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Silent information regulator 1 (SIRT1) is a mammalian homolog of the nicotinamide
adenine dinucleotide (NAD)-dependent deacetylase sirtuin family. Sirtuin was originally
studied as the lifespan-extending gene, silent information regulator 2 (SIRT2) in budding
yeast. There are seven mammalian homologs of sirtuin (SIRT1–7), and SIRT1 is the
closest homolog to SIRT2. SIRT1 modulates various key targets via deacetylation.
In addition to histones, these targets include transcription factors, such as forkhead
box O (FOXO), Ku70, p53, NF-κB, PPAR-gamma co-activator 1-alpha (PGC-1α),
and peroxisome proliferator-activated receptor γ (PPARγ). SIRT1 has many biological
functions, including aging, cell survival, differentiation, and metabolism. Genetic and
physiological analyses in animal models have shown beneficial roles for SIRT1 in the
brain during both development and adulthood. Evidence from in vivo and in vitro
studies have revealed that SIRT1 regulates the cellular fate of neural progenitors, axon
elongation, dendritic branching, synaptic plasticity, and endocrine function. In addition to
its importance in physiological processes, SIRT1 has also been implicated in protection
of neurons from degeneration in models of neurological diseases, such as traumatic
brain injury and Alzheimer’s disease. In this review, we focus on the role of SIRT1 in the
neuroendocrine system and neurodegenerative diseases. We also discuss the potential
therapeutic implications of targeting the sirtuin pathway.

Keywords: sirtuin, SIRT1, central nervous system, axon degeneration, neuronal development

INTRODUCTION

The sirtuins are nicotinamide adenine dinucleotide (NAD)-dependent deacetylases, which are
widely conserved proteins from bacteria to humans. The sirtuin protein was originally identified
in Saccharomyces cerevisiae as silent information regulation 2 (SIRT2) (Klar et al., 1979; Rine et al.,
1979), which regulates the lifespan by inhibiting genomic instability via chromatin modification.
Sirtuins are categorized as class III histone deacetylases (HDACs). In mammals, seven sirtuin
homologs (SIRT1–7) are categorized into four classes based on their DNA sequence. Sirtuins are
typically composed of a conserved catalytic domain and variable N- and C-terminal domains.
For example, the human sirt1 gene is located on chromosome 10 and encodes a protein that
is composed of 746 amino acids, which comprises the NAD-binding catalytic core domain.
Sirtuins deacetylate histone lysine residues. This results in chromatin condensation, leading
to transcriptional repression (Figure 1). However, several sirtuins do not appear to show
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FIGURE 1 | Schematic images and biological activities of human sirtuins. Conserved catalytic domains, NAD binding regions, nuclear localization signals, and
nuclear export signals are shown in the schema.

deacetylase activity. Silent information regulator 1 (SIRT1),
SIRT2, SIRT3, and SIRT7 have NAD-dependent deacetylase
activity; whereas SIRT4, SIRT5, and SIRT6 have weak or no
detectable deacetylase activity. SIRT4 has adenosine diphosphate
(ADP)-ribosyl transferase activity. SIRT5 shows more activity
as an NAD-dependent demalonylase and desuccinylase than
as a deacetylase. SIRT6 has both NAD-dependent deacetylase
activity and ADP-ribosyl transferase activity (Haigis and Sinclair,
2010; Houtkooper et al., 2012). The crystal structure of the
catalytic domain of human SIRT1 was identified, and revealed
that SIRT1 activity is regulated by a C-terminal regulatory
segment (Davenport et al., 2014). Intrinsically, disorder in the
protein structure of SIRT1 might be related to its activity and
physiological functions in the CNS (Khan and Lewis, 2005;
Autiero et al., 2008; Sharma et al., 2012; Uversky, 2015).

Diversity in the subcellular localization of sirtuins can affect
their cellular functions. SIRT1 is predominantly localized in the
nucleus and deacetylates transcriptional factors, such as p53,
FOXO, and NF-κB. It has been reported that SIRT1 shuttles
into the cytoplasm during neuronal differentiation. SIRT2 is
detected in the cytosol and colocalizes with microtubules and
deacetylate α-tubulin. SIRT3, SIRT4, and SIRT5 are found in
the mitochondria. SIRT3 is cleaved by the mitochondrial matrix
processing peptidase (MPP) into a short form. The long form of
SIRT3 can also localize in the nucleus. SIRT6 is associated with
chromosome 19p13.3 in the nucleus. SIRT7 is a nuclear protein
and regulates RNA polymerase 1-mediated transcription (Ford
et al., 2006).

Silent information regulator 1, the most extensively studied
mammalian ortholog of sirtuin, is classified as a class 1 sirtuin.
Since the activity of SIRT1 depends on NAD+, the energy
status of the cell and nutrient deprivation, such as fasting and
caloric restriction, may affect its function (Rodgers et al., 2008).
Although there have been some controversial aspects, SIRT1
can be associated with lifespan extension in many organisms.
Accumulating studies suggest that SIRT1 plays vital roles in the
development of the central nervous system (CNS) and brain
functions. SIRT1 has been shown to mediate neuronal survival,
neurite outgrowth, fate determination of neural precursor cells,
and synaptic plasticity, through the deacetylation of target
molecules (Guarente, 2011; Imai and Guarente, 2014). Lack
of SIRT1 function impairs brain function, such as endocrine
function, cognitive function, learning, and memory formation
(Gao et al., 2010; Ramadori et al., 2010). Moreover, SIRT1 can
ameliorate neurodegeneration in in vivo and in vitro models
of Alzheimer’s disease, amyotrophic lateral sclerosis (ALS),
and Wallerian degeneration (Araki et al., 2004; Qin et al.,
2006b; Kim et al., 2007), suggesting that SIRT1 is important
for neuronal protection against neurotoxic insults. Thus, the
activation of SIRT1 may be a therapeutic target to overcome
neurodegeneration, and several synthetic SIRT1 activators are
attractive as putative drugs.

In this review, we summarize the role of sirtuins, especially
SIRT1, in the CNS under physiological and pathological
conditions. We also discuss the potential benefits of SIRT1
activators in the animal models of neurological diseases.
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DISTRIBUTION OF SIRT1 IN THE
CENTRAL NERVOUS SYSTEM

Silent information regulator 1 is ubiquitously expressed and
demonstrates high expression in the brain (Sakamoto et al.,
2004). SIRT1 is expressed in both neurons and glial cells (Chen
J. et al., 2005; Hisahara et al., 2008; Cheng et al., 2014).
Histological studies revealed that SIRT1 is prominently expressed
in the hippocampus and hypothalamus within the adult mouse
brain (Ramadori et al., 2008; Michan et al., 2010; Zakhary
et al., 2010). The highest SIRT1 expression is observed in
the early embryonic stage, and it gradually decreases during
development. The expression levels of sirtuins seem to be
affected by aging and pathological changes. SIRT1 deacetylation
activity is downregulated in the aged brain and in several
neurodegenerative models (Pallas et al., 2008; Quintas et al., 2012;
Tang, 2017). In contrast, calorie restriction (CR) induces SIRT1
expression in the brain, as well as fat, kidneys, and liver (Cohen
et al., 2004).

SIRT1 FUNCTIONS IN NEUROGENESIS

Silent information regulator 1 is known to regulate pluripotency
of embryonic stem cells and fate determination of neural
progenitors. Mice carrying null alleles for SIRT1 show impaired
embryogenesis (McBurney et al., 2003). The expression and/or
acetylation levels of key pluripotency factors, such as Nanog,
Oct-4, and Sox-2 are controlled by SIRT1 (Han et al., 2008;
Yoon et al., 2014; Zhang et al., 2014). Overexpression of
SIRT1 in neural tube of chick embryos decreases neurogenesis
(Ichi et al., 2011). SIRT1 increases hairy and enhancer of
split homolog-1 (Hes1) expression, which is important for
neural stem cell maintenance, and decreases neurogenin2
(Neurog2) expression, which is involved in the promotion of
neurogenesis. Treatment of nicotinamide, a SIRT1 inhibitor,
enhances the differentiation of neural stem cells (Hu et al., 2014).
Furthermore, nuclear translocation of SIRT1 regulates neuronal
differentiation (Hisahara et al., 2008). SIRT1 predominantly
shows cytoplasmic localization in neural precursor cells (NPCs),
whereas its expression is mostly observed in the nucleus in
differentiated NeuN-positive neurons. Nuclear SIRT1 interacts
with nuclear receptor corepressor N-CoR, and this complex
represses the transactivation of Hes1, leading to neuronal
differentiation. Inhibition of SIRT1 using the pharmacological
SIRT1 inhibitors (splitomicin or nicotinamide) or SIRT1-siRNA
lentivirus decreases Tuj1-positive neurite length and neuronal
differentiation both in culture and in the mouse brain after
in utero electroporation (Hisahara et al., 2008). Furthermore,
cytoplasmic SIRT1 promotes nerve growth factor (NGF)-induced
neurite outgrowth in PC12 cells (Sugino et al., 2010). These
observations suggest that subcellular localization of SIRT1 is
essential for neuronal differentiation.

Silent information regulator 1 also modulates neurogenesis
not only in the embryonic but also in adult rodent brain.
Neurons are produced throughout life mainly in the germinal
niches of the subventricular zone (SVZ) and dentate gyrus (DG)

in the hippocampus. Reduced adult neurogenesis is known to
be important for various brain functions, including learning
and memory (Deng et al., 2010; Cameron and Glover, 2015).
SIRT1 is expressed in proliferating cells in the SVZ and DG.
Lentiviral-mediated knockdown of SIRT1 increases neurogenesis
in the SVZ and hippocampus, whereas it does not affect
the proliferation of neural precursors (Saharan et al., 2013).
Genetic ablation of SIRT1 also promotes adult neurogenesis
and activation of SIRT1 signaling by lentiviral-mediated forced
expression or administration of resveratrol, which is known
as a stimulator of SIRT1 activity, inhibits differentiation of
adult neural precursors. These results suggest that SIRT1 is
a negative regulator of adult neural precursor differentiation.
However, other studies have demonstrated that stem cell-specific
knockout of SIRT1 increases the proliferation and self-renewal
rates of adult neural stem cells (Ma et al., 2014). Given these
results, SIRT1 is likely to have dual functions in regulating both
proliferation and differentiation of adult neural stem cells.

In addition, SIRT1 has been shown to enhance neurite and
axon length as well as dendrite branching in hippocampal
neurons. Upregulation of SIRT1 promotes axonogenesis and
axon elongation via Akt deacetylation, which leads to inhibition
of glycogen synthase kinase 3 (GSK3) activity (Li et al., 2013).
Knockdown of SIRT1 enhances mTOR signaling and impairs
neurite outgrowth and neuronal survival (Guo et al., 2011).
Overexpression of SIRT1 or treatment with the SIRT1 activator
resveratrol increases neuronal dendritic branching, possibly
mediated by Rho-kinase (ROCK) activity (Codocedo et al., 2012).
The tumor suppressor protein p53 is widely known to regulate
neuronal apoptosis in pathological and physiological conditions.
SIRT1 is a key regulator of p53 via deacetylation (Brooks and Gu,
2009; Revollo and Li, 2013). SIRT1 deacetylates p53 leading to the
reduction of p53 activity and protecting cells from DNA damage
(Luo et al., 2001; Vaziri et al., 2001). SIRT1 is associated with
the maternally imprinted gene necdin and reduces p53-induced
apoptosis in cortical neurons (Hasegawa and Yoshikawa, 2008).
Thus, SIRT1 plays an important role during CNS development.

SIRT1 FUNCTION IN THE
HYPOTHALAMUS

Since sirtuins are NAD-dependent enzymes, they can be
considered metabolic-sensor proteins (Coppari, 2012; Chang
and Guarente, 2014; Satoh and Imai, 2014). The hypothalamus
monitors endocrine responses and metabolic changes, which
regulate food intake, the synthesis and secretion of hormones,
and physiological rhythms. Hypothalamic nuclei, including
the arcuate nucleus (ARC), ventromedial hypothalamic
nucleus (VMH), paraventricular nucleus (PVN), and lateral
hypothalamic area (LH) are involved in controlling food
intake (Schwartz et al., 2000). There are two opposing types
of neurons in the ARC: anorexigenic pro-opiomelanocortin
(POMC) neurons, which secrete alpha-melanocyte stimulating
hormone (α-MSH) and cocaine and amphetamine-regulated
transcript peptide (CART); and orexigenic neuropeptide Y
(NPY)/agouti-related peptide (AgRP) neurons, which produce
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NPY, AgRP, and gamma-aminobutyric acid (GABA). α-MSH
secreted from POMC neurons activates melanocortin 3 and 4
receptors (MC3R and MC4R), promoting satiety. In contrast,
AgRP inhibits these receptors and counteracts the function
of α-MSH, thus promoting food intake (Dietrich et al., 2010;
Figure 2).

Silent information regulator 1 is expressed in several
hypothalamic nuclei, including anorexigenic POMC neurons
and orexigenic AgRP neurons in the ARC, and other nuclei
in the hypothalamus, such as LH and VMH. There have been
conflicting reports regarding SIRT1 expression changes affected
by fasting (Table 1). Compared to ad libitum feeding, fasting
increased the ubiquitination of SIRT1 and decreased SIRT1
expression in the hypothalamus (Sasaki et al., 2010). Conversely,
another study reported that fasting or diet restriction increased
SIRT1 protein levels in the dorsomedial hypothalamus and LH
(Satoh et al., 2010). Since SIRT1 expression changes (increased
or decreased) are different in each tissue, tissue-specific

FIGURE 2 | Neural circuits controlling food intake. Nutritional information is
integrated into ARC in the hypothalamus. In ARC, orexigenic neurons express
NPY, and AgRP, whereas anorexigenic neurons express POMC and CART.
SIRT1 is expressed in both AgRP neurons and POMC neurons in the ARC.
ARC, arcuate nucleus; PVN, paraventricular nucleus; LH, lateral hypothalamic
area; AgRP, agouti-related peptide; NPY, neuropeptide Y; POMC,
pro-opiomelanocortin; CART, cocaine- and amphetamine-related transcript;
3V, third ventricle.

analysis would be helpful. There are also varied findings
on the role of hypothalamic SIRT1 on feeding behavior.
Intracerebroventricular injection of Ex-527, a SIRT1 inhibitor, or
small interfering RNA (siRNA)-mediated knockdown of SIRT1 in
the ARC inhibits food intake due to the downregulation of AgRP
and upregulation of POMC (Cakir et al., 2009). Specific knockout
of SIRT1 in AgRP neurons decreases electrical responses of
AgRP neurons to ghrelin, a stomach-derived peptide, and
decreases ghrelin-induced feeding behavior (Dietrich et al.,
2010). In contrast, it has been demonstrated that whole-body
SIRT1 knockout mice are hyperphagic (Chen D. et al., 2005).
Although specific knockout of SIRT1 in POMC neurons does
not affect feeding behavior, mice lacking SIRT1 in POMC
neurons demonstrate hypersensitivity to diet-induced obesity
by reduced energy expenditure (Ramadori et al., 2010). In
mice, adenovirus-mediated forced expression of SIRT1 in the
mediobasal hypothalamus reduces food intake when compared
to GFP-expressing control mice (Sasaki and Kitamura, 2010;
Sasaki et al., 2010). Thus, SIRT1 is widely recognized as an
important factor that controls food intake. More specific studies
targeting individual neurons will reveal the detailed functions of
hypothalamic SIRT1.

Agouti-related peptide neurons also regulate adaptive
immune responses. Deletion of SIRT1 in AgRP neurons induces
a pro-inflammatory state, which is associated with a decrease
in regulatory T cell functions and consequent increase in
effector T cell activity, leading to increased autoimmune disease
susceptibility in mice (Matarese et al., 2013).

SIRT1 AND SIRT2 IN HIGHER-ORDER
BRAIN FUNCTIONS

Sirtuins, especially SIRT1 and SIRT2, also mediate higher-order
brain functions, such as learning, memory, and emotions
(Donmez and Outeiro, 2013; Herskovits and Guarente, 2014).
They regulate various neurological processes involving dendritic
arborization, synaptic plasticity, and adult neurogenesis, which
underlie these brain functions. Deletion of SIRT1 impairs
cognitive functions. SIRT1 null mice exhibit deficits in short- and
long-term associative memory and spatial learning (Michan
et al., 2010). In SIRT1 null mice, there is less dendritic branching
in the hippocampus, a key structure for learning and memory
(Michan et al., 2010). Further, genes associated with synaptic
function, membrane fusion, myelination, and amino acid
and lipid metabolism were altered. Another study reported
a direct role for SIRT1 in brain function (Gao et al., 2010).
Deletion of SIRT1 in nestin-positive neural progenitor cells
impaired memory and synaptic plasticity (Gao et al., 2010).
SIRT1 conditional knockout mice have decreased memory
performance in fear conditioning and novel object recognition
tasks. In these mice, there is reduced expression of brain-
derived neurotrophic factor (BDNF) and cAMP response
binding protein (CREB), which are critical for synaptic plasticity
and modulation of synapse formation, whereas microRNA
(miRNA)-134 expression was upregulated. In the normal
brain, SIRT1 cooperates with the transcriptional factor Yin
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TABLE 1 | The expression changes of SIRT1 in the hypothalamus.

