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ABSTRACT

Sirtuins (SIRTS), a highly conserved family of NAD*-dependent histone deacetylases, play pivotal roles in various
cellular processes. SIRT1, a key member, is involved in chromatin remodeling and gene transcription through
histone deacetylation, influencing processes like mitochondrial function, metabolism, and inflammation. SIRT1’s
deacetylation activity is regulated by NAD* levels and post-translational modifications. In Parkinson's disease
(PD), SIRT1 demonstrates potential therapeutic benefits by modulating autophagy, reducing a-synuclein toxicity,
and enhancing mitochondrial function and neuronal survival. SIRT1 activation promotes autophagy, crucial for
degrading misfolded proteins, and regulates heat shock factors to mitigate a-synuclein aggregation, a key
pathological feature of PD. Furthermore, SIRT1 modulates apoptosis by targeting p53 and Bcl-2 family proteins,
thereby enhancing neuroprotection. It also regulates mitochondrial function and oxidative stress via the
SIRT1/PGC-1a pathway, improving antioxidant defence and mitochondrial biogenesis. Neuroinflammation, a
contributor to PD pathology, is suppressed by SIRT1 through deacetylation of NF-xB, reducing pro-inflammatory
cytokine production. Activators of SIRT1, such as resveratrol, exert neuroprotective effects by crossing the blood-
brain barrier and reducing oxidative stress, inflammation, and a-synuclein aggregation across various PD models.
Despite promising preclinical findings, the clinical efficacy of SIRT1 activators remains controversial,
necessitating further trials to confirm their therapeutic potential. Additionally, exercise-induced neuroprotection
in PD may involve SIRT1 activation, highlighting the multifaceted role of SIRT1 in PD treatment. Overall,
targeting SIRT1 offers a multi-target approach addressing mitochondrial dysfunction, oxidative stress,
neuroinflammation, and protein homeostasis, making it a compelling candidate for developing PD therapies. In
this review, we aim to explore the various roles of SIRT1 with regard to PD.
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INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative
condition characterised by degeneration of
dopaminergic neurons in the striatum and the
formation of Lewy bodies, mostly composed of a-
synuclein proteins [1][2]. Although the actual
causation of PD is uncertain, ageing is commonly
recognised as a major contributor to its progression
[31[4]1[5]1[6][7]. Degeneration of dopaminergic
neurons in PD is associated with aberrant protein
aggregation, changes in microtubule dynamics,
oxidative and nitrative stress, inflammation, and
defective autophagy [7][8][9]. Many treatment
techniqgues  have  focused on increasing
dopaminergic activity while decreasing cholinergic
activity. However, the limited effectiveness of
existing therapies emphasises the need for new
therapeutic techniques. One intriguing technique
might be to target age-related degeneration, as
ageing has a considerable influence on many of the
pathophysiological processes linked with PD.
Sirtuins (SIRTSs) are a group of NAD*-dependent
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class Ill histone deacetylases [10]. In mammals,
seven SIRT homologs, SIRT1-SIRT7, have been
discovered, each with a unique role in regulating
critical metabolic processes [11]. C-terminal and N-
terminal domains of SIRTSs differ greatly in length
and sequence, which contributes to their different
cellular localization. While SIRT3, SIRT4, and
SIRT5 are only present in mitochondria, SIRT1 and
SIRT2 are found in both the nucleus and the
cytoplasm [12][13]. Though their ability to
deacetylate lysine in a NAD*-dependent manner is
well-known, SIRTs may also remove acyl groups
from other substances, including succinyl, malonyl,
and long-chain fatty acyl groups [14][15][16][17].
These enzymes serve crucial roles in a wide range of
biological processes, including cell survival,
proliferation, ageing, longevity, senescence,
apoptosis, DNA repair, and responses to calorie
restriction. [18][19][20]. As possible therapeutic
targets for a wvariety of illnesses, such as
neurodegenerative, cardiovascular disorders and
neoplastic, SIRTs have lately attracted attention.
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SIRT modulators have demonstrated potential for
the treatment of cancer, rheumatoid arthritis, type 11
diabetes, and other age-related illnesses [21].

The first SIRT to be identified, SIRT1, is a
deacetylase that may be found in the cytoplasm and
nucleus. Out of the seven SIRTs, it has been
researched and understood the best. Numerous
neurological conditions and cancers, including as
AML, melanoma, glioma, lung adenocarcinoma,
and cancers of the colon, prostate, ovary, and breast,
have been connected to SIRT1 [22]. Resveratrol
activates SIRT1 in Alzheimer's disease, inhibiting
NF-xB and reducing the neurotoxic effects of A in
microglia [23]. Additionally, it has been shown that
SIRT1 activity slows the progression of
neurodegenerative  diseases such PD and
amyotrophic lateral sclerosis (ALS) via increasing
autophagy [24]. Another potential therapeutic target
for decreasing p53's involvement in
neurodegenerative illnesses is SIRT1 [25].

SIRT2, a deacetylase present in both the nucleus and
cytoplasm, is linked to neurodegenerative disorders
and gliomas. SIRT3, another deacetylase located in
mitochondria, has been linked to neurological
illnesses and several cancers, including B-cell
chronic lymphocytic leukemia, breast and stomach
cancer. SIRT4, also recognized as mitochondrial
ADP-ribosyltransferase, is implicated in breast and
colorectal cancer. SIRT5, which is found in
mitochondria and functions as a malonyl, succinyl,
and glutaryl deacetylase, has been linked to non-
small cell lung carcinoma, pancreatic and breast
cancer. SIRT6, located in the nucleus, is unique
among SIRTs because of its various enzymatic
activities, which include deacetylase, ADP-
ribosyltransferase, and long-chain fatty acyl
deacylase functions. SIRT7, principally a nuclear
deacetylase, has been linked to malignancies of the
liver, spleen, thyroid, testis, and breast [26].

