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A B S T R A C T

Neurodegenerative disease refers to a range of chronic and progressive disorders that are characterized by dys-
function and loss of neurons. Neurodegeneration involves protein misfolding, oxidative injury, impaired mito-
chondrial function, neurotrophin deficiency and may also involve neuroinflammation. The sirtuin family of pro-
teins plays a key role in this process suggesting that modulation of sirtuin can modify disease progression. This
review examines experimental and clinical evidence relating to the potential role of SIRT1 and SIRT2, and their
modulators in neurodegenerative diseases. Both neuroprotective effects and negative effects of SIRT1 activators,
SIRT1 inhibitors and SIRT2 activators are discussed in a range of different disease models, including in vitro and
in vivo Alzheimer's disease (AD), Parkinson's disease (PD), Huntingdon's disease (HD), multiple sclerosis (MS),
amyotrophic lateral sclerosis (ALS). This highlights the potential of SIRT1 and SIRT 2 modulators as potential
therapeutic agents. However, there is a paucity of clinical trials related to the effects of selective SIRT1 modula-
tors, selective SIRT2 modulators or dual SIRT1/2 modulators on neuroinflammation and subsequent neurodegen-
eration.

1. Introduction

Neurodegenerative disease refers to a range of chronic and progres-
sive disorders which are characterized by dysfunction and loss of neu-
rons, and include Alzheimer's disease (AD), Parkinson's disease (PD) and
multiple sclerosis (MS) (Amor et al., 2010). Neuronal damage or loss
in focal areas of the central nervous system (CNS) directly leads to mo-
bility functional impairment, cognitive impairment and/or depressive
symptoms (Baquero and Martín, 2015; Ransohoff, 2016). According
to the global burden of disease study, neurological disorders were the
leading cause of disability and the second leading cause of death world-
wide in 2016 (Feigin et al., 2019). In addition, global disability-ad-
justed life-years (DALYs) associated with AD, other dementias and PD
steeply increased by more than 30% from 2006 to 2016 (Hay et al.,
2017). Therefore, there is a growing urgency for the investigation of
novel treatments in neurodegenerative diseases.

1.1. Pathophysiology of neurodegenerative diseases

The basic pathogenetic mechanism of neurodegeneration is filamen-
tous tangles and amyloid deposition (Skovronsky et al., 2006). The
constituent of these misfolded protein aggregates varies from different
diseases including amyloid β-protein (Aβ), tau (τ-protein), α-synuclein
in the central nervous system (Skovronsky et al., 2006). Extracel-
lular Aβ deposits and intracellular tau aggregates in neurons are the
main hallmarks of Alzheimer's disease (Spires-Jones et al., 2017).
Tau in neurons and glia also contribute to tauopathy which is account-
able for frontotemporal dementia (Spires-Jones et al., 2017). Al-
pha-synuclein accumulation which forms as Lewy bodies in neurons is
the main pathologic feature of Parkinson's disease (Skovronsky et al.,
2006). However, these different types of amyloid formation also present
co-occurrence in each neurodegenerative disease (Spires-Jones et al.,
2017). Other toxic proteins also play a key role in the neurodegenera-
tion, for example, TAR DNA binding protein (TDP-43) in amyotrophic
lateral sclerosis (ALS) and huntingtin protein expressed by the mu
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tant gene (HTT) in Huntington's disease (Jimenez-Sanchez et al.,
2017; Spires-Jones et al., 2017).

The propagation and accumulation of these misfolded proteins cause
neurotoxicity and result in synaptic dysfunction and ultimately cell
death. Oxidative injury, impaired mitochondrial function, and neu-
rotrophin deficiency are also involved in neurodegeneration (Jellinger,
2010). Oxidative stress caused by protein aggregates can directly injure
neurons and leads to DNA damage and structural alteration of proteins
and lipids. It is considered that the imbalance between oxidative stress
production and antioxidant defense is a vital hallmark of neurodegen-
erative diseases (Niedzielska et al., 2016). This feature of neurode-
generation has been simulated and identified in a number of experi-
mental models. For instance, neurotoxins including 6-hydroxydopamine
(6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and
Aβ peptide can induce a high amount of oxidative species (Niedzielska
et al., 2016).

