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Abstract
The neurodegenerative diseases such as Alzheimer’s disease (AD) become more common globally due to great effort on
providing longer lifespans for human beings. Besides, the researches related to amelioration of age- related diseases by
epigenetic influences gain acceleration to solve the molecular mechanism of these diseases or to improve care and
opportunities of the patients. Herein, we aimed to investigate the neuroprotective and/or therapeutic effects of both
SIRT1 activation and inhibition as an epigenetic influence on the exosome releasing amount and exosomal protein
content in the human neuroblastoma cell line under Aβ toxicity. Cells were treated with SIRT1 activator (CAY10602, 20
µM) and SIRT1 inhibitor (Ex527, 80µM) after or before Aβ toxicity. Addition to LDH cytotoxicity tests, cell lysates and
immunoprecipitated exosome samples were analyzed by western blot with respect to proteins in the
PI3K/AKT/GSK3/mTOR pathway. According to the western blot analysis, SIRT1 inhibitor increased the level of
phosphorylated AKT, and inhibits the GSK3α and GSK3β by increasing their phosphorylated levels; also, it decreased the
amount of phosphorylated mTOR. Therefore, SIRT1 inhibitor might have protective and therapeutic effect on amyloid
beta toxicity. On the other hand, SIRT1 activator increased the level of SIRT1 protein and PTEN phosphorylation. In the
exosomal content, Aβ toxicity increased the level of GSK3β and decreased its phosphorylation. Interestingly, both SIRT1
activator and inhibitor produced similar neuroprotective and therapeutic effect on the Aβ toxicity in the exosomes. These
results indicate that SIRT1 inhibitor and activator may be neuroprotective in the pathophysiology of AD in particular
points through different molecular pathways.
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Introduction

With an increase in the lifespan of human beings
worldwide, the diseases related to senility such as
Alzheimer’s disease (AD), which constitutes 60-80% of all
dementia cases, have been started to affect more people.
According to the World Health Organization’s report
(2016), AD and other dementias are the 5th leading
causes of death globally, which were not on the list in the
year 2000. AD is a progressive neurodegenerative
disorder which causes cognitive function and memory
impairments in elderly. Due to the high cost of treatment
expenses and complete dependence of patients to their
caregivers, AD adversely affects the life of people
themselves, their caregivers and the economy of the
governments [1-3]. Nowadays, the investigators focus on
the researches in the area of neurodegenerative disease
either to solve the molecular mechanism of disease or to
improve care and opportunities of the patients.
Main pathological hallmarks of AD are intercellular
senile plaques mainly composed of amyloid beta, and
intracellular neurofibrillary tangles produced by
hyperphosphorylated tau. In clinical perspective, synapse
and neuron loss; brain atrophy; decrease in particular
neurotransmitters
and
correspondingly
memory
impairments, and problems in motor functions such as
speaking and walking are the AD symptoms which are
getting worse by time [4-9]. Investigations showed that
environmental factors such as hypertension, obesity,
smoking, depression, low level of physical activity, and
low education level could increase the risk of AD, and if
these factors are eliminated the risk could be decreased
as much as 30 percent [4,8]. Therefore, modifying the
epigenetic influences in the daily life may affect gene
expression of the diseased-state. Sirtuins are one of these
molecules which have been demonstrated to have
important epigenetic roles in most of the pathological
conditions.
Certain in-vivo and in-vitro studies showed that
overexpression and enzyme activation of SIRT1 which is
one of the sirtuins having an NAD+dependent enzyme
activity to deacetylase histone and non-histone proteins
from their lysine residues increase α-secretase
expression. Therefore, SIRT1 decreases Aβ production,
increases neuronal survival and provides neuroprotection
by supporting non-amyloidogenic pathway in the brain.
According to the previous studies, SIRT1 activates BDNF
and improve memory and cognitive functions. However,
some other studies done by nicotinamide which is one of
the SIRT1 inhibitors enhance cognitive functions and
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memory, also decreased phosphorylated tau (Thr231)
amount [10-19].
In addition to epigenetic influences, the circulating
molecule in the blood varies depending on the health of
the cell and pathological state. It was also shown that the
metabolites and molecules in the blood are carried with
different mechanisms. Exosomes are one of these
transport systems which can be also used as a biomarker
for diagnosis in the neuro degenerative diseases such as
AD [20,21].
Exosomes can carry RNA, protein, lipid and their cargo
content can change according to the cell they are
originated. In physiological conditions, they have role in
cell to cell communication, discarding unwanted
molecules, neuronal development and protection, nerve
regeneration, and synaptic plasticity [20,22-25]. In AD, it
is shown that exosomes carry Aβ, tau and disease-related
miRNAs and exosomal marker proteins such as Alix and
Flotillin-1 are found in amyloid beta plaque regions
[22,23,26-33]. There are different perspectives about role
of exosomes in AD. For instance, Abdullah, et al. Proposed
that exosomes help clearance of Aβ and the level of
exosome was decreased in astrocyte cells in response to
Aβ treatment [34], where other studies claim that
exosomes aid the spread of disease via carrying toxic
proteins from cell to cell and their levels may increase in
the case of AD [26,35]. Therefore, in the current study, we
aimed to investigate the neuroprotective and/or
therapeutic effects of both SIRT1 activation and inhibition
on the exosome releasing amount and exosomal protein
content in the human neuroblastoma cell line with Aβ
toxicity.

