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Overexpression of SIRT3 Suppresses Oxidative Stress-induced
Neurotoxicity and Mitochondrial Dysfunction in
Dopaminergic Neuronal Cells

Shinrye Lee, Yu-Mi Jeon, Myungjin Jo and Hyung-Jun Kim*
Dementia Research Group, Korea Brain Research Institute (KBRI), Daegu 41062, Korea

Sirtuin 3 (SIRT3), a well-known mitochondrial deacetylase, is involved in mitochondrial function and metabolism under various stress conditions.

In this study, we found that the expression of SIRT3 was markedly increased by oxidative stress in dopaminergic neuronal cells. In addition, SIRT3

overexpression enhanced mitochondrial activity in differentiated SH-SY5Y cells. We also showed that SIRT3 overexpression attenuated rotenone-
or H,0,-induced toxicity in differentiated SH-SY5Y cells (human dopaminergic cell line). We further found that knockdown of SIR73 enhanced
rotenone- or H,0,-induced toxicity in differentiated SH-SY5Y cells. Moreover, overexpression of SIRT3 mitigated cell death caused by LPS/IFN-y

stimulation in astrocytes. We also found that the rotenone treatment increases the level of SIRT3 in Drosophila brain. We observed that downregu-

lation of sirt2 (Drosophila homologue of SIRT3) significantly accelerated the rotenone-induced toxicity in flies. Taken together, these findings sug-

gest that the overexpression of SIRT3 mitigates oxidative stress-induced cell death and mitochondrial dysfunction in dopaminergic neurons and

astrocytes.
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INTRODUCTION

Dopaminergic neurons are the major source of dopamine (DA)
in the CNS. Dopaminergic neurons play an important role in the
control of brain functions including movement, cognition, learn-
ing, and emotion. Previous studies have suggested that oxidative
stress, neuroinflammation, and ageing significantly exacerbate do-
paminergic neuronal death [1-3]. Many clinical and experimental
studies have suggested that the death of dopaminergic neurons
is linked to PD [4, 5]. Interestingly, several proteins related with
Parkinson's Disease (PD), such as SNCA, Parkin, PINK1, LRRK2,
and DJ-1 are directly linked to the mitochondrial dysfunction and
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oxidative stress, suggesting that mitochondrial dysfunction may
be key pathological mechanism of PD [6]. However, the neuro-
pathological mechanisms underlying the death of dopaminergic
neurons have yet to be clearly established.

Mitochondria are major intracellular organelles that modulate
various cellular processes, such as cell death, autophagy, differen-
tiation, cell cycle, and proliferation [7]. Many studies have reported
that mitochondrial dysfunction is caused by the dysregulation of
mitochondrial proteins under various stress conditions [8]. More-
over, mitochondrial dysfunction induces excessive ROS genera-
tion and ATP deficits, leading to dopaminergic neuronal death [9].
Recent studies have suggested that mitochondrial dysfunction is
associated with many metabolic diseases, including neurodegen-
erative diseases, immune diseases, cancer, diabetes, and obesity
[10-14]. These results demonstrate that mitochondrial dysfunc-
tion may play a crucial role in dopaminergic neuronal death.

Sirtuin 3 (SIRT3) is a member of the class III histone deacetylase

family, and it exhibits deacetylase activity in mitochondria. Several
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studies have shown that SIRT3 plays an important role in regu-
lating ATP production, antioxidant mechanisms, inflammation,
autophagy, cell death, and metabolism [15-18]. SIRT3 is predomi-
nantly localized in the mitochondria and nucleus [19, 20] and is
primarily expressed in metabolically active tissues, including the
brain, muscle, liver, kidney, and heart [21]. Additionally, the level of
SIRT3 is modulated by mitochondrial stress, oxidative stress, pro-
teotoxic stress, and starvation conditions [15, 22, 23]. SIRT3 pre-
vents dopaminergic neuronal loss cause by oxidative stress in in
vivo and in vitro models [24, 25]. Intriguingly, Park and colleagues
[26] discovered that downregulation of SIRT3 is an essential
component of a-synuclein-induced mitochondrial dysfunction.
Therefore, a better understanding of the mitochondrial function
of SIRT3 in neurons can lead to new therapeutic interventions to
prevent and treat mitochondrial dysfunction-associated neurode-
generative diseases.

In the present study, we demonstrated that SIRT3 expression in
dopaminergic neurons was upregulated by oxidative stress and
that overexpression of SIRT3 attenuated oxidative stress-induced
neuronal toxicity. Moreover, we found that SIRT3 regulated the
cell death caused by LPS/IFN-y treatment in astrocytes. By study-
ing the dopaminergic neuronal system in a Drosophila model, we
have shown that SIRT2, a Drosophila melanogaster homologue of
mammalian SIRT3, protects against the neuronal toxicity induced
by oxidative stress.

MATERIALS AND METHODS

Reagents and antibodies

The following reagents were purchased from the indicated
providers: dimethyl sulfoxide (DMSO; Sigma, D8418), all-trans
retinoic acid (RA; Sigma, R2625), MG132 (Calbiochem/Merck-
Millipore, 474791), rotenone (Sigma, R8875), rapamycin (Invi-
voGen, tlrl-rap), H,0, (Sigma, 216763), lipopolysaccharide (LPS;
Sigma, 1L4391), and recombinant rat IFN-y (R&D Systems, 585-1F-
100/CF). The following antibodies were used for immunoblotting:
anti-SIRT3 (Cell Signaling, 5490), anti-COX-1V (Cell Signaling,
4850), anti-Beta-Actin (Abcam, ab16039), HRP-conjugated anti-
Alpha-tubulin (Cell Signaling Technology, 9099), and HRP-conju-
gated rabbit IgG (Santa Cruz Biotechnology, sc-2004) antibodies.