Excessive and protracted neuroinflammation can directly influence
neuronal apoptosis and thus result in acute neurological damage or neu-
ron death and accelerate long-term neurodegeneration (Lyman et al.,
2014). Sterile inflammation of the CNS is an outcome of neurological
and psychological diseases which do not involve microorganisms as the
trigger (Chen and Nuñez, 2010). Similar to microbially induced neu-
roinflammation, the characteristics of sterile inflammation include the
recruitment of neutrophils and macrophages, and secretion of proin-
flammatory chemokines and cytokines such as TNF-α and IL-1 (Chen
and Nuñez, 2010). The tumor necrosis factor family of cytokines such
as TNF-α binds with TNF receptor and activates cell death pathways
(Harry et al., 2008). As a result of sterile cell death, the inflammatory
response, leukocyte infiltration and tissue injury are aggravated (Rock
et al., 2010). Glial cells including astrocytes and microglia with vari-
eties of inflammatory mediators also play a crucial role in neuroinflam-
mation (Nicoll et al., 2010; Ransohoff, 2016). Neuroinflammation
can also induce oxidative stress which is able to promote redox imbal-
ance and stimulates the transcription of the pro-inflammatory mediators
such as IL-1β, IL-6, and TNF-α (Akbar et al., 2016).

1.2. Sirtuins and neurodegeneration

Sirtuin is a cluster of conserved proteins encoded by the SIRT genes
in humans. They function as deacetylases to accomplish nicotinamide
adenine dinucleotide (NAD+)-dependent deacetylation (Landry et al.,
2000; Michan and Sinclair, 2007; Jiang et al., 2017). The sirtuin
family consists of seven members including SIRT1, SIRT2, SIRT3, SIRT4,
SIRT5, SIRT6, and SIRT7. The differences between sirtuin members in
subcellular localization and tissue distribution are shown in Table 1.
The sirtuin family regulates diverse physiologic activities such as main-
tenance of genomic stabilization, stress response, regulation of gluco-
neogenesis and fatty acid metabolism in individual organs (Finkel et
al., 2009). The fact that sirtuins present the effect of delaying senes-
cence has been generally acknowledged (Nakagawa and Guarente,
2014). The reason might be due to their dependence on NAD or in-
fluences on other systems such as glycolytic and glutamine metabolism
(Nakagawa and Guarente, 2014). Following this, there has been in-
terest in investigating the potential of sirtuin modulation in neurodegen-
erative diseases, which are often associated with the accumulation of
senescent cells (Kritsilis et al., 2018).

The molecular mechanisms by which sirtuins may influence neurode-
generation are shown in Table 1. Compelling evidence has indicated
that sirtuins, especially SIRT1 and SIRT2, play an important role in neu-
rodegenerative diseases. They have multiple targets such as NF-κB, per-
oxisome proliferator-activator gamma coactivator 1-α (PGC-1α), fork-
head box protein O (FOXO) 1/3, and superoxide dismutase 2 (SOD2)
(Kupis et al., 2016). Other sirtuins also target multiple path

Table 1
Summary of the roles of SIRT1-7 in neurodegeneration.

Subcellular
Localization

Tissue
Distribution

Disease Involvement and
Molecular Mechanisms

SIRT1 Nucleus
Euchromatin
(Michan and
Sinclair, 2007)

Liver, pancreas,
heart, muscle,
adipose tissue,
and brain
(especially
prefrontal cortex,
hippocampus,
basal ganglia, and
metabolic centers)
(Nogueiras et
al., 2012)

SIRT1 presents protective
effects in neurodegeneration
through multiple mechanisms
including lowering amyloid β
(Aβ) accumulation by reducing
its precursor protein and
enhancing α-secretase activity.
SIRT1 deficiency is also
associated with the
aggregation of acetylated tau.
(Min et al., 2013)
SIRT1 has also been indicated
to deacetylate autophagy-
related components to reduce
α-synuclein aggregates (Min
et al., 2013; Tang, 2017).
However, the overall
mechanism of SIRT1 in PD is
not clear.

SIRT2 Cytoplasm
Shift to the
nucleus upon
stress and
mitosis (Michan
and Sinclair,
2007)

Nervous tissue
(particularly in
the myelin
sheaths, pre-
myelinating cells,
and
oligodendrocytes),
adipose tissue,
muscle, heart, and
lung (Shoba et
al., 2009)

SIRT2 inhibition was found to
attenuate the α-synuclein
toxicity in in vivo or in vitro
models of PD via stimulating
the benign aggregation of α-
synuclein toward acetylated
microtubule (Outeiro et al.,
2007). SIRT2 is also
considered to influence
neuronal cholesterol
biosynthesis in in vivo HD
models (Donmez and
Outeiro, 2013).