The treatment that evoked the
response (fasting/CR, duration)

SIRT1 expression changes
(increase/decrease)

RNA or protein Location of
expression changes

Reference

Fasting in mice (Refeeding 24 h after
24 h starvation)

Increase Protein Liver Rodgers et al., 2005, Nature

Fasting in mice (24 h starvation) Increase Protein Brain, heart, muscle,
white adipose, kidney

Kanfi et al., 2008, FEBS Letters

Fasting in mice (Refeeding 3 h after
24 h starvation)

Increase Protein Hypothalamus Sasaki, 2010, Endocrinology

Fasting in mice (Refeeding 3 h after
24 h starvation)

Decrease Protein Cortex Sasaki, 2010, Endocrinology

CR in rats (Lifelong restriction, starting
immediately after weaning, with 60% of
daily food)

Increase Protein Brain, fat kidney, liver Cohen, 2004, Science

CR in mice (3–4 months old animals
were subjected to a 30% CR diet)

Increase Protein Cortex, hippocampus Chen et al., 2008, Exp Gerontology

CR in mice (3–4 months old animals
were subjected to a 30% CR diet)

Decrease Protein Cerebellum, midbrain Chen et al., 2008, Exp Gerontology

CR in mice (8–12 weeks old animals
were subjected to a 60% of daily food
for 14 days)

Increase Protein DMH, LH, SCN in the
hypothalamus

Satoh, 2010, J Neurosci.

Yang1 (YY1) and restricts the expression of miR-134 (Gao
et al., 2010). SIRT1 deletion induces miRNA-134 expression,
leading to the downregulation of BDNF and CREB, which
subsequently impairs synaptic plasticity. Intraventricular
injection of resveratrol, a natural compound that activates
SIRT1, facilitates memory formation and synaptic plasticity in
aged mice (Zhao et al., 2013). miR-124 and miR-134 expression
decreased, whereas BDNF and CREB expression increased in
resveratrol-treated mice. It has also been shown that miR-34c
negatively regulates SIRT1 expression. Increased expression of
miR-34c and decreased expression of SIRT1 were detected in
mice with age-associated memory impairment and APPPS-21
mice, which are a model of amyloid pathology linked to
Alzheimer’s disease (AD) (Yamakuchi et al., 2008; Zovoilis
et al., 2011). These results suggest the possibility that decreased
SIRT1 expression regulated by miRNAs may correlate with
memory impairment. Furthermore, dysregulation of SIRT1
mediates obesity-induced memory impairments. High fat
diet-induced obesity causes deficits in hippocampal-dependent
spatial memory, synaptic plasticity, and altered gene expression.
These effects were associated with decreased expression of
SIRT1 (Heyward et al., 2012). Neuron-specific knockout
of SIRT1 within the forebrain reversed obesity-induced
hippocampal-dependent spatial memory deficits (Heyward
et al., 2016). Meanwhile, another member of the HDAC family,
HDAC2, negatively regulates synaptic plasticity and memory
formation (Guan et al., 2009). Collectively, these findings suggest
that targeting HDACs may be a key factor for regulating synaptic
plasticity.

Silent information regulator 1 also modulates emotional
responses, possibly associated with adaptive ability in a
changing environment of food availability (Libert et al., 2011).
Brain-specific SIRT1-knockout mice have less anxiety-like
behaviors and more exploratory drive than their wild-type (WT)
littermates. SIRT1 activates monoamine oxidase A (MAO-A)

expression through the deacetylation of transcription factor
nescient helix-loop-helix 2 (NHLH2), leading to a decrease of
serotonin. MAO-A is the enzyme that degrades both serotonin
and noradrenaline and is associated with mood disorders. Indeed,
MAO inhibitors have been widely used for depression and
several anxiety disorders (Preskorn, 2006). SIRT1 polymorphism
frequencies were investigated in individuals with psychiatric
disorders and controls; both rare and common alleles were
associated with a higher risk of anxiety. Consistent with
these observations, the mutations found in these individuals
were linked to increased SIRT1 activity (Kishi et al., 2010;
Jansen et al., 2016; Luo and Zhang, 2016). A genome-wide
association study revealed that genetic variations near the
Sirt1 gene are significantly linked to major depressive disorder
(Converge consortium, 2015). Later studies demonstrated
decreased expression of SIRT1 in subjects with major depressive
disorder compared to controls (Jansen et al., 2016; Luo and
Zhang, 2016). An independent study of Japanese subjects
demonstrated a significant association between SIRT1 SNP
and major depressive disorders (Kishi et al., 2010). In a
mouse model of depression, SIRT1 expression was increased
in the nucleus accumbens (NAc), a brain region associated
with reward and motivation. SIRT1 induction in the NAc
promoted depression- and anxiety-like behaviors. Intra-NAc
bilateral infusion of the SIRT1 agonist resveratrol in mice with
viral-mediated overexpression of SIRT1 increased anxiety- and
depression-like behavior in the open field, elevated plus maze,
and forced swim tests. Intra-NAc infusion of the SIRT1
antagonist EX-527, or viral-mediated knockdown of SIRT1 in
the NAc reduced those behavioral effects. Hippocampal SIRT1
is associated with chronic stress-induced depressive behavior
(Abe-Higuchi et al., 2016). Chronic stress reduces SIRT1
expression in the hippocampus, and decreases dendrite length
and spine density. Depressive behaviors in the mice subjected
to chronic stress were reversed by viral-mediated overexpression
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of SIRT1 into the DG area of hippocampus (Abe-Higuchi et al.,
2016).

Furthermore, sirtuins control behavioral responses to cocaine
and morphine in the NAc. Addictive drugs, such as cocaine,
induce gene expression changes in the NAc, which affect
reward circuitry (Freeman et al., 2001; McClung and Nestler,
2003; Yao et al., 2004; Hyman et al., 2006). It is known
that increased acetylation of histone H3 or H4 causes
transcriptional activation, whereas increased methylation of
histone H3 at Lys9 causes transcriptional repression. Chromatin
immunoprecipitation (ChIP) analysis revealed that chronic
administration of cocaine increases or decreases histone
acetylation in the NAc at the gene promoters encoding the genes
known to show drug-induced upregulation or downregulation,
respectively (Kumar et al., 2005; Renthal et al., 2008). In a
subsequent study, genome-wide ChIP followed by promoter
microarray analysis (ChIP-chip) methods demonstrated that
SIRT1 and SIRT2 were the targets of increased histone H3
acetylation in the NAc after chronic cocaine administration.
Furthermore, the catalytic activity of these sirtuins was increased
in the NAc by chronic cocaine administration (Renthal et al.,
2009). Overexpression of SIRT1 or SIRT2 in the NAc using
adeno-associated viruses (AAV) promotes the rewarding effects
of both cocaine and morphine reward, while genetic deletion
of SIRT1 in the NAc decreases drug reward (Ferguson et al.,
2013).

Collectively, dysregulation of sirtuins are involved in diverse
phenomena associated with higher brain dysfunction, including

synaptic dysfunction, altered neurotransmitter secretion, and
genetic variations.

SIRTUINS AND NEURODEGENERATIVE
DISORDERS

Numerous studies have demonstrated that sirtuins mediate
a variety of neurodegenerative disorders (Gan and Mucke,
2008; Donmez, 2012; Herskovits and Guarente, 2014). Altered
sirtuin expression and/or activation might be associated with
disease development and progression (Table 2). Beneficial
effects of SIRT1 activation using genetic manipulation and
pharmacological treatment have been reported in various animal
models for neurodegenerative diseases (Table 3). In contrast,
inhibition of SIRT1 signaling has also been shown to exert
neuroprotective effects. Other sirtuins, especially SIRT2, are
reported to be involved in neurodegenerative disorders. Thus,
the sirtuin family shows diverse effects. The following sections
discuss the pleiotropic effects of sirtuins in neurodegenerative
disorders.

Wallerian Degeneration
There are numerous studies reporting the protective effects of
SIRT1 against axonal degenerative processes. In this section,
we introduce early studies, which suggest that activation of
the SIRT1 pathway possibly delayed Wallerian degeneration.
Wallerian degeneration is the anterograde degeneration

TABLE 2 | The expression changes of sirtuins in neurological diseases and animal models.

Sirtuins Sirtuin expression
changes

(increase/decrease)

RNA or protein Location of expression
changes

Human or
mouse

Disease or
animal model

Reference

SIRT2 Decrease Protein Cultured cerebellar granule
cells from Wlds mice

Mouse Wlds Suzuki and Koike, 2007

SIRT1 Decrease Protein Spinal cord Mouse SCI Chen, 2017

SIRT1 Increase Protein Injured-side cortex Mouse TBI Zhao, 2012

SIRT1 Increase Protein Cortex Rat SAH Zhang, 2016

SIRT1 Increase Protein Peri-infarct regions of
injured-side cortex

Mouse MCAO Hernandez-Jimenez, 2013

SIRT1 Increase Protein Acute and chronic active
lesion in MS brain CD4+,
CD68+, GFAP+,
oligodendrocytes

Human MS Tegla, 2013

SIRT1 Increase Protein GFAP+ cells in typical
inflammatory perivascular
cuffs in brain

Mouse EAE Prozorovski, 2008

SIRT1 Decrease Protein, mRNA Parietal cortex Human AD Julien, 2009

SIRT3 Decrease Protein Frontal cortex Human AD Lee, 2018

SIRT6 Decrease Protein Temporal cortex Human AD Kaluski. 2017

SIRT1 Increase Protein Forebrain Mouse AD Kim, 2007

SIRT1 Decrease Protein Frontal cortex Human PD Singh, 2017

SIRT1 (80 kDa) Increase Protein Temporal cortex Human PD Singh, 2017

SIRT1 Increase Protein Spinal cord SOD1G37R
mouse

ALS (severe
neurodegeneration)

Kim, 2007

SIRT3 Decrease mRNA Spinal cord, brain stem SOD1 G93A
mouse

ALS (end stage) Buck, 2017
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TABLE 3 | The role of SIRT1 in animal models of neurodegenerative diseases.

Manipulations of SIRT1 Effects on CNS Human or mouse Animal model Reference

Resveratrol Decreased axonal degeneration Mouse Wallerian degeneration (DRG
explant culture)

Araki et al., 2004

siRNA-mediated
knockdown of SIRT1 or
Sirtinol

Decreased NAD-dependent axonal
protection

Mouse Wallerian degeneration (DRG
explant culture)

Araki et al., 2004

SRT1720 Improved locomotor recovery,
decreased proinflammatory cytokine
expression, decreased accumulation of
macrophages/microglia

Mouse SCI Chen et al., 2017

Resveratrol Improved motor functional recovery,
decreased motor neuron loss

Rat SCI Zhao et al., 2017

siRNA-mediated
knockdown of SIRT1 or
SIRT1 inhibitor

Increased apoptosi in cultured cortical
neurons, increased ERK1/2 activation
after TBI

Mouse TBI (Primary cortical neuron
culture)

Zhao et al., 2012

Resveratrol Induced ischemic tolerance Mouse Transient MCAO Koronowski et al., 2017

Homozygous deletion of
SIRT1

Increased infarct volume Mouse Permanent MCAO Hernandez-Jimenez et al.,
2013; Liu et al., 2013

SIRT1 activator A3 Decreased infarct volume Mouse Permanent MCAO Hernandez-Jimenez et al.,
2013

Nicotinamide Decreased infarct volume Mouse Permanent MCAO Liu et al., 2009

Resveratrol Increased survival of retinal ganglion
cells

Mouse EAE induced by PLP
immunization of SJL/J mouse

Shindler et al., 2007

SIRT1-overexpressing
mouse (pCaMKIIα-tTA;
pTRE-SIRT1/mito/eYFP)

Decreased EAE clinical symptoms,
reduced demyelination and axonal
injury

Mouse EAE induced by MOG
immunization of C57BL/6
mouse

Nimmagadda et al., 2013

Virus-mediated expression
of SIRT1

Decreased Aβ peptide in primary
Tg2576 neurons

Mouse AD (Primary cortical neuron
culture of Tg2576 mouse)

Qin et al., 2006, JBC

Virus-mediated expression
of SIRT1

Increased survival neurons in CA1 Mouse AD (Inducible p25 transgenic
mouse)

Kim, 2007

Resveratrol Decreased thioflavine S-positive
plaques in cortex, striatum, and
hypothalamus

Mouse AD (Tg19959 mouse) Karuppagounder et al., 2009

Resveratrol Decreased Aβ peptide in primary
neurons

Mouse AD (Primary cortical neuron
culture of J20 APP mice)

Vingtdeux et al., 2010

Resveratrol Decreased neurodegeneration Mouse PD (MPTP treatment) Mudo et al., 2012

SIRTl-overexpressing
mouse (NSE-SIRT1 mice)

TH-positive neurons Mouse PD (MPTP treatment) Kakefuda et al., 2009

Resveratrol Extended lifespan, delayed onset of
symptoms, increased survival of motor
neurons

Mouse ALS (SOD1G93A mouse) Han et al., 2012; Mancuso
et al., 2014

SIRT1-overexpressing mice
(PrP-SIRT1 mice)

Extended lifespan Mouse ALS (SOD1G93A mouse) Watanabe et al., 2014

of axons and synapses after injury (Coleman, 2005). This
process usually occurs about 1.5 days after injury. However,
Wallerian degeneration mutant (Wlds) mice, which carry
an autosomal dominant mutation in chromosome 4, show
delayed Wallerian degeneration for 2–3 weeks (Lunn et al.,
1989; Coleman and Freeman, 2010). The Wlds mutation is
an 85-kb tandem triplication, which causes overexpression of
chimeric Wlds protein. The mutation region comprises two
associated genes: an E4-type ubiquitin ligase Ube4b (or Ufd2a),
and the protein associated with the NAD salvage pathway in
mammals, nicotinamide mononucleotide adenylyltransferase
1 (Nmnat1). It has been suggested that Nmnat1 activity
is responsible for the protective effect of Wlds protein
thorough SIRT1 (Araki et al., 2004). Knockdown of SIRT1

or treatment with the SIRT2 inhibitor, sirtinol, inhibits
NAD-dependent axonal protection in cultured dorsal root
ganglion neurons, which had induced degeneration by the
removal of cell bodies. Meanwhile, Nmnat1/NAD-induced
neuroprotective effects independent of SIRT1 have also been
demonstrated. In addition to Nmnat1, the N-terminal of
Wlds is also required for axonal protection mediated by Wlds

(Avery et al., 2009). The extranuclear translocation and axon
localization of NMNAT1 protein may exert neuroprotective
potency in vivo (Babetto et al., 2010). Transgenic mice carrying
axon-targeted Nmnat1 showed robust axonal protection
after axotomy. Further, SIRT2 can also modulate resistance
to axonal degeneration. Tubulin acetylation is associated
with microtubule stability. Increased microtubule acetylation
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was observed in cultured cerebellar granule cells from Wlds

mice (Suzuki and Koike, 2007). SIRT2 is an NAD-dependent
tubulin deacetylase, and SIRT2 expression was decreased in
these cells. Overexpression of SIRT2 abolished microtubule
hyperacetylation and resistance to axonal degeneration in the
cells of Wlds mice, whereas lentiviral-mediated knockdown
of SIRT2 enhanced microtubule acetylation and resistance to
degeneration in wild-type cerebellar granule cells (Suzuki and
Koike, 2007).

Spinal Cord Injury (SCI)
Although the direct effect of SIRT1 on axonal regeneration
remains obscure, activation of SIRT1 has been shown to exert
beneficial effects on motor function in the animal model of
spinal cord injury (SCI). In SCI, following the initial damage
to the spinal cord, tissues are directly damaged and disrupted.
Injured neurons, glia, and vasculature cause oxidative stress, free
radical generation, edema, and further inflammatory reactions
which induce secondary injury, leading to the expansion of
spinal cord damage and sustained impairment of neurological
function (Ahuja et al., 2017). Immune responses after SCI,
such as infiltration and activation of inflammatory cells and
inflammatory cytokine production, mediate the pathogenesis
of SCI. Overwhelming immune responses aggravate the injury.
In this regard, controlling immune responses contributes to
functional recovery after SCI (Courtine et al., 2011; Donnelly
et al., 2011). SIRT1 expression at the lesion site, where
inflammatory responses must be evident was decreased 4 h
after SCI and persisted for 3 days. Treatment with an
SIRT1 activator, SRT1720, reduced inflammatory cytokines and
inflammatory cells and promoted functional recovery after SCI
(Chen et al., 2017). Mx1-Cre-mediated knockout of SIRT1
in mice, which ablated SIRT1 expression in inflammatory
cells, such as macrophages, neutrophils, dendritic cells, T
cells, and B cells, caused increased levels of inflammatory
cytokines and severe inhibition of motor recovery compared
to those in wild-type mice. These findings suggest that the
anti-inflammatory role of SIRT1 contributes to beneficial
effects on motor function after SCI. Consistent with these
observations, treating rats with resveratrol had neuroprotective
effects after SCI through the enhancement of autophagy
and inhibition of apoptosis regulated by SIRT1/AMP-activated
protein kinase (AMPK) signaling (Zhao et al., 2017). Resveratrol
also promoted motor function recovery after SCI. Thus, in
addition to its neuroprotective functions, the anti-inflammatory
effects of SIRT1 may also promote motor function recovery
after SCI.