SH-SY5Y cell culture and differentiation

The SH-SY5Y human neuroblastoma cell line was maintained in
Dulbeccos modified Eagles medium (DMEM, Gibco, 11995-065)
supplemented with 10% heat-inactivated foetal bovine serum (FBS,
Gibco, 16000-044) and 50 pg/ml penicillin-streptomycin (Gibco,
15140-122). Cells were grown at 37C in a humidified atmosphere
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containing 5% CO,. For differentiation, SH-SY5Y cells were grown
to confluence, and the growth medium (DMEM+10% FBS) was
exchanged for differentiation medium (1:1 DMEM/Ham’s F12
supplemented with 1% FBS, 1% MEM-NEAA, 50 pg/ml P/S, and
10 uM all-trans retinoic acid (RA)) every 2 days. The differentia-
tion of SH-SY5Y cells was performed as described previously [27,
28].

Stable transfection

SH-SY5Y cells in 6-well plates (40x10" cells/ml) were transfected
with 4 pg of human STR73 cDNA using Lipofectamine 3000 re-
agent (Invitrogen). An empty pCMV6-Flag vector was used as a
negative control. Stable transfectants were selected in the presence
of 800 pg/ml G418 (Gibco, 10131-027). The expression of trans-
genes was confirmed by immunoblotting and immunocytochem-
istry analysis.

SiRNA transfection

Differentiated SH-SY5Y cells in 6-well plates (40x10" cells/well)
were transfected with control siRNA (Santa Cruz; sc-37007), hu-
man SIRT3 siRNA (Santa Cruz; sc-61556), or mouse Sirt3 siRNA
(Santa Cruz; sc-61556), using Lipofectamine RNAIMAX reagent
(Invitrogen), and then the cells were incubated for 2 days. The
downregulation of target protein expression in the transfected
cells was confirmed by immunoblot analysis.

Primary cell cultures Primary cultures of dissociated cerebral
cortical neurons were prepared from 16-day-old embryonic C57/
BL6 mice as described previously [29, 30]. Briefly, mouse embryos
were decapitated, and the brains were rapidly removed and placed
in a culture dish containing HBSS (Gibco). Cortices were isolated,
transferred to a conical tube and washed twice in HBSS (Gibco).
Cortical tissues were enzymatically digested with prewarmed
papain (20 units/ml) (Worthington Biochemical Corporation)
and DNase I (0.005%) for 30 min at 37C. The tissues were me-
chanically dissociated (triturated) with 1,000 pl and 200 pl pipette
tips to achieve complete tissue homogenization. The cortical cells
were centrifuged at 130xg for 10 min at room temperature, and
the dissociated cells that were obtained were seeded onto plates
coated with poly-D-lysine (Sigma-Aldrich) in neurobasal media
containing 2 mM glutamine (Gibco), N2 supplement (Gibco), B27
supplement (Gibco), and 50 pg/ml penicillin-streptomycin (P/S,
Gibco). The culture media were changed initially after 5 days and
every 3 days thereafter, and the cells were used after being cultured
for 14~21 days.

Primary astrocyte cultures were prepared from 1- to 2-day-old
C57/BL6 mice as described previously [31]. Briefly, whole brains

were homogenized and passed through a 70-pm strainer. The
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cells were seeded in T75 culture flasks. The cells were grown at
37T in a humidified atmosphere containing 5% CO,. The cul-
ture medium was changed initially after 5 days and every 2 days
thereafter, and the cells were used after being cultured for 14~21
days. Secondary pure astrocyte cultures were obtained by shaking
mixed glial cultures at 250 rpm for 4 h; then, the culture medium
was discarded. Astrocytes were dissociated using trypsin-EDTA
(Life Technologies) and then centrifuged at 800xg for 30 min. The
astrocytes obtained were seeded onto plates in DMEM (Life Tech-
nologies) supplemented with 10% heat-inactivated FBS and 50 pig/
ml P/S. The purity of the cells in culture was determined by immu-
nocytochemistry, which indicated that the cultures contained over
93% GFAP-positive cells. The animals used in the current research
were acquired and cared for in accordance with the guidelines
published in the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Cytotoxicity tests

Differentiated SH-SY5Y cells (8x10* cells/ml) were grown in 96-
well plates and treated with rotenone/H,0, as indicated for 24 h.
DMSO was used as a negative control. To measure cytotoxicity,
Cell Counting Kit-8 (CCK-8, Enzo Life Science, ALX-850-039-
KI02) was used according to the manufacturer’s instructions.
Briefly, 10 ul of CCK-8 reagent was added to each well, and the
plate was incubated at 37 for 2 h. The absorbance at 450 nm was
measured by using a microplate reader (Tecan). Cell viability was
expressed as a percentage of the control. All experiments were per-
formed in triplicate.

CMFDA staining analysis

CMFDA fluorescence-based assay was used to investigate ad-
ditional neuronal toxicity. Differentiated SH-SY5Y cells and pri-
mary cortical neurons were labeled with a 5 uM concentration of
CellTracker Green CMFDA Dye (Invitrogen) for 30 min using
the manufacturers protocol. Then, the dye solution was aspirated,
and the cells were incubated with dye-free medium for 45 min.
The samples were mounted and observed with a microscope. Pho-
tomicrographs from three randomly chosen fields were obtained
and the number of CMFDA-positive cells was counted. The quan-
tification of CMFDA-positive cells was expressed as a percentage

of control.