In this review, we provide current research and offer
an in-depth analysis of SIRT1's involvement in PD,
emphasizing its potential as a therapeutic target for
this condition.

Parkinson’s disease

PD first described by James Parkinson in his 1817
book "Essay on the Shaking Palsy," is marked by
fundamental symptoms such as rest tremor,
stiffness, bradykinesia, and postural instability, as
well as a number of other motor and non-motor
symptoms [27-29]. As the world population
increases and lifespans lengthen, scientists are
becoming increasingly interested in age-related
illnesses such as PD. Neurological disorders are
currently the largest cause of disability globally,
with PD being the most rapidly developing of these
ailments [30]. A potential 'PD pandemic' is indicated
by the Global Burden of Disease Study, which
predicts that the incidence of PD cases would double
from around 7 million in 2015 to 13 million by 2040
[31]. This prediction highlights the huge
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socioeconomic ramifications that PD and other
neurological illnesses may have, even though it is
based on predicted population increase and is still
only an estimate.

Traditionally, the most common form of
parkinsonism seen in clinical settings has been
referred to as "idiopathic” PD. The classification of
PD necessitates ongoing review due to the
identification of monogenic forms of the disease that
may clinically resemble the idiopathic form, the
clinical diversity of the illness, and overlaps with
other conditions such as dementia with Lewy bodies,
PD dementia, and other types of parkinsonism [32,
33].

The cardinal symptoms of PD include tremor (often
initiating in one hand and most noticeable at rest),
bradykinesia (slowness of movement, significantly
impairing everyday tasks), rigidity (stiffness and
inflexibility of limbs and trunk), and postural
instability (resulting in balance issues and an
elevated risk of falls). Additional non-motor
symptoms comprise insomnia, constipation,
depression, cognitive impairment, and autonomic
dysfunction [34].

There is currently no cure for PD, however several
therapies can help control the symptoms.
Pharmacological therapy is the primary mode of
treatment, with levodopa being the most effective
medicine. The brain converts levodopa to dopamine,
refilling depleted neurotransmitter levels. Other
medications include MAO-B inhibitors, dopamine
agonists, and COMT inhibitors. Individuals with
severe PD who do not respond well to medication
might consider surgical therapies such as deep brain
stimulation (DBS). DBS involves implanting
electrodes in certain brain regions to modulate
abnormal neural activity. Non-pharmacological
therapies, such as physical, occupational, and speech
therapy, are also important in controlling PD. These
therapies assist to maintain mobility, enhance
quality of life, and treat particular symptoms such as
speech and swallowing issues [35].

Pathways Involved in PD

The nigrostriatal dopaminergic system, which
consists of dopamine-producing neurons extending
from the substantia nigra pars compacta (SNc) to the
striatum, is the primary target of PD. Degeneration
of these neurons disrupts the direct and indirect
pathways of the basal ganglia, which are essential for
motor control, and results in a significant decrease in
dopamine levels in the striatum [36].The basal
ganglia, which include the striatum, globus pallidus
(internal and exterior portions), subthalamic nucleus
(STN), and substantia nigra, are crucial for motor
control. The basal ganglia circuitry is separated into
direct and indirect circuits. Facilitates movement.
Dopamine from the SNc stimulates the striatal
neurons in this pathway via D1 receptors, leading to
increased activity in the motor cortex. Dopamine
inhibits movement by acting on D2
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receptors in the striatal neurons of this pathway,
thereby reducing inhibitory output to the motor
cortex. The balance between the basal ganglia's
direct and indirect pathways is upset in PD by
dopamine depletion. Due to this disturbance, the
direct pathway is correspondingly under activated
and the indirect pathway is overactivated, which
contributes to the characteristic motor symptoms of
PD [37]. The corticostriatal pathway involves
projections from the cortex to the striatum.
Glutamatergic neurons from various cortical regions
modulate striatal activity. In PD, alterations in
cortical input to the striatum contribute to the
dysregulation of the basal ganglia circuitry [38].
This pathway connects the thalamus to the cortex
and is crucial for motor function. In PD, abnormal
output from the basal ganglia to the thalamus results
in decreased excitatory input to the motor cortex,
contributing to bradykinesia [39]. The PPN is
involved in gaitand posture control. Degeneration of
PPN neurons in PD contributes to postural instability
and gait difficulties [40].