Traumatic Brain Injury
Silent information regulator 1 was shown to prevent neuronal
apoptosis in a transection model in vitro and weight-drop
model in vivo, which mimics traumatic brain injury (TBI).
SIRT1 expression was increased 30 min to 24 h after TBI
with a peak level at 6 h after injury in the animal model
of TBI. Inhibiting SIRT1 using a pharmacological inhibitor
(salermide) or siRNA decreased ERK1/2 activation and enhanced
neuronal apoptosis after mechanical traumatic injury in vivo

(Zhao et al., 2012). Inhibition of ERK reduced apoptosis and
decreased SIRT1 upregulation after TBI. ERK1/2 activation has
neuroprotective functions and mediates the beneficial effects
of neuroprotectants (Fukunaga and Miyamoto, 1998; Guerra
et al., 2004; Karmarkar et al., 2011). However, other studies
have demonstrated that ERK1/2 activation can have neurotoxic
signals in vitro and in vivo (Alessandrini et al., 1999; Stanciu
et al., 2000; Lesuisse and Martin, 2002). In the adult mouse brain,
SIRT1 is predominantly expressed in the cytosol, where ERK1/2
is localized (Tanno et al., 2007; Li et al., 2008). Considering
these observations, there may be a synergistic relationship
between SIRT1 and ERK pathways that regulate neuronal
apoptosis following TBI. Furthermore, it has been reported that
upregulation of SIRT1 is involved in the neuroprotective effects
induced by natural components, such as vitamin E and omega-3
fatty acids in a TBI model (Wu et al., 2006, 2007; Aiguo et al.,
2010).

Stroke
Stroke is a cerebrovascular disease that can lead to death or
neuronal dysfunction. Vascular occlusion causes a deprivation of
oxygen and energy, followed by the collapse of ionic gradients
across the cell membrane and neuronal death caused by an
excess release of excitatory neurotransmitters. These sequential
events result in the formation of reactive oxygen species, gene
expression changes, and induction of inflammatory processes,
which contribute to irreversible tissue damage (Iadecola and
Anrather, 2011). A variety of animal stroke models have been
widely used. The transient or permanent middle cerebral artery
occlusion (MCAO) model is a well-established model for human
ischemic stroke (Koizumi et al., 1986; Longa et al., 1989;
Hossmann, 1998). Oxygen and glucose deprivation (OGD) is
a useful in vitro model alternative to the animal ischemia
model (Ogawa et al., 1990). SIRT1 expression is decreased after
transient MCAO or prolonged OGD (Yan et al., 2013), whereas
its expression is not altered after moderate ischemia and short
OGD (Wang et al., 2013). Since both beneficial and detrimental
effects of SIRT1 have been reported, the protective effect of SIRT1
in ischemia remains controversial. Initial studies reported that
treatment with resveratrol shows neuroprotective effects in OGD
in organotypic hippocampal slices and global cerebral ischemia
in rats (Raval et al., 2006, 2008). A subsequent study showed that
both ischemic preconditioning, which develops brain tolerance
to a secondary ischemic damage, and resveratrol treatment
had neuroprotective effects, possibly via the downregulation
of mitochondrial uncoupling protein 2 (UCP2) (Della-Morte
et al., 2009). UCP-2 reduces mitochondrial membrane potential
and inhibits ATP production. SIRT1 binds to the UCP-2
promoter and regulates its transcription. Since the SIRT1
inhibitor sirtinol reversed the effect of resveratrol, SIRT1 activity
seems to be required for resveratrol-mediated neuroprotective
effects in cerebral ischemia. Emerging studies demonstrated that
the glycolytic function of SIRT1 mediates resveratrol-induced
ischemic tolerance in an animal model of stroke (Koronowski
et al., 2017). Neuron-specific knockout of SIRT1 in the
adult brain abolishes resveratrol-induced neuroprotection in
MCAO. Altered glucose metabolism and impaired glycolytic ATP
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production were observed in neuron-specific SIRT1-knockout
mice. The neuronal activities of SIRT1 seem to precede
resveratrol-induced neuroprotection.

Ischemic brain injury depletes intracellular NAD+, which
is indispensable for the catalytic activity of SIRT1 (Endres
et al., 1997). Treatment with NAD ameliorates ischemic injury
in a rat model of transient focal ischemia (Ying, 2007; Ying
et al., 2007). Moreover, nicotinamide phosphoribosyltransferase
(Nampt), which is the rate-limiting enzyme in NAD+ production
within the NAD+ salvage pathway, mimics the positive effects
of NAD+ against stroke (Rongvaux et al., 2003; Revollo et al.,
2007; Yang et al., 2007). Overexpression of Nampt reduces
ischemic infarct in experimental cerebral ischemia rats, and
SIRT1 global knockout blocks this effect (Wang et al., 2011).
LKB1 deacetylation and AMPK activation regulated by SIRT1
contribute to the neuroprotection of Nampt. The results from
in vitro and in vivo studies demonstrate that increased autophagy
through SIRT1-dependent TSC2-mTOR-S6K1 signaling is also
involved in Nampt-induced neuroprotection in cerebral ischemia
(Wang et al., 2012). Furthermore, SIRT1-knockout mice
demonstrate greater infarct volumes after MCAO than their
wild-type counterparts (Hernandez-Jimenez et al., 2013; Liu et al.,
2013). Pharmacological modulation using the SIRT1 activator A3
decreases the infarct volume, while the SIRT1 inhibitor sirtinol
increases the infarct volume in the MCAO model. Increased
acetylation of p53 and NFκB via inhibition of SIRT1 aggravate
ischemic injury.

Neurovascular protection of SIRT1 was also reported in
cerebral hypoperfusion induced by bilateral common carotid
artery stenosis (Hattori et al., 2014). SIRT1-overexpressing
transgenic mice preserved cerebral blood flow after cerebral
hypoperfusion. SIRT1 is implicated in the neuroprotective effects
of experimental subarachnoid hemorrhage (SAH) in rats (Zhang
et al., 2016). SIRT1 expression was increased and peaked
24 h after SAH. Pharmacological inhibition of SIRT1 using
sirtinol exacerbates neuroinflammation and neuronal apoptosis
after SAH, whereas activation of SIRT1 using A3 reduces
SAH-induced early brain injury.

Silent information regulator 1 activation does not always
exert neuroprotective functions (Ng and Tang, 2013; Sansone
et al., 2013). Overexpression of human SIRT1 in neurons under
the control of the neuron-specific enolase promoter does not
induce neuroprotection in mice (Kakefuda et al., 2009). An
NAD+ precursor and a SIRT1 inhibitor, nicotinamide, reduces
infarct size in a permanent focal cerebral ischemic model (Liu
et al., 2009). Other sirtuins are also involved in ischemic
processes. Mitochondrial NAD + -dependent SIRT3 mediates
the beneficial effects of ketone bodies after MCAO (Yin et al.,
2015). SIRT6 overexpression decreases cerebral infarction and
attenuates neurological deficits after MCAO/reperfusion (Zhang
et al., 2017). SIRT6 activates nuclear factor-erythroid 2-related
factor-2 (NRF2), which is a basic leucine zipper transcription
factor that regulates the expression of antioxidant proteins.
NRF2-knockout mice abolish the neuroprotective effects of
SIRT6. As such, the activation of NRF2 induced by SIRT6
overexpression may be implicated in its protective effects after
stroke.

Multiple Sclerosis (MS)
Multiple sclerosis (MS) is a chronic inflammatory demyelinating
disease of the CNS, mostly driven by autoimmune causes.
Immune cells infiltrate the CNS and attack myelin sheaths,
leading to demyelination, axonal damage, and neurological
disability (Hauser and Oksenberg, 2006; Trapp and Nave, 2008).
CD4+ T cells are critical effector cells in CNS inflammation
(Goverman, 2009). Individuals with MS often show permanent
axonal damage and neuronal loss. MS lesions are often
located in the brain, spinal cord, cranial nerves, and optic
nerve. Experimental autoimmune encephalomyelitis (EAE) is
one of the best available models for human MS. Several
studies have demonstrated that pharmacological activation of
SIRT1 confers protective functions in mouse models of MS.
Intravitreal injection of a SIRT1 activator, SRT501 (resveratrol)
or SRT647, attenuates retinal ganglion cell death in optic neuritis
of a relapsing-remitting EAE model in SJL mice (Shindler
et al., 2007). This neuroprotective effect is blocked by the
SIRT1 inhibitor, sirtinol. A subsequent study demonstrated
that treatment with SRT501 preserves axonal density in the
spinal cord when compared to vehicle treatment (Shindler
et al., 2010). Similar beneficial effects were also reported
in chronic EAE in C57BL/6 mice and in a virus-induced
CNS demyelination model (Fonseca-Kelly et al., 2012; Khan
et al., 2014). Genetic overexpression of SIRT1 in EAE mice
support the beneficial effects of SIRT1. Transgenic mice with
neuron-specific overexpression of SIRT1 were induced with
chronic EAE by immunization with myelin oligodendrocyte
glycoprotein (MOG) peptide, and showed suppressed EAE
clinical symptoms when compared to wild-type EAE mice
(Nimmagadda et al., 2013). Increased BDNF and NAD could be
responsible for the neuroprotective effects observed in this mouse
line.

In contrast, other studies have shown that inhibition of SIRT1
contributes to the amelioration of EAE. Adult neural progenitor
cells could be a possible regenerative tool to compensate
for neuronal loss after CNS damage. However, most NPCs
generate more glial cells than neurons, and the compensation
for damaged neurons is insufficient (Ridet et al., 1997). SIRT1
expression was increased in GFAP-positive cells around EAE
inflammatory lesions. Mild oxidation induced by buthionine
sulfoximine or diethyldithiocarbamate, or resveratrol-induced
SIRT1 activation, suppressed proliferation of NPCs and increased
differentiation toward astrocytes, whereas redox conditions
induced by lipoic acid of N-acetylcysteine showed opposite effects
(Prozorovski et al., 2008). Upregulation of SIRT1 in oxidative
conditions promotes SIRT1 binding to Hes1 and inhibits
Mash1, resulting in NPC differentiation toward astrocytes.
NPC-specific knockout of SIRT1 also increases the generation of
oligodendrocyte progenitor cells (OPCs), which are the origin of
the myelin-forming glial cells, oligodendrocytes (Rafalski et al.,
2013). SIRT1 inactivation enhances remyelination and delays
onset of paralysis in a chronic EAE model. Furthermore, global
knockout of SIRT1 inhibits production of pro-inflammatory T
helper 17 (Th17) cells and ameliorates EAE clinical scores in
Th17 cell-mediated autoimmune diseases (Lim et al., 2015).
Pharmacological inhibition of SIRT1 using Ex-527 also attenuates
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the infiltration of immune cells into the spinal cord and
ameliorates EAE. Th17 cells are involved in the onset and
pathogenesis of autoimmune diseases. The transcription factor,
RAR-related orphan receptor γ-t (RORγt), regulates Th17
cell differentiation (Ivanov et al., 2006; Kebir et al., 2007).
SIRT1 physically interacts with RORγt and promotes Th17
differentiation via deacetylation of RORγt. Therefore, SIRT1
inhibition can exert both beneficial and detrimental effects on
EAE. Although specific deletion in particular cells may be
challenging, distinctive pharmacological inhibition of SIRT1 in
NPC and/or immune cells may serve as a potential treatment
for MS.

Studies in Individuals With MS
Studies on the brains of individuals with MS revealed
increased SIRT1 expression in acute and chronic lesion sites,
whereas its expression is rarely detected in normal brains
(Tegla et al., 2014). A high level of SIRT1 expression is
observed in MS plaques. Moreover, CD4+ and CD68+

inflammatory cells, oligodendrocytes, and glial fibrillary acidic
protein (GFAP)-positive astrocytes in MS plaques co-localize
with SIRT1. Furthermore, SIRT1 expression in peripheral
blood mononuclear cells (PBMCs) obtained from patients with
MS that had relapses was decreased compared to that in
controls and stable patients with MS. Responders to glatiramer
acetate treatment in relapsing-remitting MS show higher SIRT1
expression (Hewes et al., 2017). These results suggest that low
levels of SIRT1 can be used as a putative biomarker for MS
patients.

Alzheimer’s Disease
Deposition of aggregate amyloid-β (Aβ), as well as
tau phosphorylation and neurofibrillary tangles, are
well-characterized hallmarks of AD. These abnormal protein
aggregations are considered to be related to neurodegeneration
that causes neuronal death, brain atrophy, and subsequent
memory loss and cognitive deficits in AD (Hardy and Selkoe,
2002; Ballard et al., 2011). Many studies have demonstrated that
SIRT1 activation has beneficial effects in diverse animal models
of AD, and activation of SIRT1 has therapeutic potential for AD
(Bonda et al., 2011). Numerous systematic reviews discussing
the beneficial functions of SIRT1 in AD have been published
(Bonda et al., 2011; Donmez and Outeiro, 2013; Herskovits and
Guarente, 2014; Ng et al., 2015); we therefore focus on recent
findings on the role of SIRT1 and other sirtuins in AD in this
section.

Silent information regulator 1 activation using resveratrol
and SIRT1 overexpression has been shown to reduce amyloid
plaque formation and confer protective effects in diverse animal
models of AD (Chen J. et al., 2005; Qin et al., 2006b; Kim et al.,
2007; Karuppagounder et al., 2009; Vingtdeux et al., 2010). CR,
which is known to induce SIRT1 activation, attenuates amyloid
toxicity both in murine and primate AD models (Wang et al.,
2005; Qin et al., 2006a). SIRT1 has also been shown to reduce
neurofibrillary tau pathology (Green et al., 2008; Min et al., 2010).
Furthermore, the role of SIRT1 appears to be involved in
the association between neuronal energy metabolism and AD.

Increased accumulation of sterol was observed in the brains of
humans with AD and rodent models of AD. Prevention of the
accumulation of ceramides and cholesterol resulted in neuronal
protection from cell death induced by Aβ. These findings suggest
that perturbed cholesterol metabolism could be responsible for
triggering neurodegenerative cascades in AD (Cutler et al., 2004;
Xiong et al., 2008; Bandaru et al., 2009; Fernandez et al., 2009;
Panchal et al., 2010). SIRT1 and AMPK have been shown to
positively regulate each other’s activities and mediate various
processes, such as cellular metabolism, mitochondrial function,
and inflammation (Ruderman et al., 2010). The plant-derived
protein osmotin has been shown to ameliorate Aβ-induced
synaptic dysfunction and memory impairment in rats (Shah et al.,
2014; Teller et al., 2015). Subsequent studies demonstrated that
osmotin treatment reduces cholesterol biosynthesis and exerts
beneficial effects through the activation of the SIRT1/AMPK
pathway in an AD mouse model (Shah et al., 2017a,b). The
drugs that inhibit cholesterol biogenesis and/or activation of
SIRT1/AMPK axis may serve as candidates for developing
therapies against excess cholesterol accumulation in AD.

Possible roles for other sirtuins in AD have been reported.
Recent studies revealed that apolipoprotein E4 is a genetic
factor in late-onset AD. SIRT3 expression is decreased in the
frontal cortex of patients with AD, and dysregulation of SIRT3
induces p53-mediated mitochondrial and neuronal damage in
AD (Lee et al., 2018). In addition, individuals with AD show
decreased expression of SIRT6 (Kaluski et al., 2017). SIRT6
regulates DNA repair and maintenance of genomic stability via
the base excision repair pathway (Giblin et al., 2014; Kugel
and Mostoslavsky, 2014). SIRT6-deficient mice show genomic
instability, progeroid features, and severe metabolic deficits, such
as fatal hypoglycemia (Xiao et al., 2010; Etchegaray et al., 2013;
Jung et al., 2016). Brain-specific SIRT6-knockout mice show
increased DNA damage, apoptosis, and learning impairments
(Kaluski et al., 2017). Lack of SIRT6 induces tau protein
stabilization and increases tau phosphorylation via activation of
glycogen synthase kinase 3 (GSK3). Individuals with AD show
a reduction in SIRT6 expression. Notably, there is a further
reduction with increased severity of Braak stages. These findings
suggest that SIRT6 is required to keep the brain healthy by
preventing naturally occurring DNA damage.