Immunoblot analysis

Cells were homogenized in Cell Lysis Buffer (Cell Signaling,
9803) containing protease and phosphatase inhibitor cocktails.
The protein concentrations of the cell lysates were determined by
BCA protein assay (Thermo Fisher Scientific, 23225). Next, the
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protein extracts were mixed with 4x Bolt LDS Sample Buffer (In-
vitrogen) and 10x Bolt Sample Reducing Agent (Invitrogen), and
then they were boiled at 95C for 5 min. An equal amount of pro-
tein from each sample was separated on Bolt 4~12% Bis-Tris gels
(Invitrogen, NW04120BOX) or NuPAGE 3~8% Tris-Acetate gels
(Invitrogen, EA0378BOX) and then transferred to polyvinylidene
difluoride (PVDE Invitrogen, LC2005) membranes. After blocking
the membranes with 5% skim milk in TBS with 0.025% Tween 20,
the blots were probed with antibodies as indicated and detected
with an ECL Prime Kit (GE Healthcare, RPN2232). Samples from
three independent experiments were used, and the relative expres-
sion levels were determined using a Fusion-FX Imaging System
(Viber Lourmat).

Quantitative RT-PCR

RNA was extracted from cells and fly heads by using a TRIzol
Plus RNA Purification Kit (Invitrogen, 12183-555) according to
the manufacturers instructions. cDONA synthesis was performed
at 37C for 120 min from 100 ng of RNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, 4368814).
Quantitative RT-PCR was performed using a one-step SYBR®
PrimeScript RT-PCR Kit (Takara Bio Inc., RR420A) according
to the manufacturers instructions, which was followed by detec-
tion using an Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems). Gapdh or 185 rRNA was used as an inter-
nal control. The 27

changes in gene expression determined by real-time PCR [32].

method was used to calculate the relative

Mitochondrial oxygen consumption

For assessment of neuronal mitochondrial dysfunction, differen-
tiated SH-SY5Y cells (7x10* cells/ml) were seeded into XF 24-well
culture plates (Seahorse Bioscience). The cells were washed twice
with XF Base Medium supplemented with 2 mM L-glutamine,
10 mM D-glucose and 1 mM sodium pyruvate (pH 7.4) and in-
cubated at 37C in a non-CO, incubator for 1 h. Mitochondrial
dysfunction was evaluated using the XF Cell Mito Stress Test Kit
(Seahorse Bioscience) according to the manufacturers instruc-
tions, followed by measurement using an XF24 Extracellular Flux
Analyser (Seahorse Bioscience). The 24-well utility plate was
hydrated, treated with 2 (M oligomycin, 2 uM carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP), 0.5 uM antimy-
cin A+rotenone, and thenused to calibrate the analyser. . The basal
oxygen consumption rate (OCR), ATP production, maximum
reserve and respiratory capacity were calculated as previously de-
scribed [33], with averages calculated from 4 wells per condition
in each individual experiment. The OCR was normalized to the
total protein concentration (OD). After Seahorse analysis, the plate
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was centrifuged at 280xg for 5 min. The media was aspirated, and
the plate was washed twice with PBS. The cells were lysed in RIPA
buffer. Protein concentrations in the cell lysates were determined
using a BCA Assay Kit.

Neuron-astrocyte coculture

Primary astrocytes were transfected with human SIRT3 expres-
sion construct or mouse Sirt3 siRNA using Lipofectamine 3000 or
Lipofectamine RNAIMAX reagent, and then the cells were treated
with LPS/IFN-y for 24 h. The cells were washed twice with PBS,
detached, and seeded in the upper compartment of transwell in-
serts (8 um pore membrane; Millipore) at a density of 4x10" cells/
well. Primary cortical neurons were plated in the lower compart-
ment of 24 transwell plates at a density of 4x10" cells/well. The
primary cells were incubated at 37C for 24 h and then subjected
to a CCK-8 assay and CMFDA staining.

Fly strains

Drosophila stocks were maintained on standard cornmeal agar
media at 24C unless otherwise noted. UAS-Gfp RNAi, UAS-Sirt2
RNAI, ple-Gal4 driver (also known as TH-Gal4) and the UAS-
mCDB8::GFP flies were obtained from The Bloomington Stock
Center. We crossed female UAS-RNAI flies (Gfp RNAi VALIUNEO EGER
BRNAL and Sirt2 RNAM™ ") with male flies containing the ple-
Gal4 (dopaminergic neuron-specific) driver to knock down target
genes in the dopaminergic neuronal cell population. w;; UAS-
mCD8::GFP, ple-Gal4 (ple>mCD8::GFP) was generated using wy;
P{UAS-mCD8:GFPLILL6 and w*;; P{ple-Gal4.F}.

Lifespan assays

Adult males (0 to 1 day old) were separated and transferred into
experimental vials containing fly media mixed with rotenone (500
uM) at a density of 20 flies per vial (n>80). The number of dead
flies was recorded daily, and the flies were transferred to fresh me-
dia every other day. All experiments were performed on 80 flies

per genotype per time point.

Immunohistochemistry

Adult flies were dissected in PBS and fixed in 4% PFA in PBS for
1 day at 4C. The brains were then washed six times with PBS and
pre-incubated in PBS-T for 1 day at 4C. After blocking with 5%
normal goat serum in PBS-T (0.3% Triton X-100) for 1 hr. The
DAPI (4, 6-diamidino-2-phenylindole dihydrochloride) were
incubated with 5% normal goat serum in PBS-T for 2 days at
4C. The samples were mounted and observed with fluorescence
confocal microscope (Leica). Photomicrographs of dopaminergic
neurons labeled with mCD8-GFP were acquired through confo-
344
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cal Z-stacks. Numbers of dopaminergic neurons were counted per
brain for PPLIclusters.