Molecular and Cellular Targets

Alpha-synuclein is a protein implicated in PD
pathogenesis. Abnormal aggregation of alpha-
synuclein forms Lewy bodies, a hallmark of PD.
These aggregates are toxic to neurons and contribute
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to neurodegeneration. Targeting alpha-synuclein
aggregation and promoting its clearance are
potential therapeutic strategies [41]. Dysfunction in
the lysosomal and autophagy pathways leads to
impaired degradation of cellular waste, including
alpha-synuclein  aggregates. Enhancing these
pathways could help clear toxic protein aggregates
and protect neurons [42]. Mitochondrial dysfunction
is a significant factor in PD. Impaired mitochondrial
function leads to increased oxidative stress and
neuronal death. Therapeutic strategies aim to protect
mitochondrial function and reduce oxidative stress
[43]. Chronic neuroinflammation contributes to the
progression of PD. Activated microglia release pro-
inflammatory cytokines that can damage neurons.
Targeting neuroinflammatory pathways to reduce
microglial activation and cytokine production is a
promising approach [44]. Several genes, including
SNCA  (encoding alpha-synuclein), LRRK2,
PARK?2 (parkin), PINK1, and DJ-1, are associated
with familial variants of PD as represented in figure
1. These genes are involved in processes related to
oxidative stress, mitochondrial activity, and protein
breakdown. Potential therapies include gene therapy
and small compounds that target these genetic
pathways [45].
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Fig:1 Molecular and Cellular Targets

Therapeutic Strategies

The primary treatment for PD symptoms involves
dopaminergic therapies to replenish dopamine levels
or mimic its action [46]. These include:

o Levodopa: Dopamine's precursor,
levodopa, enters the brain across the BBB and
transforms into dopamine. It is still the best drug for
reducing the motor symptoms brought on by PD.

o Dopamine Agonists: Compounds that
directly stimulate dopamine receptors.
o MAO-B Inhibitors: The mechanism by

which monoamine oxidase B (MAO-B) inhibitors
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increase dopamine availability in the brain is by
blocking the enzyme that breaks down dopamine.
DBS is a surgical treatment involving the
implantation of electrodes in the brain, typically in
the STN or globus pallidus. Electrical stimulation of
these areas can significantly reduce motor symptoms
and improve quality of life [47]. Research is focused
on developing neuroprotective therapies to slow or
halt disease progression. These include antioxidants
to reduce oxidative stress, anti-inflammatory agents,
and compounds targeting mitochondrial dysfunction
[48]. Gene therapy approaches aim to deliver
functional copies of genes or silence mutated genes
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involved in PD. For example, viral vectors can
deliver genes encoding neurotrophic factors to
support neuron survival [49]. Strategies to reduce
alpha-synuclein  aggregation  include  small
molecules, immunotherapy (using antibodies to
clear aggregates), and enhancing the autophagy-
lysosomal pathway to degrade alpha-synuclein [50].
For PD patients to manage their symptoms and
enhance their quality of life, physical therapy,
occupational therapy, and exercise are essential.
Comprehensive therapy for PD must also include
dietary modifications and treatment of non-motor
symptoms such depression and sleep disturbances
[51].

PD remains a challenging condition to treat, with
current therapeutic approaches often limited by
significant disadvantages such as poor efficacy, off-
target effects, and the inability to reverse established
neuronal damage. The pathways and targets
involved in PD are complex and interconnected,
making it difficult to develop therapies that address
all aspects of the disease.

Targeting SIRTSs offers several potential advantages
over existing therapies. Their neuroprotective
effects, ability to regulate alpha-synuclein
aggregation, anti-inflammatory properties, and role
in maintaining mitochondrial function and energy
metabolism make them promising candidates for PD
treatment [52].

Sirtuins

The sirtuin family has been extensively studied for

NAD*
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its functions in epigenetics and metabolism.
Numerous studies have connected numerous SIRTs
to lifespan in many animals, with their reduction
being recognised as a sign of ageing [53]. Asaresult,
tiny compounds that activate SIRT are actively
being investigated in human anti-aging studies [54].
SIRTs, on the other hand, have a fascinating dual
character in cancer, acting as tumour suppressors or
oncogenes depending on the situation [55].

One distinctive feature of SIRT is they vary from
other proteins in their enzymatic process, however
they do use NAD™ as a cofactor. They utilise the
nicotinamide group that is separated from the ADP-
ribose unit as an acceptor for the acyl group that is
extracted from lysine residues, as opposed to
breaking down NAD* [56] (Figure 1). SIRTs are
directly in competition with other NAD*-dependent
enzymes due to this special mechanism. Poly ADP-
ribose polymerases, for instance, have the ability to
suppress SIRT activity and hence impede activities
such as mitophagy if they consume a significant
amount of NAD* [57/58].

Therefore, it is crucial for cellular health to maintain
appropriate SIRT homeostasis. SIRT homeostasis is
dependent on construction and disassembly, folding,
refolding, and degradation activities, just as the
larger proteome [59]. However, the mechanisms
underlying the degradation of dysfunctional or
excessive SIRTs remain poorly characterized [60].

2’-0-acetylADP-ribose

+
Nicotinamide

SIRT1

O\

Acetylated
protein substrate

Deacetylated
protein substrate

Figure 2 NAD"-dependent SIRT1 deacetylase reaction.

The SIRT Family

The family of SIRTs demonstrates remarkable
conservation, both in structure and function, across
various life forms, including archaea, eubacteria,
and eukaryotes. They play essential roles in
chromatin and histone regulation [61]. Initially

discovered in Saccharomyces cerevisiae, the SIRT
family now comprises seven recognized members
classified into four classes: Class | (SIRTL, SIRT2,
and SIRT3), Class Il (SIRT4), Class Il (SIRT5),
and Class IV (SIRT6 and SIRT7) [62] (see Table 1).

Table 1 displays the intracellular and chromosomal location, classifications, molecular weights, amino

IIDDT Volume 16 Issue 78s 2026

Page 1472



The Multifaceted Role of SIRT1 in Parkinson’s Disease: Therapeutic Implications and Mechanisms

acids, enzymatic activities, and interactions with targets for the known mammalian SIRTs up to the present

[63].

