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Abstract

Background: Misfolding and aggregation of the presynaptic protein alpha-synuclein (asyn) is a hallmark of Parkinson’s
disease (PD) and related synucleinopathies. Although predominantly localized in the cytosol, a body of evidence has
shown that asyn localizes to mitochondria and contributes to the disruption of key mitochondrial processes.
Mitochondrial dysfunction is central to the progression of PD and mutations in mitochondrial-associated proteins are
found in familial cases of PD. The sirtuins are highly conserved nicotinamide adenine dinucleotide (NAD")-dependent
enzymes that play a broad role in cellular metabolism and aging. Interestingly, mitochondrial sirtuin 3 (SIRT3) plays a
major role in maintaining mitochondrial function and preventing oxidative stress, and is downregulated in aging and
age-associated diseases such as neurodegenerative disorders. Herein, we hypothesize that asyn is associated with
decreased SIRT3 levels contributing to impaired mitochondrial dynamics and biogenesis in PD.

Methods: The level of mitochondrial SIRT3 was assessed in cells expressing oligomeric asyn within the cytosolic and
mitochondrial-enriched fractions. Mitochondrial integrity, respiration, and health were examined using several markers
of mitochondrial dynamics and stress response and by measuring the rate of oxygen consumption (OCR). Our findings
were validated in a rodent model of PD as well as in human post-mortem Lewy body disease (LBD) brain tissue.

Results: Here, we demonstrate that asyn associates with mitochondria and induces a decrease in mitochondrial SIRT3
levels and mitochondrial biogenesis. We show that SIRT3 downregulation is accompanied by decreased
phosphorylation of AMPK and cAMP-response element binding protein (CREB), as well as increased phosphorylation of
dynamin-related protein 1 (DRP1), indicative of impaired mitochondrial dynamics. OCR was significantly decreased
suggesting a mitochondria respiratory deficit. Interestingly treatment with AMPK agonist 5-aminoimidazole-4-
carboxamide-1-B-d-ribofuranoside (AICAR) restores SIRT3 expression, improves mitochondrial function, and decreases
asyn oligomer formation in a SIRT3-dependent manner.

Conclusions: Together, our findings suggest that pharmacologically increasing SIRT3 levels can counteract asyn-
induced mitochondrial dysfunction by reducing asyn oligomers and normalizing mitochondrial bioenergetics. These
data support a protective role for SIRT3 in PD-associated pathways and contribute significant mechanistic insight into
the interplay of SIRT3 and asyn.
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Background

Alpha-synuclein (asyn) accumulation is believed to be a
key step in the pathogenesis of Parkinson’s disease (PD)
and related alpha-synucleinopathies. Despite predominant
localization in the cytosol, asyn is found localized to mito-
chondria in post-mortem PD brain [1]. Mitochondrial ac-
cumulation of asyn has been associated with impaired
complex-I dependent respiration, decreased mitochondrial
membrane potential, and increased levels of mitochondrial
reactive oxygen species (mtROS) in multiple cellular
models [1-4]. The evidence supporting the contribution
of abnormal accumulation of asyn to disruption of mito-
chondrial processes is compelling and indicates a crucial
role for asyn-induced mitochondrial dysfunction in PD
pathogenesis and alpha-synucleopathies.

