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Abstract Ageing is a stochastic process associated with a
progressive decline in physiological functions which predis-
pose to the pathogenesis of several neurodegenerative dis-
eases. The intrinsic complexity of ageing remains a significant
challenge to understand the cause of this natural phenomenon.
At the molecular level, ageing is thought to be characterized
by the accumulation of chronic oxidative damage to lipids,
proteins and nucleic acids caused by free radicals. Increased
oxidative stress and misfolded protein formations, combined
with impaired compensatory mechanisms, may promote neu-
rodegenerative disorders with age. Nutritional modulation
through calorie restriction has been shown to be effective as
an anti-ageing factor, promoting longevity and protecting
against neurodegenerative pathology in yeast, nematodes
and murine models. Calorie restriction increases the intracel-
lular levels of the essential pyridine nucleotide, nicotinamide
adenine dinucleotide (NAD+), a co-substrate for the sirtuin 1
(Sirt1, silent mating-type information regulator 2 homolog 1)
activity and a cofactor for oxidative phosphorylation and ATP
synthesis. Promotion of intracellular NAD+ anabolism is spec-
ulated to induce neuroprotective effects against amyloid-β-
peptide (Aβ) toxicity in some models for Alzheimer’s disease
(AD). The NAD+-dependent histone deacetylase, Sirt1, has

been implicated in the ageing process. Sirt1 serves as a
deacetylase for numerous proteins involved in several cellular
pathways, including stress response and apoptosis, and plays a
protective role in neurodegenerative disorders, such as AD.
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Introduction

In the last decade, the accelerating ageing rate of the world,
together with a rapid decline in fertility rates and increased life
expectancy, has led to an increased ageing population [1]. The
intrinsic complexity of ageing remains a significant challenge
to understand the cause of the ageing process. At the molecular
level, ageing is thought to be characterized by a progressive
accumulation of molecular damage induced by free radicals
and reactive oxygen species (ROS), misfolded proteins and
accumulation of aberrant malfunctioning proteins and organ-
elles, which increases the risk of the onset of degenerative
processes, such as cardiovascular diseases, muscular dystrophy,
osteoporosis, arthritis, cancer, stroke and several neurological
disorders, such as Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD) and Huntington’s disease (HD) [2, 3]. The traditional
free radical theory of ageing hypothesizes that an increased
oxidative damage to macromolecules mediated by ROS can
lead to a decline in cellular functions [4].

Several compensatory mechanisms against oxidative stress
are constituted by NAD+-dependent reactions. Nicotinamide
adenine dinucleotide (NAD+) and its reduced form, NADH,
have enormous importance in cell biology and are generally
considered core components in redox reactions. NAD+ and
NADH are used during cellular respiration during the process
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of oxidative phosphorylation and ATP production. Therefore,
ATP synthesis and redox potential are directly proportional to
intracellular NAD+ concentrations. More recently, NAD+ has
been identified as a ubiquitous molecule which plays a critical
role in several biological processes, including cellular respi-
ration, DNA repair, transcriptional regulation, post-
translational protein modifications, signal transduction and
apoptosis [5]. Disruption of fusion results in mitochondrial
heterogeneity and dysfunction. Indeed, NAD+ is quite impor-
tant for a number of ADP-ribosylation reactions associated
with cell regulation and repair mechanisms, which are medi-
ated by CD38 [6]. Importantly, changes in NAD+ metabolism
have been associated with several pathologies, including neu-
rodegenerative diseases, cancer, cardiovascular disease and
normal ageing [7]. Moreover, we have previously shown that
NAD+ levels decline with age in ‘physiologically’ aged
Wistar rats [8] and in aged human pelvic skin tissue [7].
Therefore, promotion of cellular NAD+ anabolism is crucial
for maintaining longevity and neuroprotection against chronic
oxidative stress insult.

It is well established that damaged organelles and
misfolded or malfunctioning cellular proteins increase in dif-
ferentiated cells, such as neurons, where the functional char-
acteristics decline with age. The clearance of aberrant
malfunctioning cellular components by autophagy, or cellular
self-digestion, is a highly conserved intracellular process in
eukaryotes and is characterized by protein and organelle deg-
radation into double membrane vesicles which are delivered
to the lysosome/vacuole for breakdown and recycling of the
resulting macromolecules [9]. The gradual age-related decline
in autophagic activity could play a further role in the func-
tional deterioration of ageing organisms [10]. Moreover, re-
cent studies have evidenced that autophagy might be at the
basis of the anti-ageing mechanism observed under calorie
restriction, which mediates life extension in an NAD+-depen-
dent manner [11].