Gene
name

Classes

Intracellular
localization

Chromosomal
location

Molecular
weight

Activity

Amino
acids

Interactions

SIRT1

Nucleus,
cytoplasmic

10q21.3

Deactylase | 81.7

747

PGC-la, FOXOs, p53,
NF-kB, Ku-70, PPAR-y,
p300, pRB, LXR, NBS-
1, BCL-6, USP-22, UCP-
2, TORC2

SIRT2

Cytoplasmic

199133

Deactylase | 43.2

389

o tubulin, FOXO, histone
H4,

Phosphoenolpyruvate
carboxykinasel
(PEPCK1), H3K18,
Keratin-8, RIP1, p300,
CDC20

SIRT3

Mitochondrial
Nucleus

11p155

Deactylase | 43.6

399

GDH complex I, AcCS2,
, PGC-1a, OPAL,
Ornithine
transcarbamylase, IDH2,
HMGCS2, LCA,
Mitochondrial proteins,
INK2, OGG-1, CypD,
Hsp10, KGDHC, LCAD,
ATP synthase,
NMNAT?2, MPC-1,
LKB-1, MnSOD

SIRT4

Mitochondrial
matrix

12q

ADP-
ribosyl-
transferase

35.2

314

GDH, IDE, ANT

SIRT5

Mitochondrial

6p23

Deactylase | 33.9

310

Carbamoyl
synthetase 1
SOD1

phosphate
(CPSI),

SIRT6

Nucleus

19p13.1

ADP-
ribosyl-
transferase

39.1

355

DNA polymerase f,
PARP-1, Hifla,
Histones, TNFa, General
control  non-repressed
protein 5, TRF2

SIRT7

Nucleolus

17925

Deactylase | 44.8

400

RNA polymerase type 1,

Hifla, Hif20, Histones,
p53

SIRT1's mechanism of action

The importance of these enzymes that alter proteins
is demonstrated by the great degree of conservation
of the SIRT family of enzymes in bacteria, archaea,
and eukaryotes. SIRTs function as class 111 NAD*-
dependent histone deacetylases (HDACs) and are
widely expressed in a range of organs. They are
essential for many different biological activities,
including the transcription of DNA, the control of
the cell cycle, inflammation, and cellular survival.
The functional variety of SIRT enzymes is
highlighted by their distinct N- and C-terminal
sections, conserved catalytic domains, NAD*
binding domains, and substrate specificities [64].
Encoding a protein of 747 amino acid residues, the
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human SIRT1 gene is made up of nine exons and
eight introns and is found on chromosome 10g22.1.
Its nuclear localization signal (KRKKRK), which
indicates its location within the nucleus, and its
conserved catalytic core are both present. Compared

to other SIRT family members, SIRT1's N and C
terminals are much larger, which may account for

some of its increased catalytic activity [65]. Two
NAD™ binding domains: a big Rossman fold and a
smaller domain made up of a helical module and a
Zn?* binding modules are part of SIRT1's conserved
catalytic core [66, 67].

Similar to other class Ill histone deacetylases
(HDAC:S), SIRT1 deacetylates both histone and non-
histone proteins to neutralise the effects of
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acetyltransferases. Within these two domains, an
acetylated protein residue and NAD* engage to
initiate  the catalytic activity. During the
deacetylation procedure, nicotinamide (NAM), 2'-
O-acetylADP-ribose, 1'-O-acetyl-ADP-ribose, and
3'-O-acetyl-ADP-ribose are formed when the acetyl
group is transferred onto the ribose component of
NAD" [68]. Cellular NAD" levels, SIRT1-binding
proteins, its end product NAM, and a variety of post-

translational ~ changes  like  ubiquitination,
nitrosylation, sumoylation,
glycosylation, phosphorylation, and

glutathionylation all directly affect SIRT1 function.
DNA methylation and a number of transcription
factors and cofactors, including as E2F1, HIC1, p53,
c-Myc, and FoxO3a, and regulate the expression of
SIRT1 [69, 70]. Furthermore, inflammatory
circumstances have an impact on SIRT1 expression.
By deacetylating histones linked to inflammatory
cytokines and modifying signalling pathways
including HIF1a, AP-1, NF-kB, and P38MAPK, it
controls inflammation [69].

SIRT1 regulates chromatin remodelling and gene
transcription by deacetylating certain lysine residues
on histones, including H3 lysine 9, H4 lysine 16, H1
lysine 26, and H3 lysine 56. Moreover, acetyl-CoA
synthetase and cortactin are among the proteins that
cytoplasmic  SIRT1 deacetylates, controlling
activities including fatty acid production and
cytoskeleton changes during cell migration [71, 72].
There has been much discussion on how SIRT1
regulates peroxisome proliferator-activated receptor
gamma coactivator-1 alpha (PGC-1a) and how this
regulates metabolism, mitochondrial biogenesis,

and turnover [73]. Although SIRT1 is known to
affect mitochondrial activity, how much depends on
the kind of cell or the physiological setting. SIRT1
and PGC-la interact with transcription factor A
(TFAM) and mitochondrial DNA (mtDNA).
SIRT1's alteration of PGC-la emphasises how
SIRT1 affects longevity and healthspan [70]. SIRT1
has been shown by Imperatore et al. to improve
macrophage proliferative ability and self-renewal in
both in vitro and in vivo settings [74]. Furthermore,
it has been demonstrated that SIRT1 inhibition
suppresses E2F1, a protein essential for cell cycle
progression, the G1/S transition, and the stress
responses Myc and FoxO [75].