SIRT3 Mitochondria
(Michan and
Sinclair, 2007)

Kidney, brain,
heart, liver, testes,
lung, ovary,
spleen, and
thymus
(Nogueiras et
al., 2012)

SIRT3, 4, 5 are associated with
mitochondrial function, energy
metabolism, and oxidative
stress (Gan and Mucke,
2008). The mechanism of
them in neurodegeneration
needs further investigation.

SIRT4 Mitochondria
(Michan and
Sinclair, 2007)

Heart, brain,
kidney, liver, and
pancreas (Shoba
et al., 2009)

SIRT5 Mitochondria
(Michan and
Sinclair, 2007)

Expressed in a
variety of tissue
(Du et al.,
2018)

SIRT6 Nucleus
Heterochromatin
(Michan and
Sinclair, 2007)

Widely expressed
in human tissues
(Michishita et
al., 2005)

SIRT6 may contribute to DNA
repair in aging (Jesko et al.,
2017).

SIRT7 Nucleolus
(Michan and
Sinclair, 2007)

Widely expressed
in human tissues
(Michishita et
al., 2005)

Limited information

ways that might eventually affect cellular homeostasis and subsequent
neurodegeneration (Kupis et al., 2016). However, due to limited data
in relation to SIRT3-7, this review will focus on the effects of SIRT1 and
SIRT2 modulators on neuroinflammation and neurodegenerative condi-
tions.

1.3. Polymorphisms in the SIRT gene in the population

Genetic polymorphism is defined as the occurrence of at least two
alleles at a locus with a population frequency greater than 1% (Daly,
2010). When the DNA sequence differs at a single base, it is defined
as a single nucleotide polymorphism (SNP) (Shaw, 2013). Some poly-
morphisms can lead to functionally significant effects in drug metabo
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Table 2
Summary of the effects and mechanisms of resveratrol (SIRT1 activator) on neurodegener-
ative diseases.

Condition

Possible SIRT1
activator-Induced
Mechanisms Effect

Neuroinflammation ↓ MMP-9, iNOS, IL-1β,
IL-6 (BV-2 + PC12 cell
line) (Ye et al., 2013);
↓ acetylated p53,
cleaved caspase-3 (N9
cell line) (Li et al.,
2015).

Resveratrol has shown to
suppress neuroinflammation
and attenuate apoptosis.

Alzheimer's disease ↓ iNOS, COX-2 (primary
astrocytes) (Scuderi et
al., 2014);
↓ ROCK1 activity (PC12)
(Feng et al., 2013);
↓ NF-κB/SIRT1 (BV2)
(Chen et al., 2005);
↑ SIRT1, AMPK (SAMP8
mouse) (Porquet et
al., 2013);
↓ acetylated
PGC-1α/P53 (p25
transgenic mouse) (Kim
et al., 2007);
↓ MMP-9, amyloid-β
accumulation
(retrospective clinical
study) (Moussa et al.,
2017).

Resveratrol can extend the
lifespan of AD mouse models
and decreased mutant protein
aggregation.

Parkinson's disease Altered autophagy
activity (MPTP-induced
mouse) (Guo et al.,
2016);
↑ SIRT1/AMPK/PGC-1α
(skin fibroblast carrying
PARK2, dopaminergic
SN4741 cells) (Ferretta
et al., 2014);
↓ RAS, AII/ATI/NADPH-
oxidase activity (aged
rats, dopaminergic
MES23.5 cells and N9
cells) (Diaz-Ruiz et
al., 2015).

Resveratrol can decrease
dopaminergic neuron loss and
ameliorate motor impairment.

Amyotrophic
lateral sclerosis,
multiple sclerosis,
aging

↑ Mitochondrial
function (SOD1
transgenic VSC4.1
motor neuron-like cells)
(Wang et al., 2011);
↑ SIRT1/AMPK↓,
PGC-1α, P53 acetylation
(SOD1 transgenic
mouse, aged mouse)
(Mancuso et al.,
2014; Song et al.,
2014; Moorthi et al.,
2015);
↓ ROS (retinal ganglion
cells) (Khan et al.,
2012);
↓ neuroinflammation
(isoflurane-induced aged
mouse) (Li et al.,
2014).