Statistical analyses

Data were analyzed by unpaired Students ¢-test (Vassar Stats,
www.vassarstats.net), and depending on the variables being com-
pared, one-way ANOVA with post hoc analysis was performed as
indicated (GraphPad Prism Software). Differences were consid-
ered significant when p<0.05 and are indicated as follows: *p<0.05;
*p<0.005; **p<0.001; and n.s., not significant.

RESULTS

SIRT3 is increased by oxidative or proteotoxic stress

To determine the effects of SIRT3 on oxidative stress-induced
neurotoxicity, we first examined the levels of SIRT3 protein in
dopaminergic neuronal cells under various stress conditions such
as MG132 (ubiquitin proteasome system inhibitor), rapamycin
(autophagy inducer), H,O, (reactive oxygen species) and rotenone
(mitochondrial electron transport chain inhibitor). To do this, we
induced the differentiation process of SH-SY5Y cells. Previous
studies indicated that differentiated SH-SY5Y cells show dopami-
nergic neuron-like properties, such as neurite extension and the
expression of dopaminergic neuronal markers [34-36]. Several
studies showed that the protein level of SIRT3 is upregulated by
oxidative stress. Moreover, it is already known that MG132 and
rapamycin can induce oxidative stress and cell death [37, 38]. In
subsequent experiments, we used rotenone and H,O, as stimuli
to induce oxidative stress. To examine the effect of the SIRT3 on
the oxidative stress-induced cell death and mitochondrial dys-
function, we generated stable SH-SY5Y cell lines expressing Flag-
tagged human SIRT3. We observed whether SIRT3 modulates
mitochondrial activity in differentiated SH-SY5Y cells. We moni-
tored the cellular OCR in real time as a measure of mitochondrial
respiration and glycolysis using a Seahorse XF24 Extracellular
Flux Analyser and a Mitochondrial Stress Test Kit (Seahorse Bio-
science). Sequential injections of oligomycin, FCCP, and antimy-
cin A+rotenone enable the measurement of basal respiration, ATP
production, maximal respiration, and spare respiratory capacity.
Interestingly, we found that the basal respiration, ATP production,
and maximal respiration parameters were markedly decreased in
Flag-expressing cells compared to SIRT3-overexpressing cells, but
the spare respiratory capacity was not altered (Fig. 1C, 1D). More-
over, OCR values were normalized to the total cellular protein
concentration for each group. These findings reveal that SIRT3
may play a critical role in the modulation of mitochondrial activity

in dopaminergic neuronal cells.
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Fig. 1. Neurotoxic stress increases SIRT3 protein levels in differentiated SH-SY5Y cells. (A) SH-SY5Y cells were treated with all-trans retinoic acid (RA,
10 uM) for 8 days to generate differentiated SH-SY5Y cells. Western blot analysis was performed to measure SIRT3 protein expression. Differentiated
SH-SY5Y cells were treated with rotenone (50 uM), MG132 (5 uM), rapamycin (10 uM), and H,O, (500 uM) for 24 h, and then the cells were harvested
for total protein extraction. Rotenone, MG132, and H,O, significantly increased SIRT3 levels in differentiated SH-SY5Y cells. (B) Quantification of the
immunoblots was performed from 3 independent experiments. Tubulin was used for normalization. *p<0.05; **p<0.005; n.s., not significant (one-way
ANOVA with Tukeys post-hoc comparison test). (C) Stable Flag- or human SIRT3-Flag-expressing cell lines were treated with RA (10 uM) for 8 days,
and then mitochondrial oxygen consumption was analyzed. Mitochondrial dysfunction of Flag- or SIRT3-Flag-expressing differentiated SH-SY5Y cells
was measured by detecting the basal OCR, ATP production, maximum reserve, and respiratory capacity by a Seahorse XF Analyzer. The OCR was nor-
malized to the total protein concentration. (D) Basal respiration, ATP production, maximum respiration, and spare respiratory capacity were quantified

and are shown as percentages of the basal values. Data are presented as the mean=SEM. *p<0.05 (unpaired Student’ ¢-test).

Overexpression of SIRT3 attenuates rotenone- or H,0,-
induced neurotoxicity

We next investigated whether overexpression of SIRT3 regulates
rotenone- or H,0,-induced neuronal toxicity in differentiated
SH-SY5Y cells. We showed that rotenone or H,0, treatment of dif-
ferentiated SH-SY5Y cells induced cytotoxicity in a dose-depen-
dent manner, and SIRT3 overexpression attenuated rotenone- or
H,0,-induced neuronal toxicity (Fig. 2A, 2B). We also confirmed
the CCK-8 assay data using CMFDA staining (fluorescent cell
tracker). Oxidative stress-induced reduction of CMFDA-labeled
cells was notably lower in SIRT3-overexpressiong cells compared
to Flag-expressing cells (Fig. 2C). Moreover, we performed subcel-
lular fractionation to measure the SIRT3 protein levels in both the
mitochondria and the cytosol. The levels of both mitochondrial
and cytosolic SIRT3 protein were significantly increased in SIRT3-
overexpressing cells compared to Flag-expressing cells (Fig. 2D).
Taken together, these findings suggest that SIRT3 overexpression

https://doi.org/10.5607/en21021

suppresses rotenone- or H,0,-induced toxicity in dopaminergic

neuronal cells.