The sirtuins (SIRTSs) are a family of nicotinamide aden-
ine dinucleotide (NAD")-dependent deacetylases and/or
adenosine diphosphate (ADP)-ribosyltransferases that
have long been recognized as essential for cell survival,
metabolism, and longevity [5]. In mammals there are
seven human SIRT homologs (SIRT1-7) with varied en-
zymatic activities. SIRT1, SIRT6, and SIRT7 predomin-
antly reside in the nucleus whereas SIRT2 is located in the
cytoplasm, and SIRT3, 4, and 5 reside in the mitochon-
dria. SIRTs have been previously implicated in mecha-
nisms of PD in a number of in vitro and in vivo studies
[6—8]. The use of pharmacological activators and inhibi-
tors of SIRTs in PD models have revealed neuroprotective
and beneficial effects. For example, resveratrol, an activa-
tor of SIRT1, protects against cell death in neurotoxin-
induced PD animal models [9, 10] and we have shown
that SIRT?2 inhibitors can rescue asyn-mediated toxicity in
cellular PD models [8]. SIRT3 is the predominant mito-
chondrial sirtuin and the major regulator of mitochondrial
protein acetylation [11-13]. SIRT3 is expressed at high
levels in the brain [14, 15] and plays an important role in
maintaining mitochondrial integrity, energy metabolism,
and regulating mitochondrial oxidative pathways [16, 17].
SIRT3-mediated deacetylation activates enzymes respon-
sible for the reduction of ROS production, such as super-
oxide dismutase 2 (SOD2) [18]. Interestingly, SIRT3 acts
as a pro-survival factor in neurons exposed to excitotoxic
injury [19] and recent studies demonstrate a neuroprotec-
tive effect of SIRT3 in cell culture models of stroke, Hun-
tington’s disease (HD), and Alzheimer’s disease (AD) [20—
22]. Importantly, and relevant to the present study, over-
expression of SIRT3 was recently demonstrated to prevent
dopaminergic cell loss in a rodent model of PD [11].

Experimental evidence supports SIRT3-induced pro-
tection against oxidative stress by enhancement of mito-
chondrial biogenesis and integrity [23]. The multifaceted
mitochondrial health-enhancing capabilities of SIRT3
thus make it an attractive therapeutic target for neuro-
degenerative diseases where mitochondrial dysfunction
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contributes to disease pathogenesis. Herein, we investigate
a role for SIRT3 in PD pathogenesis and identify a poten-
tial mechanistic interaction between SIRT3 and asyn. We
hypothesize that the association of asyn with mitochon-
dria reduces SIRT3 deacetylase activity and contributes to
mitochondrial dysfunction and pathogenesis in PD and re-
lated alpha-synucleinopathies. The data presented herein
significantly advances our mechanistic understanding of
SIRT3 in mitochondrial dysfunction and validates a pro-
tective role for SIRT3 in PD. Overall we confirm the po-
tential application of SIRT3 activators as future targets for
pharmacological strategies against neurodegeneration in
PD and related alpha-synucleinopathies.

Methods

Cell culture

A stable cell line co-expressing human asyn fused to ei-
ther the amino-terminal (SL1) or carboxy-terminal frag-
ment (SL2) of humanized Gaussia princeps luciferase was
generated and described previously [24]. H4 SL1&SL2 and
wt-asyn cells were maintained at 37 °C in a 95% air/5%
CO, humidified incubator in Opti-MEM supplemented
with 10% FBS. Stock cultures were kept in the presence of
1 pg/ml tetracycline (Invitrogen) to block the expression
of the transgenes (SL1&SL2, wt--asyn). aSyn expression is
turned on or off by the absence (Tet- cells) or presence
(Tet + cells) of tetracycline respectively.

Embryonic primary cortical neurons were prepared
from E15 CD1 wildtype mice (Charles River, Wilming-
ton, MA). Briefly, brains of E15 embryos were dissected
in calcium and magnesium free HBSS, dissociated with
0.25% trypsin-EDTA (Life Technologies, Grand Island,
NY), and seeded on poly-D-lysine coated 6 cm dishes at
0.95 x 10° cells per cm?* (2 x 10° cells per dish) in Neuro-
basal media containing 10% FBS, 1% pen/strep and 1%
glutamax. After 1h, media was exchanged for Neuroba-
sal containing B-27 supplement, 1% pen/strep and 1%
glutamax. Neurons were maintained at 37°C in a hu-
midified incubator with 5% CO,/95% air. At day 7
in vitro (DIV) neurons were transduced with adeno-
associated-virus (AAV) serotype2/8 expressing wt-oasyn
or venusYFP under the chicken beta actin promoter.