Parkinson’s Disease
Recently, accumulating studies have revealed the relationship
between sirtuins and Parkinson’s disease (PD) in vitro and
in vivo. PD is an age-associated neurodegenerative disease
characterized by motor disorders due to the degeneration and
dysfunction of dopaminergic neurons in the substantia nigra and
striatum. Mitochondrial abnormalities and Lewy bodies, mainly
containing misfolded and aggregated α-synuclein protein, are
implicated in the pathology of PD. SIRT1 activity is reduced in
post-mortem brain tissue obtained from individuals with PD
(Singh et al., 2017). SIRT1 activity is also decreased in induced
pluripotent stem cell (iPSC)-derived dopaminergic neurons
carrying a glycine to serine mutation (G2019S) in leucine-rich
repeat kinase 2 (LRRK2), which is causally associated with PD
and is involved in the impairment of mitochondrial function
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(Schwab et al., 2017). Three heterozygous sequence variants
within the promoter regions of SIRT1 gene in patients with
sporadic PD were identified, but these were absent in controls.
These variants are associated with the reduced expression
of SIRT1 in PD patients (Zhang et al., 2012). Several studies
have proposed mechanisms for the protective effects of SIRT1
on PD. The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated animal model is widely used as an animal model
of PD. Administration of resveratrol or genetic overexpression
of peroxisome proliferator-activated receptor-gamma
coactivator-1α (PGC1α), a transcriptional coactivator that
is deacetylated by SIRT1, decreases MPTP-induced neuronal
degeneration (Mudo et al., 2012). Cellular models of PD have
implicated SIRT1-mediated autophagy and mitophagy under
α-synuclein-induced toxicity (Sampaio-Marques et al., 2012).
Knockout of SIRT1 worsened movement in an MPTP-treated
model, whereas other studies reported that SIRT1 did not
prevent neuronal damage to tyrosine hydroxylase (TH)-positive
dopaminergic neurons induced by MPTP (Kakefuda et al.,
2009; Zhang et al., 2018). Thus, the agents inducing SIRT1
activation and/or expression could be therapeutic drugs for PD.
However, a few studies suggested that SIRT1 inhibition does
show neuroprotective effects. 1-methyl-4-phenylpyridinium
(MPP+) is the active metabolite of MPTP, and has dopaminergic
toxicity (Dauer and Przedborski, 2003). Knockdown of SIRT1
using siRNA reduces MPP + -induced apoptosis in SH-SY5Y
human neuroblastoma cells (Park et al., 2011). Therefore, the
beneficial effects of SIRT1 activating compounds on PD model
may need to be assessed in various conditions.

Silent information regulation 2 inhibition contributes to
reduced α-synuclein toxicity. Pharmacological inhibition or
siRNA-mediated inhibition of SIRT2 decreases the number of
α-synuclein inclusions in a cellular model of PD (Outeiro et al.,
2007). SIRT2 deacetylates α-synuclein, and knockdown of SIRT2
suppresses α-synuclein aggregation and toxicity in a mouse
model of PD (de Oliveira et al., 2017). The acetylation of
α-synuclein promotes the clearance of α-synuclein inclusions via
autophagy and exerts neuroprotective effects in cultured neurons,
whereas blocking the acetylation of α-synuclein causes the loss
of nigral dopaminergic neurons. Other studies showed that
deletion of SIRT2 reduces MPTP-induced neuronal damage in
TH-positive cells through increased acetylation of FOXO3a and
reduces expression of a proapoptotic factor, Bim, thus blocking
the apoptotic pathway (Liu et al., 2012). These results suggest that
SIRT2 inhibition may have beneficial effects for PD.

Amyotrophic Lateral Sclerosis (ALS)
Amyotrophic lateral sclerosis is a progressive neurodegenerative
disease that affects motor neurons in the brain and spinal
cord. ALS is a uniformly fatal disorder and causes death about
2–5 years after onset, mostly because of respiratory paralysis.
Mutations in various genes have been identified in ALS, including
superoxide dismutase (SOD1) (Rosen et al., 1993) and TAR
DNA-binding protein 43 (TDP43) (Arai et al., 2006; Neumann
et al., 2006; Kabashi et al., 2008; Sreedharan et al., 2008; Van
Deerlin et al., 2008). It has been reported that sirtuin expression
is altered in both mouse models of as well as patients with ALS

(Kim et al., 2007; Lee et al., 2012; Korner et al., 2013; Buck
et al., 2017). Treating with resveratrol or lentivirus-mediated
forced expression of SIRT1 protects against neurodegeneration
in the SOD1 mutant mouse model of ALS (Kim et al., 2007;
Han et al., 2012; Mancuso et al., 2014). SOD mutant mice that
show consistent pan-neural expression of exogenous SIRT1 have
extended lifespans compared to those without this expression
(Watanabe et al., 2014).

SIRT3 has also received attention for its role in ALS.
Expression of SIRT3 decreases in the spinal cord and brain
stem during the progression of diseases in SOD1G93A mouse, a
widely used mouse model of ALS (Buck et al., 2017). In contrast,
the mitochondrial isoform of SIRT3 is increased in the muscle
and spinal cords of SOD1G93A mice (Salvatori et al., 2017).
SIRT3 expression attenuates mitochondrial fragmentation and
cell death in neurons from SOD1G93A mice (Song et al., 2013).
Although inhibition of SIRT2 is thought to have beneficial effects
on neurodegenerative diseases such as PD, the deletion of SIRT2
did not appear to effect the disease course of SOD1G93A mice
(Taes et al., 2013). Additional studies will be invaluable to unravel
the role of other sirtuins in ALS.

SIRT1 Activator and Clinical Trials
Since accumulating studies have demonstrated the protective
effects of SIRT1 against neurodegenerative diseases, potent SIRT1
activators are currently in clinical trials1. Clinical trials that are
both underway and have been completed have used various
proprietary formulations of resveratrol (i.e., SRT501) to treat AD.
In one study, treating AD subjects with resveratrol for 52 weeks
stabilized the progressive decline in CSF Aβ40 and plasma Aβ40
compared to placebo (Turner et al., 2015). Resveratrol decreased
CSF MMP9 and induced adaptive immunity (Moussa et al.,
2017), suggesting that resveratrol is beneficial for AD subjects.
In addition, there is currently a clinical trial testing resveratrol
in HD subjects2. However, since SIRT1 is expressed in various
tissues, the risk of adverse effects could be considered. To ensure
its safety, additional resveratrol and other SIRT1 activator clinical
studies are warranted.

CONCLUSION

Sirtuins mediate diverse functions in the CNS. The evidence of
the beneficial effects of SIRT1 obtained from animal models and
human studies imply that SIRT1 activation can be a potential
therapeutic treatment for neurodegenerative diseases. Neuronal
degeneration in various traumatic injury and neurological
disorders, such as SCI, stroke, and AD, is often accompanied
by inflammation. It has been reported that activation of SIRT1
also contributes to the suppression of inflammatory responses.
Therefore, SIRT1 activation would be a unique strategy in
that it is able to control both neurons and inflammatory cells.

1https://clinicaltrials.gov/ct2/results?cond=&term=resveratrol&cntry=&state=
&city=&dist=
2https://clinicaltrials.gov/ct2/results?cond=Huntington+Disease&term=
resveratrol&cntry=&state=&city=&dist=
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However, there have also been reports in several animal models of
neurodegenerative diseases that SIRT1 activation does not have
neuroprotective effects. These conflicting results may be due to
a number of factors, including the cell-type-specific alteration of
SIRT1 expression following injury.

Understanding the more detailed molecular mechanisms
of sirtuins in regulating neuroprotection and degeneration as
well as the precise expression patterns of sirtuins following
neuronal pathology will contribute to the development of novel
anti-neurodegenerative therapeutics. For example, combination
treatment with SIRT1 activators and NAD may provide a
synergetic strategy that contributes to neuroprotection.

The observation that SIRT2 activity promotes
neurodegeneration in a PD model suggests that sirtuins
have family-dependent functions. Further studies linking
neurodegenerative diseases and sirtuin members, especially

SIRT4, 5, and 7, will be helpful to reveal the tissue or disease-
specificity of the role of sirtuins. Highly selective compounds
targeting specific sirtuins may therefore serve as attractive
candidates for a variety of neurological conditions.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by KAKENHI from the Japan Society
for the Promotion of Science (JSPS) (17H05767) to YF.

REFERENCES
Abe-Higuchi, N., Uchida, S., Yamagata, H., Higuchi, F., Hobara, T., Hara, K., et al.

(2016). Hippocampal sirtuin 1 signaling mediates depression-like behavior.
Biol. Psychiatry 80, 815–826. doi: 10.1016/j.biopsych.2016.01.009

Ahuja, C. S., Wilson, J. R., Nori, S., Kotter, M. R. N., Druschel, C., Curt, A.,
et al. (2017). Traumatic spinal cord injury. Nat. Rev. Dis. Primers 3:17018.
doi: 10.1038/nrdp.2017.18

Aiguo, W., Zhe, Y., and Gomez-Pinilla, F. (2010). Vitamin E protects against
oxidative damage and learning disability after mild traumatic brain injury in
rats. Neurorehabil. Neural Repair 24, 290–298. doi: 10.1177/1545968309348318

Alessandrini, A., Namura, S., Moskowitz, M. A., and Bonventre, J. V. (1999). MEK1
protein kinase inhibition protects against damage resulting from focal cerebral
ischemia. Proc. Natl. Acad. Sci. U.S.A. 96, 12866–12869.

Arai, T., Hasegawa, M., Akiyama, H., Ikeda, K., Nonaka, T., Mori, H., et al.
(2006). TDP-43 is a component of ubiquitin-positive tau-negative inclusions in
frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Biochem.
Biophys. Res. Commun. 351, 602–611. doi: 10.1016/j.bbrc.2006.10.093

Araki, T., Sasaki, Y., and Milbrandt, J. (2004). Increased nuclear NAD biosynthesis
and SIRT1 activation prevent axonal degeneration. Science 305, 1010–1013.

Autiero, I., Costantini, S., and Colonna, G. (2008). Human sirt-1: molecular
modeling and structure-function relationships of an unordered protein. PLoS
One 4:e7350. doi: 10.1371/journal.pone.0007350

Avery, M. A., Sheehan, A. E., Kerr, K. S., Wang, J., and Freeman, M. R. (2009). Wld
S requires Nmnat1 enzymatic activity and N16-VCP interactions to suppress
Wallerian degeneration. J. Cell Biol. 184, 501–513. doi: 10.1083/jcb.200808042

Babetto, E., Beirowski, B., Janeckova, L., Brown, R., Gilley, J., Thomson, D.,
et al. (2010). Targeting NMNAT1 to axons and synapses transforms its
neuroprotective potency in vivo. J. Neurosci. 30, 13291–13304. doi: 10.1523/
JNEUROSCI.1189-10.2010

Ballard, C., Gauthier, S., Corbett, A., Brayne, C., Aarsland, D., and Jones, E. (2011).
Alzheimer’s disease. Lancet 377, 1019–1031. doi: 10.1016/S0140-6736(10)
61349-9

Bandaru, V. V., Troncoso, J., Wheeler, D., Pletnikova, O., Wang, J., Conant, K.,
et al. (2009). ApoE4 disrupts sterol and sphingolipid metabolism in
Alzheimer’s but not normal brain. Neurobiol. Aging 30, 591–599. doi: 10.1016/j.
neurobiolaging.2007.07.024

Bonda, D. J., Lee, H. G., Camins, A., Pallas, M., Casadesus, G., Smith, M. A., et al.
(2011). The sirtuin pathway in ageing and Alzheimer disease: mechanistic and
therapeutic considerations. Lancet Neurol. 10, 275–279. doi: 10.1016/S1474-
4422(11)70013-8

Brooks, C. L., and Gu, W. (2009). How does SIRT1 affect metabolism, senescence
and cancer? Nat. Rev. Cancer 9, 123–128. doi: 10.1038/nrc2562

Buck, E., Bayer, H., Lindenberg, K. S., Hanselmann, J., Pasquarelli, N.,
Ludolph, A. C., et al. (2017). Comparison of sirtuin 3 Levels in ALS and
Huntington’s disease-differential effects in human tissue samples vs. Transgenic

mouse models. Front. Mol. Neurosci. 10:156. doi: 10.3389/fnmol.2017.
00156

Cakir, I., Perello, M., Lansari, O., Messier, N. J., Vaslet, C. A., and Nillni, E. A.
(2009). Hypothalamic Sirt1 regulates food intake in a rodent model system.
PLoS One 4:e8322. doi: 10.1371/journal.pone.0008322

Cameron, H. A., and Glover, L. R. (2015). Adult neurogenesis: beyond learning and
memory. Annu. Rev. Psychol. 66, 53–81. doi: 10.1146/annurev-psych-010814-
015006

Chang, H. C., and Guarente, L. (2014). SIRT1 and other sirtuins in metabolism.
Trends Endocrinol. Metab. 25, 138–145. doi: 10.1016/j.tem.2013.12.001

Chen, D., Steele, A. D., Hutter, G., Bruno, J., Govindarajan, A., Easlon, E.,
et al. (2008). The role of calorie restriction and SIRT1 in prion-mediated
neurodegeneration. Exp. Gerontol. 43, 1086–1093. doi: 10.1016/j.exger.2008.
08.050

Chen, D., Steele, A. D., Lindquist, S., and Guarente, L. (2005). Increase in activity
during calorie restriction requires Sirt1. Science 310:1641. doi: 10.1126/science.
1118357

Chen, J., Zhou, Y., Mueller-Steiner, S., Chen, L. F., Kwon, H., Yi, S., et al. (2005).
SIRT1 protects against microglia-dependent amyloid-beta toxicity through
inhibiting NF-kappaB signaling. J. Biol. Chem. 280, 40364–40374. doi: 10.1074/
jbc.M509329200

Chen, H., Ji, H., Zhang, M., Liu, Z., Lao, L., Deng, C., et al. (2017). An agonist of the
protective factor SIRT1 improves functional recovery and promotes neuronal
survival by attenuating inflammation after spinal cord injury. J. Neurosci. 37,
2916–2930. doi: 10.1523/JNEUROSCI.3046-16.2017

Cheng, Y., Takeuchi, H., Sonobe, Y., Jin, S., Wang, Y., Horiuchi, H., et al. (2014).
Sirtuin 1 attenuates oxidative stress via upregulation of superoxide dismutase
2 and catalase in astrocytes. J. Neuroimmunol. 269, 38–43. doi: 10.1016/j.
jneuroim.2014.02.001

Codocedo, J. F., Allard, C., Godoy, J. A., Varela-Nallar, L., and Inestrosa, N. C.
(2012). SIRT1 regulates dendritic development in hippocampal neurons. PLoS
One 7:e47073. doi: 10.1371/journal.pone.0047073

Cohen, H. Y., Miller, C., Bitterman, K. J., Wall, N. R., Hekking, B., Kessler, B., et al.
(2004). Calorie restriction promotes mammalian cell survival by inducing the
SIRT1 deacetylase. Science 305, 390–392.

