold dilution in 1 M Tris base. High-sensitive enzyme linked 

immunosorbent assay kits from Wako (cat #292–64501) for Aβ42 and (cat #294-

64701) for Aβ40, Wako Chemicals, Richmond, VA) were used following the 

manufacturer’s instructions. 

12. RNA Extraction and Real-time Reverse Transcriptase–PCR 

Total RNA was isolated separately from each individual frozen hippocampus 

sample. Isolation of total RNA was carried out according to manufacturer’s instructions 

(NucleoSpin RNA II kit, Macherey-Nagel, Germany). Reverse transcription was 

performed using random hexamers as primers and Superscript reverse transcriptase III 

(Invitrogen, Cergy Pontoise, France). The eluates were stored at -20ºC.  
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Real-time reverse transcriptase-PCR amplification assays for gene targets were 

performed an ABI PRISM 7000 HT Sequence Detection System following the 

manufacturer's recommendations (Applied Biosystems, CA, USA). Thermal cycling 

conditions were 2 minutes at 50°C and 10 minutes at 95°C, followed by 40 cycles of 

denaturation at 95°C for 15 seconds and annealing and extension at 60°C for 1 minute. 

Primers for Abca1, Glun2a, Glun2b, Gria1, Il-1β, Il-6 and Tnf-α were used (Applied 

Biosystems, CA, USA) (Table 5). 

Table 5. List of primers used for q-PCR studies. 

 

 

 

 

 

Each cDNA prepared was used in triplicate for the real-time PCR procedures for 

each gene tested, and the results were calculated as the average of triplicated results. 

GAPDH was used as internal control to normalize the amount of RNA used from 

different samples. 

Samples were analysed by a double delta CT (∆∆CT) method. Delta CT (∆CT) 

values represent normalized target genes levels with respect the internal control. 

Normalization was based on a single reference housekeeping gene (GAPDH). The 

relative quantification of all targets was carried out using the comparative cycle 

threshold method, 2-∆∆Ct, where ∆∆Ct= (Ct target gene – Ct endogenous control) 

treated / (Ct target gene – Ct endogenous control) untreated. Relative transcription 

levels (2 - ∆∆Ct) were expressed as a mean ± standard error of the mean. 

13. Quantification of IL-1β in brain lysates 

The forebrain was sonicated in a specific lysis buffer (Cell Lysis Buffer 2, R&D 

systems, Catalog  895347) at 1:4 dilution, incubated on ice for 30 minutes and 

centrifuge 12 minutes at 13000 rpm at 4ºC. 50 μL of the resulting supernatant was 

assayed for levels of IL-1β using the Quantikine ELISA kit (R&D systems, Catalog# 

MLB00C) following the manufacturer’s instructions. Each sample was analysed in 

duplicate.  

Gene Reference 

Abca1 Mm0042646_m1 

Gria1 Mm00433753_m1 

Grin2a Mm00433802_m1 

Grin2b Mm00433820_m1 

Il1-β Mm00434228-m1 

Il-6 Mm00446190_m1 

Tnf- Mm00443258_m1 
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14. Immunohistochemistry 

Astrocyte and microglia immunofluorescence quantification  

To confirm the presence of reactive astrocytes and/or microglia in the 

hippocampus, the brains of three mice per experimental group were histologically 

processed For this purpose, one brain hemisphere was postfixed for 24 hours with 

paraformaldehyde 4% after dissection and conserved in sucrose 30% for one week 

after. For immunofluorescence, free-floating brain sections were washed (3x10 

minutes) with PBS 0.1 M (pH 7.4) and incubated in blocking solution (PBS containing 

0.3% Triton X-10, 0.1% BSA, and 2% normal donkey serum) for 2 hours at room 

temperature. Primary and secondary antibodies were diluted in the blocking solution. 

Sections were incubated with the primary antibody anti-GFAP (1:500) (Cell Signaling, 

Danvers, MA, USA) or CD11b (1:500) (Novus biologicals) overnight at 4ºC, washed 

with PBS and incubated with the secondary antibody (Alexa Fluor Anti-mouse 546, 

Thermo Fisher, Pittsburg, PA, USA) for 2 hours at room temperature, protected from 

light. For better visualization of nuclei, Southern Biotech TM Dapi-Fluoromount GTM 

clear mounting media (Fisher Scientific, Pittsburg, PA, USA) was used. To ensure 

comparable immunostaining, sections were processed together under identical 

conditions. Fluorescence signals were detected with Nikon Eclipse E800 (Nikon, 

Shinagawa, Tokyo, Japan). Quantification of fluorescent signal in brain sample images 

was carried out using a plugin developed for Fiji7ImageJ, an open-source Java-based 

image processing software. The plugin was developed by the Imaging Platform of the 

Centre for Applied Medical Reseach (CIMA, Pamplona, Spain). 

Amyloid plaque immunofluorescence quantification 

For the amyloid plaque quantification, mice were deeply anesthetized with 

ketamine (100 mg/kg) and transcardially perfused with cold 0.1M PBS in order to clean 

organs, followed by cold 4% paraformaldehyde (PFA)/0.1 M PBS. Brains were 

postfixed overnight in 4% PFA at 4ºC, then cryoprotected for 4-5 days in 30% 

sucrose/0.1 M PBS, and stored at 4ºC. Before freezing the brains, they were covered 

with O.C.T embedding medium in a specific plastic container. Serial coronal sections 

(100 µM) were cut through the entire brain on a microtome (Microm HM440E). Then, 

the sections were collected and stored into in a 12 well plate in 0.1 M PBS with 0.1% 

NaN3. 

Cuts containing the hippocampus were washed with PBS, 3 times for 10 minutes 

each. They were then dehydrated in 50% metanol/PBS at room temperature for 2.5 
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hours followed by a series of 3 washes in 0.2% PBS Tween (PBST) of 10 minutes 

each. After blocking in 0.2% PBST, 10% DMSO and 6% normal donkey serum for 2 

hours at room temperature, the brain cuts were washed in PBS/0.2% Tween-20 with 10 

ug/mL heparin (PTwH) 3 times for 10 minutes each at room temperature. Sections 

were then ready to mount and to be viewed in an automated microscope (Zeiss 

Axioplan 2ie, Carl Zeiss Microscopy, Jena, Germany). Immunoreactive plaques 

quantification was carried out manually using Fiji7ImageJ.  

15. Chromatin Immunoprecipitation 

Chromatin immunoprecipitation (ChIP) assay was performed to measure the levels 

of histone 4 acetylation at various promoter regions. For this, mouse cerebral cortex 

was used. The tissue was fixed in a solution of 4% paraformaldehyde overnight. After 3 

washes of 12 minutes with glycine buffer in PBS 0.125 M, followed by another 3 

washes of 10 minutes at 4ºC with PBS, the samples were homogenized in lysis buffer 

[Triton X-100 0.25%, NP-40 0.50%, EDTA 10 mM, EGTA 0.5 mM, Tris-HCl 10 mM (pH 

8.0), PMSF 1 mM and protease inhibitors (Complete® Protease Inhibitor Cocktail, 

Roche)].  

The obtained tissue lysates were centrifuged at 600 g for 5 minutes, collecting the 

precipitate which contained the nuclei. The nuclear precipitate was resuspended in 1 

mL of resuspension buffer [10 mM EDTA, 1% SDS, 50 mM Tris-HCl (pH 8.0), 1 mM 

PMSF and protease inhibitors (Complete® Protease Inhibitor Cocktail, Roche)]. 

Aliquots of 500 μl were subjected to 12 cycles of 30 minutes sonication (Bandelin 

sonicator) (30 seconds pause between pulses) at 4ºC in order to fragment the 

chromatin into segments of about 200 base pairs. After sonication, the samples were 

subjected to a 15 minutes centrifugation of 19000 g at 4ºC. Next to the centrifugation, 

the supernatant, which contained the chromatin, was collected.  

The supernatant was diluted 5 times in a buffer containing 1 mM EDTA, 0.01% 

SDS, 1.1% Triton X-100, 167 mM NaCl, 16.7 mM Tris-HCl (pH 8.1) and proteases 

inhibitors (Complete® Protease Inhibitor Cocktail, Roche). Then, the samples were pre-

cleared with 80 μl protein A/G bound to agarose under gentle agitation for 2 hours at 

4°C, in order to eliminate proteins that bind non-specifically to agarose.  

Afterwards, the samples were centrifuged for 2 minutes at 100 g and 4°C, 

collecting the supernatant. 20 μl of the supernatant was reserved as an input of the 

chromatin immunoprecipitation in order to normalize the final results against the 

starting material. The rest of the supernatant was incubated with 5 μg of anti-acH4 
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antibody (#06-866, Upstate) or the control antibody (IgG, #10500C, Thermo Fisher) 

overnight under gentle stirring at 4ºC.  

In order to collect the DNA-AcH4 complexes, 80 μl A/G protein bound to agarose 

was added to each sample, incubating the whole in gentle agitation for 2 hours at 4°C. 

After this time, the samples were centrifuged at 19000 g for 3 minutes. The complexes 

were subjected to successive washes with the following solutions: low salt 

concentration [SDS 0.1%, Triton-X100 1%, EDTA 2 mM, Tris-HCl 20 mM (pH 8.1) and 

NaCl 150 mM], high saline concentration [SDS 0.1%, Triton-X100 1%, EDTA 2 mM, 

Tris-HCl 20 mM (pH 8.1) and NaCl 1.5 mM], LiCl buffer [LiCl 0.25 mM, NP-40 1%, 

DOC 1%, EDTA 1 mM and Tris-HCl 10 mM (pH 8.0)] and 2 washes with TE buffer (1 

mM EDTA and 10 mM HCl). After the washes, the DNA-AcH4 complex was eluted by 

adding 250 μl of elution buffer (1% SDS and 0.1 M NaHCO3) to each sample, vortexing 

for 15 minutes at room temperature and subsequent 3 minutes centrifugation at 19000 

g, collecting the supernatant. The elution process was repeated 2 times by joining the 

supernatant. 

At this point, the DNA-protein binding was reversed by adding 2U of RNAase H, 1 

μg of proteinase K and NaCl to each sample to a final concentration of 300 mM, 

subsequently incubating the assembly for 1 hour at 45ºC and 4hours at 65°C. The 

samples were then centrifuged at 14000 rpm for 10 minutes at room temperature 

collecting the supernatant. The possible protein residues were then eliminated by the 

addition of 1 volume of phenol/chloroform/isoamyl to each sample, collecting the 

aqueous phase of the solution to which 3 M NaAc (0.1 volume) and 100% ethanol (2.5 

volume) were added to precipitate the DNA at -20ºC overnight. After washing the 

precipitate with 70% ethanol, it was resuspended in 50 μl of sterile water, preserving it 

at -20°C until its use (Fig. 12). Recovered chromatin fragments were subjected to 

semiquantitaive PCR for 32 cycles using primer pairs specific for 150-250 bp segments 

corresponding to mouse genes promoter regions:  

 
NR2A TCGGCTTGGACTGATACGTG 

AGGATAGACTGCCCCTGCAC 

 

NR2B CCTTAGGAAGGGGACGCTTT 

GGCAATTAAGGGTTGGGTTC 

 

GAPDH GGATGCAGGGATGATGTTC 

TGCACCACCAACTGCTTA 
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Figure 12. Schematic diagram of the protocol followed in the chromatin immunoprecipitation.  

Real-time PCR  

In order to detect the amplicons produced, SYBR™ Green fluorophore (Sigma) 

was used, which when intercalated with the double strand of DNA produces a 

fluorescent signal proportional to the number of synthesized DNA strands.  