Sirt3 knockdown enhances rotenone- or H,0,-induced
neurotoxicity

To further confirm that knockdown of SIRT3 contributes to
rotenone- or H,0,-induced neurotoxicity, we downregulated the
expression of human STRT3 by RNAi-mediated gene knockdown.
Consistent with our previous results, knockdown of SIRT3 greatly
aggravated rotenone-induced neurotoxicity (Fig. 3A). H,0,-
induced neurotoxicity was also markedly enhanced in SIRT3
knockdown cells compared with control cells (Fig. 3B). Moreover,
rotenone- or H,0,-induced reduction of CMFDA-labeled cells
were significantly exacerbated by knockdown of SIRT3 (Fig. 3C).
As expected, the protein levels of mitochondrial SIRT3 were sig-
nificantly decreased by SIR73 knockdown in differentiated SH-
SY5Y cells (Fig. 3D). We also showed that the cytosolic SIRT3
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Fig. 2. Overexpression of SIRT3 attenuates rotenone- or H,0,-induced neurotoxicity in differentiated SH-SY5Y cells. (A, B) Stable Flag- or human
SIRT3-Flag-expressing cell lines were treated with RA (10 uM) for 8 days to generate differentiated SH-SY5Y cells. Flag- or SIRT3-Flag-expressing dif-
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formed. SIRT3-expressing differentiated SH-SY5Y cells exhibited significantly reduced rotenone- or H,0O,-induced neuronal toxicity. Data are presented
as the mean+SD of 3 independent experiments. *p<0.05; **p<0.005; ***p<0.001 (unpaired Students ¢-test). (C) CMFDA staining of rotenone (100 uM)
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tosolic SIRT3 in Flag- or SIRT3-Flag-expressing differentiated SH-SY5Y cells. Both mitochondrial and cytosolic SIRT3 protein levels were significantly
increased by SIRT3 expression. COX-1V (mitochondrial fraction) and actin (cytosolic fraction) were used for normalization. Data are presented as the

ok

mean+SD of 3 independent experiments.

protein level was markedly decreased. These data indicate that
knockdown of SIRT3 enhances rotenone- or H,0,-induced toxic-

ity in dopaminergic neuronal cells.

Sirt2 knockdown enhances rotenone-induced neuronal
toxicity in Drosophila

In mammals, calorie restriction induces upregulation of SIRT3
[39]. To check whether Sirt2 function in Drosophila is like those
of mammalian SIRT3, we first assessed whether Sirt2 expression
is increased by starvation in flies. We found that the levels of Sirt2
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p<0.001 (unpaired Students ¢-test).

mRNA were markedly increased by starvation (Fig. 4A). We also
analyzed the expression levels of oxidative stresses-related genes in
Drosophila brain. We found that starvation upregulates oxidative
stresses-related genes (Puc, GstD1, Hsp22, and Mrp4) (Fig. 4B).
These results suggest that starvation induces oxidative stress in
fly brain. Next, we downregulated Sirt2 genes by RNAi-mediated
knockdown in fly dopaminergic neurons using a ple-Gal4 driver
(dopaminergic neuron-specific Gal4 driver). We observed that ro-
tenone treatment increased the level of Sirt2 mRNA in Drosophila
brain (Fig. 4D). Then, we examined the effects of Sirt2 down-
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microscope. Data are presented as the mean+SD of 3. *p<0.05; **p<0.005 (unpaired Students ¢-test). Scale bars, 200 pm. (D) Protein levels of mitochon-
drial and cytosolic SIRT3 in control and SIR73 knockdown cells. SIRT3 protein levels were greatly decreased in the mitochondrial fraction of SIRT3
knockdown cells. COX-IV (mitochondrial fraction) and actin (cytosolic fraction) were used for normalization. Data are presented as the mean+SD of 3

.0k

independent experiments. *p<0.05; **p<0.005 (unpaired Students ¢-test).

regulation on the rotenone-induced shortened lifespan. Previous  suggest that Sirt2 is important for suppressing the neurotoxicity of
studies demonstrated that rotenone leads to a significant reduc-  oxidative stress in dopaminergic neurons.

tion in lifespan of Drosophila. Consistent with previous findings,

rotenone treatment led to markedly reduced lifespan (Fig. 4E). We  SIRT3 overexpression in astrocytes mitigates reactive

also found that downregulation of Sirt2 significantly exacerbated  astrocyte-induced neurotoxicity

rotenone-induced shortened lifespan in flies (Fig. 4E). We exam- In various neurodegenerative diseases, proinflammatory reactive
ined the effect of Sirt2 knockdown on rotenone-induced neuro-  astrocytes contribute to neuronal death by secreting neurotoxic
nal toxicity in dopaminergic neurons. Not surprisingly, the Sirt2  factors such as proinflammatory cytokines and chemokines. Previ-
knockdown markedly increased the rotenone-induced dopami-  ous studies demonstrated that reactive astrocyte induced neuronal

nergic neuronal loss in the PPLI cluster (Fig. 4F, 4G). These results  defect could be a major characteristic of PD [40-42]. Moreover,