It has been shown that SIRT1 deacetylates DNA
damage repair enzymes as APE1, XPC, XPA, and
WRN, which helps to stop tumour development by
blocking NF-kB [76]. On the other hand, by
deacetylating tumour suppressors such HIC1, p73,
p53, Rb, FoxO, and E2F1, SIRT1 might encourage
the growth of tumours [77]. In the control of nuclear
receptors, cofactors, and oncogenes, such as PPARYy,
oestrogen receptors (ER), androgen receptors (AR),
c-Myc, HIF-1o, AMP-activated protein kinase
(AMPK), and N-Myc, SIRT1 has both positive and
negative effects. The mechanisms behind SIRT1's
participation in diseases are complex because of its
dual roles in tumour growth and suppression, as well
as its dose-dependent influence on several cellular
processes [78, 79].
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Targeting SIRTS offers several potential advantages
in the treatment of PD [80]:

SIRTs influence multiple pathways implicated in
PD, including mitochondrial function, oxidative
stress, neuroinflammation, and protein homeostasis.
This multi-target approach can address the complex
and multifactorial nature of PD.

Neuroprotection: By enhancing cellular defence
mechanisms and promoting neuronal survival,
SIRTs offer a neuroprotective strategy that could
slow disease progression and preserve motor and
cognitive functions.

Epigenetic and transcriptional programme
modification: SIRTs act as epigenetic regulators,
modulating the expression of genes involved in
neuroprotection, metabolism, and stress responses.
This could lead to sustained beneficial effects at the
molecular level.

Reduction of a-Synuclein Toxicity: SIRTSs,
particularly SIRT1 and SIRT2, can reduce the
aggregation and toxicity of a-synuclein, addressing
one of the central pathological features of PD.
Anti-Inflammatory Effects: By inhibiting pro-
inflammatory signaling pathways, SIRTs can
mitigate chronic neuroinflammation, which is a
significant contributor to PD pathology.
Improvement of Protein Clearance and
Autophagy: By encouraging autophagy, SIRTS
help remove misfolded proteins from the body and
stop their harmful build-up. This process may lessen
the burden that protein aggregation cause in PD.
Role of SIRT1 on PD

SIRT1 reduces o-synuclein accumulation by
modulating autophagy and deacetylation levels of

The Multifaceted Role of SIRT1 in Parkinson’s Disease: Therapeutic Implications and Mechanisms

heat shock factor 1 in PD

Figure 4 shows the multiple mechanism of SIRT1 on
PD. Abnormal a-synuclein aggregation in cells is a
known contributor to PD. Preventing or lowering a-
synuclein formation and increasing its removal may
postpone disease development, making it a possible
treatment option for PD. Upregulating autophagy
offers therapeutic potential for PD by reducing
aberrant a-synuclein buildup [81]. Autophagy is
essential for a variety of cellular activities, including
cell tolerance to starvation, misfolded protein
elimination, senescence delay, and intracellular
homeostasis [82]. By encouraging autophagy,
SIRT1 can slow down the deterioration of human
nucleus pulposus cells, according to recent studies
on neurological disorders [83, 84]. Furthermore, it
has been shown that SIRT1 promotes autophagy,
which lessens the neurotoxicity caused by the prion
protein fragment (106-126) [85]. Resveratrol, a
naturally occurring agonist of SIRT1, was shown in
a recent research to both increase the expression of
the autophagy marker LC3-1l and decrease the
accumulation of a-synuclein in PC12 cells that
overexpress it [86]. According to our research,
resveratrol stimulates SIRT1, which facilitates LC3's
movement from the nucleus to the cytoplasm.
Increased LC3-11 synthesis and enhanced autophagic
clearance of a-synuclein and p62 were the outcomes
of this stimulation in dopaminergic neurons. On the
other hand, blocking SIRT1 with EX527 resulted in
the build-up of a-synuclein and p62, inhibited the
nuclear-cytoplasmic translocation of LC3, and
prevented the decrease in acetylated LC3 levels [87].
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AMPK, often known as the "metabolic sensor
protein™ or the "energy monitor" of cells, is a crucial
controller of energy metabolism. The main factor
regulating AMPK activity is the AMP/ATP ratio. In
order to control autophagy and protein breakdown,
AMPK is essential [88]. SIRT1 activates the primary
AMPK kinase, liver kinase B1 (LKB1) [89]. On the
other hand, AMPK inhibitors dramatically lower
SIRT1 expression and autophagy. Autophagy is
probably largely regulated by the reciprocal
regulation of SIRT1 and AMPK [90]. Prior studies
have shown that resveratrol increases SIRT1
expression and stimulates AMPK phosphorylation
and activity [91]. Therefore, targeting the
SIRT1/AMPK pathway could potentially serve as an
effective therapeutic approach for PD.

By influencing the tuberous sclerosis 2 (TSC2)-
mammalian target of rapamycin (mTOR)-ribosomal
protein S6 kinase 1 (S6K1) pathway, which in turn
triggers autophagy, SIRT1 enhances neuronal
survival in cerebral ischemic tissue [92]. Moreover,
studies have demonstrated the role that SIRT1 plays
in the deacetylation of forkhead transcription factor
1 (FOXO1), which initiates starvation-induced
autophagy [93, 94]. Furthermore, it has been
demonstrated that Rel A/p65 deacetylation by SIRT1
partly promotes autophagy [95, 96]. Thus, it is
hypothesised that SIRT1 might promote autophagy
to increase a-synuclein breakdown, which could
have a major impact on stopping or slowing the
course of PD. The body of research suggests that
SIRT1 is essential for controlling autophagy via a
variety of pathways, albeit it is yet unclear how
important each of these routes is in relation to the
other, both established and undiscovered.