All samples were analysed in triplicate in a 96-well plate using the ABI Prism 7300 

thermal cycler (Applied Biosystems). The reaction volume of each well was 10 μl, 

composed of: 4 μl of cDNA obtained from the retrotranscription (1.25 ng/μl), 0.5 μl of 10 

μM forward primer, 0.5 μl of 10 μM reverse primer and 5.0 μl of Power SYBR™ Green 

PCR Master Mix (Applied Biosystems).  

16. Aβ plaque fluorescent labelling with methoxy-X04 injection  

Methoxy-X04 was used to fluorescently label the Aβ plaques in the AP/PS1 mouse 

brains. 10 mg of methoxy-X04 were dissolved in 4.5 mL of propyleneglycol, 4.5 mL of 

PBS 1X and 1 mL of DMSO. The final dose administered was 10 mg/kg and the 

Paraformaldehide fixation

DNA fragmentation by sonication

Input Immunoprecipitation with the antibody againts AcH4

Capture by adhesion to A/G protein bound to agarose

Reversion of the DNA/protein binding by treatment with proteinase K

DNA purification and real time PCR in real time

A/G protein

AcH4 antibody

Histone



 Experimental design and methods 
 

55 
 

volume injected was 300 µL per mouse. Methoxy-X04 was injected once, 24 hours 

before sacrifice. 

17. Statistical analysis 

For the in vitro pharmacological studies of 33i, data was exhibited using bar 

graphs, with the bars representing the mean ± standard error of the mean (SEM) 

values of three independent experiments. In order to test statistical significance 

(p<0.05), one-way ANOVA was conducted followed by the use of Dunnett’s post hoc 

test as a multiple comparison among groups. Data analyses were performed using 

GraphPad Prism 6 (GraphPad Software, Inc. La Joya, CA, USA). 

In the preliminary toxicological evaluation of the 33i, results were expressed as 

mean ± SEM of two independent experiments. Survival and proliferation assays were 

analysed using One-Way ANOVA followed by Dunnett’s post hoc test. To determine 

whether the 33i compound was genotoxic the non-parametric U-Mann-Whitney test 

was performed to compare the % of tail of the different 33i concentration treatments on 

SH-SHY5Y cells. Differences were considered statistically significant at p<0.05. For all, 

two independent experiments were carried out. Data analyses were performed using 

GraphPad Prism 6 (GraphPad Software, Inc. La Joya, CA, USA). 

In the behaviour studies, results were expressed as mean ± SEM. In the 

acquisition phase of the MWM, treatment effects were analysed by 2-way analysis of 

variance (ANOVA) followed by Tukey post hoc test. The rest of the behavioural tests 

and neurochemical data, after checking for normality, were analysed using 2-way 

ANOVA (strain*treatment) followed by Tukey post hoc test. Post hoc test was applied 

only if F on interaction was significant. In results, the F values represent the F of 

interaction followed by the p-value of the corresponding post hoc test. In those cases 

where the F of interaction was not statistically significant the F value shown represents 

the main effect observed strain or treatment. Differences were considered statistically 

significant at p<0.05. Data analyses were performed using GraphPad Prism 6 

(GraphPad Software, Inc. La Joya, CA, USA). 
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1. In vitro pharmacological and toxicological studies with the compound 33i 

1.1. HDACs enzyme activity assays 

The HDAC enzyme activity assay indicated that the 33i compound had an IC50 > 

20 µM for HDAC1, HDAC2, HDAC3 and HDAC6. In all cases the IC50 > 20 µM. 

Therefore, the results suggest that the 33i compound does not inhibit these HDAC 

isoforms. 

1.2. Cytotoxic activity of 33i 

As an indirect measurement of 33i cytotoxicity, cell viability was determined with 

the MTT assay in cells treated with different concentrations of 33i for 24 hours. As seen 

in Fig. 13, cell toxicity caused by 33i compound was significant at 20, 50 and 100 μM 

(F(8,83) = 30.99, p<0.05). 

 

Figure 13. MTT study of 33i on SH-SY5Y cells. 33i (0.1, 0.5, 1, 5, 10, 20, 50 and 100 µM) was 
incubated for 24 hours on SH-SY5Y cells to evaluate cell viability. Cell toxicity due to 33i was 
seen at 20, 50 and 100 μM. Results are shown as mean ± SEM. *p<0.05 One-way analysis of 
variance (ANOVA) followed by Dunnett's multiple comparisons test. Three independent 
experiments were performed.  

 

1.3. Inhibitory activity of 33i towards SIRT2 

Firstly, the presence of SIRT2 protein was checked in the SH-SY5Y cell line 

model. As seen in Fig. 14, SIRT2 protein is expressed in SH-SY5Y cell line and no 

significant changes were observed after 24 hour with 33i treatment. 
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Figure 14. SIRT2 expression in SH-SY5Y cells. Effect of 24-hour 33i treatment (0.1, 1 and 5 
µM) after 24 hours on SIRT2 protein expression. Results are shown as mean ± SEM (n=3). 

 

In order to confirm the inhibitory effect of 33i on SIRT2 activity, two well-known 

SIRT2 substrates were analysed. It is described that SIRT2 resides mostly in the 

cytoplasm where it deacetylates α-tubulin (North et al., 2003; Jin et al., 2008). 

Moreover, in the nucleus it specifically deacetylated histone 4 (Vaquero et al., 2006). 

Consequently, the effect of 33i treatment in SH-SY5Y cells was measured by checking 

these two markers by western blot. Firstly, we evaluated the effect of 33i on the nuclear 

target of SIRT2, the histone 4. As shown in Fig. 15A, after 3 hours of 33i treatment, 

there was a significant increase on the expression of acetylated histone 4 (AcH4) at 0.1 

μM concentration compared to the control (F(3,16) = 3.866, p<0.05). This increase was 

also significant 6 hours after 33i treatment (F(3,16) = 2.537, p<0.05) (Fig. 15B).  

Next, we assessed the effect of 33i on the levels of acetylated α-tubulin. As 

observed in Fig. 15C, after a 3 hour treatment, the expression of acetylated α-tubulin 

was increased at 1µM (F(3,16) = 6.361, p<0.05). However, no significant changes were 

observed after 6 hours treatment (Fig. 15D). 
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Figure 15. SIRT2 inhibition increases the expression of AcH4 and Acetylated α-Tubulin. 
(A) Effect of the 33i treatment (0.1, 1 and 5 µM) after 3 hours, 6 hours (B) on acetylated histone 
4 protein expression. (C) Effect of the 33i treatment (0.1, 1 and 5 µM) after 3 hours, 6 hours (B) 
on acetylated α-Tubulin protein expression. Results are shown as mean ± SEM (n=3). *p<0.05 
One-way analysis of variance (ANOVA) followed by Dunnett's multiple comparisons test. 
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1.4. Toxicological evaluation of the compound 33i 

Regarding the potential usefulness of SIRT2 inhibitors as pharmacological 

treatments against cognitive decline, the implication of HDACs in gene expression and 

the associated potential for DNA toxicity upon their inhibition present a major concern. 

Therefore, once demonstrated the effectiveness of the compound 33i, the next aim 

includes a preliminary toxicity evaluation of 33i in vitro, essential for translational 

proposals.  

1.4.1. Evaluation of the potential mutagenicity of 33i compound 

The results obtained revealed no mutagenicity caused by the 33i or any of its 

metabolites (S9 fraction). As shown in Fig. 16, there was not a dose dependent 

increase of Salmonella typhimurium TA98 revertant colonies in PBS or S9 plaques. 

Noteworthy, the number of revertant colonies in the positive controls with and without 

metabolic activations showed the expected results (PBS: 1794.7 ± 16.2 and S9: 2633.3 

± 21.5), supporting the validity of the obtained results. Additionally, the mutagenicity of 

33i at the concentration of 5000 µg/plaque could not be assessed as the 33i compound 

precipitated.  

 

Figure 16. The 33i compound or its metabolites causes no mutagenicity. No dose 
dependent increase of Salmonella typhimurium TA98 revertant colonies were observed in PBS 
or S9 plaques. The results obtained from the Ames test revealed no mutagenicity caused by the 
33i or any of it metabolites. Noteworthy, the number of revertant colonies in the positive controls 
with and without metabolic activations showed the expected results (PBS: 1794.7 ± 16.2 and 
S9: 2633.3 ± 21.5), supporting the validity of the obtained results. Two independent 
experiments were carried out. Results are presented as number of revertant colonies and 
expressed as mean ± SEM. 
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1.4.2. Effect of 33i on the viability of SH-SY5Y cells 

As shown in Fig. 17, low concentrations of 33i (0.1, 1, 5 and 10 μM) did not show 

changes in the rate of survival (Fig. 17A) or proliferation (Fig. 17B) in SH-SY5Y cells. 

At these concentrations, the RG were above 80%. Moreover, a normal cell appearance 

was observed by microscopy after the treatment and after the incubation period. 

However, at the highest concentration used (20 μM) a significant decrease in the rate 

of survival as well as proliferation was observed (survival assay: F(6,7) = 16.01, p<0.05; 

proliferation assay: F(6,7) = 17.01, p<0.05). Noteworthy, the positive control showed the 

expected results in all the experiments, supporting the validity of the obtained results.  

 

Figure 17. Effect of the 33i compound on the survival and proliferation of SH-SY5Y cells. 
(A) Effect of the different 33i concentrations on the survival of SH-SY5Y cells after a 3 hour 
treatment. (B) Effect of the different concentrations of 33i on the proliferation of SH-SY5Y cells 
48 hours after a 3 hour treatment. Results are presented as survival after treatment (%) and 
relative growth (%) and expressed as mean ± SEM. *p<0.05 One-way analysis of variance 
(ANOVA) followed by Dunnett's multiple comparisons test. Three independent experiments 
were performed.  
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DNA. Noteworthy, the positive control showed the expected results with an %Tail 

DNA above 25% in all the experiments, supporting the validity of the obtained results.  

  

Figure 18. Genotoxic evaluation of the compound 33i on SH-SY5Y cells. Representative 
images (A) and quantitative measurement (B) of the effect of the different concentrations of 33i 
on DNA strand breaks and net Fpg-sensitive sites in SH-SY5Y. Cells were treated with 0.1, 1, 5, 
10 and 20 µM of 33i for 3 hours. The % of tail DNA was measured using the alkaline comet 
assay in combination with the Fpg. Cells treated with 20 µM MMS were used as positive control 
for Fpg-sensitive sites. Results are presented as % tail DNA and expressed as mean ± SEM. 
Two independent experiments were performed. 
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2. Behavioural and molecular consequences of SIRT2 inhibition on a sporadic 
AD mouse model 

2.1. SIRT2 is increased in 9-month-old SAMR1 and SAMP8 mice 

Anti-Sirt2 antibody recognizes two bands (37/43 kDa) representing the two Sirt2 

isoforms that exist as the result of alternative splicing. For SIRT2 quantification, both 

bands were quantified. A significant increase in hippocampal SIRT2 levels was 

observed in 9-month-old SAMR1 and SAMP8 mice compared to 2 month-old mice (F = 

6.568; p<0.05, main effect of age) (Fig. 19).   

 

Figure 19. SIRT2 increases with age. SIRT2 expression of 2-month-old and 9-month-old 
SAMR1 and SAMP8 mice. β-actin was used as an equal loading control. Results are shown as 
mean ± SEM (n=7). *p<0.05 Two-way analysis of variance (ANOVA). 

 

2.2. Effect of 33i on SIRT2 activity 

The inhibitory effect of 33i on SIRT2 activity was verified by measuring in the 

hippocampus the mRNA levels of ATP-binding cassette transporter Abca1 (a known 

transporter of cholesterol) (Fig. 20A). Two-way analysis ANOVA revealed an increase 

in hippocampal Abca1 mRNA levels in 33i-treated SAMP8 and SAMR1 mice (F = 

7.974, p<0.05, main effect of treatment).  