https://doi.org/10.5607/en21021 www.enjournal.org 347



Shinrye Lee, et al. e I I
A B *k * %
6 *kk 4 I 3 35 *kk 3 |+|
ES
£ s g % s 25 s 3 g 25
2 3 4 2 s
] S 8 & 25 4]
S 4 Q 2 2 S I 2
T S 25 3 ] 5 |3
Yy ) N
8 s s 2 & 15 2 ~S5 5
° 5 5 15 °
-% 2 2 5 : 1 H O |
K] = 1 2 3 1 5
] ] s 5
& s s 4
E 05 g 05 g os 05
0 0 0 0 0
Non-starved ~ Starved Non-starved Starved Non-starved Starved Non-starved Starved Non-starved  Starved
C D 120 .
* E - B ple-Gal4/UAS-Gfp RNAI + Rotenone
12 6 o
,+| 2 100 - W ple-Gal4/UAS-Sirt2 RNAi + Rotenone
2
§. 1 § 5 H
& 8 2 8
Q os ¢ 4 8
£ h - -
@ 3 60
5 06 1"6 3 §
S e =
g o4 Z 2 5 40
€ o, g, €
’ 3 20
I~
0 4 &
Gfp RNAI Sirt2 RNAi Gfp RNAi Gfp RNAi 0 )
+DMSO + Rotenone 0 12 24 36 48 60 68 Time (hr)
| ple>mCD8::GFP/Gfp RNAi ple>mCD8::GFP /Sirt2 RNAi G
- *
£ 12 1
% .
310
o
e
PPL1 clygter PPL1 cluster § 8 el
5
d’
s
s 6
e
@
o
5§ 4
b4 6(,\’ G"?
4 @“ ev“\cg\\‘*
et e
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of 12 h starved wild-type flies. mRNA levels were analyzed by real-time PCR. Gapdh was used to normalize changes in specific gene expression. Geno-
types: UAS-Egfp RNA;H N L Data are presented as the mean+SD. *p<0.05; **p<0.005; ***p<0.001 (unpaired Students ¢-test). (C) Levels of
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*p<0.05 (n=>5, unpaired Student’s t-test). Scale bars, 50 pm.

glial activation is implicated in the dopaminergic neuronal loss
in a-synuclein and MPTP-based PD animal models [43, 44]. In
addition, reactive astrocytes were accumulated in the substantia
nigra pars compacta of PD patients [45, 46]. SIRT3 is expressed
both neurons and astrocytes. Thus, SIRT3 may act not only as
a cell-intrinsic factor modulating neuronal death but also as a
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factor regulating non-cell-autonomous neuronal death through
glia. To investigate the relevance of SIRT3 to astrocytes mediated
neurotoxicity, we used the astrocyte/neuron coculture model. Pre-
vious study showed that LPS/IFN-y-stimulated astrocytes led to
a significant neuronal toxicity in a coculture model [47]. We first
transfected primary astrocytes with Flag- or Flag-tagged human

https://doi.org/10.5607/en21021



en

Role of SIRT3 in Oxidative Stress-induced Neurotoxicity

A D
Q\e‘» 180 1 R Kk *x - * *
S <7 160 < T 1 g f 1
& By . g 5 £ 50
I 140 = a
< 2 4 g 40
o | [ — «—SIRT3 Z 120 3 3
g M-‘Non-speciﬁcband 3 100 L s o E =0
3 ] 5 2 e 20
< g & g 2
@ TUBULIN 2 60 51 :°
< [ € 0 0
«w * *
20 *x *
5 T | | — 7 f 1
0 4 E 7000 s 6
Flag SIRT3_Flag g o g 5
& 5000 E 4
S 4000 S,
B LPS+IFN-y C 5 %000 5
$ 2000 g 2
—~ 120 *% % 1000 s 1
i} g — L o
" g oy 1 I " - % X
3 9 | — 1 !
S 80 S 8 g3
: ¥ 5
2 60 g0 g2
E 25 £
SIRT3_Flag 2 “ s . 5
i g 5 3 5 4
2 2 2 2 H
5 4 s
3 S
o € 0 Z 0
_ 4 _ +  LPS+FNy + - + - + - + - None
+ . + - + N + +
Flag SIRT3_Flag EFSHERY
Flag SIRT3_Flag Flag SIRT3_Flag

Fig. 5. Astrocytic SIRT3 overexpression mitigates the neurotoxicity caused by LPS/IFN-y-stimulated astrocytes. (A) Primary astrocytes were transfect-
ed with Flag- or human SIRT3-Flag expression constructs for 3 days,and then immunoblotting was performed. Successful transfection of Flag or SIRT3-
Flag in cells was confirmed by immunoblotting using an anti-SIRT3 antibody. SIRT3 protein levels were highly increased in SIRT3-Flag-expressing cells
compared with Flag-expressing cells. Tubulin was used as loading control. Data are presented as the mean=SD of 3 independent experiments. ***p<0.001
(unpaired Students ¢-test). (B, C) Flag- or SIRT3-Flag-expressing astrocytes were treated with LPS+IFN-y (100 ng/ml+50 unit/ml) for 24 h and then co-
cultured with primary cortical neurons in transwell culture inserts. Cell viability was measured using a CMFDA staining (green; B) or CCK-8 assay (C)
after a coculture period of 5 days. Data are presented as the mean+SD. **p<0.005 (unpaired Students ¢-test). Scale bars, 20 pm. (D) Flag- or SIRT3-Flag-
expressing astrocytes were treated with LPS+IFN-y (100 ng/ml+50 unit/ml) for 24 h, and then, Real Time-PCR was performed. Transcription levels of

target genes are presented as the mean+SD. 78S rRNA was used to normalize changes in specific gene expression. *p<0.05; **p<0.005; ***p<0.001 (one-way

ANOVA with Tukey’s post-hoc comparison test).

