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Abstract SIRT1 induces cell survival and has shown neuro-
protection against amyloid and tau pathologies in Alzheimer’s
disease (AD). However, protective effects against memory
loss or the enhancement of cognitive functions have not yet
been proven. We aimed to investigate the benefits induced by
SIRT1 overexpression in the hippocampus of the AD mouse
model 3xTg-AD and in control non-transgenic mice. A
lentiviral vector encoding mouse SIRT1 or GFP, selectively
transducing neurons, was injected into the dorsal CA1 hippo-
campal area of 4-month-old mice. Six-month overexpression
of SIRT1 fully preserved learning and memory in 10-month-
old 3xTg-AD mice. Remarkably, SIRT1 also induced cogni-
tive enhancement in healthy non-transgenic mice. Neuron cul-
tures of 3xTg-AD mice, which show traits of AD-like pathol-
ogy, and neuron cultures from non-transgenic mice were also
transduced with lentiviral vectors to analyze beneficial SIRT1
mechanisms. We uncovered novel pathways of SIRT1 neuro-
protection through enhancement of cell proteostatic
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mechanisms and activation of neurotrophic factors not previ-
ously reported such as GDNF, present in both AD-like and
healthy neurons. Therefore, SIRT1 may increase neuron func-
tion and resilience against AD.

Keywords SIRT1 -3xTg-AD mice - Cognitive
enhancement - Proteasome - Insulin-degrading enzyme
(IDE) - Glial cell line-derived neurotrophic factor (GDNF)

Introduction

The progressive gain of human life expectancy has led to an
increase of the incidence of age-related neurodegenerative
diseases [1]. In 2015, 46.8 million people worldwide were
living with dementia and this number is estimated to increase
to 131.5 million by 2050 [2]. Alzheimer’s disease (AD) is the
most common cause of dementia in older adults, becoming an
obstacle to healthy aging.

AD is characterized by brain depositions of amyloid-[3
(Ap) and tangles of hyperphosphorylated tau (p-tau), leading
to synapse dysfunction, dementia, and death [3]. The amyloid
precursor protein (APP) is cleaved by «-secretase to yield the
neurotrophic and -protective APP« fragment, while the accu-
mulation of amyloid deposits results from the sequential APP
cleavage by 3- and y-secretases [4]. Hyperphosphorylation of
tau reduces the binding to the microtubules, which become
unstable, disintegrate, and form neurofibrillary tangles [5].

Many efforts are being invested in finding an effective
therapy against AD [6]. Recent research has identified the
anti-aging pathway mediated by the NAD*-dependent
deacetylase sirtuin 1 (SIRT1) [7], a member of the sirtuin
family of epigenetic regulators [8]. SIRT1 has been proposed
to induce protective effects against AD brain pathology
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through regulating the acetylation homeostasis of key proteins
[9-11]. Specifically, SIRT1 deacetylates the retinoic acid re-
ceptor 3 (RAR[}), a transcriptional activator of the oc-secretase
enzyme disintegrin and metalloproteinase 10 (ADAM10),
resulting in the reduction of A3 production [12, 13]. SIRT1
can also prevent tau tangle formation, reducing tau acetyla-
tion, thereby allowing its degradation [14]. SIRT1 is highly
expressed in neurons of the hippocampus, an important region
for learning and memory that is vulnerable to AD [15]. The
deficiency of SIRT1 causes cognitive impairment, as shown in
brain-specific SIRT1 knockout mice [16]. SIRT1 expression is
decreased in the affected brain regions of patients with AD
[17, 18]. Decreased expression [19] and lower protein levels
of SIRT1 [20-22] have also been found in the hippocampus of
the 3xTg-AD mouse model of AD.

Both AD models and old animals can respond to therapies
by upregulating SIRT1 expression in the hippocampus, as
shown by a neuroprotective treatment of physical exercise in
3xTg-AD mice [21] and calorie restriction in aged rats [23].
Furthermore, injection of SIRT1 lentivirus in the hippocam-
pus of p25 transgenic mouse model of AD and tauopathies
conferred significant neuroprotection [24]. SIRT1 overexpres-
sion in primary neuron cultures from Tg2576 AD mouse in-
duced a reduction of A3 secretion [25]. Regarding anti-aging
effects, SIRT1 overexpression in mice improves healthy aging
[26] and survival [27].

There is a functional decline of protein clearance mecha-
nisms with aging, which contributes to the accumulation of
aberrant proteins in age-related diseases [28]. SIRT1 is in-
volved in maintaining protein quality control [29], although
an effect of SIRT1 on UPS activation has not been reported to
date. Clearance of aberrant proteins, including both A3 and p-
tau, is performed by the ubiquitin-proteasome system (UPS)
[30], although a proteasome-independent proteolysis of A3
through insulin-degrading enzyme (IDE) has also been de-
scribed [31]. The contribution of further enzymes catabolizing
A and its relevance in AD is not fully clarified [32].

Furthermore, SIRT1 overexpression in cultured neurons
enhances neurite outgrowth, dendritic arbor complexity, den-
dritic spine density, and survival [33-35]. Plasticity effects of
SIRT1 may be mediated through the neurotrophic factor
BDNF. Two mechanisms have been proposed for SIRTI1-
mediated BDNF enhancement: either deacetylation of
CREB-regulated transcription coactivator 1 (TORC1) [36] or
inhibition of miR-134 [37].

The previously referred studies pointed to SIRTI as a
promising new tool in the fight against AD. It remained to
be proven if the SIRT1 beneficial effects against AD patholo-
gy were able to rescue from cognitive loss in AD mouse
models. Common anti-aging and -AD mechanisms of SIRT1
may include enhancement of cell proteostasis and neurotroph-
ic pathways. In this study, we aimed to analyze the pro-
cognitive effects of SIRT1 in the hippocampus of 3xTg-AD

mice and the underlying neuroprotective mechanisms with
emphasis in proteolysis and neurotrophism-mediated plastici-
ty. For this purpose, we transduced the hippocampal neurons
in vivo of 3xTg-AD mice and their control non-transgenic
(NoTg) strain with lentiviral vectors bearing the mouse
SIRT1 gene. After 6 months of gene overexpression, animals
were fully analyzed for cognitive and neuronal changes.
Neuron cultures of both mouse strains were transduced and
analyzed in parallel. Our results demonstrated that overexpres-
sion of SIRT1 in the hippocampus of 3xTg-AD mice induced
complete protection against memory loss and brain pathology.
Novel pathways of neuroprotection through proteostasis and
neurotrophism were explored, adding more effector mecha-
nisms to this pleiotropic molecule. Furthermore, we showed
for the first time that SIRT1 induced memory enhancement in
healthy non-transgenic mice.