Rodent stereotaxic surgery

Adult female Sprague Dawley rats (225-250g, Envigo,
USA) were housed and treated in accordance with the
NIH Guide for Care and Use of Laboratory animals. All
animal procedures were approved by the Mayo Institu-
tional Animal Care and Use Committee and are in accord-
ance with the NIH Guide for Care and Use of Laboratory
animals. All viral vector delivery surgical procedures and
tissue processing was performed as previously described
by our group [25]. Briefly, AAVs serotype 2/8 expressing
human asyn fused with either the C-terminus (AAV-SL1)
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or N-terminus (AAV-SL2) of Gaussia princeps luciferase
were produced by plasmid triple transfection with helper
plasmids in HEK293T cells. 48 h later, cells were harvested
and lysed in the presence of 0.5% sodium deoxycholate and
50 U/ml Benzonase (Sigma-Aldrich, St. Louis, MO) by
freeze-thawing, and the virus was isolated using a discon-
tinuous iodixanol gradient. The genomic titer of each virus
was determined by quantitative PCR. A combination of
AAV-SL1 (8.10el2gc/ml) + AAV-SL2 (8.10e12 gc/ml) was
delivered directly to the right substantia nigra/midbrain
(SN) using stereotaxic surgery (coordinates: AP — 5.2 mm,
ML +2.0mm, DV +7.2mm from dura) [26]. A mix of
AAVs were infused at a rate of 0.4 pL/min (final volume
2 uL) using a microinjector (Stoelting). A group of control
animals were injected with 2 pL of AAV8 expressing
full length of humanized Gaussia princeps luciferase
(AAV8-Hgluc).

Human brain tissue

Frozen human post-mortem brain was provided by the
Mayo Clinic brain bank at the Mayo Clinic in Jacksonville.
For this study, striatum (STR) samples from 10 control pa-
tients (6 females, 4 males) and 10 patients diagnosed with
Lewy body disease (LBD) (4 females and 6 males) were
included. Detailed information of brain tissue is provided in
Table 1. Each frozen brain sample was weighed and ho-
mogenized in 10X volume of radio-immunoprecipitation
assay (RIPA) lysis buffer (0.5M Tris-HCl, pH74, 1.5M
NaCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM EDTA,
20-188) containing 1 mM phenylmethylsulfonyl fluoride
(PMSE), protease inhibitor cocktail, and halt phosphatase
inhibitor cocktail, followed by sonication and centrifugation
for 15 min at 16,000xg at 4 °C to remove cellular debris. Su-
pernatants were collected, protein concentration was deter-
mined by Bradford assay, and samples were processed for
immunoblotting.

Immunofluorescence

Cells were cultured on 12-mm glass coverslips with or
without 1 pug/ml tetracycline for 72 h. Cells were washed
with phosphate-buffered saline (PBS) and incubated with
300nM with MitoTracker-Green (Molecular Probes,
Inc., Eugene, OR, USA) according to the manufacturer’s
protocol to visualize mitochondria. Cells were fixed with
4% paraformaldehyde for 10 min at room temperature
(RT) and washed three times in 1X Tris-buffered saline
(TBS) (500 mM NaCl, 20 mM Tris, pH 7.4), blocked for
1h in 1.5% goat serum, 0.5% Triton X-100 in 1X TBS
and incubated overnight at 4 °C with primary antibodies
(SIRT3 and human asyn). The following day cells were
washed and treated with Alexa Fluor® 488 and 568 sec-
ondary antibodies for 1 h at RT (see Table 2, for details
of the antibodies used in the study). Coverslips were
mounted on Super Frost Plus slides with Vectashield
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Table 1 Human brain samples
Braak Clinical Dx