Besides autophagy, molecular chaperones are
pivotal in clearing misfolded proteins. Their
function involves facilitating the formation of native
protein conformations, which is a crucial
posttranslational modification for most proteins.
Molecular chaperones serve a dual role: they assist
in protein folding and stabilize protein structures,
while also maintaining polypeptide chain
components in a loosely folded state to facilitate
their passage through organelle membranes [97].
Molecular chaperones enhance the transfer of
misfolded monomers to the ubiquitin-proteasome
system or encourage chaperone-mediated autophagy
by particularly recognising their hydrophobic
surface. Through this procedure, misfolded proteins'
cytotoxicity is successfully reduced by avoiding
their accumulation in the cytosol [98]. Molecular
chaperones, which efficiently eliminate toxic protein
monomers and oligomers and maintain protein
homeostasis, are regulated by heat shock
transcription factors (HSFs) and other cofactors [99,
100]. Heat shock transcription factors (HSFS)
exhibit a highly conserved structure and function,
with significant similarity among them. Among
these factors, HSF1 is particularly representative.
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Apart from phosphorylation, SIRT1-mediated
deacetylation keeps HSF1 in a deacetylated state that
encourages DNA binding, which can activate HSF1
in stressful situations [101, 102]. On the other hand,
heat shock gene transcription is hampered by the use
of small interfering RNAs to decrease SIRT1
expression. Research has indicated that the
production of a-synuclein aggregates is decreased
when SIRT1 is overexpressed [103]. a-synuclein
oligomers are not, however, directly decreased by
SIRT1. Rather, it sustains HSF1 in a deacetylated
form, which makes it capable of binding DNA and
extending HSF1's association with the heat shock
promoter of heat shock protein 70 (Hsp70). By
encouraging Hsp70 transcription, this approach
improves cell viability and breaks down a-synuclein
oligomers [104, 105].

SIRT1 controls apoptosis in PD

Apoptosis of dopaminergic neurons is a crucial
factor in neuronal loss in PD and may constitute the
ultimate common mechanism leading to their
degeneration. SIRT1 has been shown in studies to
reduce neurodegenerative disease damage by
controlling brain cell death. As a result, addressing
neuronal apoptosis shows promise as an effective
technique for treating neurodegenerative illnesses.
In a prior study, resveratrol dramatically reversed
reductions in SIRT1 expression and protein kinase
B (Akt) phosphorylation produced by rotenone,
demonstrating an evident neuroprotective benefit
against rotenone-induced neurotoxicity. Moreover,
resveratrol's  neuroprotective  impact  against
rotenone-induced neurotoxicity was considerably
diminished upon suppression of the SIRT1/Aktl
signalling pathway, indicating that SIRT1 and Aktl
may mediate neuroprotection and function as
possible molecular targets for intervention [106].
p53 interacts with B-cell lymphoma 2 (Bcl-2) family
members during apoptosis, namely Bcl-2, an anti-
apoptotic protein. Furthermore, p53 facilitates the
oligomerization of Bcl-2 homologous
antagonist/killer (BAK), which causes cytochrome
C to be released quickly, the permeabilization of the
mitochondrial membrane, and ultimately cell death.
Prior studies have demonstrated that resveratrol
guards against neurotoxicity through a SIRT1-
dependent mechanism. SIRT1 decreases p53
expression and enhances neuroprotection by
changing the transcriptional level of the p53 gene
expression and specifically targeting the H3K9
histone [91]. Researchers have discovered that
SIRT1 deacetylates the C-terminal residues of the
p53 ubiquitination main site under physiological
stress circumstances. By doing this, p53 is stabilised
and protein breakdown is stopped [107]. Moreover,
it has been noted that SIRT1 enhances DNA repair
activity in tumour and retinal cells via deacetylating
Ku70. Furthermore, Bcl-2-associated X protein
(Bax) in the cytoplasm may interact with SIRT1 to
decrease apoptosis and increase cell survival [108-
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110]. To completely comprehend the importance of
the SIRT1/Ku70 pathway in the neurological
system, more research is necessary.

SIRT1 regulates oxidative stress and
mitochondrial activity in PD

Studies have indicated that oxidative stress and
mitochondrial ~ dysfunction have a role in
dopaminergic toxicity and PD. Brain tissue exhibits
high rates of oxygen consumption but lacks adequate
antioxidant protection systems to counteract
oxidative damage. Recent studies propose that in
PD, an initial rise in oxygen free radicals might
stimulate the striatal antioxidant enzyme system as a
compensatory response, potentially mitigating
oxidative stress-induced damage. However, as the
disease develops, the production of free radicals
increases, and the body's compensatory reaction fails
to reduce the damage. Consequently, there is a
disruption in the balance between the striatal pro-
oxidant and antioxidant systems, leading to the death
of neurons and apoptosis [111]. PGC-1a activates
several nuclear receptors and transcription factors
[112]. Experiments show that PGC-la boosts
antioxidant enzyme activity and protein levels,
reducing cell death. Superoxide dismutase 1
(SOD1), SOD2, and catalase (CAT) were
significantly reduced in mutant animals lacking
PGC-1a compared to normal mice [113]. Many of
PGC-1d's lysine residues may be directly acetylated
by the histone acetyltransferase complex, which
would lower the protein's antioxidative and
transcriptional effects [114].