SIRT3 and then assessed the level of SIRT3 by immunoblotting.
SIRT3 expression was significantly higher in the SIRT3-Flag-
overexpressing astrocytes than in the Flag-expressing astrocytes
(Fig. 5A). Accordingly, we found that LPS/IFN-y stimulation of
primary astrocytes caused neuronal toxicity in transwell cocul-
tures (Fig. 5B). This neuronal toxicity was significantly mitigated in
coculture with SIRT3-Flag-overexpressing astrocytes compared to
that with Flag-expressing astrocytes (Fig. 5B). We also confirmed
these results using ICC of CMFDA dye (fluorescent cell tracker,
Fig. 5C). We next performed RT-PCR to examine the level of reac-
tive astrocytic genes (Gfap, Len2,iNOS, Vim, Tspo, and TrkB) in
SIRT3-overexpressing cells treated with LPS/IFN-y (Fig. 6D). We
found that LPS/IFN-y-induced upregulation of reactive astrocytic
genes was significantly decreased by SIRT3-overexpression (Fig.
5D). Therefore, these results suggest that overexpression of SIRT3
suppresses the activation of astrocytes caused by LPS/IFN-y. For
further confirmation, we downregulated the expression of mouse
Sirt3 by RNAi-mediated gene knockdown (Fig. 6A). The siRNA
knockdown of Sirt3 enhanced the neuronal toxicity of LPS/

IFN-y-stimulated astrocytes (Fig. 6B). Similar results were also

https://doi.org/10.5607/en21021

observed in CMFDA staining-based cell viability assay (Fig. 6C).
Moreover, the levels of reactive astrocytic genes (Gfap, Lcn2,iNOS,
Vim, Tspo, and TrkB) were significantly increased by Sirt3 down-
regulating astrocytes compared to control astrocytes (Fig. 6D).
These data indicate that the SIRT3 modulates neuronal toxicity
caused by LPS/IFN-y treated astrocytes.

DISCUSSION

We demonstrated that SIRT3 is a major regulator of oxidative
stress-induced neuronal toxicity in dopaminergic neurons. Oxida-
tive stress is currently well known as an inducing factor of neu-
ronal toxicity. In this study, we demonstrated that oxidative stress
increased SIRT3 protein levels in differentiated SH-SY5Y cells.
We also found that SIRT3 overexpression suppressed oxidative
stress-induced neuronal toxicity in differentiated SH-SY5Y cells.
Furthermore, downregulation of STRT3 enhanced rotenone- or
H,0,-induced neuronal toxicity in differentiated SH-SY5Y cells.
A previous study showed that overexpression of SIRT3 in HT-22
neuronal cells significantly suppressed ROS production and neu-

349

www.enjournal.org



Shinrye Lee, et al. e I l
A 8 il ol 60 I%l*_l
& 120 *kk s 7 1 s
9@- ev I [ 3N ¥ 50
S & 100 2 8
& a® - I ® 5 g 40
" o g § 4 § 30
z ® <_: 3 ! "
® «—SIRT3 e 2 2 2
Q ~ Non-specific band g 60 1 5 10
3 E g o £ o
<] Y
= e ok * *k ok
< TUBULIN 2P < 800 N | B 9 | E—
g 7000 ;z: 8
3
7
04 ;’2; 6000 g 6
Control siRNA  Sirt3 siRNA @ 5000 % s
24000 = 4
5 3000 5 4
o M
B c 2 2000 E 2
= s
None LPS+IFN-y 105 — 3 o !
0 0
£ I " . * *
2 < 12 | — | p— 8 T | 1
Control siRNA = g S 7
3 T 10 g
& 9% @ o 6
> =3 1%
= S 8 2
3 2 3°
3 S 6 g4
2 w0 2 =
g s 4 5 3
° H e 2
Sirt3 siRNA 3 8 £ 2 F 4
z 2 ]
0 L]
80 A + - + - + . + - None
Control siRNA  Sirt3 siRNA - + - + . + - +  LPS+FNy
LPS+IFN-y Control siRNA Sirt3 siRNA Control siRNA Sirt3 siRNA

Fig. 6. Knock-down of Sirt3 in primary astrocytes enhances the neurotoxicity caused by LPS/TFN-y-stimulated astrocytes. (A) Primary astrocytes were
transfected with control siRNA (50 nM) or mouse Sirt3-specific siRNA (50 nM) for 3 days, and then immunoblotting was performed. Successful knock-
down of control siRNA or Sirt3 siRNA in cells was confirmed by immunoblotting using an anti-SIRT3 antibody. SIRT3 protein levels were significantly
decreased in Sirt3 siRNA-transfected cells. Tubulin was used as loading control. Data are presented as the mean+SD of 3 independent experiments.
“**p<0.001 (unpaired Students ¢-test). (B, C) Control siRNA or Sirt3 siRNA-transfected astrocytes were treated with LPS+IFN-y (100 ng/ml+50 unit/ml)
for 24 h and then cocultured with primary cortical neurons using transwell culture inserts. Neuronal viability was measured using a CMFDA staining
(green; B) or CCK-8 assay (C) after a coculture period of 5 days. Data are presented as the mean+SD. *p<0.05 (unpaired Students ¢-test). Scale bars, 20
um. (D) Control siRNA or Sirt3 siRNA-transfected astrocytes were treated with LPS+IFN-y (100 ng/ml+50 unit/ml) for 24 h, and then, Real Time-PCR
was performed. Transcription levels of target genes are presented as the mean+SD. 185 rRNA was used to normalize changes in specific gene expression.

*p<0.05; *p<0.005; ***p<0.001 (one-way ANOVA with Tukey’s post-hoc comparison test).

ronal cell death [48]. We also found that that the rotenone treat-
ment increases the transcription level of Sirt2 in Drosophila brain.
Importantly, our data also showed that Sirt2 downregulation
significantly enhanced the rotenone-induced toxicity in fly dopa-
minergic neurons. These findings suggest that SIRT3 is involved
in oxidative stress-mediated neurotoxicity in in vivo and in vitro
models.