Case Pathology Dx Thal Age at Death  Sex

1 Normal 2 aMCl 70 Male
2 Normal 0 Normal 56 Female
3 Normal 0 Normal 57 Female
4 Normal 0 2 ADvDLB 69 Male
5 Normal 1 1 DA 64 Female
6 Normal 0 3 DLBVFID 63 Male
7 Normal 0 Normal 61 Female
8 Normal 1 1 NAIM 60 Female
9 Normal 0 1 PSP/PLS 56 Female
10 Normal 0 1 iIb) 61 Male
1 DLBD 0 0 DLB 60 Male
2 DLBD 0 2 DLB 61 Male
3 DLBD 0 2 PDD 66 Male
4 DLBD 0 0 PDD 63 Female
5 DLBD 1 2 PSP 72 Female
6 DLBD 1 2 DLB (RBD) 70 Male
7 DLBD 1 2 PDD 56 Male
8 DLBD 1 25 PDD 62 Female
9 DLBD 0 2 PD-MCI 66 Male
10 DLBD 2 1 PDD v CBD 69 Female

Dx Diagnosis, AD Alzheimer’s diseases, aMCl Amnestic mild cognitive
impairment, CBD Corticobasal degeneration, DA Dysautonomia, DLBD Diffuse
lewy body disease, DLB Dementia with lewy bodies, FTD Frontotemporal
dementia, NAIM Nonvasculitic autoimmune inflammatory meningoencephalitis,
PD Parkinson’s disease, PDD Parkinson’s disease with dementia, PLS Primary
lateral sclerosis, PSP Progressive supranuclear palsy, RBD REM sleep behavior
disorder, TD Torsion dystonia

Hardset (Vector Labs, Burlingame, CA) and cells were
visualized using an Axio observer inverted microscope
(Carl Zeiss, Germany).

Gaussia luciferase protein-fragment complementation
assays

Luciferase activity was measured in 15ug cell lysate or in
freshly homogenized STR and SN rat tissue in multilabel
plate reader at 480 nm (EnVision, PerkinElmer; Wal-
tham, MA, USA) following the injection of the substrate,
coelenterazine (40 uM, NanoLight tech, AZ, USA) with a
signal integration of 2s.