The efficacy of 33i was further confirmed with an increase of acetylated histone 4 

levels (F = 6.189, p<0.05, main effect of treatment) (Fig. 20B).  
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Figure 20. 33i inhibits SIRT2 activity. Effect of 33i treatment on Abca1 mRNA (A) and AcH4 
expression (B). Lamin A/C was used as an equal nuclear control. Results are shown as mean ± 
SEM (n=6). *p<0.05 Two-way analysis of variance (ANOVA). 

 

2.3. Early treatment: Effect of SIRT2 inhibition in 5-month-old SAMP8 mice 

2.3.1. Effect of SIRT2 inhibition on behavioural tests 

Spontaneous motor activity test 

As it is seen in Fig. 21A there is a significant difference between SAMR1 and 
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Rotarod 

The time that mice remained on the accelerating rotary cylinder was the parameter 

used to evaluate their performance on the Rotarod.  

The results revealed that the duration of SAMP8 mice was significantly shorter 

than SAMR1 mice (Day 1: F = 36.80, p<0.05, main effect of strain; Day 2: F = 26.55, 

p<0.05, main effect of strain). This effect was not reversed with the 33i treatment 

(Figure 21B). 
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Effect of 33i on the marble burying test 

As shown in Fig. 21C, the mean number of marbles buried by SAMR1 mice was 

higher than the corresponding values of vehicle-treated SAMP8 mice. Noteworthy, 33i 

was able to reverse SAMP8 altered normal exploratory behaviour to the point that no 

significant differences were found between 33i-treated SAMP8 and SAMR1 vehicle 

mice (F = 3.918, p<0.05). However, the 33i had no effect in SAMR1 mice.  

Figure 21. Effect of SIRT2 inhibition on motor performance and marble burying test (early 
treatment). (A) Distance travelled during the spontaneous motor activity test. (B) Time spent 
the rotarod. (C) Effect of 33i on the marble burying test Results are shown as mean ± SEM 
(n=8-12). *p<0.05 Two-way analysis of variance (ANOVA). In C, post hoc Tuckey test was 
applied. 
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difference in swimming speed or sensorimotor function among the 4 groups (Fig. 22) 

which enabled us to exclude the effect of motivational and sensorimotor factors on 

animal learning and memory performance.  

 

Figure 22. SIRT2 inhibition did not affect the swimming speed. Average swim speed of the 
animals on the first trial of the habituation phase of the Morris Water Maze before subjects from 
any group knew the location of the platform. There was no difference in swimming speed. 
Results are shown as mean ± SEM (n=8-12).Two-way analysis of variance (ANOVA). 
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SAMP8 mice, whereas no differences were observed between saline or 33i-treated 

SAMR1 mice. On day 9 only a main effect of genotype was found (F = 7.507, p<0.05)  

 

Figure 23. SIRT2 inhibition ameliorated the cognitive decline of 7-month-old SAMP8 mice. 
(A) Escape latency in the hidden platform phase. SAMP8 mice had significant higher escape 
latency than SAMR1 mice which was reversed by 33i. (B) In the probe trial data are presented 
as percentage of time spent in the target quadrant. Note that on the fourth and seventh day of 
the test 33i administration in SAMP8 mice increased the time in the target quadrant. Results are 
shown as mean ± SEM (n=8-12). (A) *p<0.05 vs SAMR1 vehicle; #p<0.05 vs SAMP8 vehicle, 
(B) *p<0.05 Two-way analysis of variance (ANOVA) followed by Tukey test. 
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2.3.2.  Effect of 33i on SIRT1 protein levels 

Several studies have observed that enhanced expression and/or activity of SIRT1 

has a neuroprotective effect in AD by preventing neuronal death and reducing 

hippocampal degeneration (Kim et al., 2007a; Michan and Sinclair, 2007; Pfister et al., 

2008). Since, among all sirtuins, SIRT1 and SIRT2 show the highest expression in the 

brain (Jayasena et al., 2016) and given their opposing roles in neurodegenerative 

diseases, we checked whether an increase of SIRT1 protein expression could be the 

cause of the cognitive improvement observed in 7-month-old SAMP8 treated with 33i. 

Two-way ANOVA revealed a significant main effect of strain (F = 5.975, p<0.05). 

As shown in Fig. 24, SAMP8 mice had significantly lower levels of SIRT1 than SAMR1. 

However, no differences were observed between both vehicle and 33i-treated animals.  

 

Figure 24. Effect of early 33i treatment on Sirtuin 1. Representative western blot and 
quantitative measurement of SIRT1 normalized to β-Actin in the hippocampus of SAMR1 and 

SAMP8 treated with vehicle or 33i. Results are shown as mean ± SEM (n=6-8). *p<0.05. Two-
way analysis of variance (ANOVA). 
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phospho-specific antibody, AT8, which recognizes aberrantly phosphorylated epitopes 

on Ser202/Thr205.  

As shown in Fig. 25, western blot analysis revealed that phosphorylated Tau 

levels normalized to total Tau (detected by T46 antibody) were significantly increased 

in SAMP8 mice compared with SAMR1 mice (F = 4.882, p<0.05, main effect of strain). 

No differences were observed between saline and 33i-treated animals.  

 

Figure 25. Early 33i treatment has no effect on Tau phosphorilation. Representative 
western blot and quantitative measurement of hippocampal p- Tau (AT8/Total Tau). β-Actin was 
used as an equal loading control. Results are shown as mean ± SEM (n=6-8). *p<0.05, Two-
way analysis of variance (ANOVA). 

 

Since a previous study suggested that SIRT2 inhibition may affect the AβPP 

metabolism (Biella et al., 2016), we next quantified hippocampal Aβ40 and Aβ42 levels, 

Aβ oligomers and APP processing (Fig. 26). However, at the age of 7 months, no 

significant differences were observed across all four groups in these determinations.  

 

  

AT8

Total Tau

v ehicle 33i v ehicle 33i

SAMR1 SAMP8

β- Actin

50

kDa

50

42
A T 8 /T o ta l T a u

O
.D

. 
(%

 v
s

. 
S

A
M

R
1

 v
e

h
ic

le
)

S A M R 1 S A M P 8

0

5 0

1 0 0

1 5 0

v e h ic le

3 3 i

*S w im m in g  s p e e d

S
p

e
e

d
 (

c
m

/s
)

S A M R 1 S A M P 8

0

1 0

2 0

3 0

v e h ic le

3 3 i



Results  
  

72 
 

 

Figure 26. Early 33i treatment has no effect on Alzheimer disease’s neuropathological 
hallmarks. No significant differences were observed in Aβ40 (A) and Aβ42 (B) levels in the 
hippocampus of 7-month-old SAMR1 and SAMP8 mice. Representative western blot and 
quantitative measurement of Aβ oligomers (C) and full length APP and C99/C83 fragments ratio 
(D). β-Actin or β-Tubulin  were used as an equal loading control. Results are shown as mean ± 
SEM (n=6-8). *p<0.05, Two-way analysis of variance (ANOVA). 

 

2.3.4. Effect of 33i on autophagy and ubiquitin-proteasome system  

Recent studies have demonstrated that SIRT2 plays a key role in autophagy (Gal 

et al., 2012). Therefore, we next examined whether an improvement on autophagy 

signalling could explain the beneficial effects observed in the behaviour of 33i-treated 

SAMP8 mice. 
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Beclin 1 and ROCK2 are known as markers of autophagy activity. However, when 

both proteins were analysed, no differences were detected by western-blot between all 

four groups (Fig. 27A-B).  

We next evaluated the expression levels of another autophagy-related protein, 

LC3-II. Interestingly, the increased protein levels of LC3-II in SAMP8 mice were 

decreased by the 33i treatment (F = 10.61, p<0.05) (Fig. 27C). 

  

Figure 27. Effect of SIRT2 inhibition on autophagy. No differences were found concerning 
hippocampal protein levels of expression of Belin 1 (A) and ROCK2 (B). SAMP8 show higher 
levels of LC3-II which were decreased with the 33i (C). β-Actin was used as an equal loading 
control. Results are shown as mean ± SEM (n=6-8). *p<0.05. Two-way analysis of variance 
(ANOVA) followed by Tukey test.  

 

We then assessed the levels of ubiquitinated proteins in the hippocampus of the 
animals. As shown in Fig. 28, SAMP8 vehicle mice presented significantly more 
accumulation of ubiquitinated proteins than SAMR1 (F = 6.454, p<0.05, main effect of 
strain), which was not reverted by 33i treatment.  
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Figure 28. Effect of SIRT2 inhibition ubiquinated proteins. Representative image and 
quantitative measurement of hippocampal ubiquinated proteins. β-Actin was used as an equal 
loading control. Results are shown as mean ± SEM (n=6-8). *p<0.05. Two-way analysis of 
variance (ANOVA). 

 

2.3.5. Effect of 33i on myelination 

Taking into account that SIRT2 is highly expressed in oligodendrocytes (Jayasena 

et al., 2016), we next evaluated whether SIRT2 inhibition could have any effect on the 

levels of myelin basic protein (MBP). As show in Fig. 29, no differences were observed 

across all four groups.  

 

Figure 29. SIRT2 inhibition had no effect on myelination. Representative image and 
quantitative measurement of myelin basic protein (MBP). β-Actin was used as an equal loading 
control. Results are shown as mean ± SEM (n=6-8). 
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2.3.6. Effect of SIRT2 inhibition on learning and memory-related proteins 

We next hypothesized that the inhibition of SIRT2 activity could lead to an 

increase in the transcription of several genes involved in learning. Among all different 

learning and memory-related proteins analysed, no differences were observed in the 

hippocampal expression of pro-BDNF, PSD95, Synaptophysin, ARC, p-CREB or CREB 

within all four groups (Fig. 30). 

 

Figure 30. Effect of SIRT2 inhibition on synaptic plasticity markers. No differences were 
observed in the hippocampal expression levels of pro-BDNF (A), PSD95 (B), synaptophysin (C), 
ARC (D) and p-CREB/CREB (E), across all four groups. β-Actin was used as an equal loading 
control. Results are shown as mean ± SEM (n=6-8).  
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However, the expression of some post-synaptic receptors was affected by the 33i 

administration. Specifically, GluN2A, GluN2B and GluA1 protein expression levels 

increased in both SAMR1 and SAMP8 mice treated with 33i compared to control 

vehicle mice (F = 8.724, p<0.05; F = 6.487, p<0.05; F = 30.40, p<0.05, main effect of 

treatment, respectively) (Fig. 31A-C). In addition to this, a significant increase was 

observed in hippocampal mRNA levels of Glun2a and Glun2b (F = 6.436, p<0.05;        

F = 6.496, p<0.05, main effect of treatment) (Fig. 31D-E). However, no differences 

were observed in mRNA levels of Glua1 (Fig. 31 F).  

 

Figure 31. SIRT2 inhibition upregulates GluN2A, GluN2B and GluA1 expression in 7-
month-old SAMR1 and SAMP8 mice. Effect of 33i on hippocampal GluN2A (A), GluN2B (B) 
and GluA1 (C) expression levels. β-Tubulin was used as an equal loading control. Results show 
that 33i treatment increases mRNA levels of Glun2a (D) and Glun2b (E) but not Glua1 (F). 
Results are shown as mean ± SEM (n=6-8). *p<0.05, Two-way analysis of variance (ANOVA). 
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To provide evidence for a possible direct relationship between changes in histone 

4 acetylation and the increase in GluN2A and GluN2B, we tested the effect of 33i on 

histone 4 acetylation at the promoter region of these subunits of the glutamate receptor 

using ChIP assay. We performed ChIP assays with antibody against acetylated 

Histone 4 and quantified the amount of DNA associated using semi quantitative real-

time PCR 5 days after 33i-treatment. However, no differences were observed between 

vehicle and 33i-treated mice suggesting that the increased levels of mRNA found in 

these proteins are independent of AcH4 (Fig. 32). 