SIRT1 activation can result in PGC-la
deacetylation, which raises protein levels and
increases antioxidant activity [115]. Nicotinamide,
an inhibitor of SIRT1, reduces antioxidative
capabilities in wild-type cells but not in cells that
overexpress PGC-lo because PGC-la operates
downstream of SIRT1.The findings indicate that
PGC-1a expression is upregulated by SIRT1 in
response to oxidative stress, highlighting the
possible significance of the SIRT1/PGC-1a pathway
in the management and prophylaxis of PD.

SIRT1 controls PD's inflammatory responses
Studies reveal that microglial cells may change from
their resting to their active states [116]. According
to recent research, activation of microglia can affect
dopaminergic neurons by increasing the production
of proinflammatory cytokines and oxidative stress,
which can set off an inflammatory cascade [117].
According to some researchers, neuroinflammation
has a role in the DA neurons' degradation and
eventual death in the substantia nigra (SN) of people
with PD [118]. On the other hand, conflicting results
from many studies imply that neuroinflammation
could also protect the central nervous system (CNS)
[119]. Whether neuroinflammation causes DA
neuron loss directly or as a response to neuronal
death is still a mystery in PD. However,
neuroinflammation surely affects how PD advances
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[120]. According to recent research, SIRT1 may
help PD via deacetylating and inhibiting NF-xB
transcription  [121]. Resveratrol has been
demonstrated to inhibit the generation of inducible
nitric oxide synthase (iNOS), p38 mitogen-activated
protein kinases, and the degradation of IxB induced
by lipopolysaccharide (LPS) in N9 microglial cells.
Moreover, SIRT1 deficiency in microglia has been
associated with age-related cognitive decline and
neurodegeneration via the epigenetic regulation of
interleukin-1B, corroborating previous findings
[122]. Additionally, resveratrol significantly
decreased the generation of nitric oxide and tumour
necrosis factor-alpha in LPS-activated microglial
cells, according to a research by Xiu Li Bi and
colleagues [123]. All of these results point to
SIRT1's possible involvement in controlling
neuroinflammation and PD development by
demonstrating that it suppresses microglial
proinflammatory responses.

SIRT1 activators and PD neuroprotective effects
Polyphenolic  substance resveratrol, a SIRT1
activator, is present in a variety of plants and foods,
such as peanuts and grape skins. Resveratrol is well-
known for its pleiotropic and multitargeted qualities.
It can cross the blood-brain barrier and has been
shown to have protective benefits against a variety
of neurodegenerative illnesses, including PD. [123,
125]. Resveratrol has been demonstrated in studies
to lessen oxidative stress and decrease a-synuclein
(A30P) aggregation in SK-N-BE neuroblastoma
cells [126]. Furthermore, resveratrol has been
demonstrated to mitigate dopamine-induced
oxidative stress in SH-SY5Y cells and avert MPP+-
induced cerebellar granule cell death [127-129]. By
adjusting the amounts of the pro-apoptotic protein
Bax and the anti-apoptotic component Bcl-2,
resveratrol has been shown to lessen MPP+-induced
PC12 cell death [129]. Furthermore, resveratrol can
mitigate rotenone-induced PC12 apoptosis by
upregulating the expression of heme oxygenase-1,
which in  turn induces autophagy [130].
Experimental investigations using PD models on
animals have demonstrated that resveratrol improves
the activity of antioxidant enzymes, including
glutathione peroxidase, glutathione reductase, and
catalase. In the MPTP animal model of PD, it
concurrently reduces the levels of phospholipase 2,
protein carbonyls, and thiobarbituric acid reactive
compounds, which lessens the death of
dopaminergic neurons [131-133]. Resveratrol's
antioxidant and anti-inflammatory qualities have
been linked to protective benefits against 6-
hydroxydopamine  hydrobromide  (6-OHDA)-
induced PD in rat models [134]. Furthermore, in
fibroblasts generated from patients with early-onset
PD who possess mutations in the PARK2 gene,
resveratrol has been shown to reduce oxidative
stress, improve mitochondrial biogenesis, and
control energy metabolism [135]. It
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has been demonstrated that resveratrol inhibits
rotenone-induced apoptosis in SH-SY5Y cells [91]
and reduces a-synuclein accumulation in o-
synuclein-overexpressing  PC12  cells  [86].
Additionally, resveratrol has shown promise in
ameliorating degenerative changes and motor
deficits in rats treated with MPTP. Notably, the
positive effects of resveratrol were somewhat offset
by EX527's suppression of SIRT1. These results
emphasise how crucial it is to carry out more
research on resveratrol's neuroprotective qualities
and clarify the underlying processes. New
approaches to the prevention and treatment of PD
may result from this research.

Although resveratrol has been shown in recent
studies to have neuroprotective qualities, its
potential as a medicine is still up for discussion.
Determining the ideal dietary dose of resveratrol to
produce therapeutic benefits is a significant
difficulty because different levels have been shown
in both in vitro and in vivo investigations. However,
research indicates that a 60-kg person may safely
take 450 mg of resveratrol per day [136]. It is
important to understand that resveratrol has anti-
inflammatory and neuroprotective actions in
addition to antioxidant ones that contribute to its
health advantages. More study should look at
different ways to administer it or pharmacological
formulations like nanoencapsulation to increase
resveratrol tissue concentration in order to optimise
its therapeutic efficacy in PD.