Material and Methods
Lentiviral Vectors

Recombinant lentiviral vectors encoding mouse SIRT1
protein were constructed for the neuron transduction. For
in vivo injection into the hippocampus, the combination
of the VSV-G (vesicular stomatitis virus G glycoprotein)
pseudotype with the human PGK (phosphoglycerate ki-
nase 1 promoter) allowed neuron specificity and efficient
transgene expression. Vectors used for neuronal transduc-
tion in vitro were pseudotyped with VSV-G, and its gene
expression was under control of the human CMV (cyto-
megalovirus immediate early promoter). Vectors encoding
the humanized recombinant green fluorescent protein II
(GFP) instead of SIRT1 were utilized as control vectors.
Details of the obtaining and handling of the viral stocks
are described elsewhere [38]. The viral titers were obtain-
ed by ELISA of the p24 capsid protein (HIV-1 p24
Antigen ELISA; Zeptometrix) and also by employing
real-time quantitative PCR (qPCR)-based method previ-
ously described [39].

Animals

Male 3xTg-AD mice and control NoTg mice with the same
genetic background hybrid 129 x C57BL/6 were used in this
study. This AD mouse model expresses familial mutations of
the amyloid precursor protein (APPg,,.) and Presenilin 1
(PSTmi46v), and a tau gene mutation (Taupsgqr) [40]. 3xTg-
AD mice mimic many of the critical hallmarks of AD includ-
ing A3 and tau pathologies, impaired learning and memory,
presence of behavioral and psychological symptoms of de-
mentia (BPSD)-like, and oxidative stress [41, 42].
Genotypes were confirmed by PCR analysis of DNA obtained
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from tail biopsies. Mice were bred at the University of
Barcelona Animal House (UB, Barcelona, Spain). At4 months
of age, mice were assigned to SIRT1 treatment by gene over-
expression or control treatment by GFP gene expression. The
experimental groups were as follows: NoTg-GFP (n = 8),
NoTg-SIRT1 (n = 9), 3xTg-GFP (n = 9), and 3xTg-SIRT1
(n = 10). Animals were individually housed in cages with
filters, complying with level 2 safety requirements and under
standard laboratory conditions of food and water ad libitum,
22 +2 °C, and 12 h:12 h light-dark cycle. Animal handling
and procedures were approved by the local Animal Ethics
Committee (Ref: DAAM 5981, CEEA, UB), in accordance
with the Spanish legislation and the European Union Directive
2010/63/EU for animal experiments.

Hippocampal Surgery and Gene Transduction

Mice were anesthetized with 10 mg/kg xylazine (Rompun
2 %, Bayer) intraperitoneally (i.p.) and 80 mg/kg ketamine
(Ketolar 50 mg/mL, Pfizer) i.p. and placed in a stereotactic
apparatus (David Kopf Instruments). Bilateral infusions of
lentiviral vectors were performed into the dorsal CA1 hippo-
campal area, a brain region critically involved in cognitive
processes. Stereotactic injections were performed at a rate of
0.5 puL/min at relative Bregma coordinates of —2.0-mm
anteroposterior, =1.2-mm mediolateral, and —1.5-mm dorso-
ventral. Coordinates were selected in preliminary studies with
Fast Green colorant injection. One microliter per side of
SIRT1 vector solution, containing 3.2 x 10® genomes/uL,
was delivered to the application point with a 25-gauge stain-
less steel cannula (Small Parts, Inc.) connected to a Hamilton
syringe through a Teflon tube. Control animals transduced
with GFP received 1-pL injections of 6.6 x 10® genomes/uL
solution. The syringe was attached to a micro-infusion pump
(Bioanalytical Systems, Inc.). The cannula was left in position
for 10 min after delivery to prevent the solution from back-
ward surging. The incision was sutured, and the mice were
allowed to recover from anesthesia on a thermal pad and
placed back into their cages. Long-term gene expression was
monitored at termination by qPCR, and specific neuron trans-
duction was monitored by immunohistochemistry, as de-
scribed later.

Behavioral and Cognitive Tests

Animals were tested for behavior and cognitive improvement
at 6 months of the hippocampal injection, at 10 months of age.
Selected BPSD-like symptoms were analyzed as previously
described [42]. Briefly, the Corner test was utilized to assess
neophobia to a new home cage during 30 s. The Open field
test was used to evaluate vertical and horizontal locomotor
activity and general behavior in a white chamber during
5 min. The Novel object recognition (NOR) test was
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employed to evaluate recognition memory and based on the
spontaneous tendency of rodents to spend more time explor-
ing a novel object than a familiar one. Animals were placed in
the middle of a black maze with two arms angled 90°, each
measuring 25 cm x 5 cm. The 15-cm high walls could be lifted
off for easy cleaning. The objects to be discriminated were
made of wood (objects A, B, and C were 6.2, 4.75, and
5 cm high, respectively, and distinctly colored). After 2 previ-
ous days of habituation, the animals were submitted to 10-min
acquisition trial in the presence of two identical novel objects
(A + A’) placed at the end of each arm. A 10-min retention trial
occurred 2 h later, replacing the object A by object B. Another
10-min retention trial occurred 24 h later, replacing object A
by object C. Object exploration was defined as the orientation
of the nose to the object at a distance of less than 2 cm.
Exploration times were recorded and used to calculate a dis-
crimination index [novel (t) — familiar (t)] / [total time (t) at
novel + familiar]. The Morris water maze (MWM) test was
employed to evaluate the spatial learning and memory,
consisting of 1 day of cue learning, 6 days of acquisition of
learning for spatial reference memory, and 1 last day of mem-
ory retrieval through the removal of the platform. Mice were
trained to locate a hidden platform (10 cm diameter, located
20 cm from the wall, and 0.5 cm below the water surface) in a
circular tank (100 cm diameter, 40 cm height, 25 °C opaque
water, surrounded by black curtains) by relying on distinctive
landmarks as visual cues (four trial sessions of 60 s per day).
On day 7, after one trial of place learning, the platform was
removed and the mice performed a probe trial of 60 s to test
the retention of learning. A computerized tracking system
(SMART, Panlab S.A., Barcelona, Spain) was used to mea-
sure the distances and quadrants covered.