 

Figure 32. The increase of GluN2A and GluN2B seen in SAMR1 and SAMP8 mice after 33i 
treatment, is AcH4 independent. (A) Representative image showing the fragmented 200 base 
pairs chromatin after sonication. (B) Fragmented chromatin was immunoprecipitated with 
antibody recognizing AcH4. Semi-quantitative PCR from ChIP of samples showed no changes 
in specific gene promoter regions of GluN2A and GluN2B in brains of vehicle and 33i treated 
mice (n=4).  

 

2.3.7. Early 33i treatment reduces the neuroinflammation in 7-month-old 

SAMP8 mice 

We next explored the potential role of SIRT2 inhibition on neuroinflammation. 

Astrocyte activation is often accompanied by an increase in the expression of GFAP, a 

major intermediate filament protein specific to astrocytes (Furman et al., 2012). Our 

data showed a significant increase in hippocampal GFAP immunoreactivity in SAMP8 

mice compared to SAMR1 mice (Fig. 33). This increase was significantly reverted by 

33i treatment in SAMP8 mice both by western-blot (F = 34.87, p<0.05) and 

immunofluorescence (F = 15.80, p<0.05). However, no differences were observed 

between vehicle or 33i treated SAMR1 mice. 
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Figure 33. Early 33i treatment reduces astrogliosis in 7-month-old SAMP8 mice. (A) 
Representative image and quantitative measurement of hippocampal GFAP protein levels. Note 
that SAMP8 show increased levels of GFAP which are reversed by 33i treatment. β-Actin was 
used as an equal loading control (6-8). This effect is also seen in the quantification of the 
immunofluorescence images (B) (n=3 mice per group). Results are shown as mean ± SEM. 
*p<0.05. Two-way analysis of variance (ANOVA) followed by Tukey test. 

 

We next analysed by western-blot and immunofluorescence hippocampal CD11b 

levels, as it is a marker of microglial activation. In this case, no significant differences 

were observed among all four groups (Fig. 34).  
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Figure 34. Effect of 33i on microglial activation. (A) Representative western bot and 
quantitative measurement of hippocampal CD11b. No differences were observed across all four 
groups when microglia activation was analysed by western blot. β-Actin was used as an equal 
loading control (n=6-8). Same results were observed in the quantification of the 
immunofluorescence images (B) (n=3 mice per group). Results are shown as mean ± SEM.  

 

To further investigate the effects of 33i on neuroinflammation we also determined 

in the hippocampus the expression of the pro-inflammatory cytokines interleukin 1β (Il-

1β), interleukin 6 (Il-6) and tumor necrosis factor α (Tnf-α). 

33i

S w im m in g  s p e e d
S

p
e

e
d

 (
c

m
/s

)

S A M R 1 S A M P 8

0

1 0

2 0

3 0

v e h ic le

3 3 i

S w im m in g  s p e e d

S
p

e
e

d
 (

c
m

/s
)

S A M R 1 S A M P 8

0

1 0

2 0

3 0

v e h ic le

3 3 ivehicle

vehicle 33i vehicle 33i

SAMR1 SAMP8

CD11b

β-Actin

KDa

42

170

A 

C D 1 1 b

O
.D

. 
(%

 v
s

. 
S

A
M

R
1

 v
e

h
ic

le
)

S A M R 1 S A M P 8

0

5 0

1 0 0

1 5 0

2 0 0

v e h ic le

3 3 i

B 

SAMR1-veh SAMR1-33i

SAMP8-veh SAMP8-33i

C D 1 1 b

%
 f

lu
o

re
s

c
e

n
c

e
 i

n
te

n
s

it
y

S A M R 1 S A M P 8

0

5 0

1 0 0

1 5 0

v e h ic le

3 3 i

 

CD11b 



Results  
  

80 
 

When Il-1β protein was measured (Fig. 35A) a significant interaction between 

strain and treatment was found (F = 11.90, p<0.05). The expression of Il-1β was 

increased in vehicle-SAMP8 compared to SAMR1. This increase was reverted when 

SAMP8 were treated with 33i. These results were corroborated when mRNA levels of 

Il-1β were analysed (F = 16.61, p<0.05) (Fig. 35B).  

Concerning Il-6 and Tnf-α, there was a significant interaction between strain and 

treatment (F = 14.29, p<0.05; F = 19.26, p<0.05 respectively). In fact, a significant 

increase of Il-6 and Tnf-α in vehicle SAMP8 compared to vehicle SAMR1 was seen 

which was reversed by 33i treatment. However, when 33i was administered to SAMR1 

there was a significant increase in both pro-inflammatory markers (Fig. 35C-D). 

 

Figure 35. Early 33i treatment reduces proinflammatory cytokines in 7-month-old SAMP8 
mice. (A) Il-1β protein levels measured by ELISA. (B) mRNA levels of Il-1β, (C) Il-6 mRNA 
levels and (D) Tnf-α mRNA levels. GAPDH was used as an internal control. Note that 33i 
treatment reversed the increased levels of these proinflammatory cytokines shown by SAMP8 
mice. Results are shown as mean ± SEM (n=6-7). *p<0.05. Two-way analysis of variance 
(ANOVA) followed by Tukey test. 
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2.4. Therapeutic treatment: Effect of SIRT2 inhibition in 8-month-old 
SAMP8 mice 

The results obtained with the early treatment led us to consider whether the 

chronic administration of 33i for 8 weeks to 8-month-old SAMP8 mice would be able to 

reverse the already established cognitive deterioration.  

2.4.1. Effect of SIRT2 inhibition on behavioural tests 

Spontaneous motor activity test, Rotarod and Marble burying test 

No differences were observed in the spontaneous motor activity performance 

between 10-month-old SAMR1 and SAMP8 mice. Moreover, 33i did not improve the 

performance of 10-month-old SAMP8 mice in the rotarod (Day 1: F = 49.12, p<0.05, 

main effect of strain; Day 2: F = 35.62, p<0.05, main effect of strain). However, 33i 

significantly reversed SAMP8 altered normal exploratory behaviour in the Marble 

burying test (F = 11.29, p<0.05) (Fig. 36). 

 

Figure 36. Effect of SIRT2 inhibition on motor performance and marble burying in 10-
month-old SAMR1 and SAMP8 mice. (A) Spontaneous motor activity test. (B) Time spent on 
the accelerating rotary cylinder of the rotarod. (C) Effect of 33i on the marble burying test. 
Results are shown as mean ± SEM (n=6-10). *p<0.05. Two-way analysis of variance (ANOVA) 
followed by Tukey test. 
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Morris Water Maze 

In the habituation phase of the MWM test a main effect of mouse strain factor was 

found in the analysis of the swimming speed. The swimming speed of SAMP8 mice 

was significantly lower than that of the SAMR1 (F = 7.630, p<0.05, main effect of 

strain) (Fig. 37).  However, since no treatment effect was found, we used the escape 

latency for the evaluation of spatial learning and memory of the mice.  

Figure 37. Effect of 33i on the swimming speed of 10-month-old SAMP8 and SAMR1. 
Average swim speed of the animals on the first trial of the habituation phase of the Morris Water 
Maze before subjects from any group knew the location of the platform. Results are shown as 
mean ± SEM (n=6-10). *p<0.05. Two-way analysis of variance (ANOVA). 

 

In the adquisition phase of the MWM, the learning curve of 33i-treated SAMP8 

showed no improvement when compared with vehicle-SAMP8 showing that neither of 

the two groups learned the location of the platform (Fig. 38A). When testing memory 

retention, two-way ANOVA analysis revealed a strain effect on days 6 and 8 (F = 

5.253, p<0.05, main effect of strain; F = 16.46, p<0.05, main effect of strain) while no 

significant differences were found between vehicle and 33i-treated animals (Fig. 38B).  
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Figure 38. Effect of 33i on the performance of 10-month-old SAMP8 and SAMR1 in Morris 
water maze test. (A) Escape latency in the hidden platform phase. SAMP8 mice had significant 
higher escape latency than SAMR1 mice which was partially reversed by 33i. (B) The probe trial 
data presenting the percentage of time spent in the target quadrant. Results are shown as 
mean ± SEM (n=6-10). (A) *p<0.05 vs SAMR1 vehicle; #p<0.05 vs SAMP8 vehicle, (B-C) 
*p<0.05. Two-way analysis of variance (ANOVA). 
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2.4.2. Effect of 33i on SIRT2 and SIRT1 protein levels in 8-month-old SAMP8 

As shown in Fig. 39A, hippocampal levels of SIRT2 mice were no significant 

different between 10-month-old SAMR1 and SAMP8. Moreover, the protein levels 

remained unchanged by the 33i treatment. On the other hand, SIRT1 protein levels in 

SAMP8 mice were significantly lower than those in SAMR1 (F = 8.450, p<0.05, main 

effect of strain) (Fig. 39B). 

  

Figure 39. Effect of therapeutic 33i treatment on Sirtuin 2 and Sirtuin 1. Representative 
western blot and quantitative measurement of SIRT2 (A) and SIRT1 expression (B). β-Tubulin 
was used as an equal loading control. Results are shown as mean ± SEM. *p<0.05 Two-way 
analysis of variance (ANOVA). 
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Figure 40. Therapeutic 33i treatment has no effect on Tau pathology. Representative 
western blot and quantitative measurement of hippocampal p-Tau (AT8/Total Tau). 33i did not 
reverse the higher levels of Tau phosphorylation that SAMP8 mice have compared to SAMR1 
mice. β-Actin was used as an equal loading control. Results are shown as mean ± SEM (n=6-8). 
*p<0.05, Two-way analysis of variance (ANOVA). 

 

Regarding amyloid pathology, 10-month-old SAMP8 evidenced increased levels of 

Aβ40 (F = 31.17, p<0.05, main effect of strain) (Fig. 41A) and Aβ42 (F = 7.861, 

p<0.05, main effect of strain) (Fig. 41B) and decreased levels of full length APP           

(F = 4.796, p<0.05) (Fig. 41C) which were not affected by 33i treatment. Moreover, 33i 

did not modify the Aβ oligomerization (Fig. 41D).  
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Figure 41. Therapeutic 33i treatment has no effect on Alzheimer disease’s 
neuropathological hallmarks. SAMP8 presented higher levels of Aβ40 (A) and Aβ42 (B) 
levels in the hippocampus of 10-month-old SAMR1 and SAMP8 mice. (C) Representative 
western blot and quantitative measurement of Aβ oligomers. (D) Representative western blot 
and quantitative measurement of full length APP and C99/C83 fragments ratio. β-Actin was 
used as an equal loading control. Results are shown as mean ± SEM (n=6-7). *p<0.05, Two-
way analysis of variance (ANOVA). 
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2.4.4. Effect of therapeutic treatment with 33i on myelination 

Additionally, no differences were detected between all fours groups in MBP protein 

levels (Fig. 42).  

 

Figure 42. SIRT2 inhibition has no effect on myelination. Representative image and 
quantitative measurement of myelin basic protein (MBP). β-Actin was used as an equal loading 
control. Results are shown as mean ± SEM (n=6-7). 