Coleman, M. (2005). Axon degeneration mechanisms: commonality amid
diversity. Nat. Rev. Neurosci. 6, 889–898. doi: 10.1038/nrn1788

Coleman, M. P., and Freeman, M. R. (2010). Wallerian degeneration, wld(s),
and nmnat. Annu. Rev. Neurosci. 33, 245–267. doi: 10.1146/annurev-neuro-
060909-153248

Converge consortium (2015). Sparse whole-genome sequencing identifies two loci
for major depressive disorder. Nature 523, 588–591. doi: 10.1038/nature14659

Coppari, R. (2012). Metabolic actions of hypothalamic SIRT1. Trends Endocrinol.
Metab. 23, 179–185. doi: 10.1016/j.tem.2012.01.002

Courtine, G., Van Den Brand, R., and Musienko, P. (2011). Spinal cord injury: time
to move. Lancet 377, 1896–1898. doi: 10.1016/S0140-6736(11)60711-3

Frontiers in Neuroscience | www.frontiersin.org 12 October 2018 | Volume 12 | Article 778

https://doi.org/10.1016/j.biopsych.2016.01.009
https://doi.org/10.1038/nrdp.2017.18
https://doi.org/10.1177/1545968309348318
https://doi.org/10.1016/j.bbrc.2006.10.093
https://doi.org/10.1371/journal.pone.0007350
https://doi.org/10.1083/jcb.200808042
https://doi.org/10.1523/JNEUROSCI.1189-10.2010
https://doi.org/10.1523/JNEUROSCI.1189-10.2010
https://doi.org/10.1016/S0140-6736(10)61349-9
https://doi.org/10.1016/S0140-6736(10)61349-9
https://doi.org/10.1016/j.neurobiolaging.2007.07.024
https://doi.org/10.1016/j.neurobiolaging.2007.07.024
https://doi.org/10.1016/S1474-4422(11)70013-8
https://doi.org/10.1016/S1474-4422(11)70013-8
https://doi.org/10.1038/nrc2562
https://doi.org/10.3389/fnmol.2017.00156
https://doi.org/10.3389/fnmol.2017.00156
https://doi.org/10.1371/journal.pone.0008322
https://doi.org/10.1146/annurev-psych-010814-015006
https://doi.org/10.1146/annurev-psych-010814-015006
https://doi.org/10.1016/j.tem.2013.12.001
https://doi.org/10.1016/j.exger.2008.08.050
https://doi.org/10.1016/j.exger.2008.08.050
https://doi.org/10.1126/science.1118357
https://doi.org/10.1126/science.1118357
https://doi.org/10.1074/jbc.M509329200
https://doi.org/10.1074/jbc.M509329200
https://doi.org/10.1523/JNEUROSCI.3046-16.2017
https://doi.org/10.1016/j.jneuroim.2014.02.001
https://doi.org/10.1016/j.jneuroim.2014.02.001
https://doi.org/10.1371/journal.pone.0047073
https://doi.org/10.1038/nrn1788
https://doi.org/10.1146/annurev-neuro-060909-153248
https://doi.org/10.1146/annurev-neuro-060909-153248
https://doi.org/10.1038/nature14659
https://doi.org/10.1016/j.tem.2012.01.002
https://doi.org/10.1016/S0140-6736(11)60711-3
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-12-00778 October 24, 2018 Time: 14:59 # 13

Fujita and Yamashita Sirtuins in Neurological Diseases

Cutler, R. G., Kelly, J., Storie, K., Pedersen, W. A., Tammara, A., Hatanpaa, K.,
et al. (2004). Involvement of oxidative stress-induced abnormalities in
ceramide and cholesterol metabolism in brain aging and Alzheimer’s disease.
Proc. Natl. Acad. Sci. U.S.A. 101, 2070–2075. doi: 10.1073/pnas.03057
99101

Dauer, W., and Przedborski, S. (2003). Parkinson’s disease: mechanisms and
models. Neuron 39, 889–909.

Davenport, A. M., Huber, F. M., and Hoelz, A. (2014). Structural and functional
analysis of human SIRT1. J. Mol. Biol. 426, 526–541. doi: 10.1016/j.jmb.2013.
10.009

de Oliveira, R. M., Vicente Miranda, H., Francelle, L., Pinho, R., Szego,
E. M., Martinho, R., et al. (2017). The mechanism of sirtuin 2-mediated
exacerbation of alpha-synuclein toxicity in models of Parkinson disease. PLoS
Biol. 15:e2000374. doi: 10.1371/journal.pbio.2000374

Della-Morte, D., Dave, K. R., Defazio, R. A., Bao, Y. C., Raval, A. P., and Perez-
Pinzon, M. A. (2009). Resveratrol pretreatment protects rat brain from cerebral
ischemic damage via a sirtuin 1-uncoupling protein 2 pathway. Neuroscience
159, 993–1002. doi: 10.1016/j.neuroscience.2009.01.017

Deng, W., Aimone, J. B., and Gage, F. H. (2010). New neurons and new memories:
how does adult hippocampal neurogenesis affect learning and memory? Nat.
Rev. Neurosci. 11, 339–350. doi: 10.1038/nrn2822

Dietrich, M. O., Antunes, C., Geliang, G., Liu, Z. W., Borok, E., Nie, Y., et al. (2010).
Agrp neurons mediate Sirt1’s action on the melanocortin system and energy
balance: roles for Sirt1 in neuronal firing and synaptic plasticity. J. Neurosci. 30,
11815–11825. doi: 10.1523/JNEUROSCI.2234-10.2010

Donmez, G. (2012). The neurobiology of sirtuins and their role in
neurodegeneration. Trends Pharmacol. Sci. 33, 494–501. doi: 10.1016/j.
tips.2012.05.007

Donmez, G., and Outeiro, T. F. (2013). SIRT1 and SIRT2: emerging targets
in neurodegeneration. EMBO Mol. Med. 5, 344–352. doi: 10.1002/emmm.
201302451

Donnelly, D. J., Longbrake, E. E., Shawler, T. M., Kigerl, K. A., Lai, W., Tovar,
C. A., et al. (2011). Deficient CX3CR1 signaling promotes recovery after mouse
spinal cord injury by limiting the recruitment and activation of Ly6Clo/iNOS
+ macrophages. J. Neurosci. 31, 9910–9922. doi: 10.1523/JNEUROSCI.2114-
11.2011

Endres, M., Wang, Z. Q., Namura, S., Waeber, C., and Moskowitz, M. A.
(1997). Ischemic brain injury is mediated by the activation of poly(ADP-
ribose)polymerase. J. Cereb. Blood Flow Metab. 17, 1143–1151. doi: 10.1097/
00004647-199711000-00002

Etchegaray, J. P., Zhong, L., and Mostoslavsky, R. (2013). The histone deacetylase
SIRT6: at the crossroads between epigenetics, metabolism and disease. Curr.
Top. Med. Chem. 13, 2991–3000.

Ferguson, D., Koo, J. W., Feng, J., Heller, E., Rabkin, J., Heshmati, M., et al.
(2013). Essential role of SIRT1 signaling in the nucleus accumbens in cocaine
and morphine action. J. Neurosci. 33, 16088–16098. doi: 10.1523/JNEUROSCI.
1284-13.2013

Fernandez, A., Llacuna, L., Fernandez-Checa, J. C., and Colell, A. (2009).
Mitochondrial cholesterol loading exacerbates amyloid beta peptide-induced
inflammation and neurotoxicity. J. Neurosci. 29, 6394–6405. doi: 10.1523/
JNEUROSCI.4909-08.2009

Fonseca-Kelly, Z., Nassrallah, M., Uribe, J., Khan, R. S., Dine, K., Dutt, M., et al.
(2012). Resveratrol neuroprotection in a chronic mouse model of multiple
sclerosis. Front. Neurol. 3:84. doi: 10.3389/fneur.2012.00084

Ford, E., Voit, R., Liszt, G., Magin, C., Grummt, I., and Guarente, L. (2006).
Mammalian Sir2 homolog SIRT7 is an activator of RNA polymerase I
transcription. Genes Dev. 20, 1075–1080. doi: 10.1101/gad.1399706

Freeman, W. M., Nader, M. A., Nader, S. H., Robertson, D. J., Gioia, L., Mitchell,
S. M., et al. (2001). Chronic cocaine-mediated changes in non-human primate
nucleus accumbens gene expression. J. Neurochem. 77, 542–549.

Fukunaga, K., and Miyamoto, E. (1998). Role of MAP kinase in neurons. Mol.
Neurobiol. 16, 79–95. doi: 10.1007/BF02740604

Gan, L., and Mucke, L. (2008). Paths of convergence: sirtuins in aging and
neurodegeneration. Neuron 58, 10–14. doi: 10.1016/j.neuron.2008.03.015

Gao, J., Wang, W. Y., Mao, Y. W., Graff, J., Guan, J. S., Pan, L., et al. (2010). A novel
pathway regulates memory and plasticity via SIRT1 and miR-134. Nature 466,
1105–1109. doi: 10.1038/nature09271

Giblin, W., Skinner, M. E., and Lombard, D. B. (2014). Sirtuins: guardians of
mammalian healthspan. Trends Genet. 30, 271–286. doi: 10.1016/j.tig.2014.
04.007

Goverman, J. (2009). Autoimmune T cell responses in the central nervous system.
Nat. Rev. Immunol. 9, 393–407. doi: 10.1038/nri2550

Green, K. N., Steffan, J. S., Martinez-Coria, H., Sun, X., Schreiber, S. S., Thompson,
L. M., et al. (2008). Nicotinamide restores cognition in Alzheimer’s disease
transgenic mice via a mechanism involving sirtuin inhibition and selective
reduction of Thr231-phosphotau. J. Neurosci. 28, 11500–11510. doi: 10.1523/
JNEUROSCI.3203-08.2008

Guan, J. S., Haggarty, S. J., Giacometti, E., Dannenberg, J. H., Joseph, N., Gao, J.,
et al. (2009). HDAC2 negatively regulates memory formation and synaptic
plasticity. Nature 459, 55–60. doi: 10.1038/nature07925

Guarente, L. (2011). Sirtuins, aging, and metabolism. Cold. Spring Harb. Symp.
Quant. Biol. 76, 81–90. doi: 10.1101/sqb.2011.76.010629

Guerra, B., Diaz, M., Alonso, R., and Marin, R. (2004). Plasma membrane
oestrogen receptor mediates neuroprotection against beta-amyloid toxicity
through activation of Raf-1/MEK/ERK cascade in septal-derived cholinergic
SN56 cells. J. Neurochem. 91, 99–109. doi: 10.1111/j.1471-4159.2004.
02695.x

Guo, W., Qian, L., Zhang, J., Zhang, W., Morrison, A., Hayes, P., et al. (2011).
Sirt1 overexpression in neurons promotes neurite outgrowth and cell survival
through inhibition of the mTOR signaling. J. Neurosci. Res. 89, 1723–1736.
doi: 10.1002/jnr.22725

Haigis, M. C., and Sinclair, D. A. (2010). Mammalian sirtuins: biological insights
and disease relevance. Annu. Rev. Pathol. 5, 253–295. doi: 10.1146/annurev.
pathol.4.110807.092250

Han, M. K., Song, E. K., Guo, Y., Ou, X., Mantel, C., and Broxmeyer, H. E. (2008).
SIRT1 regulates apoptosis and Nanog expression in mouse embryonic stem
cells by controlling p53 subcellular localization. Cell Stem Cell 2, 241–251.
doi: 10.1016/j.stem.2008.01.002

Han, S., Choi, J. R., Soon Shin, K., and Kang, S. J. (2012). Resveratrol upregulated
heat shock proteins and extended the survival of G93A-SOD1 mice. Brain Res.
1483, 112–117. doi: 10.1016/j.brainres.2012.09.022

Hardy, J., and Selkoe, D. J. (2002). The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science 297, 353–356.
doi: 10.1126/science.1072994

Hasegawa, K., and Yoshikawa, K. (2008). Necdin regulates p53 acetylation via
Sirtuin1 to modulate DNA damage response in cortical neurons. J. Neurosci.
28, 8772–8784. doi: 10.1523/JNEUROSCI.3052-08.2008

Hattori, Y., Okamoto, Y., Maki, T., Yamamoto, Y., Oishi, N., Yamahara, K.,
et al. (2014). Silent information regulator 2 homolog 1 counters cerebral
hypoperfusion injury by deacetylating endothelial nitric oxide synthase. Stroke
45, 3403–3411. doi: 10.1161/STROKEAHA.114.006265

Hauser, S. L., and Oksenberg, J. R. (2006). The neurobiology of multiple sclerosis:
genes, inflammation, and neurodegeneration. Neuron 52, 61–76. doi: 10.1016/j.
neuron.2006.09.011

Hernandez-Jimenez, M., Hurtado, O., Cuartero, M. I., Ballesteros, I., Moraga, A.,
Pradillo, J. M., et al. (2013). Silent information regulator 1 protects the
brain against cerebral ischemic damage. Stroke 44, 2333–2337. doi: 10.1161/
STROKEAHA.113.001715

Herskovits, A. Z., and Guarente, L. (2014). SIRT1 in neurodevelopment and brain
senescence. Neuron 81, 471–483. doi: 10.1016/j.neuron.2014.01.028

Hewes, D., Tatomir, A., Kruszewski, A. M., Rao, G., Tegla, C. A., Ciriello, J.,
et al. (2017). SIRT1 as a potential biomarker of response to treatment with
glatiramer acetate in multiple sclerosis. Exp. Mol. Pathol. 102, 191–197.
doi: 10.1016/j.yexmp.2017.01.014

Heyward, F. D., Gilliam, D., Coleman, M. A., Gavin, C. F., Wang, J., Kaas, G.,
et al. (2016). Obesity weighs down memory through a mechanism involving
the neuroepigenetic dysregulation of Sirt1. J. Neurosci. 36, 1324–1335.
doi: 10.1523/JNEUROSCI.1934-15.2016

Heyward, F. D., Walton, R. G., Carle, M. S., Coleman, M. A., Garvey, W. T., and
Sweatt, J. D. (2012). Adult mice maintained on a high-fat diet exhibit object
location memory deficits and reduced hippocampal SIRT1 gene expression.
Neurobiol. Learn. Mem. 98, 25–32. doi: 10.1016/j.nlm.2012.04.005

Hisahara, S., Chiba, S., Matsumoto, H., Tanno, M., Yagi, H., Shimohama, S.,
et al. (2008). Histone deacetylase SIRT1 modulates neuronal differentiation

Frontiers in Neuroscience | www.frontiersin.org 13 October 2018 | Volume 12 | Article 778

https://doi.org/10.1073/pnas.0305799101
https://doi.org/10.1073/pnas.0305799101
https://doi.org/10.1016/j.jmb.2013.10.009
https://doi.org/10.1016/j.jmb.2013.10.009
https://doi.org/10.1371/journal.pbio.2000374
https://doi.org/10.1016/j.neuroscience.2009.01.017
https://doi.org/10.1038/nrn2822
https://doi.org/10.1523/JNEUROSCI.2234-10.2010
https://doi.org/10.1016/j.tips.2012.05.007
https://doi.org/10.1016/j.tips.2012.05.007
https://doi.org/10.1002/emmm.201302451
https://doi.org/10.1002/emmm.201302451
https://doi.org/10.1523/JNEUROSCI.2114-11.2011
https://doi.org/10.1523/JNEUROSCI.2114-11.2011
https://doi.org/10.1097/00004647-199711000-00002
https://doi.org/10.1097/00004647-199711000-00002
https://doi.org/10.1523/JNEUROSCI.1284-13.2013
https://doi.org/10.1523/JNEUROSCI.1284-13.2013
https://doi.org/10.1523/JNEUROSCI.4909-08.2009
https://doi.org/10.1523/JNEUROSCI.4909-08.2009
https://doi.org/10.3389/fneur.2012.00084
https://doi.org/10.1101/gad.1399706
https://doi.org/10.1007/BF02740604
https://doi.org/10.1016/j.neuron.2008.03.015
https://doi.org/10.1038/nature09271
https://doi.org/10.1016/j.tig.2014.04.007
https://doi.org/10.1016/j.tig.2014.04.007
https://doi.org/10.1038/nri2550
https://doi.org/10.1523/JNEUROSCI.3203-08.2008
https://doi.org/10.1523/JNEUROSCI.3203-08.2008
https://doi.org/10.1038/nature07925
https://doi.org/10.1101/sqb.2011.76.010629
https://doi.org/10.1111/j.1471-4159.2004.02695.x
https://doi.org/10.1111/j.1471-4159.2004.02695.x
https://doi.org/10.1002/jnr.22725
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1016/j.stem.2008.01.002
https://doi.org/10.1016/j.brainres.2012.09.022
https://doi.org/10.1126/science.1072994
https://doi.org/10.1523/JNEUROSCI.3052-08.2008
https://doi.org/10.1161/STROKEAHA.114.006265
https://doi.org/10.1016/j.neuron.2006.09.011
https://doi.org/10.1016/j.neuron.2006.09.011
https://doi.org/10.1161/STROKEAHA.113.001715
https://doi.org/10.1161/STROKEAHA.113.001715
https://doi.org/10.1016/j.neuron.2014.01.028
https://doi.org/10.1016/j.yexmp.2017.01.014
https://doi.org/10.1523/JNEUROSCI.1934-15.2016
https://doi.org/10.1016/j.nlm.2012.04.005
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-12-00778 October 24, 2018 Time: 14:59 # 14

Fujita and Yamashita Sirtuins in Neurological Diseases

by its nuclear translocation. Proc. Natl. Acad. Sci. U.S.A. 105, 15599–15604.
doi: 10.1073/pnas.0800612105

Hossmann, K. A. (1998). Experimental models for the investigation of brain
ischemia. Cardiovasc. Res. 39, 106–120.