Brain Samples and Histology

After completion of the behavioral and cognitive tests,
three animals per group were processed for brain histolog-
ic analysis. The remaining animals (5—7 mice per group)
were decapitated and the hippocampus were dissected and
stored at —80 °C for further analysis. For brain histology,
mice were anesthetized as described previously for hippo-
campal injection of vectors. Animals were transcardially
perfused through a ventricular catheter with 100 mM
phosphate buffer pH 7.4, containing 0.1 mg/mL heparin
(Mayne Pharma) followed by 4 % paraformaldehyde in
phosphate buffer. Brains were removed, post-fixed over-
night in cold paraformaldehyde solution, and then rinsed
with cold phosphate buffer. Brains were cryopreserved in
successive 20 and 30 % sucrose solutions and frozen on
dry ice. Fixed mouse brains were processed for immuno-
fluorescence by standard procedures. Coronal slices of
30 wm were stained with the following primary antibod-
ies: SIRT1, glial fibrillary acidic protein (GFAP), neuronal
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specific nuclear protein (NeuN), A3 clone 4G8, and p-tau
clone AT8. Secondary antibodies used were Alexa Fluor
488 and 546 species-specific conjugated (1:1000) (Life
Technologies). Primary antibody source and dilution are
listed in Supplementary Table 1. Cell nuclei were coun-
terstained with TO-PRO-3 iodide (1:1000) from
Molecular Probes. Images were obtained in a Leica TCS
SP2 confocal microscope.

Real-Time Quantitative PCR

Total RNA was isolated from the mouse hippocampus using
the mirVana™ RNA Isolation Kit (Applied Biosystems)
following the manufacturer’s instructions. RNA yield, pu-
rity, and quality were determined using a NanoDrop™
ND1000 spectrophotometer. RNA with 260/280 ratio of
>1.9 were selected. Random-primed cDNA synthesis was
performed using the High-Capacity cDNA Archive kit
(Applied Biosystems). Gene expression was measured in
an ABI Prism 7900HT qPCR system using TagMan FAM-
labeled specific probes (Applied Biosystems). Gene ex-
pression of ADAMI10, brain-derived neurotrophic factor
(BDNF), glial cell line-derived neurotrophic factor
(GDNF), SIRT1, tropomyosin receptor kinase B (TrkB),
and vascular endothelial growth factor A (VEGF-A) were
analyzed in the mouse hippocampus. Data were normalized
to TATA-binding protein (TBP) gene expression. A list of
primers utilized is presented in Supplementary Table 2.

Validation of 3xTg-AD In Vitro Model

There is controversy about the usefulness of neuron cultures
of transgenic AD mice for reproducing AD-like pathology. In
the 3xTg-AD mice, the human transgenes are expressed under
the transcriptional control of the Thy1.2 expression cassette
[40]. Expression and activity of Thyl.2-driven transgenes is
very low until postnatal days 6—12 [43]. In this regard, 3xTg-
AD cortical brain tissue from embryonic day 16 (E16) has
shown a threefold increase of both APP and tau expression
[44] as compared to a sixfold expression in adult mice [40].
However, cortical and hippocampal neuron cultures of 3xTg-
AD embryo mice have been shown useful for studying a range
of AD-related alterations such as those in calcium signaling
[44], neuron excitability [45], mitochondrial function [46],
and zinc ion homeostasis [47]. Furthermore, Vale et al. [48]
reported specific culture conditions leading to an accumula-
tion of A3 and p-tau in cortical neuron cultures of 3xTg-AD
embryos, as early as 8 days in vitro (DIV). These authors
proposed that primary 3xTg-AD neuron cultures constitute
an in vitro model that mimics AD-like pathology and can be
useful for studies of neuroprotection [49-51]. In the present
study, we used the cell culture protocol of the later authors and

confirmed the accumulation of A3 and p-tau and signs of
neurodegeneration at 11 DIV.

Neuron Cultures and Gene Transduction

Primary cortical neurons were prepared from E16-17 NoTg
and 3xTg-AD mice. Cerebral hemispheres including cortices
and hippocampi were dissected out in Krebs buffer, cut into
small dices, trypsinized, and mechanically triturated into a
single cell suspension. The cell suspension was centrifuged
and resuspended in Dulbecco’s modified Eagle’s medium
(Biochrom AG, Berlin, Germany) supplemented with
26.2 mM NaHCO3, 0.2 mM glutamine, 100 mU/L insulin
B, 7 uM p-aminobenzoic acid, 25 mM KCIl, and 10 % fetal
bovine serum (Gibco-BRL, Invitrogen, Paisley, UK). Plates
were precoated with 25 mg/L poly-D-lysine. Cells were seed-
ed for immunocytochemistry analysis at a density of
3 x 10° cells/em® in 24-well plates onto glass coverslips. A
density of 4 x 10° cells/cm? was used in 12-well plates for
Western blot analysis. Cultures were maintained at 37 °C in a
humidified incubator with 5 % CO,. Two days after plating,
2 uM of cytosine arabinoside was added to the culture medi-
um to prevent the proliferation of non-neuronal cells. At 4
DIV, vector solution containing 1.3 x 107 SIRT1 genomes/
uL or 2.5 x 10° GFP genomes/uL were added directly to
the culture medium. Neuron cultures were analyzed at 11
DIV, when amyloid and p-tau accumulation was manifested.
Neuron transduction was monitored by immunohistochemis-
try and Western blotting, as described below.

Immunocytochemistry

Neuron cultures grown onto glass coverslips were fixed with
4 % paraformaldehyde after 11 DIV. Cells were processed by
immunofluorescence with the following primary antibodies:
Ap clone 4G8, C-terminal fragment of APP (APP-CTF),
microtubule-associated protein 2 (MAP2), NeuN, postsynap-
tic density protein 95 (PSD95), SIRT1, p-tau clone ATS, and
tau clone HT7. Secondary antibodies used were Alexa Fluor
488 and 546 species-specific conjugated (1:1000) (Life
Technologies). Primary antibody source and dilution are listed
in Supplementary Table 1.

Western Blotting

Mature cultured neurons were homogenized in ice-cold RIPA
buffer supplemented with protease and phosphatase inhibi-
tors. Twenty micrograms of protein were analyzed for
Western blot analysis by standard procedures [21]. The fol-
lowing antibodies were employed for immunodetection:
ADAMI10, APP-CTF, BDNF, GDNF, heat shock protein 70
(Hsp70), IDE, MAP2, acetylated p53 (ac-p53), proteasome
20S core subunits, PSD95, SIRT1, acetylated tau (ac-tau), p-
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tau clone AT8, and ubiquitin. Secondary antibodies were
peroxidase-conjugated (1:2000) (GE Healthcare). Details of
primary antibodies used are presented in Supplementary
Table 1. The immunoreactive bands were detected by a
chemiluminiscence method and digitized. Optical density of
the studied proteins was normalized to that of actin, unless
otherwise stated. Protein levels were expressed relative to
the amount in the NoTg-GFP mouse group.