 

2.4.5. Effect of 33i on autophagy dysfunction shown by 10-month-old 

SAMP8 mice 

When the autophagic pathway was evaluated, Beclin 1 was found lower (F = 

4.071, p<0.05, main effect of strain) (Fig. 43A) whereas LC3-II protein levels were 

higher in SAMP8 (F = 24.31, p<0.05, main effect of strain) (Fig. 43B). However, in both 

cases no differences were observed between vehicle and 33i treated animals. 

Furthermore, no differences were seen in ROCK2 protein levels (Fig. 43C). 
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Figure 43. Effect of SIRT2 inhibition on autophagy (therapeutic treatment). Representative 
western blot and quantitative measurement of hippocampal protein levels of expression of Belin 
1 (A), LC3-II (B) and ROCK2 (C). β-Tubulin was used as an equal loading control. Results are 
shown as mean ± SEM (n=6-8). *p<0.05. Two-way analysis of variance (ANOVA). 
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main effect of strain) (Fig. 44C). Additionally, a main effect of treatment was seen in 

PSD95 (F = 5.949, p<0.05) (Fig. 44D). 

 

M a rb le  B u ry in g

B
u

ri
e

d
 M

a
rb

le
s

S A M R 1 S A M P 8

0

5

1 0

1 5

v e h ic le

3 3 i

* *

33i

S w im m in g  s p e e d

S
p

e
e

d
 (

c
m

/s
)

S A M R 1 S A M P 8

0

1 0

2 0

3 0

v e h ic le

3 3 i

vehicle

A 

B e c lin  1

O
.D

.(
%

 v
s

. 
S

A
M

R
1

 v
e

h
ic

le
)

S A M R 1 S A M P 8

0

5 0

1 0 0

1 5 0

2 0 0

v e h ic le

3 3 i

*

vehicle vehicle33i 33i

SAMR1 SAMP8

kDa

Beclin 1

β-Tubulin 55

43

C 

R o c k  2

O
.D

.(
%

 v
s

. 
S

A
M

R
1

 v
e

h
ic

le
)

S A M R 1 S A M P 8

0

5 0

1 0 0

1 5 0

2 0 0

v e h ic le

3 3 i

vehicle vehicle33i 33i

SAMR1 SAMP8

kDa

55

170ROCK2

β-Tubulin

B 

L c 3 II  w 2

O
.D

.(
%

 v
s

. 
S

A
M

R
1

 v
e

h
ic

le
)

S A M R 1 S A M P 8

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

v e h ic le

3 3 i

*

vehicle vehicle33i 33i

SAMR1 SAMP8

kDa

55

43LC3

β-Tubulin



Results 
 

89 
 

 
Figure 44. Effect of SIRT2 inhibition on learning and memory related proteins 
(therapeutic treatment). Representative western blot and quantitative measurement of 
hippocampal levels of p-CREB/CREB (A), synaptophysin (B), pro-BDNF (C) and PSD95 (D). β-
Tubulin was used as an equal loading control. Results are shown as mean ± SEM (n=6-8). 
*p<0.05, Two-way analysis of variance (ANOVA) followed by Tukey test.  
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Moreover, GluN2A, GluN2B and GluA1 protein expression level increased in both 

SAMR1 and SAMP8 mice treated with 33i compared to control vehicle mice (F = 4.518, 

p<0.05, main effect of treatment; F = 7.019, p<0.05, main effect of treatment; F = 

4.652, p<0.05, main effect of treatment, respectively) (Fig. 45). 

 

 

Figure 45. SIRT2 inhibition upregulates GluN2A, GluN2B and GluA1 expression in 10-
month-old SAMR1 and SAMP8 mice.  Representative western blot and quantitative 
measurement of hippocampal GluN2A (A), GluN2B (B) and GluA1 (C) expression levels. β-
Tubulin was used as an equal loading control. Results are shown as mean ± SEM (n=6-8). 
*p<0.05, Two-way analysis of variance (ANOVA) followed by Tukey test.  
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GFAP analysed by western-blot or immunofluorescence (F = 16.06, p<0.05, main 

effect of strain; F = 5.809, p<0.05, main effect of strain) (Fig. 46), nor Il-1β protein 

levels (F = 24.70, p<0.05, main effect of strain) or mRNA (F = 5.492, p<0.05, main 

effect of strain) (Fig. 47A-B), neither Il-6 mRNA levels (F = 16.77, p<0.05, main effect 

of strain) (Fig. 47C). On the other hand, no significant differences were observed 

across all four groups in Tnf-α levels (Fig. 47D) or when microglial reactivity (Fig. 47E-

F) were analysed. 
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Figure 46. Effect of 33i treatment on astrogliosis in 10-month-old SAMR1 and SAMP8 
mice. 33i treatment does not reverse the neuroinflammation in 10-month-old SAMP8 mice. 
Representative images and quantitative measurement of hippocampal GFAP protein levels 
measured by western blot (n=7) (A) and immunofluorescence (n=3) (B). Results are shown as 
mean ± SEM *p<0.05. Two-way analysis of variance (ANOVA). 
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Figure 47. Effect of 33i treatment on inflammatory markers in 10-month-old SAMR1 and 
SAMP8 mice. (A) Il-1β protein levels measured by ELISA (n=6). Effect of 33i on mRNA levels of 
Il-1β (B), Il-6 (C), Tnf-α (D) and CD11b (E-F) (n=3) in the hippocampus of 10-month-old SAMP8 
and SAMR1 mice. Note that 33i treatment di not reversed the increased levels of these 
proinflamatory cytokines shown by SAMP8 mice. Results are shown as mean ± SEM (n=6-7). 
*p<0.05. Two-way analysis of variance (ANOVA). 
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3. Behavioural and molecular consequences of SIRT2 inhibition on a familiar 
AD mouse model 

3.1. Effect of 33i treatment on behavioural alterations in the APP/PS1 
mouse model 

3.1.1. Effect of SIRT2 inhibition on the anxiety-like behaviour shown by the 

APP/PS1 model 

Firstly, the open field test was carried out. In the spontaneous locomotor activity 

there were no differences among all 4 groups. However a main effect of genotype was 

observed when the time spent in the centre zone was analysed (F = 10.31, p<0.05, 

main effect genotype). APP/PS1 spent significantly less time in the centre zone than 

the WT mice, an effect that was not reverted by 33i treatment (Fig.48A-B).  

 

Figure 48. Effect of SIRT2 inhibition on anxiety tests. (A) Distance travelled during the open 
field test. (B) Time spent in the centre zone in the open field test. (C) Latency to begin feeding in 
novelty suppressed  feeding test. (D) Effect of 33i on the marble burying test. (E) Time spent in 
the lit-box. Results are shown as mean ± SEM (n=6-13). *p<0.05 Two-way analysis of variance 
(ANOVA).  
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Similarly, in the novelty suppressed feeding test, both vehicle and 33i treated 

APP/PS1 had higher latencies to go to the pellet, which was strategically placed in the 

centre of the arena (F = 4.874, p<0.05, main effect of genotype) (Fig. 48C). These 

results suggest that the APP/PS1 model has higher baseline anxiety behaviour than its 

control. However, in the marble burying test or in the light-dark box test, where no 

differences were observed between all four groups (Fig. 48D-E).  

3.1.2. Effect of 33i treatment to APP/PS1 model in the forced swimming test 

As it is seen in Fig. 49, no significant differences were observed the immobility 

time in the forced swimming test between mouse genotypes, suggesting that, in this 

test, APP/PS1 mice do not present a depressive-like behaviour. No differences were 

observed neither between vehicle or 33i treated animals.  

Figure 49. Effect of 33i on the performance of 9-month-old APP/PS1 mice in the Forced 
swimming test. There was no differences in the immobility time across the four groups Results 
are shown as mean ± SEM (n=6-13). 

 

3.1.3. Effect of SIRT2 inhibition in the cognitive decline shown by APP/PS1 

mice 

In order to analyse whether 33i had any beneficial effect on the cognitive decline, 

the main behavioural characteristic of this model, we evaluated memory using the 

novel object recognition test. As shown in Fig. 50, 33i treatment was able to 

significantly increase the discrimination index in both WT and APP/PS1 mice (F = 

4.718, p<0.05, main effect of treatment).  
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Figure 50. SIRT2 inhibition ameliorated the cognitive decline of APP/PS1 mice. Results 
are expressed as discrimination index. Note that the 33i treatment increases the discrimination 
index. Results are shown as mean ± SEM (n=6-13). *p<0.05. Two-way analysis of variance 
(ANOVA) followed by Tukey test. 

 

3.2. Effect of 33i treatment on β-amyloid burden 

The main neuropathological hallmark of the APP/PS1 model is the development of 

amyloid plaques. Therefore, in order to investigate the possible beneficial effects of 

SIRT2 inhibition on amyloid pathology, amyloid plaques were counted. As shown in 

Fig. 51, while the brains of WT mice did not show any signal, an increase in the 

immunofluorescence signal showing amyloid plaques was evident in the brains of all 

APP/PS1 mice. These plaques were mostly located in the brain cortex and the 

hippocampus. Interestingly, 33i treatment was able to significantly decrease the total 

number of them (F = 6.648, p<0.05). 

 

Figure 51. 33i treatment reduces the number of amyloid plaques in 9-month-old APP/PS1 
mice. Representative images and quantitative measurement of immunoreactive amyloid 
plaques (3 slides per mice, n=4 mice per group). Results are shown as mean ± SEM *p<0.05. 
Two-way analysis of variance (ANOVA) followed by Tukey test.  

NORT 

W T A P P /P S 1

-1 .0

-0 .5

0 .0

0 .5

1 .0

D
is

c
ri

m
in

a
ti

o
n

 i
n

d
e

x

N O R T

v e h ic le

3 3 i

* *

W T A P P /P S 1

0

2 0 0

4 0 0

6 0 0

L
a

te
n

c
y

 (
s

)

N o v e lty  s u p p re s s e d  fe e d in g

v e h ic le

3 3 i

*

A m y lo id  p la q u e  c o u n t

N
u

m
b

e
r 

o
f 

a
m

y
lo

id
 p

la
q

u
e

s

W T A P P /P S 1

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

v e h ic le

3 3 i

* *

Amyloid plaque count 



 

 
 

 

 

 

 

 

 



 

 

DISCUSSION 



  

 
 

 

 



   Discussion 
 

99 
 

Epigenetic changes are currently recognized as part of the aging process and 

have been implicated in many age-related diseases including AD (Jakovcevski and 

Akbarian., 2012; Akbarian et al., 2013; López-Otín et al., 2013). In this context, sirtuins 

belonging to the NAD+ dependent histone deacetylase (HDAC) III class of enzymes 

have emerged as master regulators of metabolism and longevity. However, their role in 

the prevention of organismal aging and cellular senescence still remains controversial. 

Previous studies have shown that pharmacologic inhibition of SIRT2 exerts 

neuroprotective effects in diverse models of neurodegenerative disease, including PD 

and HD (Outeiro et al., 2007; Luthi-Carter et al., 2010; Taylor et al., 2011; Chopra et 

al., 2012; Chen et al., 2015). Moreover, although less is known about the role of SIRT2 

in AD, mainly in the genetic field (Polito et al., 2013; Wei et al., 2014), several studies 

have demonstrated in different in vitro and in vivo transgenic mouse models that 

inhibition of SIRT2 is a safe and promising neuroprotective agent in both Tau-

associated frontotemporal dementia and AD (Spires-Jones et al., 2012; Scuderi et al., 

2014; Biella et al., 2016; Silva et al., 2017; Esteves et al., 2018). On the basis of these 

considerations, we have explored the effects of SIRT2 inhibition in the SAMP8 and 

APP/PS1 mouse model.  