Houtkooper, R. H., Pirinen, E., and Auwerx, J. (2012). Sirtuins as regulators of
metabolism and healthspan. Nat. Rev. Mol. Cell Biol. 13, 225–238. doi: 10.1038/
nrm3293

Hu, B., Guo, Y., Chen, C., Li, Q., Niu, X., Guo, S., et al. (2014). Repression of
SIRT1 promotes the differentiation of mouse induced pluripotent stem cells
into neural stem cells. Cell Mol. Neurobiol. 34, 905–912. doi: 10.1007/s10571-
014-0071-8

Hyman, S. E., Malenka, R. C., and Nestler, E. J. (2006). Neural mechanisms
of addiction: the role of reward-related learning and memory. Annu.
Rev. Neurosci. 29, 565–598. doi: 10.1146/annurev.neuro.29.051605.11
3009

Iadecola, C., and Anrather, J. (2011). The immunology of stroke: from mechanisms
to translation. Nat. Med. 17, 796–808. doi: 10.1038/nm.2399

Ichi, S., Boshnjaku, V., Shen, Y. W., Mania-Farnell, B., Ahlgren, S., Sapru, S., et al.
(2011). Role of Pax3 acetylation in the regulation of Hes1 and Neurog2. Mol.
Biol. Cell 22, 503–512.

Imai, S. I., and Guarente, L. (2014). NAD and sirtuins in aging and disease. Trends
Cell Biol. 24, 464–471. doi: 10.1016/j.tcb.2014.04.002

Ivanov, I. I., Mckenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille,
J. J., et al. (2006). The orphan nuclear receptor RORgammat directs the
differentiation program of proinflammatory IL-17 + T helper cells. Cell 126,
1121–1133. doi: 10.1016/j.cell.2006.07.035

Jansen, R., Penninx, B. W., Madar, V., Xia, K., Milaneschi, Y., Hottenga, J. J.,
et al. (2016). Gene expression in major depressive disorder. Mol. Psychiatry 21,
339–347. doi: 10.1038/mp.2015.57

Jung, E. S., Choi, H., Song, H., Hwang, Y. J., Kim, A., Ryu, H., et al. (2016). p53-
dependent SIRT6 expression protects Abeta42-induced DNA damage. Sci. Rep.
6:25628. doi: 10.1038/srep25628

Kabashi, E., Valdmanis, P. N., Dion, P., Spiegelman, D., Mcconkey, B. J., Vande
Velde, C., et al. (2008). TARDBP mutations in individuals with sporadic and
familial amyotrophic lateral sclerosis. Nat. Genet. 40, 572–574. doi: 10.1038/
ng.132

Kakefuda, K., Fujita, Y., Oyagi, A., Hyakkoku, K., Kojima, T., Umemura, K., et al.
(2009). Sirtuin 1 overexpression mice show a reference memory deficit, but not
neuroprotection. Biochem. Biophys. Res. Commun. 387, 784–788. doi: 10.1016/
j.bbrc.2009.07.119

Kaluski, S., Portillo, M., Besnard, A., Stein, D., Einav, M., Zhong, L., et al. (2017).
Neuroprotective functions for the histone deacetylase SIRT6. Cell Rep. 18,
3052–3062. doi: 10.1016/j.celrep.2017.03.008

Kanfi, Y., Peshti, V., Gozlan, Y. M., Rathaus, M., Gil, R., and Cohen, H. Y. (2008).
Regulation of SIRT1 protein levels by nutrient availability. FEBS Lett. 582,
2417–2423. doi: 10.1016/j.febslet.2008.06.005

Karmarkar, S. W., Bottum, K. M., Krager, S. L., and Tischkau, S. A. (2011).
ERK/MAPK is essential for endogenous neuroprotection in SCN2.2 cells. PLoS
One 6:e23493. doi: 10.1371/journal.pone.0023493

Karuppagounder, S. S., Pinto, J. T., Xu, H., Chen, H. L., Beal, M. F., and
Gibson, G. E. (2009). Dietary supplementation with resveratrol reduces plaque
pathology in a transgenic model of Alzheimer’s disease. Neurochem. Int. 54,
111–118. doi: 10.1016/j.neuint.2008.10.008

Kebir, H., Kreymborg, K., Ifergan, I., Dodelet-Devillers, A., Cayrol, R., Bernard, M.,
et al. (2007). Human TH17 lymphocytes promote blood-brain barrier
disruption and central nervous system inflammation. Nat. Med. 13, 1173–1175.
doi: 10.1038/nm1651

Khan, A. N., and Lewis, P. N. (2005). Unstructured conformations are
a substrate requirement for the Sir2 family of NAD-dependent protein
deacetylases. J. Biol. Chem. 280, 36073–36078. doi: 10.1074/jbc.M5082
47200

Khan, R. S., Dine, K., Das Sarma, J., and Shindler, K. S. (2014). SIRT1 activating
compounds reduce oxidative stress mediated neuronal loss in viral induced
CNS demyelinating disease. Acta Neuropathol. Commun. 2:3.

Kim, D., Nguyen, M. D., Dobbin, M. M., Fischer, A., Sananbenesi, F., Rodgers,
J. T., et al. (2007). SIRT1 deacetylase protects against neurodegeneration in
models for Alzheimer’s disease and amyotrophic lateral sclerosis. EMBO J. 26,
3169–3179. doi: 10.1038/sj.emboj.7601758

Kishi, T., Yoshimura, R., Kitajima, T., Okochi, T., Okumura, T., Tsunoka, T., et al.
(2010). SIRT1 gene is associated with major depressive disorder in the Japanese
population. J. Affect. Disord. 126, 167–173. doi: 10.1016/j.jad.2010.04.003

Klar, A. J., Fogel, S., and Macleod, K. (1979). MAR1-a regulator of the HMa and
HMalpha loci in SACCHAROMYCES CEREVISIAE. Genetics 93, 37–50.

Koizumi, J.-I., Yoshida, Y., Nakazawa, T., and Ooneda, G. (1986). Experimental
studies of ischemic brain edema 1. A new experimental model of cerebral
embolism in rats in which recirculation can be introduced in the ischemic area.
Jpn. J. Stroke 8, 1–8.

Korner, S., Boselt, S., Thau, N., Rath, K. J., Dengler, R., and Petri, S. (2013).
Differential sirtuin expression patterns in amyotrophic lateral sclerosis (ALS)
postmortem tissue: neuroprotective or neurotoxic properties of sirtuins in ALS?
Neurodegener. Dis. 11, 141–152. doi: 10.1159/000338048

Koronowski, K. B., Khoury, N., Saul, I., Loris, Z. B., Cohan, C. H., Stradecki-
Cohan, H. M., et al. (2017). Neuronal SIRT1 (silent information regulator
2 homologue 1) regulates glycolysis and mediates resveratrol-induced
ischemic tolerance. Stroke 48, 3117–3125. doi: 10.1161/STROKEAHA.117.
018562

Kugel, S., and Mostoslavsky, R. (2014). Chromatin and beyond: the multitasking
roles for SIRT6. Trends Biochem. Sci. 39, 72–81. doi: 10.1016/j.tibs.2013.
12.002

Kumar, A., Choi, K. H., Renthal, W., Tsankova, N. M., Theobald, D. E., Truong,
H. T., et al. (2005). Chromatin remodeling is a key mechanism underlying
cocaine-induced plasticity in striatum. Neuron 48, 303–314. doi: 10.1016/j.
neuron.2005.09.023

Lee, J., Kim, Y., Liu, T., Hwang, Y. J., Hyeon, S. J., Im, H., et al. (2018). SIRT3
deregulation is linked to mitochondrial dysfunction in Alzheimer’s disease.
Aging Cell 17:e12679. doi: 10.1111/acel.12679

Lee, J. C., Shin, J. H., Park, B. W., Kim, G. S., Kim, J. C., Kang, K. S., et al. (2012).
Region-specific changes in the immunoreactivity of SIRT1 expression in the
central nervous system of SOD1(G93A) transgenic mice as an in vivo model
of amyotrophic lateral sclerosis. Brain Res. 1433, 20–28. doi: 10.1016/j.brainres.
2011.11.019

Lesuisse, C., and Martin, L. J. (2002). Immature and mature cortical neurons
engage different apoptotic mechanisms involving caspase-3 and the mitogen-
activated protein kinase pathway. J. Cereb. Blood Flow Metab. 22, 935–950.
doi: 10.1097/00004647-200208000-00005

Li, X. H., Chen, C., Tu, Y., Sun, H. T., Zhao, M. L., Cheng, S. X., et al. (2013). Sirt1
promotes axonogenesis by deacetylation of Akt and inactivation of GSK3. Mol.
Neurobiol. 48, 490–499. doi: 10.1007/s12035-013-8437-3

Li, Y., Xu, W., Mcburney, M. W., and Longo, V. D. (2008). SirT1 inhibition reduces
IGF-I/IRS-2/Ras/ERK1/2 signaling and protects neurons. Cell Metab. 8, 38–48.
doi: 10.1016/j.cmet.2008.05.004

Libert, S., Pointer, K., Bell, E. L., Das, A., Cohen, D. E., Asara, J. M., et al. (2011).
SIRT1 activates MAO-A in the brain to mediate anxiety and exploratory drive.
Cell 147, 1459–1472. doi: 10.1016/j.cell.2011.10.054

Lim, H. W., Kang, S. G., Ryu, J. K., Schilling, B., Fei, M., Lee, I. S., et al. (2015).
SIRT1 deacetylates RORgammat and enhances Th17 cell generation. J. Exp.
Med. 212, 607–617. doi: 10.1084/jem.20132378

Liu, A. J., Guo, J. M., Liu, W., Su, F. Y., Zhai, Q. W., Mehta, J. L., et al. (2013).
Involvement of arterial baroreflex in the protective effect of dietary restriction
against stroke. J. Cereb. Blood Flow Metab. 33, 906–913. doi: 10.1038/jcbfm.
2013.28

Liu, D., Gharavi, R., Pitta, M., Gleichmann, M., and Mattson, M. P. (2009).
Nicotinamide prevents NAD+ depletion and protects neurons against
excitotoxicity and cerebral ischemia: NAD consumption by SIRT1 may
endanger energetically compromised neurons. Neuromol. Med. 11, 28–42.
doi: 10.1007/s12017-009-8058-1

Liu, L., Arun, A., Ellis, L., Peritore, C., and Donmez, G. (2012). Sirtuin
2 (SIRT2) enhances 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced nigrostriatal damage via deacetylating forkhead box O3a (Foxo3a) and
activating Bim protein. J. Biol. Chem. 287, 32307–32311. doi: 10.1074/jbc.C112.
403048

Longa, E. Z., Weinstein, P. R., Carlson, S., and Cummins, R. (1989). Reversible
middle cerebral artery occlusion without craniectomy in rats. Stroke 20, 84–91.

Lunn, E. R., Perry, V. H., Brown, M. C., Rosen, H., and Gordon, S. (1989). Absence
of wallerian degeneration does not hinder regeneration in peripheral nerve. Eur.
J. Neurosci. 1, 27–33.

Frontiers in Neuroscience | www.frontiersin.org 14 October 2018 | Volume 12 | Article 778

https://doi.org/10.1073/pnas.0800612105
https://doi.org/10.1038/nrm3293
https://doi.org/10.1038/nrm3293
https://doi.org/10.1007/s10571-014-0071-8
https://doi.org/10.1007/s10571-014-0071-8
https://doi.org/10.1146/annurev.neuro.29.051605.113009
https://doi.org/10.1146/annurev.neuro.29.051605.113009
https://doi.org/10.1038/nm.2399
https://doi.org/10.1016/j.tcb.2014.04.002
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1038/mp.2015.57
https://doi.org/10.1038/srep25628
https://doi.org/10.1038/ng.132
https://doi.org/10.1038/ng.132
https://doi.org/10.1016/j.bbrc.2009.07.119
https://doi.org/10.1016/j.bbrc.2009.07.119
https://doi.org/10.1016/j.celrep.2017.03.008
https://doi.org/10.1016/j.febslet.2008.06.005
https://doi.org/10.1371/journal.pone.0023493
https://doi.org/10.1016/j.neuint.2008.10.008
https://doi.org/10.1038/nm1651
https://doi.org/10.1074/jbc.M508247200
https://doi.org/10.1074/jbc.M508247200
https://doi.org/10.1038/sj.emboj.7601758
https://doi.org/10.1016/j.jad.2010.04.003
https://doi.org/10.1159/000338048
https://doi.org/10.1161/STROKEAHA.117.018562
https://doi.org/10.1161/STROKEAHA.117.018562
https://doi.org/10.1016/j.tibs.2013.12.002
https://doi.org/10.1016/j.tibs.2013.12.002
https://doi.org/10.1016/j.neuron.2005.09.023
https://doi.org/10.1016/j.neuron.2005.09.023
https://doi.org/10.1111/acel.12679
https://doi.org/10.1016/j.brainres.2011.11.019
https://doi.org/10.1016/j.brainres.2011.11.019
https://doi.org/10.1097/00004647-200208000-00005
https://doi.org/10.1007/s12035-013-8437-3
https://doi.org/10.1016/j.cmet.2008.05.004
https://doi.org/10.1016/j.cell.2011.10.054
https://doi.org/10.1084/jem.20132378
https://doi.org/10.1038/jcbfm.2013.28
https://doi.org/10.1038/jcbfm.2013.28
https://doi.org/10.1007/s12017-009-8058-1
https://doi.org/10.1074/jbc.C112.403048
https://doi.org/10.1074/jbc.C112.403048
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-12-00778 October 24, 2018 Time: 14:59 # 15

Fujita and Yamashita Sirtuins in Neurological Diseases

Luo, J., Nikolaev, A. Y., Imai, S., Chen, D., Su, F., Shiloh, A., et al. (2001). Negative
control of p53 by Sir2alpha promotes cell survival under stress. Cell 107,
137–148.

Luo, X. J., and Zhang, C. (2016). Down-regulation of SIRT1 gene expression in
major depressive disorder. Am. J. Psychiatry 173:1046. doi: 10.1176/appi.ajp.
2016.16040394

Ma, C. Y., Yao, M. J., Zhai, Q. W., Jiao, J. W., Yuan, X. B., and Poo, M. M.
(2014). SIRT1 suppresses self-renewal of adult hippocampal neural stem cells.
Development 141, 4697–4709. doi: 10.1242/dev.117937

Mancuso, R., Del Valle, J., Modol, L., Martinez, A., Granado-Serrano, A. B.,
Ramirez-Nunez, O., et al. (2014). Resveratrol improves motoneuron function
and extends survival in SOD1(G93A) ALS mice. Neurotherapeutics 11, 419–432.
doi: 10.1007/s13311-013-0253-y

Matarese, G., Procaccini, C., Menale, C., Kim, J. G., Kim, J. D., Diano, S.,
et al. (2013). Hunger-promoting hypothalamic neurons modulate effector and
regulatory T-cell responses. Proc. Natl. Acad. Sci. U.S.A. 110, 6193–6198.
doi: 10.1073/pnas.1210644110

McBurney, M. W., Yang, X., Jardine, K., Hixon, M., Boekelheide, K., Webb, J. R.,
et al. (2003). The mammalian SIR2alpha protein has a role in embryogenesis
and gametogenesis. Mol. Cell. Biol. 23, 38–54.