Calorie restriction (10–30 % less calorie intake than the
average diet) is the only intervention known to be able to slow
down several aspects of the ageing process in mammals,
including age-related mortality [12]. Nutritional modulation
through calorie restriction has been shown to be effective as an
anti-ageing intervention [13] and paves the way for the devel-
opment of new therapeutic strategies to treat age-dependent
neurological disorders that cannot, as yet, be cured once
initiated [14].

Sirtuins or silent mating-type information regulator 2 (Sir2)
proteins catalyze numerous activities including NAD+-depen-
dent protein deacetylation reaction, which couples lysine
deacetylation to NAD+ hydrolysis [15, 16] (Fig. 1). This
new class of enzymes is thought to function as nutrient sen-
sors, which mediate the beneficial effects of calorie restriction
and can extend lifespan in several organisms. Moreover, acti-
vators of sirtuins such as resveratrol, a naturally occurring

phytochemical present in grapes and red wine, and its endog-
enous substrate, NAD+, have been shown to promote dendrit-
ic branching and neuronal survival in aged neuronal popula-
tions (Fig. 2). Indeed, an extra copy of Sir2 gene is able to
extend replicative lifespan in yeasts and nematodes [17].
Seven Sir2 homologs (Sirt1 to 7) have been identified in
mammals, and several lifespan key components, such as the
peroxisome proliferator-activated receptor gamma co-
activator 1-alpha (PGC1-α), PPARγ, Ku70, histones, p300,
p53, FoxO, TAF 168, PCAF/MyoD, HIV tat, and NF-κB [15,
18, 19], are considered among its targets (Fig. 3). Although
sirtuins are widely expressed through the mammalian organ-
ism, they are also selectively localized at the subcellular level:
Sirt3, 4 and 5 are mitochondrial; Sirt1, 6 and 7 are mainly
nuclear, while Sirt2 is primarily cytosolic [20]. Among these,
Sirt3 has been proposed to regulate mitochondrial metabolism
and might be critical in sensing NAD+ levels in the mitochon-
dria, since increased NAD+ triggers a regulatory pathway that
activates Sirt3, leading to the deacetylation of specific targets
[21] (Fig. 3). Moreover, it has been demonstrated that Sirt3-
deficient mice exhibit protein hyper-acetylation [22] of the
metabolic enzyme glutamate dehydrogenase (GDH), suggest-
ing that Sirt3 has a critical role in metabolic control [23]. On
the other hand, Sirt1, which is commonly expressed in the
developing and in the adult mammalian brain [24], has been
implicated in various biological processes such as stress resis-
tance, reduced apoptosis and prevention of axonal degenera-
tion, among others [25, 26]. Sirt1 expression is decreased in
the brain in some senescence and neurodegenerative disease
models [27]. Moreover, Sirt1 activity is closely related to the
ratio NAD+/NADH, and as mentioned previously, NAD+

depletion is a major cause of genotoxic cellular damage
[28–33]. Taken together, selectively targeting Sirt1 might
represent a potential therapeutic target for the prevention and
neuroprotection against age-related neurodegenerative disor-
ders (Fig. 5).

Ageing and Oxidative Stress

The major cause of cellular damage and tissue decline during
ageing is due to the cytotoxic effects of ROS and free radicals,
formed because of external inducers of damage and as a
consequence of an impaired cellular metabolism involving
oxygen, redox-active metals and other metabolites, nutritional
glucose and spontaneous errors in biochemical processes and
reduced endogenous antioxidant defenses [4, 34, 35].
Oxidative stress refers to the imbalance between the cellular
productions of ROS and the antioxidant mechanisms that
remove them. The ROS, which are formed mainly in the
mitochondria by the membrane-bound enzyme complex
NADPH oxidase, xanthine oxidase and endoplasmic reticu-
lum P450 oxidase, during normal cellular metabolism, are
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Fig. 1 Sirtuin enzymatic activities. Sirtuins are NAD+-dependent his-
tone deacetylases which carry out several deacetylation and ADP-
ribosylation reactions. They have been related with critical lifespan
regulatory pathways, and recent studies suggest the modulation of
sirtuin activity as a promising target against several cellular lifespan-

related pathologies, such as cancer and neurodegenerative disorders.
Sirtuin activities are inhibited by nicotinamide. NAD+ nicotinamide
adenine dinucleotide, NMN nicotinamide mononucleotide, NMNAT nic-
otinamide mononucleotide adenyl transferase, NAMPT nicotinamide
phosphoribosyl transferase

Fig. 2 Sirt1 regulates neuronal lifespan. As critical lifespan regulator,
sirtuins could be modulated by several external stimuli, affecting the cell
behavior. Agonists, such as resveratrol, NAD+, and calorie restriction, or
inhibitors, such as nicotinamide, or fasting, signal through Sirt1 inducing the
activation of key metabolic/cell cycle effectors, such as PGC-1α
deacetylation, allowing direct regulation of the cell lifespan. In neurons, the

activation of Sirt1 is relatedwith increased dendritic expansion and improved
neuronal survival. The precisemechanism underlying howSirt1 deacetylates
PGC-1α in the brain remains unclear. Sirt1 activity can be inhibited by the
endogenous NAD+ precursor, nicotinamide. Other Sirt1 inhibitors have been
synthetically developed with greater Sirt1 affinity than nicotinamide. PGC-
1α peroxisome proliferator-activated receptor co-activator 1α
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considered the major contributors to the ageing-damaging
process [36].