Materials and Methods
Cell Culture
SH-SY5Y human neuroblastoma cell line (ATCC CRL2266, USA) was used for the experiments. SH- SH5Y cells
were cultured and passaged using DMEM medium
(Biosera, Cat. No: LM-D1099, France) containing 10%
(v/v) heat activated fetal bovine serum (Biosera, Cat. No:
FB-1001H/100, France) and 1% (v/v) penicillinstreptomycin (Biosera, Cat. No: LM-A4118/20, France).

Aβ1-42, SIRT1 Activator and SIRT1 Inhibitor
Preparation
221.5 μM stock solution of Aβ1-42 (Abcam, Cat. No:
ab120301, USA) was prepared by dissolving in 1% (v/v)
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NH4OH (Sigma-Aldrich, Germany) and incubated for 48
hours at 37oC before used in experiments. 10 mg of
activator
(CAY10602;
3-(Benzenesulfonyl)-1-(4fluorophenyl)pyrrolo[4,5-b]quinoxalin-2-amine,
SIRT1
activator II; Calbiochem, Cat No: 566313, Germany) and 5
mg of inhibitor (Ex527; 6-Chloro-2,3,4,9-tetrahydro- 1Hcarbazole-1-carboxamide;Calbiochem, Cat No: 566322,
Germany) were dissolved in 400μl and 750 μl of DMSO,
respectively and aliquots were stored at -20oC.

630 nm as secondary filter.

Establishing In-vitro Aβ1-42 Model
Establishment of in-vitro Aβ1-42 model was done by
LDH assay, according to manufacturer’s instructions
(Roche, Cat No: 11644793001, Germany). Shortly, cells
were seeded in a 96-well plate with 10.000 cell/well
density. After 24-hour, four different Aβ1-42 doses
(1.25μM, 2.5μM, 5μM, 10μM) were applied as triplicate
and incubated for 24 hours at 37oC. Working solution of
the kit was prepared and incubated for 15 min in the dark
at room temperature. After addition 100μl of LDH
working solution in another 96-well plate the absorbance
values were measured using microplate reader
(Chromate Manager 4300, Palm City/ USA) at 492 nm.

Lactate Dehydrogenase (LDH) Assay

Treatment of Cells with SIRT1 Activator/ SIRT1
Inhibitor and Aβ1-42
This experiment is consisted of 10 groups which were
normalized according to their vehicle data (1) Control
(only cell); (2) Aβ1-42; (3) only activator; (4)(activator +
Aβ1-42); (5) Aβ1-42 + activator; (6) Activator + Aβ1-42;
(7) only inhibitor; (8) (inhibitor+ Aβ1-42); (9) Aβ1-42 +
inhibitor; (10) inhibitor + Aβ1-42(Table 1).
48th Hour
Aβ
CAY10602
CAY10602+Aβ1-42
Aβ1-42
CAY10602
Ex527
Ex527+Aβ1-42
Aβ1-42
Ex527

72nd Hour
CAY10602
Aβ1-42
Ex527
Aβ1-42

96th Hour

Cell Harvesting

1
2
3
4
5
6
7
8
9
10

Groups
Control
Aβ
CAY10602 (activator)
(CAY10602+Aβ1-42)
Aβ1-42 + CAY10602
CAY10602 + Aβ1-42
Ex527 (Inhibitor)
(Ex527+Aβ1-42)
Aβ1-42 + Ex527
Ex527 + Aβ1-42