Western blotting analysis

To prepare whole cell lysates, cells were washed twice
with ice-cold PBS and total proteins were isolated by in-
cubating H4 cells in RIPA lysis buffer (50 mM Tris—HCI,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1.2%
Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS,
ADI-80-1496,1 mM PMSF) or primary neurons in a
triton-X based lysis buffer (150 mM NaCl, 1 mM EDTA,
20 mM Tris-HCL,1% triton-X pH 7.4). Both buffers were
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Table 2 Antibodies used for western blot and immunocyhistochemistry
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Antibody Source Dilution
a-Synuclein (mouse) BD Transduction Laboratories (61078) 1:2000 (WB)
a-Synuclein (mouse) Biolegend (SIG39730) 1:2000 (WB, ICC)
a-Synuclein, clone 5G4 (mouse) Millipore (MABN389) 1:1000 (WB)
Oligomer A11 (rabbit) Thermo Fisher Scientific (AHB0052) 1000 (WB)
SIRT3 (mouse) Santa Cruz (sc-135,796) 1:1000 (WB)
SIRT3 (rabbit) Cell Signaling (2627 5) 1:2000 (WB)
SIRT3 (rabbit) Novus Biologicals (NBP1-31029) 1:1000 (WB)
1:500 (ICO)
SIRT3 (rabbit) Cell Signaling (5490) 1:1000 (WB)
Heme oxygenase-1 (rabbit) Cell Signaling (5853 5) 1:1000 (WB)
AMPK (rabbit) Cell Signaling (5831T) 1:1000 (WB)
Phospho-AMPK (rabbit) Cell Signaling (25355) 1:1000 (WB)
CREB (rabbit) Cell Signaling (4820 ) 1:1000 (WB)
Phospho-CREB (rabbit) EMD Millipore (06-519) 1:2000 (WB)
DRP1 (rabbit) Bethy! Laboratories (A303-410A-M) 1:2000 (WB)
Phospho-DRP1 (rabbit) Cell Signaling (34555) 1:1000 (WB)
SOD2 (rabbit) abcam (ab13533) 1:5000 (WB)
SOD2 (acetyl K68) (rabbit) abcam (ab137037) 1:2000 (WB)
COX IV (rabbit) Cell Signaling (4850 ) 1:1000 (WB)
GAPDH (rabbit) Santa Cruz (sc-25,778) 1:4000 (WB)
Abgent (AP7873a) 1:4000 (WB)
Actin (mouse) Sigma (A5316) 1:7500 (WB)
GM130 (rabbit) abcam (ab52649) 1:2000 (WB)
Alexa Fluor 488 (goat anti-mouse) Thermo Fisher Scientific (A11001) 1:500 (ICQO)
Alexa Fluor 568 (goat anti-rabbit) Thermo Fisher Scientific (A11011) 1:500 (ICC)
Goat anti-mouse HRP Southern biotech (1010-05) 1:5000 (WB)
Goat anti-rabbit HRP Southern biotech (4010-05) 1:5000 (WB)
IRDye® 680RD Goat anti-Mouse 1gG (H+ L) LI-COR® (926-68,070) 1:10000 (WB)
IRDye® 800CW Goat anti-Mouse IgG (H +L), 0.5 mg LI-COR® (926-32,210) 1:10000 (WB)
IRDye® 800CW Goat anti-Rabbit IgG (H+L), 0.5 mg LI-COR® (926-32,211) 1:10000 (WB)

WB Western blot, /ICC Immunocytochemistry

supplemented with protease inhibitor cocktail, and halt
phosphatase inhibitor cocktail. Collected cells were cen-
trifuged at 10,000xg for 10 min at 4 °C. The protein con-
centration was determined with Bradford reagent. 15 pg
proteins were separated on Bis-Tris polyacrylamide gra-
dient gels (NuPAGE Novex 4-12% Bis-Tris Gel, Life
tech) and transferred to nitrocellulose membranes.
Membranes were then blocked for 1h at RT in TBS-T
(500 mM NaCl, 20 mM Tris, 0.1% Tween 20, pH7.4)
supplemented with 10% non-fat dried milk. Subse-
quently membranes were incubated overnight at 4°C
with primary antibodies followed by 1h at RT with
HRP-conjugated secondary antibodies or IRDye® conju-
gated secondaries (LI-COR®) (Table 2). Proteins were de-
tected using an enhanced chemiluminescent detection

system (ECL, EMD Millipore) and a CCD imaging sys-
tem (LAS-4000, Fujifilm, Japan) or Odyssey® CLx Im-
aging System (LI-COR®, USA).

Mitochondria/cytosol fractionation

Cells were homogenized in buffer A (0.25 M sucrose, 10
mM Tris—HCI [pH 7.5], 10 mM KCI, 1.5 mM MgCl,, 1
mM EDTA, 1 mM dithiothreitol, and 0.1 mM PMSF).
Homogenates were centrifuged at 700xg for 5min at
4°C, and supernatants were collected and centrifuged at
10,000xg for 30 min at 4 °C. The supernatant was desig-
nated the cytosolic fraction, and the pellet was used as
the mitochondrial enriched fraction. The pellets were re-
suspended in buffer B (0.25 M sucrose, 10 mM Tris—HCI
[pH7.5], 10 mM KCI, 1.5 mM MgCl,, 1mM EDTA, 1
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(See figure on previous page.)