The brain is the organ with the highest oxygen consump-
tion rate, and oxidative damage has long been considered to
play a primarily deleterious effect on neurons both during
normal ageing and in neurodegenerative disorders [37].
Transient production of ROS plays a role in synaptic signal-
ing, with ROS acting as secondary messenger molecules. In
particular, superoxide can serve as a cellular messenger in the
process of long-term potentiation (LTP) [38], a well-known
model for synaptic plasticity and learning. However, when

superoxide levels are increased, it provides a substrate for the
Haber Weiss reaction leading to the production of the highly
reactive hydroxyl radical which inflicts profound cellular de-
generation and cell death.

In the hippocampus, N-methyl-D-aspartate (NMDA) recep-
tor activation increases oxidative and nitrosative stress by
inducing free radical production and lipid peroxidation [39].
Consequently, the NMDA receptor-mediated components of
synaptic activity enhance the antioxidant defenses of neurons,
triggering several transcriptional events and stimulating enzy-
matic activity to detoxify peroxides and ROS [40]. Soluble

Fig. 3 Regulation of ROS by sirtuins during AD and ageing. ROS have
been linked with critical changes that verify in cells after highly de-
manding physiological/pathological challenges. Organelle damage as
well as modification of critical macromolecules, such as DNA, is often
described as the common result of the ROS accumulation within the
cells. Moreover, increased ROS levels have been also described as a
common feature of the ageing process and in several neurodegenerative
diseases, such as AD, PD and HD. There is a close link between Sirt1
and ROS, and the figure illustrates how oxidative DNA damage

regulates the activity of the nuclear sirtuin, Sirt1, and the mitochondrial
sirtuin, Sirt3. When Sirt1 and Sirt3 are activated, these sirtuins
deacetylate several proteins that regulate protection against oxidative
stress. ROS reactive oxygen species; Sirt1 sirtuin 1; PGC-1α peroxisome
proliferator-activated receptor gamma co-activator 1-alpha; NF-κB nu-
clear factor kappa-light-chain-enhancer of activated B cells; FOXO
forkhead box proteins; Sirt3 sirtuin 3; HIF1-α hypoxia-inducible factor
1-alpha; SOD2 superoxide dismutase 2, mitochondrial; IDH2 isocitrate
dehydrogenase 2
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Aβ oligomers, which are well-known neurotoxins [41, 42],
induce a prominent increase in ROS formation because of
abnormal overactivation of the NMDA receptor [43].
Moreover, in aged brains, there is a decrease in the expression
of the NR-1 subunit of the NMDA receptor subtype in the
hippocampus [44]. This downregulation, which leads to an
altered configuration of the NMDA receptor and enhances
glutamate excitotoxicity, might represent a potential mecha-
nism of the increased oxidative stress in neurons and might
contribute to the development and progression of neurodegen-
erative disease, such as AD.

Furthermore, the accumulation of macromolecular damage
has long been thought to underlie the ageing process at a
fundamental level. Several studies have suggested that DNA
damage is an important triggering factor for nuclear ageing, thus
providing additional support to the free radical theory of ageing
[45]. Although it could also be argued that chromatin structure
is directly affected during the ageing process through an as-yet-
not fully understood mechanism that leads to increased DNA
damage, and to a permanent modification that alters gene
expression patterns, several research groups have documented
the accumulation of oxidative DNA damage during the mam-
malian brain ageing [46, 47]. Once DNA damage has occurred,
it is the role of specific cellular repair systems to prevent its
accumulation and initiate the repair process. However, different
studies have shown that ageing is also associated with a general
reduction of DNA repair capacity [48], preventing the efficient
repair of single- or double-stranded DNA breaks.