Cell Seeding

The assay was done according to the manufacturer’s
instructions with little modifications (Pierce, Cat. No:
88953, USA). Briefly, cells were seeded with a density of
10.000 cells/well in a 96-well plate, and after 24 hours, 6
different SIRT1 activator (5μM, 10μM, 20μM, 40μM,
60μM, 80μM) and inhibitor (98nm, 10μM, 20μM, 40μM,
80μM, 100μM) doses were applied as triplicates to find
nontoxic doses. After 24-hour incubation, 50 μl of culture
media from all wells were transferred to new 96-well
plate, 50 μl of reaction mix was added and incubated for
30 minutes at room temperature in the dark. Then, 50 μl
of stop solution was added. The absorbance values were
measured by using microplate reader (Chromate Manager
4300, Palm City/ USA) at 492 nm as primary filter and at

Table 1: Aβ/SIRT1 activator (CAY10602) and inhibitor (Ex527) treatment groups according to the time of substance
application.
6-well plates were coated by poly-L-lysine (SigmaAldrich, Cat. No: P6282, Germany); cells were seeded at
200.000 cells/well, after 48 hours, medium was changed
with fresh medium which includes 10% exosomedepleted FBS (Gibco, Cat. No: A2720803, USA), 1%
penicillin-streptomycin. At the 48th hour, for the activator
group; 20 μM activator was applied at the same with the
10 μM Aβ1-42; 24 hours after and before the Aβ1-42
addition. For the inhibitor group, 80 μM inhibitor was
applied at the same with the 10 μM Aβ1-42; 24 hours
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after and before the Aβ1-42 addition. For the
activator/inhibitor vehicle and Aβ1-42 vehicle groups,
DMSO and 1% NH4OH were applied to the cells
respectively. At the 96th hour, media were collected and
cells were lysed with lysis buffer (150 mM NaCl, 50 mM
Tris (pH 8), 1% TritonX-100) containing 1% protease
phosphatase inhibitor cocktail (Cell Signaling, Cat. No:
5872, USA) for further experiments.
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Exosome Isolation

Exosome isolation from cell culture medium was done
according to the manufacturer’s instructions (Norgen, Cat.
No: 60400, Canada). Basically; medium collected from
each group was centrifuged at 1000 rpm for 15 minutes
to remove cellular debris. Supernatants were mixed with
2.75μl of ExoC buffer and 200μl of Slurry E. After 5
minutes incubation at room temperature, tubes were
centrifuged at 2000 rpm for 2 minutes, supernatants were
discarded. Pellets were re-suspended with 200 μl of Exo R
buffer and centrifuged at 500 rpm and at 6000 rpm for 1
minute. Supernatants which include exosomes were
collected and stored at -20°C.

Exosome Immunoprecipitation
Exosome immunoprecipitation was done by using
Pure Proteome Protein G Magnetic Beads (Millipore, Cat
No: LSKMAGG02, USA) according to manufacturer’s
indirect immunoprecipitation protocol with little
modifications. Briefly, 100μl of exosome solution and 2μl
of Alix antibody (Cell Signaling, Cat. No: 2171s, USA) were
mixed and incubated overnight at 4oC with continuous
mixing. After incubation, 50 μl G-protein magnetic beads
were added to the exosome antibody mix and incubated
at room temperature for 10 minutes with continuous
mixing. After the incubation samples were removed and
the beads were made ready for denaturation.

Western Blot
Cell lysates and immunoprecipitated exosome samples
were denatured. Protein concentration of cell lysates
were
measured
spectrophotometrically
(Implen,
Germany). Exosomes and 40 μg of total protein from each
lysate were separated by NuPAGE 4-12% Bis-Tris gel and
then proteins were transferred to PVDF membrane using
iBlot Dry Blotting System (Invitrogen, USA). Membranes
were blocked using 5% non-fat milk in 50 mM Trisbuffered saline containing 0.1% Tween-20 (TBS-T;
blocking solution) for 1 hour at room temperature and
incubated overnight in primary antibody solutions as
follows: SIRT1 (1:1000; Cell Signaling, Cat. No: 9475s,
USA); phospho-AKT (1:1000; Cell Signaling, Cat. No:
9271s, USA); AKT (1:1000; Cell Signaling, Cat. No: 4685s,
USA); phospho-GSK3α/β (1:1000; Cell Signaling, Cat. No:
8566s, USA); GSK3α/β (1:1000; Cell Signaling, Cat. No:
5676s, USA); phospho-mTOR (1:500; Cell Signaling, Cat.
No: 5536s, USA); mTOR (1:500; Cell Signaling, Cat. No:
2983s, USA); phospho-PTEN (1:1000; Cell Signaling, Cat.
No: 9554s, USA); PTEN (1:1000; Cell Signaling, Cat. No:
9559s, USA); Tsg101 (1:500; Santa Cruz, Cat. No: sc-7964,
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USA); antibodies were diluted in blocking solution. Next
day, membranes were washed with TBS-T for 3 times and
incubated with HRP- conjugated anti-mouse (1:2500; Cell
Signaling, Cat. No: 7076s, USA); and anti-rabbit (1:2500;
Cell Signaling, Cat. No: 7074s, USA) secondary antibodies
within blocking solution for 1 hour at room temperature.
β-actin (1:1000; Cell Signaling, Cat. No: 3700s, USA) was
used as loading control. Blots were developed using
Western Bright Sirius detection kit (Advansta, USA) and
visualized by Bio-Rad ChemiDoc XRS System (Bio-Rad
Laboratories Inc., USA). Protein levels were analyzed
densitometrically with ImageJ software (Image J; National
Institute of Health, Bethesda, MD, USA) and total protein
levels are corrected with values obtained by β-actin blots
where phosphorylated protein levels are corrected with
values obtained by total protein blots.