Understanding the mitochondrial function of SIRT3 in neurons
can lead to new therapeutic agents to prevent and treat mitochon-
dria-related neurodegenerative diseases. Previous studies have
suggested that SIRT3 deficiency significantly induces mitochon-
drial dysfunction and neuronal damage [49, 50]. SIRT3 is associ-
ated with proteotoxic- and mitochondrial stress-mediated cell
death in cancer cells [22]. In this study, SIRT3 were significantly
increased by oxidative stress in mammalian neuronal cell and
Drosophila. We also found that the rotenone- or H,O,-induced
neuronal toxicity in differentiated SH-SY5Y cells was suppressed
by SIRT3 overexpression (Fig. 2). Consistently, rotenone- or H,0,-
induced neuronal toxicity were significantly enhanced by SIRT3

downregulation (Fig. 3). We also observed that mitochondrial
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oxygen consumption was increased in SIRT3-overexpressing
cells compared to Flag-expressing control cells (Fig. 1C, 1D). The
SIRT3 has NAD+-dependent deacetylase activity, and the activity
of SIRT3 regulates mitochondrial function. Previous studies have
reported that SIRT3 was significantly decreased in frontal cortex
and hippocampus of post-mortem human and mouse AD brains
[51-53]. Moreover, viniferin increases the levels of SIRT3 and anti-
oxidant enzyme Mn-SOD, leading to protects Huntingtin protein-
induced neurotoxicity. The reduction of SIRT3 is also associated
with loss of PGC-1a, acetylation of SOD2 and ATP synthase {} in
MPTP-administrated mouse PD model [54, 55]. Furthermore,
SOD1“"**induced mitochondrial fragmentation in motor neu-
rons was dramatically reduced by SIRT3 [56]. In addition, previous
studies suggest that alpha-synuclein or oxidative stress-induced
mitochondrial defect in PD mouse model is associated with SIRT3
[24,26]. These results indicate that SIRT3 might play an important
role in mitochondria-related neurodegenerative diseases.

Several studies have shown that starvation can induce the oxida-
tive stress [57]. Starvation-induced oxidative stress is closely related

to starvation-induced cell toxicity [58-61]. Furthermore, Sirt3 de-
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ficiency leads to mitochondrial dysfunction and increase the vul-
nerability of cells to oxidative stress [62-65]. Thus, we investigated
the effects of starvation on the oxidative stresses-related genes
in Drosophila brain. We found that starvation can increase the
expression of oxidative stresses-related genes (Puc, GstD1, Hsp22,
and Mrp4) (Fig. 4B). We also showed that rotenone treatment
clearly increased the levels of Sirt2 transcription in Drosophila (Fig.
4D). Sirt2 knockdown markedly increased the rotenone-induced
dopaminergic neuronal loss in the PPL1 cluster and enhanced the
rotenone-induced shortened life span in Drosophila (Fig. 4E~4G).
Taken together, our findings suggest that SIRT2 regulates oxidative
stress-induced toxicity in Drosophila dopaminergic neuron.
Many studies have shown that LPS/IFN-y-induced proinflam-

https://doi.org/10.5607/en21021

matory cytokines in astrocytes lead to neuronal death in astrocyte/
neuron coculture models. Interestingly, these proinflammatory cy-
tokines are significantly elevated in the plasma of PD patients [66,
67]. Moreover, a recent meta-analysis revealed that IL-6, TNF-q,
and IL-1p levels were significantly increased in the peripheral
blood of PD patients [68]. In this study, we found that the SIRT3
overexpression mitigated neuronal toxicity caused by LPS/TFN-y
stimulated astrocytes (Fig. 5). The number of CMFDA-positive
neurons was notably decreased in co-cultures with LPS/IFN-y-
treated astrocytes, and SIRT3 overexpression significantly attenu-
ated the neurotoxicity of LPS/IFN-y-stimulated astrocytes (Fig
5). Furthermore, we found that the neurotoxicity of LPS/IFN-y-
stimulated astrocytes was enhanced by knock-down of Sirt3 (Fig.
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6). Accordingly, adjudin, a potential SIRT3 activator, has shown
to reduce LPS- and stroke-induced neuroinflammation [69]. In-
terestingly, we found that LPS/TFN-y-induced reactive astrocytic
genes (Gfap, Len2, iNOS, Vim, Tspo, and TrkB) are significantly
downregulated by SIRT3 overexpression in primary astrocytes,
suggesting that SIRT3 may play a critical role in the activation of
astrocytes caused by LPS/IFN-y treatment. SIRT3 overexpression
can also inhibit ischemic stroke-mediated astrocyte activation and
glial scar formation [70]. These findings suggest that overexpres-
sion of SIRT3 in astrocytes may be linked to decreased levels of
proinflammatory cytokines and that these cytokines are mediators
of neuronal death in PD.

In the present study, we demonstrated that SIRT3 expression in
dopaminergic neurons was upregulated by oxidative stress. We
identified that SIRT3 played a critical role in the neurotoxicity in-
duced by oxidative stress by regulating mitochondrial function in
mammalian cells as well as a Drosophila. Moreover, we found that
SIRT3 is a major regulator of neuronal toxicity caused by LPS/
IFN-y stimulated astrocytes (Fig. 7). Therefore, our data suggest
that targeting SIRT3 may represent a novel therapeutic interven-

tion for mitochondria-related neurodegenerative diseases.
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