1. In vitro pharmacological and toxicological studies 

The compound 33i is a 3'-phenethyloxy-2-anilinobenzamide analogue 

representing a new class of SIRT2-selective inhibitors (Suzuki et al., 2012). HDAC 

enzyme activity assay revealed that 33i does not inhibit HDAC1, HDAC2, HDAC3 and 

HDAC6, all of them enzymes that have been implicated in AD memory-related 

dysfunction (Ding et al., 2008; Guan et al., 2009; McQuown and Wood., 2011; Bahari-

Javan et al., 2012; Gräff et al., 2012; Govindarajan et al., 2013). This result rules out 

the possibility that any beneficial effect observed could be due to the possible inhibition 

of these enzymes. Moreover, enzyme assays using human recombinant SIRT1 and 

SIRT2 showed that 33i is a potent and selective SIRT2 inhibitor, showing more than 

35-fold greater SIRT2-selectivity compared to AGK2 (Suzuki et al., 2012), a previously 

reported SIRT2-selective inhibitor (Outeiro et al., 2007). 

Firstly, a cytotoxic study was performed with the objective of determining the 

optimum concentrations that should be used to approach adequately the in vitro 

studies with the 33i compound. After interpreting the MTT studies, we concluded that 

concentrations above 20 μM were cytotoxic for the SH-SY5Y cell line. Therefore, in 

order to carry out the confirmation of the inhibitory activity of 33i towards SIRT2, the 

concentrations 0.1, 1 and 5 μM were selected.  
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The SH-SY5Y cell line was chosen for the in vitro inhibitory activity confirmation of 

the 33i as it constitutively expresses SIRT2 protein. Although SIRT2 mainly resides in 

the cytoplasm, previous in vitro studies have demonstrated the ability of SIRT2 to 

deacetylate different substrates such as histone 4 and α-tubulin located in the nucleus 

and cytoplasm respectively (Vaquero et al., 2006; Di Filippo et al., 2008). Our results 

are in accordance with these findings as an increase of acetylated H4 and acetylated 

α-tubulin was found after SIRT2 inhibition by 33i. Concerning the nuclear target of 

SIRT2, acetylated histone 4 levels were increased at the concentration of 0.1 μM after 

a 3 and 6 hour-treatments with 33i. Additionally, an increase of acetylated α-tubulin 

was observed at 1 μM after 3 hours treatment. The fact that the significant increase 

was shown in both markers at 0.1 and 1 μM concentrations and not at 5 μM, could be 

due to the experimental design. In this sense, given that the 33i molecule is a very 

specific and potent SIRT2 inhibitor and acetylations are very rapid post-translational 

modifications, which are regulated and compensated by several enzymes (i.e. HATs 

and α-tubulin acetylases), shorter treatment should have been performed to detect this 

increase at higher concentrations. Furthermore, 33i effectiveness could undergo a bell-

shaped dose response activity making it pharmacologically effective only at certain 

concentrations.  

All together, these in vitro results confirm that 33i deacetylates two well-known 

nuclear and cytoplasmic SIRT2 cellular substrates. Moreover, our study demonstrates 

that SH-SY5Y cells are an interesting in vitro model that could help understand in depth 

the cellular functions of SIRT2, hence could be used as a good model for 

pharmacological screening of potential new SIRT2 inhibitors. 

Despite the promising results that have been recently published regarding the use 

of SIRT2 inhibitors as a pharmacological strategy to address different 

neurodegenerative diseases (Outeiro et al., 2007; Luthi-Carter et al., 2010; Chopra et 

al., 2012; Spires-Jones et al., 2012; Scuderi et al., 2014; Chen et al., 2015; Biella et al., 

2016; de Oliveira et al., 2017; Silva et al., 2017; Esteves et al., 2018) some remain 

sceptical about their future use in humans. 

HDAC inhibitors, in general, present a major concern because of their unspecific 

pharmacological cell target, their associated side effects and their potential implication 

in mutagenic or genotoxic processes. In fact, HDAC inhibitors have been described as 

potential cytotoxic and genotoxic molecules although the underlying mechanisms 

remain unknown (Olaharski et al., 2006; Bose et al., 2014). In this sense, HDACs 

appear to be essential regulators of neuronal response to DNA damage. Hence, their 
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inhibition could lead to cell cycle arrest, apoptosis and differentiation (Salminen et al., 

1998). In this line, results of several independent studies have described that various 

HDAC inhibitors tested positive in standard genotoxicity assays (Gomez-Vargas and 

Vig., 2002; Yoo and Lee., 2005; Olaharski et al., 2006; Johnson and Walmsley., 2013). 

Additionally, some studies have shown that some HDAC inhibitors can be neurotoxic in 

neuronal cultures (Salminen et al., 1998; Kim et al., 2004). Furthermore, several side 

effects have been reported when HDAC inhibitors were used in humans as adjuncts for 

cancer treatments such as thrombocytopenia, fatigue, confusion and abnormal heart 

rhythms (Subramanian et al., 2010; Wagner et al., 2010). 

For this reason, we carried out a preliminary toxicological study using the Ames 

test and the Comet assay. The Ames test was used to discard possible mutations 

caused by 33i or any of its metabolites. Additionally, the comet assay was carried out 

to discard DNA strand breaks and alkali-labile sites as well as possible DNA oxidation 

and methylation resulting from the 33i administration. 

The results obtained from the Ames test discard that the 33i or any of its 

metabolites are mutagenic as there was no dose dependent increase of revertant 

colonies in the PBS plaques or S9 plaques. However, further mutagenic studies should 

be carried out in other Salmonella typhimurium strains to confirm this data. 

Concerning the genotoxicity of 33i, no genotoxic effect was observed in SH-SH5Y 

at the concentrations used. Interestingly, even though cell death was observed at 20 

µM in MTT, we can conclude that the decrease in cell survival was not due to DNA 

damage caused by 33i. 

Taken together the results from the in vitro studies, we next studied the effects of 

SIRT2 inhibition by means of the compound 33i in vivo. Subsequently, we performed in 

vivo pharmacological studies directed to evaluate the effect of SIRT2 inhibition in two 

different models of AD, the SAMP8 and the APP/PS1 mouse model. 

2. SAMP8 model 

Since an increase in SIRT2 levels has been suggested to be associated with aging 

in the central nervous system (Maxwell et al., 2011), we firstly measured hippocampal 

SIRT2 expression in 2-month-old and 9-month-old SAMR1 and SAMP8 mice. The 

SAMP8 mouse model, based on aging rather than on mutations, resembles the 

symptoms of late-onset and age-related sporadic AD patients (Pallàs et al., 2008). It 

has even been suggested that SAMP8 mice may more closely represent the 
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complexity of the disease than other transgenic mouse lines because of the 

multifactorial nature of AD (Morley et al., 2012). In agreement with Maxwell et al., 

(2011), our study shows that 9-month-old SAMR1 and SAMP8 have higher 

hippocampal levels of SIRT2 when compared with 2 month-old mice. No significant 

differences were found between both strains, supporting a recent study that has shown 

increased SIRT2 plasma levels in AD subjects and aged-matched healthy controls 

compared to healthy young controls (Wongchitrat., 2019) but no differences between 

AD and aged-matched controls. These results suggest that SIRT2 might be a good 

biomarker of the aging process, highlighting its potentiality not only in AD but also in 

other pathologies associated with age or age-related cognitive decline. 

Subsequently, the efficacy of 33i and its capability to correctly reach the brain and 

inhibit SIRT2’s enzymatic activity was confirmed by measuring hippocampal Abca1 

mRNA levels, a well-known transporter of cholesterol whose transcription is inhibited 

by SIRT2 (Taylor et al., 2011; Spires-Jones et al., 2012) and acetylation levels of 

histone 4 which were both significantly higher in 33i treated SAMR1 and SAMP8 mice. 

In this context, we next established two different ages (5 months and 8 months) to 

evaluate the efficacy of an early or a therapeutic treatment with 33i in SAMP8 mice.  

Concerning the spontaneous motor activity and rotarod performance of 7-month-

old mice, there was a clear strain effect making SAMR1 have better performances in 

both tests in agreement with previous studies (Miyamoto, 1994). However, neither 

SAMR1 nor SAMP8 mice performance in both tests was affected by the 33i treatment 

indicating that the possible beneficial effects caused by the early treatment with 33i on 

other tests are independent of any effect on motor activity. Regarding the marble 

burying test, consistent with previously reported by Moreno et al., (2017), the mean 

number of marbles buried by 7-month-old SAMR1 mice were significantly higher than 

the corresponding values of vehicle-treated SAMP8 mice. Interestingly, 33i was able to 

reverse at the age of 7 months SAMP8’s basal altered exploratory behaviour to the 

point that no significant differences were found between 33i-treated SAMP8 and 

SAMR1 vehicle mice. 

The effect of 33i on the cognitive decline observed in SAMP8 mice was evaluated 

using the MWM test, a hippocampal dependent task used to test spatial memory and to 

evaluate the working and reference memory functions in response to treatments.  

In the habituation phase, there were no differences in swimming speed across the 

4 groups at the age of 7 months, which enabled us to exclude the effect of motivational 
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and sensorimotor factors on animal learning and memory performance. This is why the 

escape latency of the hidden platform parameter was used for the evaluation of spatial 

learning and memory of the mice.  

Consistent with previous reports (Orejana et al., 2012, 2013, 2015), 7-month-old 

SAMP8 mice presented learning and memory impairments in the MWM when 

compared with age matched SAMR1 mice. Noteworthy, this effect was markedly 

ameliorated by 33i early treatment. These findings support a recent study by Yoo et al., 

(2015) that demonstrates how sodium butyrate, a histone deacetylase inhibitor, 

ameliorates SIRT2-induced memory impairment in the novel object recognition test 

(NORT) (Yoo et al., 2015). In addition our results are in agreement with a recent study 

where SIRT2 inhibition using higher doses of another SIRT2 inhibitor, AK-7, (20 mg/kg) 

reversed the long-term memory impairment in both 3xTg-AD and APP23 animal model 

in the NORT (Biella et al., 2016). However, to our knowledge, this is the first study 

demonstrating the beneficial effects of SIRT2 specific inhibition in learning and memory 

impairments shown in the MWM. 

Similarly to the early treatment, therapeutic treatment with 33i improved the natural 

marble burying behavior of 10-month-old SAMP8 mice. However, when memory was 

assessed, the therapeutic treatment did not reverse the cognitive deficits shown by 

these animals in the MWM. These results suggest that 33i could slow and prevent the 

progression of the cognitive deterioration, however, once the cognitive decline is 

marked and well-stablished SIRT2 inhibition is not able to reverse it. 

In order to fully figure out the mechanisms underlying the beneficial effects 

observed after early SIRT2 inhibition, different hypothesis were evaluated. 

SIRT1 expression 

While increase on the expression of SIRT2 has been associated with aging 

processes and related to higher incidence of neurodegenerative diseases (Outeiro et 

al., 2007), enhanced expression and/or activity of SIRT1 is thought to prevent neuronal 

death in amyotrophic lateral sclerosis, polyglutamine toxicity and reduce hippocampal 

degeneration in different cell and mouse models of AD (Kim et al., 2007; Li et al., 2007; 

Michan and Sinclair, 2007; Pfister et al., 2008).  

Hence, we evaluated the possibility that the inactivation of SIRT2 could lead to a 

compensatory activation of SIRT1 (Theendakara et al., 2013), which has been reported 

to reverse memory impairments in the SAMP8 mice (Cristòfol et al., 2012; Porquet et 
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al., 2013). In agreement with what was previously described by Cosin-Tomas., (2014), 

our results show a decrease of SIRT1 in 7-month-old and 10-month-old SAMP8 saline 

mice when compared to age matched SAMR1 mice but we did not find any differences 

in SIRT1 expression in hippocampus of 33i treated mice (Cosín-Tomás et al., 2014). 