Resveratrol can extend the
lifespan of ALS mouse models,
decrease cellular apoptosis,
improve cognitive impairment,
and inhibit neuroinflammation
in aged rats, show protection in
MS models.

lism, which explains the inter-individual variation in drug response to
some extent (Daly, 2010). This concept of pharmacogenetics has been
used in genetic-guided drug discovery and development. Researchers
have found SIRT1 gene polymorphisms in cholesterol metabolism, car-
diac diseases, breast, and lung cancer (Shimoyama et al., 2012; Rizk
et al., 2016; Lv et al., 2017). SIRT gene polymorphisms in popula

Table 3
Summary of the effects and mechanisms of SIRT2 inhibitors on neurodegenerative dis-
eases.

Condition
Possible SIRT2 Inhibitor-
Induced Mechanisms Effect

Neuroinflammation ↓ Neuroinflammation, TNF-α,
IL-6 expression, altered
translocation of NF-κB (BV2)
(Wang et al., 2016);
↑ acetylation of α-tubulin,
autophagy (primary rat
astrocytes) (Scuderi et al.,
2014);

AGK2 has shown to
protect neurons from the
toxicity of mutant toxin
aggregation.

Parkinson's disease ↑ Acetylation of α-tubulin,
maintain redox network
(MPTP-induced mouse,
rotenone-induced rat) (Wang
et al., 2015; Guan et al.,
2016);
↓ α-synuclein-induced
cytotoxicity, ↑ microtubule
stabilization (primary
midbrain culture, LUHMES
cells, H4 neuroglioma cells)
(Outeiro et al., 2007; Chen
et al., 2015a).

AK-7 could attenuate
behavioral abnormality in
aged mice. AGK2 and
AK-1 also could decrease
α-synuclein toxicity and
protect dopaminergic
neurons.

Alzheimer's disease ↑ Acetylation of α-tubulin, ↑
autophagy function (cybrids of
SH-SY5Y and platelets from
sporadic AD patients) (Silva
et al., 2016).

Aβ aggregates level could
be decreased by AK1
treatment in vitro.

Huntingtin's
disease

↓ Mutant Huntingtin toxicity
(primary striatal neuron), ↓
SREBP-2/↓ sterol synthesis/↓
neurodegeneration (fly HD
models) (Luthi-Carter et al.,
2010);
↓ neuronal atrophy (HD
mouse) (Chopra et al.,
2012).

AK1, AGK2, and AK-1
showed neuroprotection
in fly and mouse HD
models.

tions suffering from neurological or psychological diseases still remain
unclear and need further investigation.

In a case-control pilot study of age-related macular degeneration
(AMD) with 253 subjects in the patient group and 292 subjects in the
control group, the distribution of an SNP of SIRT1, rs12778366 allele,
showed significant differences between AMD group and control group
(Chen et al., 2015b). This study also indicated that homozygotes of a
minor allele (base C) of SIRT1 had higher odds of AMD morbidity. Due
to the scope and depth of this study, the relationship between variants
in rs12778366 and the regulation of SIRT1 expression could not be elu-
cidated. In contrast, minor allele carriers of rs12778366 have better glu-
cose tolerance and a longer life span in the Dutch population (Figarska
et al., 2013). Apparently, the variation of the genotype of this allele
including T/T, T/C, and C/C can affect down-stream activities and sub-
sequent SIRT1 expression. It is clear that the impact of rs12778366 in
different disease contexts warrants further investigation.

Two cohorts of case-control studies found that the SIRT2
rs10410544 T allele may have the potential to increase the risk of
Alzheimer's disease in Caucasian populations (Polito et al., 2013).
Another study of the Han Chinese population also showed that
rs10410544 C/T genotype was associated with late-onset Alzheimer's
disease (Xia et al., 2014). The function of this polymorphism still re-
mained unknown according to these studies.