Interestingly, a differential accumulation of oxidative-
related DNA lesions in different brain regions has also been
reported, suggesting that some areas of the brain are more
vulnerable to oxidative DNA modifications than others [49].
Moreover, Lu et al. [50] found that at the molecular level,
oxidative DNA damage accumulates preferentially in the pro-
moter regions of several genes involved in synaptic plasticity
(i.e., GluN1, NMDA receptor 2A, GABA receptor β3, sero-
tonin receptor, voltage-gated Na channel II β, voltage-
dependent calcium channel β2, neurexin 1, synaptobrevin,
synapsin IIb, γSNAP, αSNAP, RAB3A), vesicular transport
(RAB1A, RAB3A, RAB5A, RAB6A, kinesin 1B, sortilin 1,
dynein, dynamin 1-like, trans Golgi network protein 2,
phosphotidylinositol transfer proteinβ, clathrin light polypep-
tide) and mitochondrial proteins (ATP synthase, mitochondri-
al ribosomal protein L28 and S12, cytochrome c synthase and
translocase of inner mitochondrial membrane 17A), suggest-
ing a close relation between oxidative damage and memory
and cognitive decline because of an impaired synaptic func-
tionality. As well, certain types of neurons, as demonstrated in
the mouse brain, such as hippocampal, pyramidal and granule
cells, usually do not decrease in number during ageing, but
can accumulate nuclear DNA damage [51].

Several phytochemicals, such as resveratrol and quercetin,
have shown to be able to prevent the accumulation of ROS and

attenuate the depletion of cellular glutathione and to reduce the
oxidative DNA damage [52] and the apoptosis [53] of dopa-
minergic neurons exposed to oxidative stress. Apart from its
strong antioxidant potential, resveratrol has been previously
shown to rescue neurons from polyglutamine neurotoxicity in
Caenorhabditis elegans through a Sir2-dependent mechanism
[29]. These data raise the possibility that resveratrol might be
useful in brain protection and constitutes a novel candidate
drug for the development of neuroprotective therapies aimed
for the treatment and prevention of neurodegenerative disor-
ders. In fact, the identification and validation of a molecule
able to act against multiple age-related diseases would have a
major impact on global health and economics. On this regard,
the Sirt1 deacetylase has drawn considerable attention as a
target for drug design. Yet, controversy remains behind the
mechanism of sirtuin-activating compounds (STACs), and
further studies should be conducted in order to assess and
validate the potentialities of such drugs. Interestingly, specific
hydrophobic motifs found in Sirt1 substrates, such as peroxi-
some proliferator-activated receptor co-activator 1α (PGC-
1α) and FOXO3a, facilitate Sirt1 activation by the STACs
[54]. Moreover, a single Sirt1 amino acid, the Glu230, located
in a structured N-terminal domain, has been reported as critical
for the activation by currently known STACs. In fact, in
primary Sirt1 defective cells, the metabolic effects of STACs
were blocked, suggesting that Sirt1 can be directly activated
through an allosteric mechanism common to chemically di-
verse STACs [54].

Ageing and Autophagy

The term autophagy is used to illustrate the observations from
electron microscope studies, which showed novel single or
double membrane vesicles that contain parts of the cytoplasm,
including organelles, in different degrees of disintegration
[55]. The process of autophagy exists in yeast and can be
stimulated by different nutrients. Moreover, at least 16 sepa-
rate autophagy genes (Atg) have been identified and are
necessary for the formation of the autophagosome and the
subsequent induction of autophagy [56, 57]. There are several
types of autophagy, namely micro- and macroautophagy, as
well as chaperone-mediated autophagy (CMA). Both micro-
and macroautophagy have the capacity to engulf large struc-
tures through selective and non-selective mechanisms, where-
as CMA degrades only soluble proteins [10].

The autophagy regulation pathway in mammals is stimu-
lated by deprivation of insulin and other growth factors.When
present, these factors signal through tyrosine kinases-
receptors to activate the autophagy-inhibitory class I
phosphatidyl-inositol-3P kinase (PI3K) pathway and its
downstream kinases, including Akt and mTOR. In response
to low energy, reduced ATP levels and increased AMP levels,
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the activation of AMPK inhibits mTOR, thus activating au-
tophagy [10, 19, 58]. mTOR is an evolutionary conserved
serine/threonine protein kinase, associated with normal cellu-
lar physiology, such as cell growth, metabolism and autoph-
agy. mTOR exerts its functions mainly through two well-
recognized molecules: the p70 s6 kinase (p70S6K) and the
repressor protein of the eukaryotic initiation factor 4E (eIF4E)
known as e4EBP1 [59]. Upstream, mTOR integrates signals
from several signaling molecules, such as Akt and GSK-3
[60]. Among its main functions, protein translation and cell
sensor are often described as the key roles played by mTOR
[59, 61]. Indeed, mTOR deregulation has been described in
chronic-degenenerative disorders, such as cancer and diabetes
[33]. Moreover, increased mTOR activity is related to the
inhibition of autophagy, leading to impaired elimination of
dysfunctional organelles, adaptation to starvation and acceler-
ated ageing [62]. Recently, it has also been suggested that
mTOR plays a critical role in neurons, affecting synaptic
health, synaptic plasticity and dendritic arborization shape
[59, 63]. Additionally, Cunningham et al. showed that the
mitochondrial oxidative metabolism could be downregulated
through mTOR-mediated inhibition of the ying-yang 1
(YY1)-peroxisome proliferator-activated receptor co-
activator 1α (PGC-1α) complex, leading to reduced ROS
production [64].