Statistical Analysis

Results are expressed as mean + SEM. Data were ana-
lyzed with ANOVA procedures. Two-way ANOVA was
followed by Bonferroni’s post hoc test for comparison of
groups where interaction between variables was present.
One-way ANOVA was followed by Bonferroni’s post hoc
test for group comparison. Statistical analyses were per-
formed using IBM SPSS Statistics v22.

Results
Expression of SIRT1 and GFP in CA1 Hippocampal Area

The injection of lentiviral vectors into the dorsal CA1 hippo-
campal area yielded a selective expression of the transduced
proteins in the pyramidal neurons of NoTg and 3xTg-AD mice.
Neurons transduced with lenti-SIRT1 showed intense immuno-
staining as compared with faint staining of the endogenous
SIRT1 levels (Fig. 1a). Recombinant SIRT1 was expressed in
neuronal nuclei (Fig. 1b) whereas GFP was expressed in the
whole neuron cell body (Fig. 1c). The neural nature of the
transduced cells was confirmed by the specific neuronal marker
NeuN (Fig. 1c) and the astrocyte GFAP staining (Fig. 1b).
Protein overexpression was restricted to the CA1 injected area
and it was not detected outside of the hippocampus. Analysis of
the whole hippocampus by RNA quantification revealed an
increase of SIRT1 gene expression in the 3xTg-SIRT1 group,
as expected (Fig. 1d) [ANOVA, F(2,14) = 28.62, p < 0.0001].

Expression of SIRT1 and GFP in Neuron Cultures

In order to further analyze the mechanisms involved in neuro-
protection, 3xTg-AD neuron cultures were also transduced to
overexpress SIRT1. Lenti-SIRT1 transduction confirmed the
expression of SIRT1 in the nuclei of the neurons in the same
manner as in vivo. The neuronal specificity of lenti-SIRT1 vec-
tor was demonstrated by the overlapping of SIRT1 and neuro-
nal marker NeuN (Fig. le). Western blot analysis showed that
SIRT1 protein is reduced in 3xTg-GFP compared with NoTg-
GFP neuron cultures and was greatly enhanced by SIRT1
lentiviral vector in NoTg-SIRT1 and 3xTg-SIRT1 neuron cul-
tures (Fig. 1f) [genotype, F(1,16) = 11.25, p = 0.0040;
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treatment, F(1,16) = 219.6, p < 0.0001, and interaction treat-
ment X genotype F(1,16) = 6.776, p = 0.0192]. SIRT1
deacetylase activity was confirmed through the decrease of
ac-p53 levels in 3xTg-SIRT1 (Fig. 1g). Interestingly, although
SIRT1 was similarly increased in the neuron cultures of both
strains, ac-p53 was only reduced in 3xTg-AD cultures, where it
was abnormally enhanced [genotype, F(1,20) = 22,72,
p = 0.0001; treatment, F(1,20) = 16.22, p = 0.0007, and inter-
action treatment x genotype F(1,20) = 11.28, p = 0.0031].

Beneficial Effects of SIRT1 Overexpression on BPSD-Like
Behavior

Six-month chronic SIRT1 overexpression induced a significant
protective effect against the AD-like pathology underlying
BPSD-like behavioral alterations (Fig. 2a—d). Behavior was nor-
malized in 10-month-old 3xTg-SIRT1 mice, and there was also
an enhancement of exploratory ambulation in both NoTg-SIRT1
and 3xTg-SIRT1 mice, whereas no unwanted effects were de-
tected in either of the two strains. In the Corner test, the latency
of initial vertical activity (rearing) was higher (Fig. 2a) and the
total number of rearings was lower (Fig. 2b) in 3xTg-GFP com-
pared with that in NoTg-GFP mice [latency of rearing: genotype,
F(1,23) = 11.53, p = 0.0025; treatment, F(1,23) = 15.42,
p = 0.0007, and interaction treatment X genotype
F(1,23) = 9.935, p = 0.0045; and total number of rearings: inter-
action treatment x genotype F(1,24) = 4.425, p = 0.0461].
Therefore, lenti-SIRT1 recovered the neophobia responses in
3xTg-SIRT1 mice to NoTg mouse levels. In the Open field test,
the latency of initial movement (freezing time) was higher
(Fig. 2¢) in 3xTg-GFP compared with that in NoTg-GFP mice
[interaction treatment x genotype F(1,28) = 4.201, p = 0.0499].
Therefore, lenti-SIRT1 reduced freezing time behavior in 3xTg-
SIRT1 mice to NoTg mouse levels. Lenti-SIRT1 also increased
total distance covered (Fig. 2d) in both NoTg-SIRT1 and 3xTg-
SIRT1 mice [treatment, F(1,22) = 5.221, p = 0.0323].

Beneficial Effects of SIRT1 Overexpression on Cognitive
Behavior

Six-month chronic SIRT1 overexpression induced a significant
protective effect against AD-like pathology involved in learn-
ing and memory capacities (Fig. 2e—i). Cognition was pre-
served in 10-month-old 3xTg-SIRT1 mice. Additionally, cog-
nitive enhancement effects were also induced in NoTg-SIRT 1
mice. In the NOR test, 3xTg-GFP mice exhibited a deficit of
recognition memory, while 3xTg-SIRT1 mice increased their
capacity to remember familial objects at 2 h (Fig. 2f) and at 24 h
(Fig. 2g). Two-way ANOVA demonstrated a significant effect
of SIRT1 overexpression at 2 and 24 h [F(1,21) = 6.072,
p =0.0224 and F(1,21) = 6.542, p = 0.0183, respectively] and
an effect of genotype at 24 h [F(1,21) = 8.574, p = 0.0080]. In
the MWM test, the distances covered to locate the platform
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Fig. 1 Expression of SIRT1 and GFP in the hippocampus and neuron
cultures. a—¢ Confocal images of NoTg mouse hippocampus transduced
with lentiviral vectors. a Endogenous (arrow) and transgene (arrowhead)
SIRT1 expression in the CA1 hippocampal area. b SIRT1 expression in
the nucleus of CA1 pyramidal. ¢ GFP expression in the whole neuronal
body demonstrated by the overlapping with the neuronal nuclei NeuN. d
Gene expression measured by RNA levels of SIRT1 in the hippocampus
tissue obtained by qPCR. e Confocal images of NoTg-SIRT1 neuron
cultures stained with SIRT1 and NeuN. GFAP and NeuN were shown