Based on the current evidence, changes in SIRT1, 2 functionality due
to polymorphisms might be associated with neurodegenerative condi-
tions. SIRT1, 2 enhancement or suppression in people with these poly-
morphisms may potentially have benefits in delaying these conditions.
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2. Findings of SIRT1 and SIRT 2 modulators on neurodegenerative
conditions

2.1. Resveratrol

Resveratrol has long been considered as a natural SIRT1 activator
and has several purported effects on neuroinflammatory diseases (Table
2). There are views that its activation effect on SIRT1 might be ex-
erted via stimulating 5’ AMP-activated protein kinase (AMPK) and per-
oxisome proliferator-activated receptor δ (PPARδ) pathways (Cheng et
al., 2019). However, there is also literature indicating that resveratrol
has a direct structure-activity relationship with SIRT1. Fig. 1 shows
the chemical structure of resveratrol. Allosteric mechanism studies have
elucidated that resveratrol is able to strengthen the “loose-binding” of
SIRT1 and substrates containing bulky hydrophobic groups (Hou et
al., 2016). This SIRT1 activation needs three resveratrol molecules to
change the conformation of the N-terminal domain (NTD) of SIRT1
(Ovesna and Horvathova-Kozics, 2005; Cao et al., 2015; Hou et
al., 2016). In addition to the potential of resveratrol to improve the
binding of SIRT1 to its substrates, there is also evidence that resveratrol
enhances the expression of SIRT1 (Ye et al., 2013). This is further dis-
cussed in the following sections.

2.1.1. Neuroinflammation
Resveratrol has been found to suppress the inflammation in

lipopolysaccharide (LPS)-induced microglial BV-2 cells and protect neu-
ronal PC12 cells from caspase-3-dependent apoptosis by increasing the
expression of SIRT1 and deacetylation level of tumor suppressor p53
(Ye et al., 2013). SIRT1 knockdown in microglial N9 cells attenu-
ated resveratrol's down-regulation effect on MMP-9, IL-1β, and IL-6 (Li
et al., 2015). Matrix metalloproteinases (MMPs) contribute to disrupt-
ing the integrity of the blood-brain-barrier (BBB) (Rosenberg, 2002),
which allows IL-1β, IL-6, and other cytokines originating from the pe-
ripheral immune system permeate to influx into the brain parenchyma
(Wong et al., 2004). Resveratrol has been found to inhibit MMPs
(Pandey et al., 2015) as well as reduce production of a range of cy-
tokines (Frozza et al., 2013; de Sá Coutinho et al., 2018), which in-
dicates the potential for a multi-faceted influence on neuroprotection. In
a retrospective clinical study, resveratrol was used as a SIRT1 activator
to treat mild-moderate AD patients for 52 weeks (Moussa et al., 2017).
The result showed that resveratrol could decrease the level of MMP-9
and stabilize the level of Aβ40 in cerebrospinal fluid (CSF) and attenuate
disease aggravation (Moussa et al., 2017). However, whether the un-
derlying mechanism is in relation to SIRT1 or its other pleiotropic effect
has not been confirmed.

2.1.2. Alzheimer's disease
Resveratrol has been indicated to improve cellular viability, inhibit

inflammation and suppress the toxicity of aggregation of misfolded amy-
loid-β in in vitro studies. As mentioned above, excessive accumulation of
amyloid β-protein is able to cause oxidative stress, cytotoxicity, subse-
quent synaptic dysfunction and neuron loss in the brain of AD patients
(Huang et al., 2016). In Scuderi's study, resveratrol suppressed the
proliferation and activation of primary astrocytes and inhibited the ex-
pression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2) induced by Aβ 1-42 treatment (Scuderi et al., 2014). Resver-
atrol also was found to protect PC12 cells from Aβ 25-35 neurotoxic-
ity and apoptosis through upregulating SIRT1 expression. Based on the
result, this study also hypothesized that resveratrol as a SIRT1 activa-
tor could further downregulate the expression of Rho-associated kinase
1 (ROCK1) (Feng et al., 2013). ROCK1 has been reported to partici-
pate in enhancing amyloid-β protein accumulation (Henderson et al.,
2016). Both overexpression of SIRT1 and resveratrol can suppress NF-κB
pathway induced by Aβ 1-42 in cultured microglial BV2 cells and atten-
uate the Aβ toxicity in primary cortical cultures (Chen et al., 2005).
NF-κB plays a crucial role in regulating the immune response to inflam-
mation in the nervous system. Numerous chemokines, cytokines, en-
zymes and other molecules or factors in inflammation process are regu-
lated by NF-κB (Shih et al., 2015). This evidence indirectly indicated
that the protective effect of resveratrol in AD models has a linkage with
SIRT1 activity.