Therefore, our results suggest that the beneficial effects induced by 33i are 

independent of any changes in SIRT1 levels. 

AD neuropathological hallmarks 

We next focused our study on the possible effects of SIRT2 inhibition on the main 

neuropathological hallmarks of AD. 

First, we analysed the effect of SIRT2 inhibition on Tau pathology since Tau 

hyperphosphorylation has been described to be evident on 5-month-old SAMP8 mice 

and has been implicated in the neurodegeneration and accelerated aging process in 

this senescence mouse model (Canudas et al., 2005; Sureda et al., 2006; Orejana et 

al., 2012). Consistent with those studies, 7 and 10-month-old SAMP8 mice showed an 

increase in phosphorylation of Tau at Ser202/Ser205 (AT8 epitope). In agreement with 

previously reported results in other animal model (Spires-Jones et al., 2012), early and 

therapeutic SIRT2 inhibition in vivo did not affect Tau hyperphosphorylation. However, 

two recent studies (Silva et al., 2017; Esteves et al., 2018) have shown in different AD 

cellular models that SIRT2 inhibition reduces in vitro Tau phosphorylation at Ser396 

improving microtubule assembly and stabilization. These studies highlight the 

importance of further investigate the role of SIRT2 on different Tau phosphorylations 

and different animal models including Tau transgenic mice. 

Following the hypothesis that SIRT2 may affect APP metabolism (Biella et al., 

2016) or Aβ aggregation (Silva et al., 2017), we also quantified hippocampal Aβ40 and 

Aβ42 levels, Aβ oligomerization and APP processing. At 7 months of age, no 

significant differences were observed across all four groups, suggesting that in the 

SAMP8 mouse model, it is too early to test this hypothesis. It is true that regarding 

Aβ40 levels in the SAMP8 mice seem to be increased and they could have been 

reversed with the 33i. However, this effect is not statistically significant probably due to 

the high variability found in the SAMP8 group and methodological limitations. This 

observation and the fact that other authors have described a role of SIRT2 in 

modulating APP processing (Biella et al., 2016) encouraged us to further investigate 

the potential role of SIRT2 on amyloid pathology in other mouse model. 
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In the therapeutic treatment, 10-month-old SAMP8 presented a well stablished 

amyloid pathology. In this sense, even though increased levels of Aβ40 and Aβ42 were 

visible in SAMP8 mice compared to SAMR1 mice, the 33i had no significant effect. 

These results suggest that the administration of this treatment (dose, age, 

duration) is not able to reverse the established Tau and amyloid pathology; however, 

they raise the question of whether a prolonged early treatment until 10 months of age 

would had prevented their development. 

Autophagy and ubiquitin–proteasome system 

Autophagy is a lysosome-mediated degradation process for non-essential or 

damaged cellular constituents. In the context of neurodegenerative disorders, an 

emerging consensus supports that the induction of autophagy is a neuroprotective 

response. Therefore, an inadequate or defective autophagy, promotes neuronal cell 

death in most of these disorders, suggesting that regulation of autophagy may be a 

valuable therapeutic strategy for their treatment (Wong and Cuervo, 2010). 

In this sense, SIRT2 was recently reported to interfere with stress-induced 

autophagy, autophagy-mediated degradation of protein aggregates under proteasome 

inhibition and basal autophagy (Zhao et al., 2010; Gal et al., 2012; Inoue et al., 2014). 

Moreover, regarding SAMP8, a previous study had demonstrated that along with 

accelerated senescence, autophagy activity decreased significantly in 12 month old 

SAMP8 mice (Ma et al., 2011). Thus, we next investigated whether autophagy 

modulation by SIRT2 inhibition could be one of the mechanisms underlying 33i 

afforded beneficial effects. For this, the expression of three autophagy related proteins 

was analysed: Beclin 1, Rock2 and LC3-II.  

Beclin 1 and ROCK 2 are considered to be markers of the autophagic activity. In 

this sense. concerning Beclin 1, some researchers proved that it was reduced in the 

brain of old individuals (Shibata et al., 2006), mild cognitive impairment and AD 

patients (Pickford et al., 2008; Silva et al., 2017), correlating its levels with the 

autophagic level. Additionally Ma and co-workers (2011) detected a transient increase 

of Beclin 1 in 7-month-old SAMP8 and then a decrease in 12 month old animals. 

Regarding ROCK2, a recent study has shown that ROCK hippocampal expression is 

increased significantly in 8-month SAMP8 mice (Chen et al., 2014). Although we found 

no differences in Beclin 1 and ROCK2 proteins in 7-month-old SAMP8 mice, in 

agreement with Ma et al., (2011) lower levels of Beclin 1 were observed in 10 month-
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old SAMP8 mice compared with aged-matched SAMR1. In all cases, no significant 

effect was observed after 33i treatment.  

Microtubule-associated-protein-light-chain-3 (LC3)-II, the lipidated form of LC3, is 

the most widely used marker for autophagy as it is the only protein associated with 

autophagosomes specifically (Kabeya et al., 2000). Concerning the early treatment, 7-

month-old vehicle SAMP8 mice had increased expression of LC3-II, implying impaired 

clearance of autophagic vacuoles in these mice, in agreement with previous described 

results (Ma et al., 2011). Interestingly, this increase was partially reverted in 33i treated 

SAMP8 mice. However, regarding the effects of the therapeutic treatment, in 

accordance with Ma and co-workers (2011), 10-month-old SAMP8 had higher levels of 

LC3-II than SAMR1, which remained unchanged with the 33i treatment.  

Besides the autophagy-lysosome pathway, there is another well-known 

mechanism for the removal of protein aggregates: the ubiquitin-proteasome system 

(UPS). Interestingly, it has been recently described the presence of increased levels of 

ubiquitinated proteins in post-mortem brain tissues of patients with mild cognitive 

impairments and AD (Silva et al., 2017). Moreover, it has been reported that SIRT2 

increases of ubiquitinated aggregates in vitro (Gal et al., 2012). In accordance with 

those observations and with data previously shown by Ma et al., 2011, SAMP8 mice 

exhibited more ubiquitin-positive proteins than control SAMR1 mice. However, due to 

the high variability observed in 33i SAMP8 group, no significant differences were 

obtained between vehicle and 33i treated animals. 

Taking into account two recent studies that have demonstrated positive effects on 

autophagy pathway after SIRT2 inhibition in vitro (Silva et al., 2017; Esteves et al., 

2018) and the reduction in LC3II observed in 7-month old 33i treated SAMP8, further 

experiments (higher doses of 33i or longer treatments) are necessary to validate or 

discard SIRT2 inhibition as a therapeutic strategy to tackle neurodegenerative diseases 

by regulating autophagic flux. 

SIRT2 and oligodendrocytes 

Since SIRT2 is highly expressed in oligodendrocytes (Jayasena et al., 2016), a 

possible oligodendrocyte-mediated effect after SIRT2 inhibition was also considered. A 

relevant in vitro study has previously demonstrated that over-expression of SIRT2 

enhances the expression of the myelin marker, MBP (Ji et al., 2011). On the other 

hand it has been described that SAMP8 at 10 months old showed a decrease in MBP-

immunoreactivity in the hippocampal CA1 subfield, compared with SAMR1 (Tanaka et 
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al., 2005). Yet, in the early treatment with 33i, neither SAMP8 mice nor treatment with 

33i affected hippocampal MBP levels. These apparently contradictory results could be 

explained in terms of technical sensitivity. It is important to note that Tanaka and co-

workers (2005) only observed significant differences in the hippocampal CA1 subfield 

but not in the cerebral cortex and the optic tract. Therefore, by analysing the entire 

hippocampus by western blot, we could have missed some differences in specific brain 

areas. Moreover, cell type-specific differences in the SIRT2 expression pattern could 

explain the lack of effect of SIRT2 inhibition on this myelin marker. We hypothesize that 

SIRT2 inhibition by 33i could have greater consequences on gene expression in 

neurons given that their expression is lower than in oligodendrocytes and therefore 

may be able to inhibit a higher percentage of total SIRT2 enzymes. Another possible 

explanation could be found in the different predominant isoforms in each cell type being 

in oligodendrocytes SIRT2.2 (Zhu et al., 2012; Thangaraj et al., 2017) whereas in 

neurons is SIRT2.1 (Luthi-Carter et al., 2010) which may result in selective sensitivity 

to its inhibition by the compound 33i.  

Learning and memory related proteins synthesis 

Since long-term memories require gene expression, epigenetic mechanisms that 

modulate transcription have a critical role in memory acquisition and maintenance. 

Interestingly, memory acquisition leads to an increase in histone acetylation by 

increasing histone acetyl transferase (HAT) activity and decreasing HDAC activity, 

resulting in a particular pattern of gene expression (McQuown and Wood, 2011). 

Hence, inhibitors of HDAC activity enhance histone acetylation, synaptic plasticity, 

learning and memory (Guan et al., 2009; Fischer et al., 2010; McQuown and Wood, 

2011; Gräff and Tsai, 2013). Following this hypothesis, the expression of different 

learning and memory related-proteins was analysed in the hippocampus of the mice. 

One of the most studied pathways that link synaptic plasticity with gene expression 

depends on the activation of cAMP-response element binding protein (CREB). CREB 

phosphorylation plays a key role in synaptic function and memory (Tully et al., 2003; 

Miyashita et al., 2012). The activation of CREB leads to the expression of several 

genes, generally denominated by immediate-early genes, which include Arc among 

others (Alberini and Kandel, 2014). Moreover, CREB is a transcription factor binding to 

the promoter regions of genes, including BDNF, which is associated with memory and 

synaptic plasticity (Bimonte-Nelson et al., 2003; Gómez-Pinilla et al., 2007). In contrast 

to previously described by Lin et al., (2014), we failed to observe any significant 

difference between 7-month-old SAMR1 and SAMP8 mice when p-CREB, CREB, 
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BDNF and Arc were analysed by Western blot. What is more, no differences were 

found between vehicle or 33i-treated animals. When these proteins were analysed in 

10-month-old mice, SAMP8 showed lower levels of hippocampal BDNF protein 

expression, although no differences were observed after 33i treatment.   

NMDA and AMPA glutamate receptors modulate long-term potentiation (LTP) in 

hippocampus, considered the basis for spatial learning and memory (Frey and Morris, 

1997; Traynelis et al., 2010). In fact, in parallel with the age-related decline in LTP, 

diminished surface expression of glutamate receptors has been reported in several 

brain regions in aged rodents (Kim et al., 2005; Gocel and Larson, 2013; Ménard et al., 

2015) and humans (Ikonomovic et al., 2000). NMDA-selective glutamate receptors are 

tetrameric complexes composed of two glycine-binding GluN1 subunits and two 

glutamate-binding GluN2 (GluN2A-D) subunits (Yuan et al., 2015). Previous studies 

have shown that among the NMDA receptor subunits, it is the GluN2B subunit the one 

that is most affected by the aging process (Magnusson et al., 2000, 2002). Accordingly, 

enhancing GluN2B expression in old mice improves spatial long-term memory (Brim et 

al., 2013).  

Interestingly, a recent study in our laboratory has demonstrated an increase in 

GluN2A and GluN2B subunits when 33i was administered to C57BL/6 mice (Erburu et 

al., 2017). In agreement with that study, early treatment with 33i increased in GluN2A, 

GluN2B and GluA1 expression in the hippocampus, providing a plausible explanation 

for the improvement observed in the cognitive deficits shown by SAMP8 mice. 

Similarly, increased expression of GluN2A, GluN2B and GluA1 subunits were also 

observed in 10-month-old SAMP8 and SAMR1 mice treated with 33i.  