decreased over days of learning in NoTg-GFP and in NoTg-
SIRT1 mice [F(5,24) = 2.933, p = 0.0332 and F(5,30) = 3.099,
p = 0.0226, respectively], but the learning acquisition curves
did not decrease significantly in 3xTg-GFP mice (Fig. 2h).
Lenti-SIRT1 treatment reduced distances over learning days
in 3xTg-SIRT1 mice [F(5,36) = 6.909, p = 0.0001]. In learning
retrieval (Fig. 2i), both NoTg groups and the 3xTg-SIRT1
group covered a distance in the platform quadrant significantly
greater than the distance expected at random [one-sample # test
column statistics, at least p < 0.05], indicating good memory
response. This effect was not observed in 3xTg-GFP mice,
which swam at random in the pool, unaware of the former
position of the escape platform. ANOVA showed a general
effect of SIRT1 overexpression suggesting a better memory
response for both mouse strains [genotype, F(1,22) = 6.023,
p = 0.0225, and treatment, F(1,22) = 8.861, p = 0.0070]. No
differences in average swimming speed and total distance were
detected among groups [F(1,22) = 0.7141, p = 0.4072 and
F(1,22) =2.936, p = 0.1007, respectively].
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levels in neuron cultures of NoTg and 3xTg-AD mice. Optical density
of ac-p53 was normalized to that of total p53. Values are mean + SEM
(n=5-T7). Scale bars: a=200 um; b, ¢, e = 50 um. Statistical analysis: d
One-way ANOVA followed by Bonferroni’s, *p < 0.05, **p < 0.01, and
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followed by Bonferroni’s, ***p < 0.001 compared to NoTg mice,
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SIRT1-Induced Neuroprotective Effects
Against Amyloid-3 and Tau Pathology

We confirmed the protective effects of SIRT1 against AD-like
pathology in vivo. The presence of A3 and p-tau was highly
reduced in the 3xTg-AD hippocampal pyramidal neurons af-
ter SIRT1 overexpression, as demonstrated by immunostain-
ing (Supplementary Fig. la, b). Increased expression of
SIRT1 in the hippocampus was paralleled by an increased
gene expression of «-secretase ADAMI10 (Supplementary
Fig. 1¢) [F(2,14) = 18.97, p = 0,0001]. Neuron cultures ob-
tained from 3xTg-AD mice reproduced amyloid and tau pa-
thologies in vitro. We showed full neuroprotection against
these pathologies in SIRTI-transduced neurons.
Immunostaining of neuron cultures with both A(
(Fig. 3a) and APP-CTF (Fig. 3b) antibodies demonstrated
a decrease in A3 load within the 3xTg-SIRT1 as com-
pared with 3xTg-GFP group. Furthermore, analysis of im-
munoblotting from neuron culture protein extracts
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Fig.2 SIRT1 overexpression protects against cognitive loss in 3xTg-AD
and induces cognitive enhancement in NoTg mice. Latency of vertical
activity (a) and number of rearings (b) in the Corner test. Freezing time
(c) and total distance covered (d) in the Open field test. NOR test at time
0 h (e), 2 h (f), and 24 h (g). MWM test with the distances covered to
reach the platform (h) and the distance covered in the platform quadrant
after the platform removal (i). A dotted line in the removal test graph

confirmed the reduction of full length APP (Fig. 3c)
[treatment, F(1,16) = 6.674, p = 0.0200, and interaction
treatment x genotype F(1,16) = 6.907, p = 0.0183] and
APP-CTF (Fig. 3d) [genotype, F(1,16) = 8.363,
p = 0.0106; treatment, F(1,16) = 7.675, p = 0.0136, and
interaction treatment x genotype F(1,16) = 11.20,
p = 0.0041] in 3xTg-SIRT1 compared with 3xTg-GFP
neuron cultures.

Immunostaining of neuron cultures incubated with tau an-
tibodies demonstrated a decrease in p-tau (Fig. 3e) and total
tau (Fig. 3f) within the 3xTg-SIRT1 as compared with 3xTg-
GFP group. Analysis of immunoblotting from neuron cultures
also confirmed the reduction of p-tau (Fig. 3g) [genotype,
F(1,12) = 13.74, p = 0.0030; treatment, F(1,12) = 19.27,
p = 0.0009, and interaction treatment X genotype
F(1,12) = 13.26, p = 0.0034] and ac-tau (Fig. 3h) [genotype,
F(1,28) = 22.49, p < 0.0001; treatment, F(1,28) = 8.451,
p = 0.0071, and interaction treatment X genotype
F(1,28) = 5.061, p = 0.0325] in 3xTg-SIRT1 compared with
3xTg-GFP neuron cultures.
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indicates chance performance. Values are mean + SEM (n = 6-9).
Statistical analysis: a—¢ Two-way ANOVA followed by Bonferroni’s,
*p < 0.05 and ***p < 0.001 compared to NoTg mice; #p < 0.05 and
###p < 0.001 compared to GFP treatment; d—g, i Two-way ANOVA,
effect of genotype &p < 0.05 and &&p < 0.01, and treatment $p < 0.05
and $$p < 0.01; h One-way ANOVA followed by Bonferroni’s, *p < 0.05
and ***p < 0.001 P1 as compared with P6

SIRT1-Induced Neuroprotective Effects
Against Proteostatic Dysfunction

The functionality of UPS, the main cell system for aber-
rant protein disposal, was analyzed by determining the
levels of selected key proteins in the protein extract of
neuron cultures.