Total Antioxidants Status (TAS)-Total Oxidant
Status (TOS) Assay

The TAS and TOS levels of cell culture media were
detected by automated measurement method using
automated analyzer (Chromate Manager 4300, Palm
City/USA) as described previously according to
manufacturer’s protocol (Rel Assay Diagnostics,
Gaziantep/TURKEY). Briefly, while measuring the TAS
level, the colored dianisidyl radicals’ absorbance was
monitored to detect Fenton reaction. The samples’
antioxidative effects were expressed in mmolequiv/L
Trolox. In the measurement of TOS, the oxidant levels in
the samples were determined by measuring the
absorbance level resulted from colored reaction of
oxidation of ferrous-ionodianisidine complex to the ferric
ion. The TOS level is expressed in μmol H2O2equiv/L.
Oxidative index status was calculated by the following
formula:
OSI = [(TOS)/(TAS × 1000)] × 100

Statistical Analysis
Statistical analyses were performed by one-way
ANOVA followed by Tukey’s LSD test using SPSS for
Windows 18. All values are given as mean ±SD and p
values ≤ 0.05 is considered as significant.

Results
Cytotoxicity Assay
According to the LDH cytotoxicity assay, the toxic dose
of Aβ concentration was determined as 10 µM (Figure
1A). In order to find the non-toxic dose of SIRT1 activator
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(CAY 10602) and inhibitor (Ex527), six different doses of
the substances were applied to the SH-SY5Y cells. For the
SIRT1 activator, there was no statistically significant
difference between the control group and activator
groups in the LDH cytotoxicity assay. Therefore, 20µM
concentrations for the SIRT1 activator were chosen
according to the previous literature [36]. For the SIRT1

inhibitor, 10µM, 80µM and 100µM concentrations for the
SIRT1 inhibitor were significantly reduced the
cytotoxicity, according to the LDH assay results and
previous literature [37], 80 µM concentration of SIRT1
inhibitor was chosen for further experiments (Figure 1B
& 1C).

Figure 1: LDH cytotoxicity assay results of SH-SY5Y cells exposed to various concentrations of a) amyloid beta (Aβ),
b) SIRT1 activator (CAY10602) and c) SIRT1 inhibitor (Ex527) after 24 hours. Data are mean ±SEM. **
p≤0.01/*p≤0.05 as compared to control; One-way ANOVA Tukey’s LSD Test was used for statistical evaluations.

Levels of TAS, TOS and OSI in SIRT1 Activator
(CAY 10602) /Aβ and SIRT1 Inhibitor
(Ex527)/Aβ Groups
The TAS level were similar in all experimental groups
except in Aβ group whose level significantly decreased

compared to the control group (p≤0.05) (Figure 2A). On
the other hand, both TOS and OSI level were significantly
low in the CAY10602+Aβ, Ex527, and Aβ+Ex527groups
compared to the levels in the control group (p≤0.05)
(Figure 2B & 2C).

Figure 2: TAS/TOS assay results of SH-SY5Y cells exposed to SIRT1 activator/Aβ and SIRT1 inhibitor/Aβ, a) Total
Antioxidant Status (TAS), b) Total Oxidant Status (TOS), and c) Oxidative Stress Index (OSI). (Groups are from left to
right: Control, Aβ, CAY10602, (Aβ+CAY10602), Aβ+CAY10602, CAY10602+Aβ, Ex527, (Aβ+Ex527), Aβ+Ex527,
Ex527+Aβ respectively; CAY10602: SIRT1 activator, Ex527: SIRT1 inhibitor, Aβ: amyloid beta).Data are mean ±SEM.
** p≤0.01/*p≤0.05 as compared to control; One-way ANOVA Tukey’s LSD Test was used for statistical evaluations.
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Protein Expression Levels in Response to
Aβ/SIRT1 Activator and Aβ/SIRT1 Inhibitor
Treatment