McClung, C. A., and Nestler, E. J. (2003). Regulation of gene expression
and cocaine reward by CREB and DeltaFosB. Nat. Neurosci. 6, 1208–1215.
doi: 10.1038/nn1143

Michan, S., Li, Y., Chou, M. M., Parrella, E., Ge, H., Long, J. M., et al. (2010). SIRT1
is essential for normal cognitive function and synaptic plasticity. J. Neurosci. 30,
9695–9707. doi: 10.1523/JNEUROSCI.0027-10.2010

Min, S. W., Cho, S. H., Zhou, Y., Schroeder, S., Haroutunian, V., Seeley, W. W.,
et al. (2010). Acetylation of tau inhibits its degradation and contributes to
tauopathy. Neuron 67, 953–966. doi: 10.1016/j.neuron.2010.08.044

Moussa, C., Hebron, M., Huang, X., Ahn, J., Rissman, R. A., Aisen, P. S.,
et al. (2017). Resveratrol regulates neuro-inflammation and induces adaptive
immunity in Alzheimer’s disease. J. Neuroinflamm. 14:1. doi: 10.1186/s12974-
016-0779-0

Mudo, G., Makela, J., Di Liberto, V., Tselykh, T. V., Olivieri, M., Piepponen, P.,
et al. (2012). Transgenic expression and activation of PGC-1alpha protect
dopaminergic neurons in the MPTP mouse model of Parkinson’s disease. Cell
Mol. Life Sci. 69, 1153–1165. doi: 10.1007/s00018-011-0850-z

Neumann, M., Sampathu, D. M., Kwong, L. K., Truax, A. C., Micsenyi, M. C.,
Chou, T. T., et al. (2006). Ubiquitinated TDP-43 in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Science 314, 130–133.
doi: 10.1126/science.1134108

Ng, F., and Tang, B. L. (2013). When is Sirt1 activity bad for dying neurons? Front.
Cell Neurosci. 7:186. doi: 10.3389/fncel.2013.00186

Ng, F., Wijaya, L., and Tang, B. L. (2015). SIRT1 in the brain-connections with
aging-associated disorders and lifespan. Front. Cell Neurosci. 9:64. doi: 10.3389/
fncel.2015.00064

Nimmagadda, V. K., Bever, C. T., Vattikunta, N. R., Talat, S., Ahmad, V., Nagalla,
N. K., et al. (2013). Overexpression of SIRT1 protein in neurons protects against
experimental autoimmune encephalomyelitis through activation of multiple
SIRT1 targets. J. Immunol. 190, 4595–4607. doi: 10.4049/jimmunol.1202584

Ogawa, S., Gerlach, H., Esposito, C., Pasagian-Macaulay, A., Brett, J., and Stern, D.
(1990). Hypoxia modulates the barrier and coagulant function of cultured
bovine endothelium, increased monolayer permeability and induction of
procoagulant properties. J. Clin. Invest. 85, 1090–1098. doi: 10.1172/JCI11
4540

Outeiro, T. F., Kontopoulos, E., Altmann, S. M., Kufareva, I., Strathearn, K. E.,
Amore, A. M., et al. (2007). Sirtuin 2 inhibitors rescue alpha-synuclein-
mediated toxicity in models of Parkinson’s disease. Science 317, 516–519.
doi: 10.1126/science.1143780

Pallas, M., Pizarro, J. G., Gutierrez-Cuesta, J., Crespo-Biel, N., Alvira, D., Tajes, M.,
et al. (2008). Modulation of SIRT1 expression in different neurodegenerative
models and human pathologies. Neuroscience 154, 1388–1397. doi: 10.1016/j.
neuroscience.2008.04.065

Panchal, M., Loeper, J., Cossec, J. C., Perruchini, C., Lazar, A., Pompon, D., et al.
(2010). Enrichment of cholesterol in microdissected Alzheimer’s disease senile
plaques as assessed by mass spectrometry. J. Lipid Res. 51, 598–605. doi: 10.
1194/jlr.M001859

Park, G., Jeong, J. W., and Kim, J. E. (2011). SIRT1 deficiency attenuates MPP+-
induced apoptosis in dopaminergic cells. FEBS Lett. 585, 219–224. doi: 10.1016/
j.febslet.2010.11.048

Preskorn, S. H. (2006). Pharmacogenomics, informatics, and individual drug
therapy in psychiatry: past, present and future. J. Psychopharmacol. 20, 85–94.
doi: 10.1177/1359786806066070

Prozorovski, T., Schulze-Topphoff, U., Glumm, R., Baumgart, J., Schroter, F.,
Ninnemann, O., et al. (2008). Sirt1 contributes critically to the redox-dependent
fate of neural progenitors. Nat. Cell Biol. 10, 385–394. doi: 10.1038/ncb1700

Qin, W., Chachich, M., Lane, M., Roth, G., Bryant, M., De Cabo, R.,
et al. (2006a). Calorie restriction attenuates Alzheimer’s disease type brain
amyloidosis in Squirrel monkeys (Saimiri sciureus). J. Alzheimers Dis. 10,
417–422.

Qin, W., Yang, T., Ho, L., Zhao, Z., Wang, J., Chen, L., et al. (2006b). Neuronal
SIRT1 activation as a novel mechanism underlying the prevention of Alzheimer
disease amyloid neuropathology by calorie restriction. J. Biol. Chem. 281,
21745–21754. doi: 10.1074/jbc.M602909200

Quintas, A., De Solis, A. J., Diez-Guerra, F. J., Carrascosa, J. M., and Bogonez, E.
(2012). Age-associated decrease of SIRT1 expression in rat hippocampus:
prevention by late onset caloric restriction. Exp. Gerontol. 47, 198–201.
doi: 10.1016/j.exger.2011.11.010

Rafalski, V. A., Ho, P. P., Brett, J. O., Ucar, D., Dugas, J. C., Pollina, E. A.,
et al. (2013). Expansion of oligodendrocyte progenitor cells following SIRT1
inactivation in the adult brain. Nat. Cell Biol. 15, 614–624. doi: 10.1038/ncb2735

Ramadori, G., Fujikawa, T., Fukuda, M., Anderson, J., Morgan, D. A.,
Mostoslavsky, R., et al. (2010). SIRT1 deacetylase in POMC neurons is required
for homeostatic defenses against diet-induced obesity. Cell Metab. 12, 78–87.
doi: 10.1016/j.cmet.2010.05.010

Ramadori, G., Lee, C. E., Bookout, A. L., Lee, S., Williams, K. W., Anderson, J.,
et al. (2008). Brain SIRT1: anatomical distribution and regulation by energy
availability. J. Neurosci. 28, 9989–9996. doi: 10.1523/JNEUROSCI.3257-08.
2008

Raval, A. P., Dave, K. R., and Perez-Pinzon, M. A. (2006). Resveratrol mimics
ischemic preconditioning in the brain. J. Cereb. Blood Flow Metab. 26,
1141–1147. doi: 10.1038/sj.jcbfm.9600262

Raval, A. P., Lin, H. W., Dave, K. R., Defazio, R. A., Della Morte, D., Kim, E. J.,
et al. (2008). Resveratrol and ischemic preconditioning in the brain. Curr. Med.
Chem. 15, 1545–1551.

Renthal, W., Carle, T. L., Maze, I., Covington, H. E. III, Truong, H. T.,
Alibhai, I. et al., (2008). Delta FosB mediates epigenetic desensitization of the
c-fos gene after chronic amphetamine exposure. J. Neurosci. 28, 7344–7349.
doi: 10.1523/JNEUROSCI.1043-08.2008

Renthal, W., Kumar, A., Xiao, G., Wilkinson, M., Covington, H. E. III, Maze, I.
(2009). Genome-wide analysis of chromatin regulation by cocaine reveals a role
for sirtuins. Neuron 62, 335–348. doi: 10.1016/j.neuron.2009.03.026

Revollo, J. R., Korner, A., Mills, K. F., Satoh, A., Wang, T., Garten, A., et al. (2007).
Nampt/PBEF/Visfatin regulates insulin secretion in beta cells as a systemic
NAD biosynthetic enzyme. Cell Metab. 6, 363–375. doi: 10.1016/j.cmet.2007.
09.003

Revollo, J. R., and Li, X. (2013). The ways and means that fine tune Sirt1 activity.
Trends Biochem. Sci. 38, 160–167. doi: 10.1016/j.tibs.2012.12.004

Ridet, J. L., Malhotra, S. K., Privat, A., and Gage, F. H. (1997). Reactive astrocytes:
cellular and molecular cues to biological function. Trends Neurosci. 20, 570–577.

Rine, J., Strathern, J. N., Hicks, J. B., and Herskowitz, I. (1979). A suppressor
of mating-type locus mutations in Saccharomyces cerevisiae: evidence for and
identification of cryptic mating-type loci. Genetics 93, 877–901.

Rodgers, J. T., Lerin, C., Gerhart-Hines, Z., and Puigserver, P. (2008). Metabolic
adaptations through the PGC-1 alpha and SIRT1 pathways. FEBS Lett. 582,
46–53. doi: 10.1016/j.febslet.2007.11.034

Rodgers, J. T., Lerin, C., Haas, W., Gygi, S. P., Spiegelman, B. M., and Puigserver, P.
(2005). Nutrient control of glucose homeostasis through a complex of PGC-
1alpha and SIRT1. Nature 434, 113–118. doi: 10.1038/nature03354

Rongvaux, A., Andris, F., Van Gool, F., and Leo, O. (2003). Reconstructing
eukaryotic NAD metabolism. Bioessays 25, 683–690. doi: 10.1002/bies.10297

Rosen, D. R., Siddique, T., Patterson, D., Figlewicz, D. A., Sapp, P., Hentati, A.,
et al. (1993). Mutations in Cu/Zn superoxide dismutase gene are associated with
familial amyotrophic lateral sclerosis. Nature 362, 59–62. doi: 10.1038/362059a0

Frontiers in Neuroscience | www.frontiersin.org 15 October 2018 | Volume 12 | Article 778

https://doi.org/10.1176/appi.ajp.2016.16040394
https://doi.org/10.1176/appi.ajp.2016.16040394
https://doi.org/10.1242/dev.117937
https://doi.org/10.1007/s13311-013-0253-y
https://doi.org/10.1073/pnas.1210644110
https://doi.org/10.1038/nn1143
https://doi.org/10.1523/JNEUROSCI.0027-10.2010
https://doi.org/10.1016/j.neuron.2010.08.044
https://doi.org/10.1186/s12974-016-0779-0
https://doi.org/10.1186/s12974-016-0779-0
https://doi.org/10.1007/s00018-011-0850-z
https://doi.org/10.1126/science.1134108
https://doi.org/10.3389/fncel.2013.00186
https://doi.org/10.3389/fncel.2015.00064
https://doi.org/10.3389/fncel.2015.00064
https://doi.org/10.4049/jimmunol.1202584
https://doi.org/10.1172/JCI114540
https://doi.org/10.1172/JCI114540
https://doi.org/10.1126/science.1143780
https://doi.org/10.1016/j.neuroscience.2008.04.065
https://doi.org/10.1016/j.neuroscience.2008.04.065
https://doi.org/10.1194/jlr.M001859
https://doi.org/10.1194/jlr.M001859
https://doi.org/10.1016/j.febslet.2010.11.048
https://doi.org/10.1016/j.febslet.2010.11.048
https://doi.org/10.1177/1359786806066070
https://doi.org/10.1038/ncb1700
https://doi.org/10.1074/jbc.M602909200
https://doi.org/10.1016/j.exger.2011.11.010
https://doi.org/10.1038/ncb2735
https://doi.org/10.1016/j.cmet.2010.05.010
https://doi.org/10.1523/JNEUROSCI.3257-08.2008
https://doi.org/10.1523/JNEUROSCI.3257-08.2008
https://doi.org/10.1038/sj.jcbfm.9600262
https://doi.org/10.1523/JNEUROSCI.1043-08.2008
https://doi.org/10.1016/j.neuron.2009.03.026
https://doi.org/10.1016/j.cmet.2007.09.003
https://doi.org/10.1016/j.cmet.2007.09.003
https://doi.org/10.1016/j.tibs.2012.12.004
https://doi.org/10.1016/j.febslet.2007.11.034
https://doi.org/10.1038/nature03354
https://doi.org/10.1002/bies.10297
https://doi.org/10.1038/362059a0
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-12-00778 October 24, 2018 Time: 14:59 # 16

Fujita and Yamashita Sirtuins in Neurological Diseases

Ruderman, N. B., Xu, X. J., Nelson, L., Cacicedo, J. M., Saha, A. K., Lan, F.,
et al. (2010). AMPK and SIRT1: a long-standing partnership? Am. J. Physiol.
Endocrinol. Metab. 298, E751–E760. doi: 10.1152/ajpendo.00745.2009

Saharan, S., Jhaveri, D. J., and Bartlett, P. F. (2013). SIRT1 regulates the
neurogenic potential of neural precursors in the adult subventricular zone and
hippocampus. J. Neurosci. Res. 91, 642–659. doi: 10.1002/jnr.23199

Sakamoto, J., Miura, T., Shimamoto, K., and Horio, Y. (2004). Predominant
expression of Sir2alpha, an NAD-dependent histone deacetylase, in the
embryonic mouse heart and brain. FEBS Lett. 556, 281–286.

Salvatori, I., Valle, C., Ferri, A., and Carri, M. T. (2017). SIRT3 and mitochondrial
metabolism in neurodegenerative diseases. Neurochem. Int. 109, 184–192.
doi: 10.1016/j.neuint.2017.04.012

Sampaio-Marques, B., Felgueiras, C., Silva, A., Rodrigues, M., Tenreiro, S.,
Franssens, V., et al. (2012). SNCA (alpha-synuclein)-induced toxicity in yeast
cells is dependent on sirtuin 2 (Sir2)-mediated mitophagy. Autophagy 8,
1494–1509. doi: 10.4161/auto.21275

Sansone, L., Reali, V., Pellegrini, L., Villanova, L., Aventaggiato, M., Marfe, G.,
et al. (2013). SIRT1 silencing confers neuroprotection through IGF-1 pathway
activation. J. Cell. Physiol. 228, 1754–1761. doi: 10.1002/jcp.24334

Sasaki, T., Kim, H. J., Kobayashi, M., Kitamura, Y. I., Yokota-Hashimoto, H.,
Shiuchi, T., et al. (2010). Induction of hypothalamic Sirt1 leads to cessation of
feeding via agouti-related peptide. Endocrinology 151, 2556–2566.

Sasaki, T., and Kitamura, T. (2010). Roles of FoxO1 and Sirt1 in the central
regulation of food intake. Endocr. J. 57, 939–946.

Satoh, A., Brace, C. S., Ben-Josef, G., West, T., Wozniak, D. F., Holtzman, D. M.,
et al. (2010). SIRT1 promotes the central adaptive response to diet restriction
through activation of the dorsomedial and lateral nuclei of the hypothalamus.
J. Neurosci. 30, 10220–10232. doi: 10.1523/JNEUROSCI.1385-10.2010

Satoh, A., and Imai, S. (2014). Systemic regulation of mammalian ageing and
longevity by brain sirtuins. Nat. Commun. 5:4211. doi: 10.1038/ncomms5211

Schwab, A. J., Sison, S. L., Meade, M. R., Broniowska, K. A., Corbett, J. A., and
Ebert, A. D. (2017). Decreased sirtuin deacetylase activity in LRRK2 G2019S
iPSC-derived dopaminergic neurons. Stem Cell Rep. 9, 1839–1852. doi: 10.1016/
j.stemcr.2017.10.010

Schwartz, M. W., Woods, S. C., Porte, D. Jr., Seeley, R. J., and Baskin, D. G.
(2000). Central nervous system control of food intake. Nature 404, 661–671.
doi: 10.1038/35007534

Shah, S. A., Lee, H. Y., Bressan, R. A., Yun, D. J., and Kim, M. O.
(2014). Novel osmotin attenuates glutamate-induced synaptic dysfunction and
neurodegeneration via the JNK/PI3K/Akt pathway in postnatal rat brain. Cell
Death Dis. 5:e1026. doi: 10.1038/cddis.2013.538

Shah, S. A., Yoon, G. H., Chung, S. S., Abid, M. N., Kim, T. H., Lee, H. Y.,
et al. (2017a). Novel osmotin inhibits SREBP2 via the AdipoR1/AMPK/SIRT1
pathway to improve Alzheimer’s disease neuropathological deficits. Mol.
Psychiatry 22, 407–416. doi: 10.1038/mp.2016.23

Shah, S. A., Yoon, G. H., Chung, S. S., Abid, M. N., Kim, T. H., Lee, H. Y., et al.
(2017b). Osmotin reduced amyloid beta (Abeta) burden by inhibiting SREBP2
expression in APP/PS1 mice. Mol. Psychiatry 22:323. doi: 10.1038/mp.2017.12

Sharma, A., Gautam, V., Costantini, S., Paladino, A., and Colonna, G. (2012).
Interactomic and pharmacological insights on human sirt-1. Front. Pharmacol.
3:40. doi: 10.3389/fphar.2012.00040

Shindler, K. S., Ventura, E., Dutt, M., Elliott, P., Fitzgerald, D. C., and
Rostami, A. (2010). Oral resveratrol reduces neuronal damage in a model
of multiple sclerosis. J. Neuroophthalmol. 30, 328–339. doi: 10.1097/WNO.
0b013e3181f7f833

Shindler, K. S., Ventura, E., Rex, T. S., Elliott, P., and Rostami, A. (2007).
SIRT1 activation confers neuroprotection in experimental optic neuritis. Invest.
Ophthalmol. Vis. Sci. 48, 3602–3609.

Singh, P., Hanson, P. S., and Morris, C. M. (2017). SIRT1 ameliorates oxidative
stress induced neural cell death and is down-regulated in Parkinson’s disease.
BMC Neurosci. 18:46. doi: 10.1186/s12868-017-0364-1

Song, W., Song, Y., Kincaid, B., Bossy, B., and Bossy-Wetzel, E. (2013).
Mutant SOD1G93A triggers mitochondrial fragmentation in spinal cord motor
neurons: neuroprotection by SIRT3 and PGC-1alpha. Neurobiol. Dis. 51, 72–81.
doi: 10.1016/j.nbd.2012.07.004

Sreedharan, J., Blair, I. P., Tripathi, V. B., Hu, X., Vance, C., Rogelj, B., et al. (2008).
TDP-43 mutations in familial and sporadic amyotrophic lateral sclerosis.
Science 319, 1668–1672. doi: 10.1126/science.1154584

Stanciu, M., Wang, Y., Kentor, R., Burke, N., Watkins, S., Kress, G., et al.
(2000). Persistent activation of ERK contributes to glutamate-induced oxidative
toxicity in a neuronal cell line and primary cortical neuron cultures. J. Biol.
Chem. 275, 12200–12206.