Immunoblotting analysis showed reduced expression of
ubiquitinated proteins and free ubiquitin (Fig. 4a), and protea-
some 20S core subunits (Fig. 4b) in 3xTg-GFP as compared
with those in NoTg-GFP neuron cultures. SIRT1 overexpres-
sion induced total recovery of the levels of UPS proteins an-
alyzed in 3xTg-SIRT1 cultures [F(2,24) = 8.527, p = 0.0016;
F(2,24) =6.287, p = 0.0064, and F(2,24) = 9.528, p = 0.0009,
respectively]. A different pattern was observed for the
Hsp70 heat shock protein, which showed higher expres-
sion in 3xTg-GFP than in NoTg-GFP and was further in-
creased in 3xTg-SIRT1 neurons (Fig. 4¢) [F(2,22) = 13.40,
p = 0.0002]. SIRT1 reversed the deficit of UPS of 3xTg-
AD neurons.
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Fig. 3 SIRT1 overexpression
reduces amyloid-3 and tau pa-
thology in neuron cultures of
3xTg-AD mice. Representative
confocal images of A3 (a), APP-
CTF (b), p-tau (e), and total tau (f)
load in neuron cultures of 3xTg-
AD mice. Amyloid and tau are
shown by red fluorescence; GFP
and SIRT1 were labeled with
green fluorescence. Western blot
analysis of full length APP (c),
APP-CTF (d), p-tau (g), and ac-
tau (h) protein levels in NoTg and
3xTg-AD neuron cultures. Scale
bars: a, b, e, f =50 um. Values
are mean £ SEM (n = 5-10).
Statistical analysis: Two-way
ANOVA followed by
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Furthermore, we analyzed protein levels of the
amyloid-metabolizing enzyme IDE and the «-secretase
ADAMI10. Lenti-SIRT1 treatment induced higher expres-
sion of enzymes IDE (Fig. 4d) and ADAMI10 (Fig. 4e) in
both NoTg-SIRT1 and 3xTg-SIRT1 neuron cultures [treat-
ment, F(1,28) = 36.30, p < 0.0001 and F(1,36) = 23.02,
p < 0.0001, respectively].

SIRT1-Induced Increase of Neurotrophism

SIRT1 overexpression increased neurotrophic pathways in
hippocampal tissue and neuron cultures. The analysis of

neurotrophic factors in the hippocampus of SIRT1-
transduced 3xTg-AD mice showed that the increase of
GDNF (Fig. 5a) [F(2,12) = 17.79, p = 0.0003] and
VEGF-A (Fig. 5b) [F(2,13) = 40.29, p < 0.0001] gene
expression was highly significant. Protein levels of
GDNF (Fig. 5c) were also highly increased in both
NoTg-SIRT1 and 3xTg-SIRT1 neuron cultures
[F(1,36) = 21.15, p < 0.0001].

Furthermore, we confirmed the enhancement of the neu-
rotrophic factor BDNF by SIRT1 in vivo and in vitro.
BDNF gene expression (Supplementary Fig. 1d) exhibited
an increase in the hippocampus of 3xTg-SIRT1 mice

@ Springer



5612 Mol Neurobiol (2017) 54:5604-5619
Fig. 4 SIRTI overexpression A NoTg 3xT B NoTg _ 3xTg
protects against UPS dysfunction GFP  GFP SIRT1 ﬂ:z- EFP SIRT1
in 3xTo-AD tur d L. o e Proteasome 20s
noxlg- neurofl C(;I S an Ubiquitinated Acti o
increases non-amyloidogenic proteins . — CtiN — — —
pathways. Western blot analysis 15-
of ubiquitinated proteins and o w2 ' *kk *
monomeric ubiquitin (a), three < % f 10 1
bands attributable to the Monomeric @ = 1.0- I
proteasome 20S core subunits (b), Ubiquitin - - . g %
Hsp70 (c¢), IDE (d), and @ s
ADAMIO (e) protein levels in ACHIN  c— — — K] é 0.5- —_
NoTg and 3xTg-AD neuron @ 15- OS_ -
cultures. Values are mean = SEM -GE) " ' dese % & 0.0
(n=5-9). Statistical analysis. a—c o r 11 1 ' Nc;Tg 3xng 3xTg
One-way ANOVA followed by Q.% 1.0 I GFP GFP SIRT1
Bonferroni’s, *p < 0.05, E ';g
Hok otk . T 2
»<0.01, and ***p <0.001;d, e S5
] NoTg 3xTg
— 0.5
Two-way ANOVA, effect of %- g I C GFP~ GFP SIRTI
treatment $$$p < 0.001 T8
-_E & HSpTO | — —
) 0.0 T T q
NoTg 3xTg 3xTg Actin (e
GFP GFP SIRT1 . ok
I 1
c 1.5 K *
S ) ——
£ g *% * 3 3
o ; I 1T 1 o c
8 ¢ 1.0 I D
L8 T ;;
QE) 2 0.5 g M
s &
52 0 . .
= o0 . . NoTg 3xTg 3xTg
NoTg 3xTg 3xTg GFP GFP SIRT1
GFP GFP SIRT1
D NoTg 3xT E NoT 3xT
GFP SIRT1 GFP SIRT1 GFP SIRT1 GFP SIRT1
IDE T == == ADAM10 = SF == ==
Actin w— — — — Actin "—— D = =
2.0+ O GFP 3- O GFP
& $$$ $$$ O SIRT1 o $-i-$$ @ SIRT1
2 1.5 - 0 2 $$9$
£ e 2 T
Q Q
E § 1.04 — - E §
; 2 § 14 —_= -
E 0.5 g
& &
0.0 0
NoTg 3xTg NoTg 3xTg

[F(2,13) = 3.764, p = 0.0513], whereas the expression
levels of the TrkB neurotrophin receptor were unchanged
(Supplementary Fig. 1e). Protein levels of BDNF (Fig. 5d)
were increased in both NoTg-SIRT1 and 3xTg-SIRT1 neu-
ron cultures [treatment, F(1,28) = 5.084, p = 0.0322].

SIRT1-Induced Increase of Neuron Plasticity

To evaluate the effects of SIRT1 on neuroplasticity, syn-
aptic structures and neurite growth were analyzed in neu-
ron cultures by immunodetection of PSD95 and MAP2
antibodies, respectively.
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Lenti-SIRT1 increased synaptic marker density (Fig. 6a,
c¢) and neurite arborization (Fig. 6b, d) in both NoTg-
SIRT1 and 3xTg-SIRT1 neuron cultures in comparison
with the corresponding GFP-transduced cultures, as shown
by immunostaining images.