According to one way ANOVA, there was a significant
between-group differences in the SIRT1 level
(F(9;29)=53.735, p<0.001). As shown in Figure 3A, the
SIRT1 protein level in the Aβ (p=0.003), (Aβ+CAY10602)
(p=0.006), Ex527 (p=0.002), (Aβ+Ex527) (p≤0.001), and
Ex527+Aβ (p=0.001) groups decreased significantly,
while its level significantly increased in the CAY10602+Aβ
group (p≤0.001) compared to the control group.
Meantime, a significant increase in the SIRT1 level was
observed in the Aβ+CAY10602 (p=0.005) and
CAY10602+Aβ (p≤0.001) groups compared to the Aβ
group (Figure 3A).
According to one way ANOVA, there was a significant
between-group differences in the activity of AKT protein
which was calculated from the ratio of phosphorylated
AKT to the total AKT (F(9;29)=280.769, p≤0.001). As a
result of only Aβ treatment, p-AKT level marginally
decreased compared to the control group (p=0.064). In
addition, it was seen that there was a further significant
decrease in the (Aβ+CAY10602), Aβ+CAY10602,
CAY10602+Aβ, and Ex527 groups (p≤0.001), while there
was a significant increase in the Aβ+Ex527 (p≤0.001) and
Ex527+Aβ (p=0.05) groups compared to the control
group (Figure 3B). Compared to the Aβ group, the ratio of
p-AKT to the AKT significantly decreased in the
(Aβ+CAY10602) (p≤0.001), Aβ+CAY10602 (p≤0.001),
CAY10602+Aβ (p=0.039), and Ex527 (p≤0.001) groups
and it was significantly increased in the CAY10602
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(p=0.05), (Aβ+Ex527) (p=0.012), Aβ+Ex527 (p≤0.001),
Ex527+Aβ (p≤0.001) groups. (Figure 3B).
According to one way ANOVA, there was a significant
between-group differences in the activity of PTEN protein
which was calculated from the ratio of phosphorylated
PTEN to the total PTEN (F(9;29)=49.576, p≤0.001). In the
Aβ group, the activity of PTEN decreased significantly
compared to the control group (p≤0.001). In addition, the
activity of PTEN decreased in the (Aβ+CAY10602)
(p≤0.001), Aβ+Ex527 (p=0.001), and Ex527+Aβ
(p=0.019) groups, while there was a significant increase
in the (Aβ+Ex527) (p≤0.001) group compared to the
control group (Figure 3C). Compared to the Aβ group, the
ratio of p-PTEN to the PTEN significantly increased in the
CAY10602
(p=0.001),
Aβ+CAY10602
(p=0.002),
CAY10602+Aβ (p≤0.001), Ex527 (p≤0.001) and
(Aβ+Ex527) (p≤0.001) groups (Figure 3C).
According to one way ANOVA, there was a significant
between-group differences in the activity of mTOR
protein which was calculated from the ratio of
phosphorylated
mTOR
to
the
total
mTOR
(F(9;29)=12.637, p<0.001). According to post hoc Tukey’s
test, the activity of mTOR decreased in the Ex527
(p=0.008), (Aβ+Ex527) (p=0.004), and Ex527+Aβ
(p=0.015) groups (Figure 3D). Compared to the Aβ group,
the ratio of p- mTOR to the mTOR significantly decreased
in the Ex527 (p≤0.001), (Aβ+Ex527) (p≤0.001),
Aβ+Ex527 (p=0.036), and Ex527+Aβ (p=0.001) groups
(Figure 3D).
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Figure 3: Expression levels of PI3K/AKT/GSK3/mTOR pathway proteins in SH-SY5Y cell lysates. Western blot results
of a) SIRT1, b) p-AKT/AKT, c) p-PTEN/PTEN, d) p- mTOR/mTOR, e) pGSK3α/GSK3α, and e) pGSK3GSK3. (Groups
are from left to right: Control, Aβ, CAY10602, (Aβ+CAY10602), Aβ+CAY10602, CAY10602+Aβ, Ex527, (Aβ+Ex527),
Aβ+Ex527, Ex527+Aβ respectively; CAY10602: SIRT1 activator, Ex527: SIRT1 inhibitor, Aβ: amyloid beta). Data are
mean ±SEM ***p≤0.001/** p≤0.01/*p≤0.05 compared to control, ###p≤0.001/##p≤0.01/#p≤0.05 compared to Aβ;
One-way ANOVA Tukey’s LSD Test was used for statistical evaluations.
According to one way ANOVA, there was a significant
between-group differences in the ratio of phosphorylated
GSK3α/β to the total GSK3α/β (F(9;29)=159.707,
p≤0.001; F(9;29)=110.242, p≤0.001, respectively).
According to post hoc Tukey’s test, the level of
phosphorylated GSK3α increased significantly in the Aβ
(p=0.007) and (Aβ+CAY10602) (p=0.004) groups (Figure
3E) while the level of phosphorylated GSK3β decreased in
the Aβ+CAY10602 (p=0.01) (Figure 3F) compared to the
control group. In addition, the level of both
phosphorylated GSK3α/β protein significantly increased
in the Aβ+Ex527 and Ex527+Aβ groups compared to the
control group (p≤0.001) (Figure 3E & 3F). Compared to
the Aβ group, the ratio of p-GSK3α to the GSK3α
significantly decreased in the CAY10602 (p=0.039),
Aβ+CAY10602 (p=0.001), CAY10602+Aβ (p=0.049),
Ex527 (p=0.002), and (Aβ+Ex527) (p=0.005) groups
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while its ratio significantly increased in the Aβ+Ex527
and Ex527+Aβ groups (p≤0.001) (Figure 3E). Compared
to the Aβ group, the ratio of p-GSK3β to the GSK3β
significantly decreased in the CAY10602 (p<0.001) and
Aβ+CAY10602 (p<0.001) groups while its ratio
significantly increased in the Aβ+Ex527 group (p<0.001)
(Figure 3F).