Fig. 1 aSyn is found in mitochondria-enriched fraction of H4 SL1&SL2 cells and induces a decrease in SIRT3 expression. a Representative cropped
western blots showing asyn and SIRT3 in cytosolic and mitochondrial fractions at different time points (0 — 72 h) (b) asyn oligomers are apparent
after 24 h by luciferase assay (RLU: relative luminescence units), n = 5. Quantification of SIRT3 protein level in mitochondria demonstrates
significant decrease in SIRT3 at 48 h and 72 h. ¢ Whole cells lysates from H4 SL1&SL2 cells demonstrate decreased SIRT3 expression after
transfection with SIRT3 siRNA n=6 (d) Luciferase activity from asyn oligonmerization is significantly increased in cells transfected with SIRT3
SIRNA (siSIRT3) compared to control siRNA (siCtrl). Error bars represent the mean + SD. *p < 0.05, **p < 0.01. Note: In (a) asyn and SIRT3 bands are
from different experiments run on different gels. COXIV, GAPDH, and SIRT3 are all from same samples and immunoblot. Loading controls for asyn
blot are not shown. In panel (c) asyn, SIRT3, and GAPDH are detected on same immunoblot

mM dithiothreitol, 0.1 mM PMSF, and 1% NP 40). To
confirm the purity of the mitochondrial fraction, the ly-
sates were probed for the specific mitochondria marker
cytochrome ¢ oxidase IV (COXIV).

Dot blot assay

Tris-buffered saline (TBS)-wetted nitrocellulose mem-
brane (NC membrane, 0.45 pm pore) was mounted on
the Bio-Dot microfiltration apparatus (cat. no. 1706545,
Bio-Rad). 15 pg proteins were loaded into the wells of a
microfiltration apparatus under mild vacuum. After
washing with TBS, the NC membranes were blocked
with TBS-T (500 mM NaCl, 20 mM Tris, 0.1% Tween
20, pH 7.4) supplemented with 10% non-fat dried milk
and incubated overnight at 4 °C with primary antibodies
(anti-oligomer All, cat. no. AHB0052; anti-asyn 5G4,
cat. no. MABN389 followed by 1h at RT with HRP-
conjugated secondary antibodies. Proteins were detected
using an enhanced chemiluminescent detection system
(ECL, EMD Millipore) and ChemiDoc MP Imaging Sys-
tem (Bio-Rad, 170-01402, USA).

Isolation of rat brain mitochondria

SN were dissected and homogenized in 0.5 mL of ice-cold
MIBA (10 mM Tris—HCI [pH 7.4], 1 mM EDTA, 0.2 M D-
mannitol, 0.05 M sucrose, 0.5 mM sodium orthovanadate,
1 mM sodium fluoride and dissolved in water) containing
1X protease inhibitors with a hand-held homogenizer for
40 strokes on ice. The homogenate was transferred into
1.5mL tubes and then centrifuged at 500xg for 5min.
The pellet was discarded, and remaining supernatant was
centrifuged at 11,000xg for 20 min at 4°C, yielding the
heavy mitochondrial (HM, pellet) and the light mitochon-
drial (LM, supernatant) fraction. The HM pellet was
washed twice with 1mL ice-cold MIBA buffer it was
resuspended in 0.1-0.3mL of MIBA to vyield the final
solution enriched in mitochondria.

Mitochondrial respiration analysis

The oxygen consumption rate (OCR) was assessed using
a Seahorse Bioscience XF96 analyzer (Seahorse Bio-
science, Billerica, MA, USA) in combination with the
Seahorse Bioscience XF Cell Mito Stress Test assay kit
according to the manufacturer’s recommendations. H4

SL1&SL2 cells were seeded in 12-wells of a XF 96-well
cell culture microplate (Seahorse Bioscience, 102,601—
100) and grown to 70% confluency in 200 uL of growth
medium prior to analysis. On the day of assay, culture
media were changed to assay medium with 175 uL. (Dul-
becco’s Modified Eagle’s Medium, D5030), supplemented
with 25 mM glucose, 2 mM glutamine, and 2 mM pyru-
vate. Prior to assay, plates were incubated at 37 °C for 1 h
without CO,. Thereafter successive OCR measurements
were performed consisting of basal OCR, followed by
OCR level after the automated injection of 25 pl oligomy-
cin (20 pM), 25 pl carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) (20 uM), and a combination of
25 pl rotenone + antimycin A (12 uM), respectively. After
the assays, plates were saved and OCR was normalized to
the total protein amount per well.