In in vivo AD studies, resveratrol also protected AD models, neuro-
toxic p25 transgenic mice, from CNS degeneration and cognitive decline
via up-regulation of SIRT1 (Kim et al., 2007). The acetylation level
of SIRT1 substrates peroxisome proliferator-activated receptor-gamma
coactivator (PGC)-1α and tumor suppressor p53 were also down-regu-
lated, which indirectly verified resveratrol's SIRT1 modulation (Kim et
al., 2007). PGC-1α and p53 both play important roles in mitochon-
dria biogenesis, oxidative response, and apoptosis (Chang et al., 2012;
Sweeney and Song, 2016). The lifespan and cognitive impairment of
age-accelerated mouse models (SAMP8) improved and amyloid deposi-
tion was also attenuated through dietary resveratrol (Porquet et al.,
2013). SIRT1 and AMPK elevation by resveratrol have also been ob-
served in mouse brain samples (Porquet et al., 2013).

2.1.3. Parkinson's disease
Resveratrol has been found to alleviate dopaminergic neuron loss,

the decrease of tyrosine hydroxylase and dopamine levels in neuro-
toxin/mitochondrial toxin 1-methyl-4-phenyl—1, 2, 3, 6-tetrahydropy-
ridine (MPTP)-induced PD mouse models (Guo et al., 2016).

Fig. 1
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This study suggested that SIRT1 participated in ameliorating motor
impairment and pathological changes via autophagy degradation of
α-synuclein (Guo et al., 2016). Autophagy participates in the degra-
dation of damaged organelles such as mitochondria, endoplasmic retic-
ulum, and peroxisomes, as well as eliminating intracellular pathogens
and recycling of cellular metabolites (Glick et al., 2010). This process
can be initiated in response to a pathogenic insult to enclose the infec-
tion and promote the clearance of the pathogen (Shi et al., 2012).

Resveratrol has also been shown to promote mitochondrial oxida-
tive capacity in a skin fibroblast PD model carrying pathogenic muta-
tion PARK2 (Ferretta et al., 2014). The activation of SIRT1, AMPK,
and PGC-1α pathway was demonstrated to be the possible mechanism
by determining the activity of their downstream targets (Ferretta et
al., 2014). Mudo's study similarly reported that resveratrol protected
dopaminergic SN4741 cells from death after MPTP treatment with an
increase of PGC-1α and SIRT1 levels (Mudo et al., 2012). AMPK and
SIRT1 have a role as metabolic sensors and affect PGC-1α as part of
a network that helps to maintain metabolic homeostasis (Canto and
Auwerx, 2009). This is pertinent given that the alteration of cell me-
tabolism, including redox homeostasis and bioenergetics, strongly con-
tributes to the neurodegeneration of dopaminergic cells in PD (Anand-
han et al., 2017).

The brain renin-angiotensin system (RAS) also influences learning
and memory function, cognition and the aging process (Wright and
Harding, 2004; Diz et al., 2008; Mogi et al., 2012). Angiotensin
stimulation can induce oxidative stress, neuroinflammation and cellular
aging in the brain, and result in cognitive impairment and subsequent
neurodegeneration (Mogi et al., 2012). RAS was found to be over-ac-
tivated in the nigrostriatal system of aged rats, potentially leading to
PD (Diaz-Ruiz et al., 2015). The SIRT1 activation effect of resvera-
trol has been found to inhibit angiotensin II (AII)/AII type 1 receptors
(AT1)/NADPH-oxidase activity in aged rats and cultured dopaminergic
MES 23.5 cells and microglial N9 cells (Diaz-Ruiz et al., 2015).

2.1.4. Amyotrophic lateral sclerosis, multiple sclerosis, and aging
In mutant superoxide dismutase 1 (SOD1)-transgenic ALS in vitro

models, resveratrol has been shown to increase the viability of VSC4.1
motor neuron-like cells and improve mitochondria function via up-regu-
lating SIRT1 (Wang et al., 2011). In SOD1G93A transgenic mouse mod-
els, researchers also found resveratrol inhibited the apoptosis of motor
neurons and extended the lifespan through multiple pathways including
SIRT1 and AMPK activation, stabilizing autophagy, suppressing oxida-
tive stress and P53 acetylation (Mancuso et al., 2014; Song et al.,
2014).