Exosome Releasing Amount in Aβ/SIRT1
Activator and Aβ/SIRT1 Inhibitor Groups
After immunoprecipitation of exosomes, western blot
assay for TSG101 performed and the amount of exosomes
were found as follows. According to one way ANOVA,
there was a significant between-group differences in the
exosome releasing amount determined by the level of
TSG101 protein (F(9;29)=104.704, p≤0.001)Post hoc

Copyright© Kilic U, et al.

8

Advances in Clinical Toxicology

Tukey’s test showed that the level of TSG101 significantly
decreased in the Aβ, Ex527, (Aβ+Ex527) and Aβ+Ex527
groups (p≤0.001), while there was a significant increase
in the CAY10602, Aβ+CAY10602, CAY10602+Aβ
(p≤0.001), and (Aβ+CAY10602) (p=0.012) compared to

the control group. Compared to the Aβ group, there was a
significant increase in the CAY10602, (Aβ+CAY10602),
Aβ+CAY10602, CAY10602+Aβ, Ex527+Aβ (p≤0.001),
Ex527 (p=0.012) and Aβ+Ex527 (p=0.019) groups (Figure
4).

Figure 4: Exosome releasing amount from SH-SY5Y cells in response to SIRT1 activator/Aβ and SIRT1 inhibitor/Aβ
treatment. (CAY10602: SIRT1 activator, Ex527: SIRT1 inhibitor, Aβ: amyloid beta). Data are mean ±SEM
***p≤0.001/** p≤0.01/*p≤0.05 compared to control, ###p≤0.001/##p≤0.01/#p≤0.05 compared to Aβ; One-way
ANOVA Tukey’s LSD Test was used for statistical evaluations.