SIRT3 siRNA transfection

Small interfering RNAs (siRNAs) for human SIRT3 (sc-
61,555, Santa Cruz Biotechnology, CA, USA) and control
non-target siRNA (SN-1003, Negative Control, Bioneer,
Daejeon, Korea) were reconstituted in siRNA buffer (Qia-
gen, CA) following the manufacturer’s instructions and
transfections of conducted using Lipofectamine 2000 re-
agent (Invitrogen, CA, USA). Briefly H4 SL1&SL2 cells
were seeded in 60-mm culture dishes for 24 h before
transfection. Subconfluent cells were treated either with
SIRT3 siRNA (100 nM) or non-targeting siRNA (20 nM)
complexed with lipofectamine for 2h. The extent of
knockdown was evaluated by western blot analysis.

Determination of mitochondrial ROS

MitoSOX™ Red fluorescent probe (Molecular Probes, Inc.,
Eugene, OR, USA) was used to visualize mitochondrial
superoxide production according to the manufacturer’s
protocol. Briefly, H4 SL1&SL2 grown on 12-mm glass were
washed twice with PBS to remove the medium and incu-
bated with 2.5 uM MitoSOX-Red reagent in the dark at
37 °C. Cells were washed gently three times with warm PBS
buffer and imaged immediately after, under fluorescence
microscopy. To confirm mitochondrial localization of
MitoSOX-Red, cells were loaded with 300nM
MitoTracker-Green (Molecular Probes, Inc., Eugene, OR,
USA) for 30 min. The mean fluorescence intensities of
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(See figure on previous page.)

Fig. 2 AICAR activates AMPK-CREB signaling pathway and increases SIRT3 activity and reduces asyn oligomers. a Representative cropped western
blots showing AMPKa, p-AMPKa (Thr 172), CREB, and p-CREB (Ser 133) in H4 SL1&SL2 cells with/without 2 mM AICAR. b SIRT3 expression
increases with AICAR-treatment, n = 3. ¢ Luciferase assay (n =5) demonstrates AICAR significantly decreases asyn oligomers and knockdown of
SIRT3 (siSIRT3) prevents reduction of asyn oligomers by AICAR. d Native-page shows AICAR significantly decreases asyn oligomers. e
Representative cropped western blot showing increased Ac-SOD2 (acetyl K68) with no change in total SOD2 in whole cells lysates. AICAR
restored acetylated SOD?2 levels, n = 3. Error bars represent the mean £ SD, (n = 3-5). *p < 0.05, **p < 0.01. In panel (a) the same samples were run
on different gels and probed separately for AMPKa, p-AMPKa, and GAPDH, and CREB, p-CREB, and GAPDH respectively. In panels (b) and (e)
separate blots were probed for SIRT3 and GAPDH, and COXIV, or SOD2, Ac-SOD2, and GAPDH

MitoSOX-Red and MitoTracker-Green were divided by the
number of cells in each image and quantified using Image |
software.

Statistical analysis

All data were analyzed by the Graph Pad Prism 7 software
(San Diego, CA) and statistical significance was determined
by one-way ANOVA analysis of variance with Tukey’s mul-
tiple comparisons test. Results presented as mean + stand-
ard deviation (SD). For isolated mitochondria studies
in vivo and LBD brain, a Mann-Whitney U test was used to
analyze the Western blots, Differences were considered to
be statistically significant with *p < 0.05, **p < 0.01.