Resveratrol was also able to decrease apoptosis and upregulate SIRT1
expression in the brain samples of aged rats (24 months old) but failed
to improve learning and memory function (Moorthi et al., 2015).
However, resveratrol could alleviate isoflurane-induced cognitive im-
pairment of aged mice and inhibit neuroinflammation and apoptosis in
the hippocampus in another study (Li et al., 2014). The combined
treatment of two SIRT1 activators (resveratrol and SRTAW04) has been
shown to improve cell viability and alleviated ROS and repress damage
of mitochondrial membrane in retinal ganglion cells model which simu-
lates the optic neuritis which is a symptom of multiple sclerosis (Khan
et al., 2012).

Conversely, Markert's research could not find positive evidence in re-
lation to resveratrol in ALS mouse models (Markert et al., 2010).

2.2. EX527, sirtinol

EX527 exerts an inhibitory effect on SIRT1 by depriving its
NAD+-dependent deacetylation catalysis (Gertz et al., 2013). The
structure of EX527 is shown in Fig. 1. EX527 has been shown to ag-
gravate tau accumulation through increasing acetylation and decreas-
ing ubiquiti

nation of tau in primary neurons and transgenic HEK293T cells respec-
tively (Min et al., 2010). It has been demonstrated that the eleva-
tion of tau acetylation can repress tau polyubiquitination, which medi-
ates protein degradation (Min et al., 2010). However, in Smith's re-
search, EX527 improved voluntary movement and brain pathological
impairment in transgenic R6/2 mouse models of Huntington's disease
(Smith et al., 2014). In addition, an exploratory double-blind, ran-
domized clinical trial of EX527 on early-stage HD patients conducted by
Sussmuth and colleagues suggested that EX527 is safe and tolerated in
early-stage HD patients (Sussmuth et al., 2015). However, there was
no analysis of biological samples. EX527 was reported to protect the
transgenic neuronal cells from mutant SOD1 toxicity and increase the vi-
ability of neurons in the transgenic SH-SY5Y cell model of amyotrophic
lateral sclerosis (Valle et al., 2014).

Sirtinol was originally reported to confer the SIRT2 inhibition effect
in 2001 (Grozinger et al., 2001). Following that, its analogs exert-
ing SIRT1 and SIRT2 inhibition were synthesized and evaluated (Mai
et al., 2005). Sirtinol has been reported to reverse the protective ef-
fect of resveratrol in 6-hydroxydopamine (6-OHDA) or α-synuclein in-
duced neurodegeneration in differentiated SK-N-BE cell models (Albani
et al., 2009). This indirectly indicated sirtinol's SIRT1 inhibitory effect.
However, series of SIRT1 inhibitors have already been designed and syn-
thesized based on varieties of methodologies (Hu et al., 2014; Jiang
et al., 2017). More pharmacological studies need to be conducted to
evaluate and compare their biological effects in neurodegenerative con-
ditions.

2.3. SIRT2 inhibitors

The pharmacological evaluation of existing SIRT2 inhibitors such as
AGK2, AK-7, and AK1 has been explored in different neurodegenerative
models (Table 3). Their structures are shown in Fig. 1. AGK2 inhibited
the activation of BV2 microglia induced by LPS and reduced the mRNA
levels of TNF-α and IL-6. It also prevented the nuclear translocation of
NF-κB (Wang et al., 2016). AGK2 was also indicated to reduce the ac-
tivation of primary rat astrocytes and subsequent release of pro-inflam-
matory factors (Scuderi et al., 2014). However, it has also been re-
ported that SIRT2 inhibition could compound neuroinflammation stim-
ulated by traumatic brain injury in mouse models (Yuan et al., 2016).

SIRT2 inhibitors showed a neuroprotective effect on PD models.
AK-7 can attenuate behavioural abnormality in aging mice after MPTP
treatment via increasing acetylation of α-tubulin and regulating redox
balance (Guan et al., 2016). A similar result was also found in an-
other rotenone-induced PD rat model (Wang et al., 2015). Dopamine
depletion and neuron loss were also found to be decreased by AK-7
treatment in MPTP-induced PD mouse models (Chen et al., 2015a).
In primary midbrain cultures, AGK2 and AK-1 protected dopaminergic
cells from death induced by α-synuclein toxicity (Outeiro et al., 2007).
AK-7 and AGK2 also ameliorated α-synuclein cytotoxicity in transgenic
human fetal LUHMES cells and transgenic H4 neuroglioma cells respec-
tively (Outeiro et al., 2007; Chen et al., 2015a). The mechanism
involved might be elevated acetylation of α-tubulin by SIRT2 inhibition
increasing the affinity of α-synuclein binding to microtubules, which re-
sults in reduced neurotoxicity (Outeiro et al., 2007).