In neuropharmacology, one of the primary goals is
to develop drugs that can both directly activate
SIRT1 and boost its bioavailability. The finding of
the first SIRT-activating compounds (STACs) in
2003 was a significant advancement in the field.
Since then, efforts in medicinal chemistry and
extensive high-throughput screening have led to the
identification of over 14,000 STACs across several
chemical classes. Together with synthetic STACs
like imidazothiazoles (e.q., SRT1720),
thiazolopyridines (e.g., STAC-2), benzimidazoles
(e.g., STAC-5), and bridging ureas (e.g., STAC-9),
plant-derived STACs include stilbenes (e.g.,
resveratrol), chalcones (e.g., butein), and flavones
(e.g., quercetin) [137, 138]. These varied substances
provide viable paths for regulating SIRT1 and
investigating its therapeutic uses in
neurodegenerative illnesses such as PD.

Stilbenes, a subclass of polyphenols, have emerged
as particularly promising in the numerous research
that have examined the effect of phenolic
compounds on PD. These chemicals, which are
particularly rich in grapes and products made from
them, provide a plethora of health advantages. In a
recent study, the effects of three stilbenes
(ampelopsin A, piceatannol, and isohopeaphenol)
isolated from vine stalks on a-synuclein fibrillation
were examined. It has been shown that piceatannol
can prevent a-synuclein fibrillation, which causes
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soluble, non-toxic a-synuclein/polyphenol
oligomers to form in neuronal PC12 cells [141]. This
demonstrates stilbenes’ potential as therapeutic
agents to slow the course of PD.

Numerous STACs have been studied in animal
models of various disorders, such as fatty liver
disease, atherosclerosis, neurodegeneration, ageing,
osteoporosis, infection, and type 2 diabetes. In vitro
effectiveness of synthetic STACs, which are in their
sixth generation now, is more than 1000 times
greater than that of resveratrol. As a result, there is
great treatment potential for PD with these new
synthetic drugs. SRT1720, SRT2014, SRT3025,
SRT2183, and SRT1460 are a few of these small
molecule SIRT1 activators. Moreover, E6155, a
member of the piperazine 1,4-diamide family, has
been identified as a novel small molecule SIRT1
activator by recent studies using optimised high-
throughput screening. The study's findings suggest
that E6155 may be a useful treatment for diabetes
and insulin resistance.

The hypothesis that STACs directly activate SIRT1
has been widely debated. Although it has been
demonstrated in vitro that naturally occurring
STACs, like resveratrol, can activate SIRT1 by
lowering its peptide Michaelis constant (KM) and
causing pharmacological changes linked to SIRT1
activation, there is still disagreement regarding how
directly STACs affect SIRT1. Resveratrol and
synthetic STACs like SRT1720 and SRT2014, but
not SIRT1 knockouts, increased mitochondrial mass
and ATP content in wild-type myoblasts, according
to Hubbard et al. Furthermore, the effects of STACs
on mitochondrial mass and ATP levels were
diminished in myoblasts harbouring the E230K
SIRT1 mutation. Through a variety of biochemical
assays using native substrates and biophysical
studies using nuclear magnetic resonance, surface
plasmon resonance, and isothermal titration
calorimetry, it was demonstrated by Pacholec et al.
that SRT1720, SRT2183, SRT1460, and resveratrol
do not directly activate SIRT1 [150]. These
chemicals are exceedingly promiscuous, making
them inappropriate as pharmacological tools for
researching SIRT1 pathways, according to their
rigorous selectivity testing against over 100 targets,
including ion channels, transporters, enzymes, and
receptors. As a result, there is currently little
consistent and clear data from clinical studies. In
order to confirm the neuroprotective advantages of
STACs and clarify any possible mechanisms of
action, we advise completing more clinical trials.
SIRT1 activation may have a role in the
neuroprotection exercise induces in PD
Numerous studies have demonstrated that exercise
protects nigral dopamine neurons and slows the
progression of PD [151, 152]. Physical activities that
improve neuroprotection include weight training
and treadmill use, as shown by Tuon et al. Activating
SIRT1, which deacetylates NF-xB and controls

Page 1478



mitochondrial function and neuroinflammation, may
provide neuroprotective advantages as a result of
exercise [153]. Thus, SIRT1 activation may operate
as a mediator between physical exercise and its
neuroprotective effects [154].

Conclusion

The most recent studies showing SIRT1's favourable
benefits in reducing neuroinflammation and
neurodegenerative disorders are included here. One
of the most researched SIRTSs, SIRT1 affects several
biological processes, including apoptosis, stress
management, inflammation, metabolism, cancer,
and DNA repair. While modulating SIRT1
expression stands as a potential therapeutic avenue,
comprehending the exact molecular mechanisms
guiding its function necessitates deeper exploration.
Furthermore, compounds like resveratrol and
chemically distinct synthetic STACs, which have
demonstrated therapeutic potential in other
neurodegenerative conditions, present hopeful
prospects for PD treatment in the future. Further
research is necessary since the benefits of SIRT1
agonists in the treatment of PD are still up for
dispute. The data from clinical research establishing
the anti-inflammatory and neuroprotective benefits
of SIRT1 is still lacking, despite certain clinical
experiments  highlighting the neuroprotective
capabilities of the SIRT1 activator resveratrol.
Therefore, more thorough investigations into
SIRT1's specific targets are necessary since they can
greatly influence the creation of therapeutic
approaches for illnesses linked to
neuroinflammation.
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