Exosomal p-GSK3α/β content in Aβ/SIRT1
Activator and Aβ/SIRT1 Inhibitor Groups
After immunoprecipitation of exosomes, while
western blot assay for SIRT1, AKT, PTEN, GSK3α/β and
mTOR was performed, + only GSK3α/β was detected in
exosomal content. According to one way ANOVA, there
was a significant between-group differences in the total
expression of GSK3α/β protein in response to TSG101,
which is an exosomal marker found at the surface of
exosomes and whose expression level indicates the
amount of exosomes released by cells (F(9;29)=391.572,
p≤0.001; F(9;29)=273.062, p≤0.001, respectively).
According to post hoc Tukey’s test, the level of exosomal
GSK3α significantly increased in the Ex527 and
(Aβ+Ex527) groups (p≤0.001) while its level decreased in
the Ex527+Aβ group (p=0.005) compared to the control
group (Figure 5A). While there was no significant change
in the expression of exosomal GSK3α between the control
and Aβ group, exosomal GSK3β increased in the Aβ group
compared to the control group (p≤0.001) (Figure 5B). In
addition, its level also increased in the (Aβ+CAY10602)
(p≤0.001), (Aβ+Ex527) (p≤0.001) and Ex527 (p≤0.001)
groups, and it decreased in the CAY10602+Aβ (p=0.049)
and Ex527+Aβ (p≤0.001) groups compared to the control
group (Figure 5B). Compared to the Aβ group, the amount
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of GSK3β decreased in the CAY10602, Aβ+CAY10602,
CAY1060 2Aβ, Aβ+Ex527, and Ex527+Aβ groups and its
amount increased in the Ex527 group (p≤0.001) (Figure
5B).
In addition, we also determined the activity of
GSK3α/β in the exosome by calculating the ratio of
phosphorylated GSK3α/β to the total GSK3α/β and we
found
a
significant
between-group
differences
(F(9;29)=122.513, p<0.001; F(9;29)=440.357, p<0.001,
respectively). While the activity of GSK3α did not change
due to only Aβ administration, its activity significantly
increased in the Aβ+Ex527and Ex527+Aβ groups
(p<0.001) (Figure 5C). However, Aβ administration
significantly decreased the activation of GSK3β compared
to the control group (p<0.001). Its activity also decreased
in the CAY10602 (p=0.001), (Aβ+CAY10602) (p=0.004),
and Ex527 (p=0.001) groups and the activity of GSK3β
increased in the CAY10602+Aβ (p<0.001), Aβ+Ex527
(p<0.001), and Ex527+Aβ (p<0.001) groups compared to
the control group (Figure 5D). Compared to Aβ group, the
ratio of p-GSK3β to the GSKβ significantly increased in the
Aβ+CAY10602, CAY10602+Aβ, (Aβ+Ex527), Aβ+Ex527,
and Ex527+Aβ groups (p<0.001) (Figure 5D).
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Figure 5: Expression level of GSK3 proteins in exosomes released from SH-SY5Y cells. Western blot results of a)
GSK3α/TSG101, b) GSK3β/TSG101, c) p-GSK3α/GSK3α, and d) p-GSK3β/GSK3β. (Groups are from left to right:
Control, Aβ, CAY10602, (Aβ+CAY10602), Aβ+CAY10602, CAY10602+Aβ, Ex527, (Aβ+Ex527), Aβ+Ex527, Ex527+Aβ
respectively; CAY10602: SIRT1 activator, Ex527: SIRT1 inhibitor, Aβ: amyloid beta). Data are mean ±SEM
***p≤0.001/** p≤0.01/*p≤0.05 compared to control, ###p≤0.001/##p≤0.01/#p≤0.05 compared to Aβ; One-way
ANOVA Tukey’s LSD Test was used for statistical evaluations.