Silva's team discovered that AK1 improved the acetylation level of
tubulin, autophagy vesicular completion and the Aβ aggregation in AD
cell models (differentiated cybrids of SH-SY5Y cells and platelets from
sporadic AD subjects) (Silva et al., 2016). Increased acetylated tubu-
lin/α-tubulin ratio was also found in the postmortem samples of AD
brains. They proposed that acetylation of tubulin induced by SIRT2 in-
hibition could enhance autophagic trafficking and exert subsequent pro-
tective effects (Silva et al., 2016).
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In Huntington's disease models, AK1 and AGK2 have been shown to
protect the primary rat striatal neuron from mutant Huntingtin toxic-
ity and decrease neurodegeneration in Drosophila HD models through
down-regulating sterol biosynthesis (Luthi-Carter et al., 2010). This
study also proposed a possible mechanism whereby α-tubulin acetyla-
tion by SIRT2 inhibition suppresses sterol regulatory element-binding
protein (SREBP-2) translocation (Luthi-Carter et al., 2010). AK-7 also
promotes motor function and reverses neuronal atrophy of HD mouse
models (Chopra et al., 2012).

3. Discussion

In this review, we have discussed the growing evidence that SIRT1
and SIRT2 play important roles in the pathophysiology of neurodegen-
erative diseases. This includes the discovery of SIRT1 and SIRT2 gene
polymorphisms and their impact on neurodegenerative diseases which
indicates the potential value of the application of SIRT1 and SIRT2 mod-
ulators. Further to this, we reviewed the pharmacological studies of
SIRT1 and SIRT2 modulators in different neurodegeneration models.

Understanding drug-protein catalytic relationships and 3D struc-
ture-based design are fundamental for exploring and designing SIRT1
and SIRT2 drugs (Jiang et al., 2017). In spite of that, resveratrol is
often considered to work through pleiotropic effects (Cheng et al.,
2019). However, the fact that there is evidence linking resveratrol to
SIRT1 activity and the allosteric mechanisms involved via SIRT1 activa-
tion should not be overlooked (Cao et al., 2015). SIRT1 activation by
resveratrol has been shown to improve neurodegeneration through at-
tenuating neuroinflammation and oxidative stress induced by amyloid
deposition (Porquet et al., 2013). Potential pathways include PGC-1α
and P53 in mitochondria biogenesis and oxidative response, and NF-κB
in inflammation (Chen et al., 2005; Kim et al., 2007). The interac-
tion between AMPK and SIRT1 is also involved (Ferretta et al., 2014;
Mancuso et al., 2014). Regarding SIRT1 inhibition, EX527 showed
protective effects in HD and ALS models (Smith et al., 2014; Valle
et al., 2014). However, negative results of EX527 and sirtinol indicate
that more investigation is needed.

In contrast to SIRT1 activation, the inhibition of SIRT2 appears to be
another potential approach to treat neurodegeneration. SIRT2 inhibitors
can decrease neuroinflammation and cytotoxicity induced by toxins or
mutant protein aggregation (Outeiro et al., 2007; Scuderi et al.,
2014; Guan et al., 2016; Wang et al., 2016). Furthermore, acety-
lation of α-tubulin also seems to be an important mechanism to exert
neuroprotection. Elevated acetyl-α-tubulin can improve the microtubule
network, which influences protein aggregation, microtubule-dependent
trafficking of autophagic vesicles and SREBP-2 (Luthi-Carter et al.,
2010; Silva et al., 2016). This subsequently affects down-stream au-
tophagy activities and sterol biosynthesis respectively to generate neu-
roprotection (Luthi-Carter et al., 2010; Silva et al., 2016).

Based on the pharmacologic studies, SIRT1 and SIRT2 modulators
show a promising approach to target the main pathological problems
combining inflammation, oxidative stress, and misfolded protein aggre-
gation. More clinical trials related to SIRT1 and SIRT2 modulators need
to be conducted to evaluate the safety status and therapeutic effects on
human subjects of neurodegenerative diseases. Systematic research in-
vestigating and comparing the effects, structure-activities relationships,
selectivity, and relative potencies of SIRT1 modulators, SIRT2 modula-
tors or dual SIRT1/2 modulators on neurodegeneration is also needed
to facilitate the design and synthesis of more potent and selective SIRT1
and SIRT2 modulators.
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