Autophagy occurs at basal, constitutive levels, but experi-
ments conducted on hepatocytes from the liver of aged ani-
mals have shown that there is a decrease in autophagic vesicle
formation rate, as well as a decrease in autophagic vesicle
elimination in advanced ageing [65]. Studies have highlighted
the importance of basal autophagy in the intracellular quality
control processes. In normal cells with damaged mitochon-
dria, these are rapidly autophagocytosed and degraded, but in
ageing cells, this process occurs more slowly, increasing in-
tracellular ROS levels derived from damaged mitochondria
and decreasing the clearance of misfolded proteins originating
from the intracellular interaction of toxic compounds and
proteins [66]. The basal autophagy is particularly important
in tissues where the cells do not further divide after differen-
tiation, such as neurons. Indeed, the close relation between
autophagy and neurological diseases has emerged from sev-
eral studies of conditional knockout models for the atg7 or
atg5 genes that exhibit significantly accelerated development
of neuropathologies, usually restricted to older animals [67]. It
is important to notice that degenerative changes are most
prominent in cerebellar Purkinje cells, while inclusion bodies
of misfolded protein, that accumulate in the cytoplasm, are
most prominent in neurons of the thalamus, pons, medulla,
dorsal root ganglion, midbrain, cerebral cortex, hippocampus
(especially in the CA3 and CA4 regions), striatum and olfac-
tory bulb [68, 69].

It has been demonstrated that Sirt1 often plays a dual role in
regulating autophagy: by (1) directly controlling autophagy

[70] and (2) mediating cellular organelle biogenesis due to
crosstalk with complementary signaling pathways, such as
the mitochondria through the PGC1-α regulation axis [15,
71]. Particularly for the regulatory role of autophagy, the ab-
sence of Sirt1 inhibits autophagy in vivo; however, a transient
enhancement of Sirt1 activity is sufficient to activate autophagy
in cells even in the presence of nutrients [70]. Moreover, sirtuin
expression is downregulated by the insulin signaling cascade
suggesting an important link between calorie restriction/
lifespan and adaptation to starvation/autophagy [72].

In summary, autophagy-deficient cells have been shown to
accumulate insoluble misfolding proteins and malfunctioning
organelles more rapidly than autophagy-proficient cells, and
the activation of autophagy allows to alleviate the toxicity of
different aggregate-prone proteins [73]. However, how au-
tophagy can prevent neurodegeneration or the relationship
between autophagy and ageing is not completely understood;
nevertheless, the potential of autophagy as a therapeutic target
against neurodegenerative diseases is very promising.

Molecular Mechanism of Ageing and Neurodegeneration

Although it is has been demonstrated that the human brain
shrinks during ageing, as evidenced by both total and specific
region volume reduction [74–76], selective neuronal loss is a
well-recognized feature of neurodegenerative disorders, such
as AD. Healthy ‘physiological’ ageing does not exhibit a
critical decrease in neuronal numbers, at least not enough to
be related with the commonly reported age-related memory
and cognitive decline [75–78]. Moreover, recent studies have
suggested that these age-related impairments are closely relat-
ed to microstructural changes to neurons, which induce syn-
aptic modifications and the loss of dendritic arborization,
leading to poor neuronal circuitry performance, thus making
neurons more sensitive to neurotoxic insult [75, 76, 78].
Together with the age-related decrease in cellular antioxidant
capacity and the subsequent increase in oxidative stress status,
this might account for several physiological and molecular
changes registered during ageing and the modification of
several neurochemical markers, in particular those linked to
the synaptic function, which have been considered obvious
candidates for modulation of the age-related behavioral and
cognitive decline. Cholinergic and GABAergic systems ap-
pear moderately compromised in several brain regions and in
the spinal cord, and specific markers of these neurotransmit-
ters showed significant decreases ranging from 15 to 30 % in
aged rats. Moreover, the expression of the GluN1, GluN2A
andGluN2B subunits of the NMDA receptor also decreases in
the hippocampus of aged rats [44, 79, 80]. These changes, in
the composition of the NMDA receptor and in neurotransmit-
ters levels, are more profound in neurodegenerative diseases.
The precise mechanism of the age-related loss of the GluN1
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subunit remains unclear. However, these synaptic age-related
changes may be a consequence of increased oxidative stress,
decreased autophagy and/or accumulation of damaged cellu-
lar structures. The molecular and cellular basis of how calorie
restriction might ameliorate some of the cognitive deficits
associated with the ageing process warrants further investiga-
tion [81].