Immunoblotting showed that PSD95 protein levels were
lower in 3xTg-AD as compared with those in NoTg neuron
cultures (Fig. 6e) [genotype, F(1,28) = 10.06, p = 0.0037],
and SIRT1 overexpression induced an increase of protein
expression of the PSD95, and also of MAP2 (Fig. 6f) in
both NoTg and 3xTg-AD neurons [treatment,
F(1,28) = 21.19, p < 0.0001 and F(1,32) = 28.59,
p < 0.0001, respectively].
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Fig. 5 SIRT1 overexpression
increases neurotrophism in 3xTg-
AD mice hippocampus and in
3xTg-AD and NoTg neuron
cultures. Gene expression
measured by RNA levels of the
trophic factors GDNF (a) and
VEGF-A (b) in the hippocampus
tissue. Western blot analysis of
GDNF (c) and BDNF (d) protein
levels in NoTg and 3xTg-AD
neuron cultures. Values are

mean = SEM (n = 5-10).
Statistical analysis: a, b One-way
ANOVA followed by
Bonferroni’s, **p < 0.01 and
###p < 0.001 compared to the
indicated group; ¢, d Two-way
ANOVA, effect of treatment

$p < 0.05 and $$$p < 0.001

Fig. 6 SIRT1 overexpression
increases plasticity markers in
3xTg-AD and NoTg neuron
cultures. Representative confocal
images of PSD95 (a, ¢) and
MARP2 (b, d) labeled with red
fluorescence. GFP and SIRT1
were labeled with green
Sfluorescence. Western blot
analysis of PSD95 (e) and MAP2
(f) protein levels in NoTg and
3xTg-AD neuron cultures. Scale
bars: a, b, ¢, d = 50 um. Values
are mean + SEM (n = 8-9).
Statistical analysis: Two-way
ANOVA, effect of genotype
&&p < 0.01, and treatment
$$$p < 0.001
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Discussion

SIRT1 overexpression demonstrated an outstanding neuropro-
tective effect against cognitive loss in 3xTg-AD mice and also
cognitive enhancement in NoTg mice. Studies in hippocam-
pus and in neuron cultures of these mice showed activation of
proteolytic mechanisms (UPS and IDE) and enhancement of
neurotrophic factors (GDNF and VEGF-A) not previously
reported. Furthermore, the expected increase of ADAMI10
and BDNF expression and decrease of ac-tau by SIRT1 were
also reproduced in vivo and/or in vitro.

Locally transduced hippocampal neurons in 3xTg-AD
mice maintained SIRT1 overexpression throughout 6 months
of chronic treatment and until termination at an age of ad-
vanced AD-like pathology. The hippocampus is one area se-
lectively affected by AD neurodegeneration [15], and the im-
pairment of hippocampus circuitry greatly contributes to the
devastating effects of memory loss in the disease. 3xTg-AD
mice exhibited deficient learning and impaired retention in an
MWM spatial task, as previously reported [41, 42, 52]. This
task, which is primarily dependent on the dorsal hippocampus
[53], was totally protected by SIRT1 overexpression.
Furthermore, 3xTg-AD mice presented impairment of recog-
nition memory evaluated by the NOR test [54], a task involv-
ing the hippocampus and other undefined brain regions [55].
Recognition memory was also preserved by SIRT1 overex-
pression in 3xTg-AD mice. Benefits of SIRT1 beyond those in
the hippocampus were also proven by the reversal of the ab-
normal behaviors included to the BPSD phenotype linked
with AD. 3xTg-AD mice experience BPSD-like behaviors
[41] including neophobia and freezing behavior, which were
totally abolished by SIRT1. Remarkably, the improved re-
sponses in the MWM and NOR tasks and in open field ex-
ploratory activity were generally detected in both strains,
proving SIRT1 cognitive enhancement properties. This cogni-
tive enhancement of the reference strain of NoTg mice has not
been obtained in the NeSTO (Nestin-Cre x SIRTI57°F) trans-
genic mouse expressing SIRT1 in nerve brain cells [56] in
which no changes in long-term potentiation, associative learn-
ing, or spatial memory were found [16]. These authors also
reported increased baseline synaptic activity. These SIRT1
transgenic mice possess broader distribution of SIRT1 gene
expression in brain than that obtained with the present
lentiviral injection in the CA1 hippocampus. Besides, age or
unknown factors related to the genetic background may have
caused the differences obtained.

In the AD brain, the origin of the excess of A} is not
known although both increased generation and unbalanced
degradation are assumed [57]. SIRT1 gene overexpression
reduced APP and A3 peptides in mouse brain and in cul-
tured neurons of 3xTg-AD. Mice deficient in ADAMI10
[58] and IDE [59] enzymatic activities show increased ce-
rebral accumulation of endogenous Af. However, no

@ Springer

changes in the levels of these enzymes were present in
untreated 3xTg-AD, in agreement with previous reports
[60, 61]. We found enhancement of ADAMI10 by SIRT1
overexpression, thus indicating a shift to the non-
amyloidogenic pathway of APP processing. A parallel in-
crease in the expression of A3 metabolizing enzyme IDE
also contributed to the anti-amyloidogenic effect of SIRT1.
Remarkably, the expression of both ADAMI10 and IDE
enzymes was generally enhanced by SIRT1 overexpression
and would induce neuroprotection in NoTg mice against
any potential age-related increase of A3 accumulation.
Tau pathology is proposed to be triggered by amyloid
pathology in the AD brain [62]. In the mouse model uti-
lized here, there is a transgene encoding a tauopathy mu-
tation [40], therefore facilitating the appearance of p-tau.
Similar to the practical abolition of A3 accumulation by
SIRT1 overexpression, p-tau levels in 3xTg-AD neurons
were reduced to those of NoTg neurons by SIRT1 gene
overexpression. We found that the increase of p-tau levels
in the 3xTg-AD neuron cultures was paralleled by an
increase in ac-tau. Acetylation of lysine residues has been
reported as a novel modification in the brain tissue of
patients with AD and familial tauopathies [63, 14].
These authors proved that SIRTI directly deacetylates
tau and that mice with SIRT1 deletion undergo accumu-
lation of ac-tau in the brain. Accordingly, ac-tau levels in
3xTg-AD neuron cultures increased concomitantly with
the decrease of SIRT1. Interestingly, SIRT1 gene overex-
pression decreased the levels of both ac-tau and p-tau.
Lysine deacetylation allows polyubiquitination in these
residues of tau proteins and their subsequent degradation
by proteasome [64, 14]. Therefore, p-tau degradation and
clearance would be facilitated by its deacetylation through
SIRT1 enzymatic activity. We analyzed tau acetylation at
Lys 280 (K280); this and other Lys residue acetylation are
increasingly considered as critical deleterious changes in
AD [65]. Moreover, the sirtuin inhibitor nicotinamide has
been reported to decrease tau pathology in 3xTg-AD mice
through selective reduction of a specific p-tau species and
increase of microtubule stability [66], showing the in-
volvement of alternative neuroprotective pathways.
Functional proteasome degrades ubiquitin-tagged
misfolded or aggregated proteins. Neurons of 3xTg-AD mice
showed severely decreased levels of monomeric ubiquitin and
consequential decreased levels of ubiquitinated proteins.
There was an increase of Hsp70 levels in these neurons, prob-
ably as a compensatory mechanism. We found that SIRT1
induced a further increase of Hsp70, in agreement with a
SIRT1 regulation of Hsp70 through maintaining the
deacetylation state of heat shock factor 1 [67]. Chaperone
Hsp70 recruits the carboxyl-terminus of Hsp70-interacting
protein (CHIP) and enhances ligation between monomeric
ubiquitin and misfolded proteins including A3 and p-tau
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[68, 69]. Furthermore, SIRT1 overexpression induced an in-
crease of monomeric ubiquitin in 3xTg-AD neurons up to the
levels of NoTg neurons. SIRT1 overexpression normalized
ubiquitin conjugation and in addition normalized
ubiquitinated protein levels. Proteasome 20S core subunit
levels were decreased in 3xTg-AD neurons, indicating impair-
ment of the proteasome function. This is in agreement with the
previous results of decreased proteasomal enzymatic activities
in AD brains [70] and in hippocampal homogenates of 3xTg-
AD mice [71]. The latter authors proved that A3 oligomers
inhibit proteasomal activity and that proteasome inhibition
leads to the accumulation of A3 and tau. SIRT1 normalized
the levels of proteasome 20S core subunits and ubiquitinated
proteins in transduced 3xTg-AD neurons, suggesting a recov-
ery of UPS functionality. Benefits in proteostasis regulation
induced by SIRT1 enhancement of UPS have recently been
suggested in synucleinopathies [72].