Discussion
The expression of SIRT1 protein decreased in
neuropathological conditions and particularly in the
elderly [12,18]. According to the previous studies, both
activation/overexpression and inhibition of SIRT1 have
some
positive
impacts
on
AD
pathology
[12,13,15,16,18,19]. Therefore, in the present study, we
aimed to investigate the detailed molecular mechanism of
this relation through analyzing both SIRT1 activation and
inhibition on the exosome releasing amount and
exosomal protein content in Aβ toxicity. Previous studies
performed in animals and cell culture has shown that Aβ
toxicity may cause oxidative stress which is a
fundamental feature of neurodegenerative diseases like
AD [38-40]. In the current study, a significant decrease in
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the amount of antioxidants with Aβ toxicity was noted as
stated previous studie s showing the relation between Aβ
toxicity and antioxidant deficiency [41,42]. Interestingly,
imbalance in the level of antioxidant status due to Aβ
administration ameliorated by addition of both SIRT1
activator and inhibitor. This defensive response of
alteration in SIRT1 activity against to free radicals
produced by Aβ toxicity may be related to SIRT1’s
antioxidative properties in addition to cell’s
compensatory action against to inhibition of SIRT1
activity. For example, activation of SIRT1 by resveratrol, a
natural SIRT1 activator, prevents Aβ-induced oxidative
stress [43] and inhibition of SIRT1 by sirtinol, a class III
HDAC inhibitor, restores alpha-synuclein toxicity-induced
oxidative stress [44] suggesting the presence of SIRT1 in
different antioxidant pathways.
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The presence of SIRT1 in the several key pathways
linked to progression of AD such as deacetylation of tau,
promotion of the non-amyloidogenic APP processing
pathway, protection against to oxidative stress, points out
that decreased SIRT1 level results AD pathology due to
attenuation of SIRT1’s neuroprotective role [15,45-47].
However, some of the previous studies also showed that
inhibition of SIRT1 may restore cognitive functions and
decrease the amount of phosphorylated tau [16,18,19]. In
the present study, we also noted a decrease in the SIRT1
expression due to addition of Aβ to the cells. In addition,
studies proposed that SIRT1 enzyme activators and
inhibitors work in a way that protein expression does not
altered while the enzyme is activated or inhibited
respectively [48-50]. However, in the present study,
treatment of Aβ-induced cells with SIRT1 activator
ameliorated the SIRT1 level. Interestingly, protective
effect of SIRT1 activator was stronger in the stimulation
of SIRT1 expression.
In experimental models and post-mortem patient
brain tissues showed that AKT level and its activation
decreased in AD [51-53]. In our study, we observed a
significant decrease in the phosphorylation of AKT by Aβ
toxicity. However, the addition of SIRT1 activator to the
cells before or after Aβ toxicity cannot be effective in the
activation of cell survival. Interestingly, SIRT1 inhibitor
removed the Aβ-induced inhibition of AKT, especially
when it was given therapeutically. Also, in our study, we
observed a significant increase in the phosphorylation of
both GSK3α/β suggesting an inhibition of GSK3α/β in the
both therapeutic and protective treatment groups of
SIRT1 inhibitor parallel to AKT phosphorylation. In a
previous study, it is found that activation of GSK3α
increase Aβ production [54] and activation of GSK3β
cause tau hyperphosphorylation and eventually memory
impairment and neuronal death [55]. Therefore, SIRT1
inhibitor might show neuroprotective and therapeutic
effect by increasing cell survival via activating AKT/GSK3
axis. In addition to this, inhibition of SIRT1 decreased the
phosphorylation of mTOR which has been regulated by
AKT. It was suggested that mTOR regulates Aβ generation
or Aβ clearance by regulating several keys signaling
pathways, including AKT [56]. Also, it was shown that in
postmortem AD brains the level of phosphorylated mTOR
elevated which was related the inhibition of autophagy
and increase in tau hyperphosphorylation [57], in our
study SIRT1 activator did not altered the mTOR level
while SIRT1 inhibitor decreased the phosphorylated
mTOR level. This result may suggest that SIRT1 inhibitor
might activate autophagy to help Aβ clearance. On the
contrary SIRT1 activator did not provide increase in the
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level of phosphorylated AKT and did not cause GSK3
inhibition. However, when compared to amyloid beta
group, it increased the PTEN level. Majority of the studies
shows that the level of PTEN decreased in postmortem
brain tissues of AD patients [58-61], therefore SIRT1
activator might show protective effect through PTEN.
Exosome releasing in AD pathology is a debating issue
among researchers. Certain scientist argued that exosome
release is a mechanism which helps clearing of toxic
proteins while others decline that exosomes causes toxic
protein propagation between cells [26,34,35]. In the
present study the amount of exosomes decreased in
response to amyloid beta toxicity. However, the exosome
releasing amount increased significantly with SIRT1
activator treatment compared to both control and
amyloid beta groups. Exosome releasing amount
decreased compared to the control, when the inhibitor
was given alone and as therapeutically. However, when
compared to the amyloid beta group the amount of
exosome increased in inhibitor groups. In the present
study, only GSK3α/β was detected in exosomal content
and only the expression and activation of GSK3β was
altered with Aβ toxicity. In our results, SIRT1 inhibitor
caused GSK3α and GSK3β inhibiton in the exosomes
which is parallel to the cell lysate results. Interestingly
SIRT1 activator also caused GSK3β inhibition. Therefore,
both SIRT1 activator and inhibitor produced same
neuroprotective effect in exosomal content. One of the
previous studies showed that the exosomes carrying a
therapeutic molecule can treat AD symptoms through
activating the AKT/GSK3β pathway in which both the
level of phosphorylated AKT and the level phosphorylated
GSK3β increased [62]. The pharmacological modulation of
GSK3β by SIRT1 activator and inhibitor have shown
promise in the treatment of AD by increasing exosome
amount and therefore toxic protein clearance and by
increasing phosphorylation levels of the GSK3β when
compared to amyloid beta group.

Conclusion
This study was done to detail the molecular
mechanism of SIRT1 activator and inhibitor effects on invitro amyloid beta toxicity model. When SIRT1 was
stimulated by activator CAY10602, the antioxidant status
was ameliorated and also activator shown potential
protective effect by increasing PTEN amount. When
inhibitor Ex527 was applied to the cells, it altered the
phosphorylated levels of AKT, GSK3 and mTOR in the
opposite way of AD. In the exosomal content, it was
observed that both SIRT1 activator and inhibitor may
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have protective effect by increasing exosome amount and
therefore toxic protein clearance and by inhibiting GSK3α
and GSK3β, while that was parallel with the cell lysates
results for the SIRT1 inhibitor.
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