Mitochondrial Metabolism in Ageing
and Neurodegeneration

Neurodegenerative disorders are characterized by the progres-
sive loss of specific neuronal populations and impaired cog-
nitive and locomotor functions. The accumulation of mutant
proteins such as α-synuclein and mutant huntingtin (Htt) are
major pathological hallmark in PD and HD, respectively. A
large body of evidence suggests a central role of mitochondri-
al dysfunction in the pathophysiology of these chronic neuro-
degenerative disorders. Here, we discuss the role of mitochon-
drial dysfunction, mitochondrial bioenergetics, mitophagy,

mitochondrial fusion/fission and transcriptional dysregulation
in the pathogenesis of these neurodegenerative diseases.

The mitochondria are the principal energy source of the cell
that converts nutrients into energy through cellular respiration.
Compromised mitochondrial function has been described as a
critical factor for enhanced ROS production and could be
linked to numerous diseases, including those of the metabolic,
cardiovascular systems and neurodegenerative disorders.
Evidence suggests that mitochondrial biogenesis is regulated
at least in part by PGC-1α, a transcriptional co-activator of
peroxisome proliferator- activated receptor-γ (PPARγ), as
well as other transcription factors [82]. It was therefore of
considerable interest when it was shown that PGC-1α was in
fact a deacetylation target of Sirt1 and that acetylation regu-
lates PGC-1α activity [19, 83]. Recently, Sirt1 has been
shown to function together with PGC-1α to promote adapta-
tion to calorie restriction by regulating the genetic programs
for gluconeogenesis and glycolysis in the liver. Sirt1 physi-
cally interacts with and deacetylates PGC-1α at multiple
lysine sites, consequently increasing PGC-1α activity and
leading to the induction of liver gluconeogenesis-related gene
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Fig. 4 Sirt1 protects rat hippocampal neurons against Aβ challenge.
Aβ-derived neuronal damage is a well-recognized mechanism that
occurs during AD. Moreover, increased oxidative stress caused by
increased ROS levels is at the basis of Aβ neurotoxicity. Based on this
knowledge, several research groups have focused to assess whether
Sirt1 expression could lead to improved neuronal survival in the pres-
ence of Aβ. As indicated by different studies, the selected microphoto-
graphs show how Sirt1 overexpression not only leads to increased
neuronal survival, but also to the protection of several synaptic markers
related to the neuronal network functionality. Importantly, because neu-
ronal loss is not a common condition during normal ageing, the protec-
tion of neuronal functionality demonstrated by Sirt1 suggests that its
role goes further than the disease, being possible to consider it as a

support agent during normal ageing and during the treatment of some
neurodegenerative disorders. a Primary rat E18 hippocampal neurons
were transfected with Sirt1 (DIV 3); at day 14 post-transfection, neurons
were treated; representative images of the control neurons and
transfected with Sirt1 (green) challenged with Aβ oligomers, stained
against PSD-95 (red) and synapsin (blue) stain, are shown (upper row).
Neurons transfected with Sirt1 (green) and treated with Aβo are shown
(bottom row). b Graph shows the different experimental groups
analysed, control EGFP without treatment; neurons transfected with
EGFP treated with Aβo; neurons transfected with Sirt1 and challenged
with Aβo and neurons transfected with a dominant negative of Sirt1
challenged with Aβo, the pair of PSD-95/synapsin under control and
treated with Aβo for 12 h
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transcription [84]. Given the role of Sirt1 as a mediator of
calorie restriction and longevity, and the central role of reac-
tive oxygen species, which are mainly produced as a conse-
quence of mitochondrial dysfunction during the ageing pro-
cess, it is plausible that PGC-1α and Sirt1 functions converge
in tissues beyond the liver and in other catabolic tissues which
have a high level of mitochondrial activity, such as the muscle
and brown adipose tissue (BAT).Moreover, several mitochon-
drial fission-fusion proteins have been described under the
control of PGC-1α, such as DRP1, FIS1 and Mfn [85].
Interestingly, it has been suggested that consecutive mitochon-
drial fission-fusion cycles allow both the final degradation
and/or rescue through genetic material exchange of the defec-
tive organelles [86]. Since such a convergence could poten-
tially impact on metabolic diseases, we have addressed part of
our work not only in the context of the calorie restriction, but
under conditions of calorie excess using the specific Sirt1
activator, resveratrol [87].