SIRT1 knockout mice have shown defects in synaptic
plasticity [16]. We found that SIRT1 overexpression in-
duced gene expression of the neurotrophic factors BDNF,
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GDNF, and VEGF-A in the hippocampus tissue. BDNF is
highly expressed in the hippocampus and comprises a
crucial regulator of the synaptic plasticity mechanisms
involved in learning and memory [73]. BDNF levels are
reduced in the AD brain [74], and BDNF overexpression
has induced neuroprotection in experimental models of
AD [75]. GDNF has been proposed as a therapeutic agent
against Parkinson’s disease [76]. Additionally, we previ-
ously reported its potent neuroprotective effect against
hippocampus-related cognitive loss in 3xTg-AD mice
[77]. VEGF-A upregulation induces angiogenesis, a pro-
cess intimately linked with brain plasticity mechanisms.
Furthermore, VEGF-A was reported to protect against en-
dothelial damage by A3 and memory loss in a mouse
model of AD [78]. Analysis of BDNF and GDNF protein
levels in SIRT1-transduced neurons showed marked en-
hancement in cultures from both strains. Therefore, these
neurotrophic factors may contribute to the increase in
neurite outgrowth and synaptic structures demonstrated
by MAP2 and PSD95 immunodetection. These changes
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suggest an increase of synaptic plasticity induced by
SIRT1. SIRT1 regulation of GDNF is a novel finding in
which the mechanisms are not known. SIRT1 can increase
VEGF-A expression by deacetylation of peroxisome
proliferator-activated receptor-y la (PGClx), as de-
scribed in muscle cells after exercise [79].

SIRT1 may also activate other neuroprotective pathways in
addition to those analyzed here involving proteostatic and neu-
rotrophic mechanisms. For instance, SIRT1 is a negative regu-
lator of p53, since acetylation is an essential step in pS3 tumor-
suppression functions [80]. p53 was hyperacetylated in 3xTg-
AD. Remarkably, SIRT1 overexpression normalized the levels
of ac-p53 in 3xTg-AD neurons but did not lowered ac-p53 in
control neurons. Therefore, SIRT1 overexpression would pro-
mote p53-induced genomic stability in AD-like neurons with-
out increasing tumor risk in control neurons. Among other neu-
roprotective pathways modulated by SIRT1 deacetylation of
specific substrates, inflammatory and oxidative processes are
inhibited by deacetylation of nuclear factor kB, mitochondrial
biogenesis is activated by deacetylation of PGCl«, and regu-
lation of insulin signaling and cell survival are activated by
deacetylation of forkhead box O proteins [9-11].
Furthermore, the regulation of cell fate of neural stem cells
through SIRT1-mediated mechanisms [81] may also contribute
to neuroprotection against AD. Finally, SIRT1 mediates meta-
bolic adaptation to nutrient availability, and therefore SIRT1
activation may be crucial against metabolic alterations devel-
oped in neurodegenerative disorders [82].

SIRT1 is a valuable target for neuroprotection because it
may be modulated by diet and lifestyles. For instance, calorie
restriction [23, 83], physical exercise [21, 84], and resveratrol
[85, 86] activate SIRT1 pathways that contribute to halt and/or
reverse cellular aging and neurodegeneration. Although the
cognitive effects of SIRT1 activators in healthy humans have
not been clarified, the neurotrophic effects and the cognitive
enhancement induced by SIRT1 overexpression in mouse neu-
rons suggest that they may induce a general strengthening of
learning and memory processes. In this regard, some studies
reported cognitive improvement by physical exercise [87, 88],
calorie restriction [89], and resveratrol supplementation [90] in
humans. Furthermore, small-molecule SIRT1 activators, which
may be the basis for emerging pharmacological therapies, are
being actively developed [91, 92]. The results obtained here on
novel proteostatic and neurotrophic pathways induced by
SIRT1 warrant further investigation to better unveil the anti-
AD and pro-cognitive potential of SIRT1 activators.

Conclusions
SIRT1 overexpression led to complete protection against

memory loss in this transgenic mouse model of AD and to
cognitive enhancement in normal mice. Analysis of SIRT1-
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transduced hippocampal neurons and neurons cultured from
AD and normal mice leads to uncover novel SIRT1 mecha-
nisms: (i) activation of IDE that will reduce amyloid load, (ii)
enhancement of UPS that will lead to a reduction of aberrant
amyloid and tau proteins, and (iii) upregulation of trophic
factors GDNF and VEGF-A that will contribute to increased
plasticity and neuroprotection. Additionally, we confirmed
previously proposed neuroprotective mechanisms of SIRT1:
(1) activation of ADAMI0 that leads to an increase of the non-
amyloidogenic pathway of APP processing, (ii) tau
deacetylation that increases p-tau degradation, (iii) activation
of stress response pathways such as Hsp70, and (iv) increase
of the neurotrophic factor BDNF and neuron plasticity. A
schematic representation of the proposed mechanisms activat-
ed by SIRT1 overexpression in this study is depicted in Fig. 7.
Therefore, the dual effect of neural enhancement and protec-
tion against AD-like pathology converts the SIRT1 pathway
into a promising target for developing preventive or therapeu-
tic treatments against frailty and dementia.
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