Sugino, T., Maruyama, M., Tanno, M., Kuno, A., Houkin, K., and Horio, Y.
(2010). Protein deacetylase SIRT1 in the cytoplasm promotes nerve growth
factor-induced neurite outgrowth in PC12 cells. FEBS Lett. 584, 2821–2826.
doi: 10.1016/j.febslet.2010.04.063

Suzuki, K., and Koike, T. (2007). Mammalian Sir2-related protein (SIRT) 2-
mediated modulation of resistance to axonal degeneration in slow Wallerian
degeneration mice: a crucial role of tubulin deacetylation. Neuroscience 147,
599–612. doi: 10.1016/j.neuroscience.2007.04.059

Taes, I., Timmers, M., Hersmus, N., Bento-Abreu, A., Van Den Bosch, L., Van
Damme, P., et al. (2013). Hdac6 deletion delays disease progression in the
SOD1G93A mouse model of ALS. Hum. Mol. Genet. 22, 1783–1790. doi: 10.
1093/hmg/ddt028

Tang, B. L. (2017). Sirtuins as modifiers of Parkinson’s disease pathology.
J. Neurosci. Res. 95, 930–942. doi: 10.1002/jnr.23806

Tanno, M., Sakamoto, J., Miura, T., Shimamoto, K., and Horio, Y. (2007).
Nucleocytoplasmic shuttling of the NAD+-dependent histone deacetylase
SIRT1. J. Biol. Chem. 282, 6823–6832. doi: 10.1074/jbc.M609554200

Tegla, C. A., Azimzadeh, P., Andrian-Albescu, M., Martin, A., Cudrici, C. D.,
Trippe, R., et al. (2014). SIRT1 is decreased during relapses in patients with
multiple sclerosis. Exp. Mol. Pathol. 96, 139–148. doi: 10.1016/j.yexmp.2013.
12.010

Teller, S., Tahirbegi, I. B., Mir, M., Samitier, J., and Soriano, J. (2015).
Magnetite-amyloid-beta deteriorates activity and functional organization in an
in vitro model for Alzheimer’s disease. Sci. Rep. 5:17261. doi: 10.1038/srep
17261

Trapp, B. D., and Nave, K. A. (2008). Multiple sclerosis: an immune or
neurodegenerative disorder? Annu. Rev. Neurosci. 31, 247–269. doi: 10.1146/
annurev.neuro.30.051606.094313

Turner, R. S., Thomas, R. G., Craft, S., Van Dyck, C. H., Mintzer, J., Reynolds,
B. A., et al. (2015). A randomized, double-blind, placebo-controlled trial of
resveratrol for Alzheimer disease. Neurology 85, 1383–1391. doi: 10.1212/wnl.
0000000000002035

Uversky, V. N. (2015). Intrinsically disordered proteins and their (disordered)
proteomes in neurodegenerative disorders. Front. Aging Neurosci. 7:18.
doi: 10.3389/fnagi.2015.00018

Van Deerlin, V. M., Leverenz, J. B., Bekris, L. M., Bird, T. D., Yuan, W.,
Elman, L. B., et al. (2008). TARDBP mutations in amyotrophic lateral sclerosis
with TDP-43 neuropathology: a genetic and histopathological analysis. Lancet
Neurol. 7, 409–416. doi: 10.1016/S1474-4422(08)70071-1

Vaziri, H., Dessain, S. K., Ng Eaton, E., Imai, S. I., Frye, R. A., Pandita, T. K.,
et al. (2001). hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase.
Cell 107, 149–159.

Vingtdeux, V., Giliberto, L., Zhao, H., Chandakkar, P., Wu, Q., Simon, J. E.,
et al. (2010). AMP-activated protein kinase signaling activation by resveratrol
modulates amyloid-beta peptide metabolism. J. Biol. Chem. 285, 9100–9113.
doi: 10.1074/jbc.M109.060061

Wang, J., Ho, L., Qin, W., Rocher, A. B., Seror, I., Humala, N., et al. (2005).
Caloric restriction attenuates beta-amyloid neuropathology in a mouse model
of Alzheimer’s disease. FASEB J. 19, 659–661. doi: 10.1096/fj.04-3182fje

Wang, L. M., Wang, Y. J., Cui, M., Luo, W. J., Wang, X. J., Barber, P. A., et al.
(2013). A dietary polyphenol resveratrol acts to provide neuroprotection in
recurrent stroke models by regulating AMPK and SIRT1 signaling, thereby
reducing energy requirements during ischemia. Eur. J. Neurosci. 37, 1669–1681.
doi: 10.1111/ejn.12162

Wang, P., Guan, Y. F., Du, H., Zhai, Q. W., Su, D. F., and Miao, C. Y. (2012).
Induction of autophagy contributes to the neuroprotection of nicotinamide
phosphoribosyltransferase in cerebral ischemia. Autophagy 8, 77–87. doi: 10.
4161/auto.8.1.18274

Wang, P., Xu, T. Y., Guan, Y. F., Tian, W. W., Viollet, B., Rui, Y. C., et al.
(2011). Nicotinamide phosphoribosyltransferase protects against ischemic
stroke through SIRT1-dependent adenosine monophosphate-activated kinase
pathway. Ann. Neurol. 69, 360–374. doi: 10.1002/ana.22236

Watanabe, S., Ageta-Ishihara, N., Nagatsu, S., Takao, K., Komine, O., Endo, F.,
et al. (2014). SIRT1 overexpression ameliorates a mouse model of SOD1-linked

Frontiers in Neuroscience | www.frontiersin.org 16 October 2018 | Volume 12 | Article 778

https://doi.org/10.1152/ajpendo.00745.2009
https://doi.org/10.1002/jnr.23199
https://doi.org/10.1016/j.neuint.2017.04.012
https://doi.org/10.4161/auto.21275
https://doi.org/10.1002/jcp.24334
https://doi.org/10.1523/JNEUROSCI.1385-10.2010
https://doi.org/10.1038/ncomms5211
https://doi.org/10.1016/j.stemcr.2017.10.010
https://doi.org/10.1016/j.stemcr.2017.10.010
https://doi.org/10.1038/35007534
https://doi.org/10.1038/cddis.2013.538
https://doi.org/10.1038/mp.2016.23
https://doi.org/10.1038/mp.2017.12
https://doi.org/10.3389/fphar.2012.00040
https://doi.org/10.1097/WNO.0b013e3181f7f833
https://doi.org/10.1097/WNO.0b013e3181f7f833
https://doi.org/10.1186/s12868-017-0364-1
https://doi.org/10.1016/j.nbd.2012.07.004
https://doi.org/10.1126/science.1154584
https://doi.org/10.1016/j.febslet.2010.04.063
https://doi.org/10.1016/j.neuroscience.2007.04.059
https://doi.org/10.1093/hmg/ddt028
https://doi.org/10.1093/hmg/ddt028
https://doi.org/10.1002/jnr.23806
https://doi.org/10.1074/jbc.M609554200
https://doi.org/10.1016/j.yexmp.2013.12.010
https://doi.org/10.1016/j.yexmp.2013.12.010
https://doi.org/10.1038/srep17261
https://doi.org/10.1038/srep17261
https://doi.org/10.1146/annurev.neuro.30.051606.094313
https://doi.org/10.1146/annurev.neuro.30.051606.094313
https://doi.org/10.1212/wnl.0000000000002035
https://doi.org/10.1212/wnl.0000000000002035
https://doi.org/10.3389/fnagi.2015.00018
https://doi.org/10.1016/S1474-4422(08)70071-1
https://doi.org/10.1074/jbc.M109.060061
https://doi.org/10.1096/fj.04-3182fje
https://doi.org/10.1111/ejn.12162
https://doi.org/10.4161/auto.8.1.18274
https://doi.org/10.4161/auto.8.1.18274
https://doi.org/10.1002/ana.22236
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-12-00778 October 24, 2018 Time: 14:59 # 17

Fujita and Yamashita Sirtuins in Neurological Diseases

amyotrophic lateral sclerosis via HSF1/HSP70i chaperone system. Mol. Brain
7:62. doi: 10.1186/s13041-014-0062-1

Wu, A., Ying, Z., and Gomez-Pinilla, F. (2006). Oxidative stress modulates
Sir2alpha in rat hippocampus and cerebral cortex. Eur. J. Neurosci. 23,
2573–2580. doi: 10.1111/j.1460-9568.2006.04807.x

Wu, A., Ying, Z., and Gomez-Pinilla, F. (2007). Omega-3 fatty acids
supplementation restores mechanisms that maintain brain homeostasis in
traumatic brain injury. J. Neurotrauma 24, 1587–1595. doi: 10.1089/neu.2007.
0313

Xiao, C., Kim, H. S., Lahusen, T., Wang, R. H., Xu, X., Gavrilova, O., et al. (2010).
SIRT6 deficiency results in severe hypoglycemia by enhancing both basal and
insulin-stimulated glucose uptake in mice. J. Biol. Chem. 285, 36776–36784.
doi: 10.1074/jbc.M110.168039

Xiong, H., Callaghan, D., Jones, A., Walker, D. G., Lue, L. F., Beach, T. G.,
et al. (2008). Cholesterol retention in Alzheimer’s brain is responsible for high
beta- and gamma-secretase activities and Abeta production. Neurobiol. Dis. 29,
422–437. doi: 10.1016/j.nbd.2007.10.005

Yamakuchi, M., Ferlito, M., and Lowenstein, C. J. (2008). miR-34a repression
of SIRT1 regulates apoptosis. Proc. Natl. Acad. Sci. U.S.A. 105, 13421–13426.
doi: 10.1073/pnas.0801613105

Yan, W., Fang, Z., Yang, Q., Dong, H., Lu, Y., Lei, C., et al. (2013). SirT1 mediates
hyperbaric oxygen preconditioning-induced ischemic tolerance in rat brain.
J. Cereb. Blood Flow Metab. 33, 396–406. doi: 10.1038/jcbfm.2012.179

Yang, H., Yang, T., Baur, J. A., Perez, E., Matsui, T., Carmona, J. J., et al. (2007).
Nutrient-sensitive mitochondrial NAD+ levels dictate cell survival. Cell 130,
1095–1107. doi: 10.1016/j.cell.2007.07.035

Yao, W. D., Gainetdinov, R. R., Arbuckle, M. I., Sotnikova, T. D., Cyr, M., Beaulieu,
J. M., et al. (2004). Identification of PSD-95 as a regulator of dopamine-
mediated synaptic and behavioral plasticity. Neuron 41, 625–638.

Yin, J., Han, P., Tang, Z., Liu, Q., and Shi, J. (2015). Sirtuin 3 mediates
neuroprotection of ketones against ischemic stroke. J. Cereb. Blood Flow Metab.
35, 1783–1789. doi: 10.1038/jcbfm.2015.123

Ying, W. (2007). NAD+ and NADH in brain functions, brain diseases and brain
aging. Front. Biosci. 12, 1863–1888. doi: 10.2741/2194

Ying, W., Wei, G., Wang, D., Wang, Q., Tang, X., Shi, J., et al. (2007). Intranasal
administration with NAD+ profoundly decreases brain injury in a rat model of
transient focal ischemia. Front. Biosci. 12, 2728–2734.

Yoon, D. S., Choi, Y., Jang, Y., Lee, M., Choi, W. J., Kim, S. H., et al. (2014).
SIRT1 directly regulates SOX2 to maintain self-renewal and multipotency
in bone marrow-derived mesenchymal stem cells. Stem Cells 32, 3219–3231.
doi: 10.1002/stem.1811

Zakhary, S. M., Ayubcha, D., Dileo, J. N., Jose, R., Leheste, J. R., Horowitz, J. M.,
et al. (2010). Distribution analysis of deacetylase SIRT1 in rodent and human
nervous systems. Anat. Rec. (Hoboken) 293, 1024–1032. doi: 10.1002/ar.21116

Zhang, A., Wang, H., Qin, X., Pang, S., and Yan, B. (2012). Genetic analysis of
SIRT1 gene promoter in sporadic Parkinson’s disease. Biochem. Biophys. Res.
Commun. 422, 693–696. doi: 10.1016/j.bbrc.2012.05.059

Zhang, Q., Zhang, P., Qi, G. J., Zhang, Z., He, F., Lv, Z. X., et al. (2018). Cdk5
suppression blocks SIRT1 degradation via the ubiquitin-proteasome pathway
in Parkinson’s disease models. Biochim. Biophys. Acta 1862, 1443–1451.
doi: 10.1016/j.bbagen.2018.03.021

Zhang, W., Wei, R., Zhang, L., Tan, Y., and Qian, C. (2017). Sirtuin 6 protects
the brain from cerebral ischemia/reperfusion injury through NRF2 activation.
Neuroscience 366, 95–104. doi: 10.1016/j.neuroscience.2017.09.035

Zhang, X. S., Wu, Q., Wu, L. Y., Ye, Z. N., Jiang, T. W., Li, W., et al. (2016).
Sirtuin 1 activation protects against early brain injury after experimental
subarachnoid hemorrhage in rats. Cell Death Dis. 7:e2416. doi: 10.1038/cddis.
2016.292

Zhang, Z. N., Chung, S. K., Xu, Z., and Xu, Y. (2014). Oct4 maintains the
pluripotency of human embryonic stem cells by inactivating p53 through
Sirt1-mediated deacetylation. Stem Cells 32, 157–165. doi: 10.1002/stem.
1532

Zhao, H., Chen, S., Gao, K., Zhou, Z., Wang, C., Shen, Z., et al. (2017). Resveratrol
protects against spinal cord injury by activating autophagy and inhibiting
apoptosis mediated by the SIRT1/AMPK signaling pathway. Neuroscience 348,
241–251. doi: 10.1016/j.neuroscience.2017.02.027

Zhao, Y., Luo, P., Guo, Q., Li, S., Zhang, L., Zhao, M., et al. (2012). Interactions
between SIRT1 and MAPK/ERK regulate neuronal apoptosis induced by
traumatic brain injury in vitro and in vivo. Exp. Neurol. 237, 489–498.
doi: 10.1016/j.expneurol.2012.07.004

Zhao, Y. N., Li, W. F., Li, F., Zhang, Z., Dai, Y. D., Xu, A. L., et al. (2013).
Resveratrol improves learning and memory in normally aged mice through
microRNA-CREB pathway. Biochem. Biophys. Res. Commun. 435, 597–602.
doi: 10.1016/j.bbrc.2013.05.025

Zovoilis, A., Agbemenyah, H. Y., Agis-Balboa, R. C., Stilling, R. M., Edbauer, D.,
Rao, P., et al. (2011). microRNA-34c is a novel target to treat dementias. EMBO
J. 30, 4299–4308. doi: 10.1038/emboj.2011.327

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Fujita and Yamashita. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 17 October 2018 | Volume 12 | Article 778

https://doi.org/10.1186/s13041-014-0062-1
https://doi.org/10.1111/j.1460-9568.2006.04807.x
https://doi.org/10.1089/neu.2007.0313
https://doi.org/10.1089/neu.2007.0313
https://doi.org/10.1074/jbc.M110.168039
https://doi.org/10.1016/j.nbd.2007.10.005
https://doi.org/10.1073/pnas.0801613105
https://doi.org/10.1038/jcbfm.2012.179
https://doi.org/10.1016/j.cell.2007.07.035
https://doi.org/10.1038/jcbfm.2015.123
https://doi.org/10.2741/2194
https://doi.org/10.1002/stem.1811
https://doi.org/10.1002/ar.21116
https://doi.org/10.1016/j.bbrc.2012.05.059
https://doi.org/10.1016/j.bbagen.2018.03.021
https://doi.org/10.1016/j.neuroscience.2017.09.035
https://doi.org/10.1038/cddis.2016.292
https://doi.org/10.1038/cddis.2016.292
https://doi.org/10.1002/stem.1532
https://doi.org/10.1002/stem.1532
https://doi.org/10.1016/j.neuroscience.2017.02.027
https://doi.org/10.1016/j.expneurol.2012.07.004
https://doi.org/10.1016/j.bbrc.2013.05.025
https://doi.org/10.1038/emboj.2011.327
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Sirtuins in Neuroendocrine Regulation and Neurological Diseases
	Introduction
	Distribution of Sirt1 in the Central Nervous System
	Sirt1 Functions in Neurogenesis
	Sirt1 Function in the Hypothalamus
	Sirt1 and Sirt2 in Higher-Order Brain Functions
	Sirtuins and Neurodegenerative Disorders
	Wallerian Degeneration
	Spinal Cord Injury (SCI)
	Traumatic Brain Injury
	Stroke
	Multiple Sclerosis (MS)
	Studies in Individuals With MS

	Alzheimer's Disease
	Parkinson's Disease
	Amyotrophic Lateral Sclerosis (ALS)
	SIRT1 Activator and Clinical Trials

	Conclusion
	Author Contributions
	Funding
	References