Together, these studies suggest that mitochondrial biogen-
esis might be regulated by tissue energetic status and that
sirtuins represent important energy biosensors. Indeed, the
notion that PGC-1α acetylation and function and, by exten-
sion, the mitochondrial activity are regulated in a nutrient-
dependent fashion by Sirt1 seems quite possible [19].
Nonetheless, the concept that Sirt1 is in turn able to respond
to nutrient-sensitive changes in basal NAD+ levels has had
until recently received little experimental support [88].
Indeed, despite resveratrol shown to induce mitochondrial
biogenesis and to protect against metabolic decline, whether
Sirt1 mediates these benefits is still the subject of continuous
debate. In order to elucidate this relation, an inducible system
which permits whole-body deletion of Sirt1 in adult mice, to
circumvent the developmental defects of Sirt1 germline
knockout mice, was used by Price et al. (2012). In this study,
mice treated with a moderate dose of resveratrol showed
increased mitochondrial biogenesis and function, AMPK ac-
tivation and increased NAD+ levels in the skeletal muscle,
whereas adult-induced Sirt1 knockout mice displayed none of
these benefits. On the contrary, mice overexpressing Sirt1
mimicked these effects. Importantly, independent of resvera-
trol dosage, no improvements in mitochondrial function were
observed in animals lacking Sirt1. Together, these data indi-
cate that Sirt1 plays an essential role in resveratrol-induced
stimulation of AMPK and improvement of mitochondrial
function both in vitro and in vivo [89].

Alzheimer’s Disease (AD)

AD is a progressive age-related neurodegenerative disorder
characterized by the progressive loss of cholinergic neurons.
The two main pathological hallmarks of AD include the
extracellular amyloid plaques, formed by the aggregation of

the Aβ peptide derived from the proteolytic cleavage of the
amyloid precursor protein (APP) and the intra-neuronal neu-
ro f ib r i l l a ry t ang le s fo rmed by aggrega t ion o f
hyperphosphorylated tau [90]. Although the etiology of AD
remains unclear [91], recently, increased importance has been
granted to studies that attempt to identify the responsible
toxin(s) for synaptic dysfunction and neuronal loss in AD.
Several lines of evidence point to the involvement of mito-
chondrial dysfunction and oxidative stress as major factors in
the progression of the disease [92]. Soluble Aβ oligomers
have shown able to inhibit LTP, a paradigm in memory and
synaptic plasticity [93]. In fact, oligomers are able to bind to
the dendritic tree and are usually found at synaptic terminals,
leading to reduced PSD-95 protein level, a main component of
the post-synaptic densities which has a critical function in
forming synaptic plasticity [41, 93]. Additional observations
also suggest that deregulation of NMDA receptor, induced by
soluble Aβ peptide bound to neuronal synapses, may lead to
synaptic mitochondrial dysfunction and excessive ROS for-
mation [43], probably by enhancing the synaptic failure.

Calorie restriction increases the lifespan and decreases Aβ
deposition in transgenic animal for AD [94]. The induction
and activation by calorie restriction in the brain has been
linked to neuroprotection against AD neuropathology [95]
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and is involved in the axonal protection against degeneration
[26] and protection in models of neuronal damage based on
hyperphosphorylation of the tau protein [30].

In a mice model of neurodegeneration overexpressing
SOD1G37R and CDK5, Sirt1 appears upregulated, and this
may be in response to neurodegenerative conditions [30]. On
the other hand, a dramatic reduction of Sirt1 has been ob-
served in cell culture experiments under acute stress by neu-
rotoxins, in the same way to senescence mice models showing
a downregulation of Sirt1 protein expression [27]. This dif-
ferential regulation of Sirt1 protein levels in response to neu-
rotoxic conditions may represent a neuroprotective adaptative
response.

Sirt1 Regulates Dendritic Spines and Dendritic Branching
and Protects Hippocampal Neurons from Aβ Oligomers
Damage

Synapses have long been at the centre of neurobiology re-
search. Synapses are the main communication gateway be-
tween neurons and the primary connections underlying neural
circuits. Molecular interactions between the presynaptic and
postsynaptic components induce a chemical matching which
modulates the size and strength of synaptic signaling.
Moreover, dendritic spines play a major role in memory

acquisition and LTP [96]. The number, size and shape of
dendritic spines are critical parameters to determine neuronal
function and to provide the structural basis for synaptic plas-
ticity. Dendritic spines can be classified into three classes
which are as follows: mushroom spines—the diameter of the
head is much higher than the diameter of the neck; stubby
spines—the diameter of the neck is similar to that of the head;
and thin spines—the length is greater than the diameter and
the length is less than 3 μm [97]. Overexpression of sirtuins
has been shown to be sufficient to change dendritic morpho-
genesis and enhance dendritic arborization at early stages of
development, while the interference of the catalytic
deacetylase activity of Sirt1 leads to reduced number of den-
dritic branches. Indeed, it has been reported that Sirt1 regu-
lates dendritic development and increases dendritic arboriza-
tion in hippocampal neurons [28]. Brains of Sirt1 knockout
mice exhibit normal morphology and dendritic spine struc-
ture, but display a decrease in dendritic branching, branch
length and complexity of neuronal dendritic arborization
[98]. These results suggest that the catalytic activity of Sirt1
is able to modulate spine architecture. Furthermore, resvera-
trol, a modulator of the Sirt1 activity, mimics the effect on
dendritic arborization at early stages of development [98].
Similarly, NAD+, the Sirt1 co-substrate, has a protective effect
against damage from Aβ oligomers (see Fig. 4), an effect that