Noteworthy, our results demonstrate that SIRT2 inhibition causes an increase of 

hippocampal mRNA levels of Glun2a and Glun2b and, hence, an increase in their 

synthesis. In line with these studies, we have also shown that SIRT2 inhibition 

increases the expression of other genes involved in synaptic plasticity in SH-SY5Y 

cells (Muñoz-Cobo et al., 2018). Although SIRT2 is mostly known as a cytosolic 

deacetylase (Jayasena et al., 2016), our results also support its role in the nucleus 

influencing gene expression. In order to unravel whether SIRT2 inhibition had a direct 

effect on the increase if GluN2B and GluN2A subunits, a chromatin 

immunoprecipitation (ChIP) was performed. In this regard, preliminary experiments 

obtained with the antibody against AcH4 suggest that the increased levels of mRNA 

found in these proteins is independent of AcH4. Thus, we acknowledge that further 
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studies should elucidate the mechanisms underlying the increase in the expression of 

these NMDA receptor subunits mediated by SIRT2 inhibition.  

Regarding the AMPA receptor, it has been published that stabilizing GluA1 surface 

expression, in the hippocampus of aged rats, attenuated age-related impairments of 

LTP (Luo et al., 2015). Noteworthy, no significant differences were observed in Glua1 

mRNA levels, which suggest that SIRT2 is not affecting the synthesis but its 

degradation. Noteworthy, SIRT2 acts as GluA1 deacetylase regulating AMPA receptor 

proteostasis (Wang et al., 2017). Hence, SIRT2 inhibition by 33i could increase GluA1 

acetylation reducing AMPA degradation, confirming its potential regulatory role in 

synaptic plasticity and brain function. 

Neuroinflammation 

The importance of neuroinflammatory processes in AD has been emphasized 

during the past decade proposing astrogliosis as a promising therapeutic target 

(Baune, 2015). Taking into account the existing controversy regarding the role of 

SIRT2 on inflammation, we next examined whether 33i had an effect on different 

neuroinflammatory markers. 

Astrocyte activation is followed by an increase in the expression of GFAP, a major 

intermediate filament protein specific to astrocytes (Furman et al., 2012). In accordance 

with a previous report (Wu et al., 2005; Orejana et al., 2015; Moreno et al., 2017), we 

observed in the hippocampus of 7-month-old SAMP8 mice increased GFAP levels 

compared to age-matched SAMR1 mice. Noteworthy, this effect was significantly 

reversed by early 33i administration. Our data supports a previous study that showed 

the efficacy of SIRT2 inhibition to prevent the activation of astrocytes in rat primary 

cultures that had been previously exposed to Aβ42 (Scuderi et al., 2014). 

Due to the on-going discussion and controversy surrounding the role of SIRT2 in 

neuroinflammation, it was imperative to assess the effect of SIRT2 inhibition on other 

well-established markers of neuroinflammation: Il-1, Il-6 and Tnf-α (Tanaka et al., 2013; 

Liu et al., 2014; Giridharan et al., 2015).  

Similarly to other studies that agree that SIRT2 inhibition has anti-inflammatory 

effects (Lee et al., 2014; Chen et al., 2015; Wang et al., 2016), mRNA levels of Il-1, Il-6 

and Tnf-α of 7 month-old SAMP8 mice treated with 33i for 8 weeks were significantly 

reduced compared to those observed in vehicle SAMP8 suggesting that, early SIRT2 

inhibition is able to prevent or slow the development of neuroinflammation. However, 
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the therapeutic treatment was not able to reverse the increased levels of 

neuroinflammatory markers in 10-month-old SAMP8, suggesting the efficacy of SIRT2 

inhibition in preventing neuroinflammation but not in reversing it at advanced stages of 

the disease.  

On the other hand, 33i significantly increased mRNA levels of Il-6 and Tnf-α in 

SAMR1 mice, in agreement with other studies that suggest that SIRT2 inhibition can 

lead to an increase on inflammation (Pais et al., 2013; Yuan et al., 2016).  

The apparently contradictory effects of the 33i, could be explained by the fact that 

multiple studies have suggested that SIRT2 could play complex and contrasting roles, 

depending on the conditions, in cell death (Li et al., 2011; He et al., 2012), oxidative 

stress (Lynn et al., 2008; Pais et al., 2013; Lee et al., 2014) and neuroinflammation 

(Pais et al., 2013; Scuderi et al., 2014; Chen et al., 2015; Yuan et al., 2016).  

The next question that these results aroused us was the lack of correlation 

between neuroinflammation and cognitive status in 33i-treated SAMR1 group. In this 

sense, since no increase in GFAP or Il-1 protein levels was found in the brain of these 

animals, we hypothesize that, despite the increase in mRNA, there might be no 

differences in the final secreted protein, since a “healthy” control brain would be able to 

counteract the increase in proinflammatory cytokines. In addition, other 

neuropathological hallmarks are observed in 7 month-old SAMP8 mice which are not 

present in aged-matched SAMR1 brains (oxidative stress, Tau hyperphosphorilation) 

which undoubtedly are contributing to the neurological decline. 

It is also important to point out the limitations of the model used for the present 

study. Because SAMP8 and SAMR1 strains were bred independently based on 

phenotypical traits, after consecutive breeding through many generations, there is 

always a question as to whether the SAMR1 is the appropriate control for the SAMP8. 

In addition, several pathologic phenotypes have been described in the SAMR1 strain 

like immunoblastic lymphoma or histiocytic sarcoma (Takeda et al., 1997) which could 

be altering the immune response. Therefore, it is necessary to further investigate the 

mechanisms underlying the complex roles of SIRT2 in neuroinflammation in different 

animal models.  

In conclusion, 33i treatment was effective, through the modulation of glutamate 

receptors and neuroinflammation, when SIRT2 was inhibited in animals that presented 

an early pathology. From this perspective, this pharmacological strategy could be an 

ideal novel target to prevent age-related cognitive decline and neurodegeneration. 
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Unfortunately, an early treatment requires an early diagnosis that is not always 

possible. This limited time-window of effective treatment highlights the importance of 

further investigate whether a longer treatment, a higher dose, or, even, a combined 

therapeutic strategy at advanced stages of the disease would be able to reverse the 

neuroinflammation, amyloid pathology and cognitive impairment already established. 

3. APP/PS1 model 

It should be noted that, although the SAMP8 mice present Aβ-immunoreactive 

granules that may be pathologically related to the to the Aβ deposits observed in 

humans (Takemura et al., 1993; del Valle et al., 2010, 2011; Manich et al., 2011), they 

do not present APP mutations. As a result, the SAMP8 model does not show a severe 

amyloid pathology. Consequently, it might not be the best animal model to investigate 

the effects of SIRT2 inhibition on APP processing. Hence, in parallel, we carried out a 

preliminary study where we administrated 33i to 8-month-old APP/PS1 mice, a 

transgenic AD mouse model (Jankowsky et al., 2001) to elucidate whether the 33i had 

any effect on the amyloid plaques. The APP/PS1 mouse presents small amounts of Aβ 

depositions in hippocampus at 6 months (Végh et al., 2014) and senile plaques in 

hippocampus at 8 months (Krauthausen et al., 2015). Most importantly, APP/PS1 mice 

show apparent learning and memory dysfunction at 6-8 months (D’Amelio et al., 2011; 

Végh et al., 2014). For this reason, it is a more adequate mouse model to investigate 

the role of SIRT2 and its inhibition on the amyloid pathology. 

Regardless of the lack of effect the compound 33i had on depressive and anxiety-

like behaviour on APP/PS1, the SIRT2 inhibitor was able to significantly increase the 

discrimination index in the novel object test (NORT), resulting in a memory 

improvement. Moreover, it significantly decreased the total number of amyloid plaques, 

in accordance with Biella and co-workers (2016) who described in another AD 

transgenic mouse model (3xTg-AD) a reduction of soluble APPβ and an improvement 

of cognitive performance in the NORT caused by SIRT2 inhibition (Biella et al., 2016). 

Further experiments should be performed to clarify the mechanisms underlying this 

effect. 

In summary, given its efficacy and safety, the 33i compound seams a good 

pharmacological strategy to treat AD (Fig. 52). Firstly, 33i has proved to be effective 

since it has improved the cognitive deficit in two different AD mouse models, increased 

different glutamate subunit receptors, prevented the neuroinflammation when 

administered at early stages of the disease in the SAMP8 model and reduced the 
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amyloid pathology in the APP/PS1 model. In addition, the lack of mutagenicity or 

genotoxicity observed in vitro after 33i treatment makes this molecule a promising safe 

epigenetic pharmacological drug. 

 

Figure 52. Beneficial effects of SIRT2 inhibition in different mechanisms which are 
relevant in AD. The present study and other authors have proposed that SIRT2 inhibition: (A) 
Modulates APP processing and decreases amyloid plaques (Biella et al., 2016; present thesis in 
the APP/PS1 model), (B) prevents neuroinflammation processes (Scuderi et al., 2014; present 
thesis in the early treatment in the SAMP8 model), (C) increases the expression of memory-
related proteins (Erburu et al., 2017; Muñoz-Cobo et al., 2018; present thesis in the SAMP8 
model), (D) reduces the degradation of AMPA receptor subunits (Wang et al., 2017; present 
thesis in the SAMP8 model), (E) increases the stability of microtubules favouring the autophagic 
flux (Silva et al., 2017; Esteves et al., 2018). 

SIRT2

SIRT2

SIRT2

Histone acetylation

Gene transcription

SIRT2

Acetylated α-tubulin 
Microtubule stabilization
Autophagic flux

Modulates APP processing

Amyloid plaques

Prevents 
Neuroinflammation

processes

SIRT2

Deacetylation Ubiquinitation

AMPA receptor 
stabilization

A

B

C

D

E



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 



 

 
 

 

 

 

 

 



   Conclusions 
 

115 
 

The results obtained in this work have led to the following conclusions: 

1. In vitro results confirm the inhibitory activity of 33i towards SIRT2 as it 

increases the acetylation of the nuclear histone 4 and the cytoplasmic α-tubulin, 

two well-known SIRT2 cellular substrates. Moreover, it lacks of inhibitory 

activity towards other histone deacetylases that have been previously related to 

Alzheimer’s disease. 

2. The results obtained from the preliminary in vitro toxicological study of the 

33i compound discard that the 33i or any of its metabolites are mutagenic. 

Moreover, the compound 33i does not show genotoxicity at the concentrations 

used in SH-SY5Y cell line.  

3. The inhibitory activity of 33i towards SIRT2 was confirmed in vivo by the 

increase of the SIRT2 cellular substrates acH4 and Abca1 in the hippocampus. 

4. The early treatment with 33i improves the memory and learning deficits 

shown by 7-month-old SAMP8 in the Morris Water Maze. This cognitive 

improvement was evidenced in both acquisition and retention phase. 

5. The mechanisms underlying the beneficial effects of early 33i-treatment in 

the SAMP8 model could be due to an increase of the glutamate subunit 

receptors and decrease in neuroinflammation.  

6. The therapeutic treatment with 33i does not reverse the memory and 

learning deficits nor the neuroinflammation, the Tau or amyloid pathology 

shown by 10-month-old SAMP8.  

7. 33i was able to ameliorate the cognitive decline of the familial Alzheimer’s 

disease mouse model, the APP/PS1, in the novel object test. The memory 

amelioration could be due to a decrease of amyloid plaques. 

In summary, given its efficacy and safety, the 33i compound seams a good 

pharmacological strategy for AD. Its proven efficacy in two AD mouse models, summed 

up to its lack of in vitro mutagenicity or genotoxicity makes this molecule a promising 

safe epigenetic pharmacological drug.   
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