Fig. 6 Neuronal effects derived
from Sirt1 activation. The in vitro
activation of Sirt1 by either
NAD+ or resveratrol, or
overexpression of Sirt1, induces
several cellular mechanisms
which lead to increased neuronal
survival and protection of the
neuronal network, at least through
improved dendritic branching and
preventing neuron dystrophy. It
has been demonstrated that Sirt1
can significantly lower the levels
of oligomerized Aβ; however, the
precise molecular mechanisms
related to this and other effects are
still unknown
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has not been observed in neurons overexpressing a dominant
negative form of Sirt1 (Sirt1 DN). On the other hand, hippo-
campal neurons overexpressing Sirt1 are more resistant
against cytotoxic damage induced by Aβ oligomers [98].

The underlying pathways downstream of Sirt1 have been
assessed by several authors which have verified the contribu-
tion of the Jun-terminal kinase (JNK), a downstream target of
Rac [99]. Therefore, the Sirt1-mediated activity of resveratrol
in dendritic development involves the contribution of Rho
GTPases, specifically the ROCK pathway [100, 101]. In
addition to the effect of Sirt1 in normal dendrite development
andmaintenance of synapsis (Fig. 5), it has been proposed that
Sirt1 activity might play an important role also in the protec-
tion of several synaptic markers in different neurodegenera-
tive disorders (Fig. 4) [30, 94, 102].

Regarding neuronal survival, one proposed mechanism by
which Sirt1 might induce neuronal survival in AD is related to
the beneficial effects observed for resveratrol, which exerts
increased Sirt1 levels and promotes the proteasomal degrada-
tion of the Aβ peptide [103]. In hippocampal neuronal cul-
tures treated with Aβ oligomers at different concentrations,
the addition of either 20 μM of resveratrol or 2 mM of NAD+

induces an increase in neuronal viability (Fig. 5a) compared to
the treatment with cytotoxic concentrations of Aβ oligomers
alone. Additionally, neurons exposed to Aβ oligomers in the
presence of NAD+ showed a significant increase in Sirt1
protein expression. These findings further highlight another
NAD+-dependent mechanism that promotes resistance against
Aβ neurotoxicity (Fig. 5b). Another possible mechanism by
which Sirt1 induces neuronal survival in AD considers an
increased α-secretase activity and the insulin degradation
enzyme-IDE and warrants further investigation [95].

Conclusions

As the world’s ageing population continues to rise and age
appears to be a prominent risk factor in most neurodegenera-
tive diseases, novel therapeutic strategies which delay the
onset of age-related diseases are highly desirable. The age-
related molecular changes that occur in the brain are increased
in age-related neurological diseases. There are multiple con-
nections between neurodegenerative diseases, increased oxi-
dative stress, decreased autophagy, mitochondrial dysfunction
and the formation of misfolded proteins. The function of
sirtuins in neuronal protection has been investigated in several
models. Strong evidence suggests that sirtuins might be key
master controllers of important metabolic pathways. In partic-
ular, if Sirt1 activity is increased, neurons are likely to be less
vulnerable to neurotoxic damage, but if neurons are exposed
to neurotoxic stimuli, Sirt1 expression level increases as a
neuroprotective adaptative response. These two different
mechanisms highlight how Sirt1 has a neuroprotective

function in human neurodegenerative diseases (Fig. 6). The
sirtuin co-substrate NAD+ demonstrates neuroprotective prop-
erties similar to Sirt1-dependent pathway activation involving
calorie restriction. Mitochondrial dysfunction and changes to
the mitochondria represent additional pathological character-
istics of AD. Specifically, hippocampal neurons show a re-
duction in the number of mitochondrial enzyme activities
including dehydrogenase enzymes such pyruvate dehydroge-
nase and cyclooxygenase enzymes. Increased activity of
sirtuins can affect ROS production and increase resistance to
these damaging effects. Oxidative stress has been shown to
decrease Sirt1 expression in the rat hippocampus and cortex
[104]. Sirt1 overexpression prevents oxidative stress-induced
apoptosis and increases resistance to oxidative stress through
deacetylation of a number of different transcription factors.
The sirtuin family of enzymes, most importantly Sirt1, is
strongly influenced by calorie restriction, which refers to a
reduction in calorie intake without malnutrition, and is likely
to have a wide range of benefits in humans.
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