Results

Increased asyn oligomers correlate with decreased
mitochondrial SIRT3 protein levels

Although it has been described previously that asyn local-
izes to mitochondria and asyn overexpressing cells exhibit
mitochondrial dysfunction [1, 27, 28] the relationship be-
tween asyn and mitochondria in pathologic conditions and
the mechanisms whereby asyn may induce mitochondrial
dysfunction are still poorly understood. Herein, we use a
previously described inducible cell model of human asyn
overexpression that results in formation of intracellular
oligomeric species over time [24]. This tetracycline-off
(Tet-off) stable cell line facilitates monitoring of asyn
oligomerization in situ via a split luciferase protein—frag-
ment complementation assay. To determine if oligomeric
asyn species associate with mitochondria, cells were har-
vested at various time points after tetracycline removal,
mitochondrial-enriched fractions were isolated (Fig. 1la),
and luciferase activity was measured as a surrogate for asyn
oligomeric species. Luciferase activity increased in a time-
dependent manner in both the mitochondrial (Fig. 1b) and
cytosolic fractions (Additional file 1: Figure S1a) of the cells.
The presence of asyn oligomers in mitochondrial-enriched
fractions was confirmed by the detection of increased high
molecular weight species on a native western blot 72 h after
removal of tetracycline (Additional file 1: Figure S1b) and
on a dot blot, using the amyloid-specific antibody A11 [29]
and asyn disease-associated 5G4 antibody [30] (Additional
file 1: Figure Slc). The purity of mitochondrial-enriched
fractions was confirmed by western blotting for the

presence of mitochondrial inner membrane specific protein
COXI1V, and the absence of cytosolic GAPDH and Golgi
marker (GM130) (Additional file 1: Figure S1b). Interest-
ingly, the increase in mitochondrial-associated asyn oligo-
mers was accompanied by a decrease in SIRT3 protein
levels beginning 12 h after asyn expression was turned on,
and becoming significant by 48 h (Fig. 1a - b). Immuno-
cytochemistry confirmed decreased SIRT3 immunofluores-
cence in cells accumulating asyn oligomers (Additional file
1: Figure S1d, Tet— 72h) compared to control (Additional
file 1: Figure Slc, Tet + 72h). To confirm that the decrease
in SIRT3 is directly related to asyn oligomers we used
siRNA to knock-down SIRT3 expression and observed a re-
ciprocal increase in asyn oligomerization in our cellular
model (Fig. 1c - d, **»p <0.01). To confirm that association
of asyn with mitochondria is not influence by the split lu-
ciferase tags, H4 cells expressing wild-type, untagged asyn
were fractionated and asyn was detected in mitochondria-
enriched fraction of H4 WT-asyn overexpressing cells
(Additional file 2: Figure S2a). Furthermore, transduction of
7 days in vitro (DIV) mouse primary cortical neurons with
AAV-expressing untagged human wt-asyn revealed a
significant, albeit modest, decrease of SIRT3 in total cell ly-
sates from neurons overexpressing asyn (Additional file 2:
Figure S2b, **p <0.01) when compared to control trans-
duced neurons (AAV-Venus YFP).

Alpha-synuclein associated decrease in SIRT3 is via
AMPKa-CREB signaling pathway

Cells with decreased SIRT3 function have been shown to
have reduced phosphorylation of AMPKa [14, 31, 32] and
cAMP response element binding protein (CREB). In
addition, previous studies have shown that overexpression
of asyn can reduce AMPKa activation in neuronal cells
[33]. Because expression of asyn results in decreased SIRT3
expression, we next examined the levels of phosphorylated-
AMPKa (pAMPKa) and phosphorylated CREB (p-CREB).
At 72 h, when SIRT3 expression is significantly decreased
and asyn is present in the mitochondrial fraction (Fig. 1a),
we detected a significant decrease in p-AMPKa (Thr172)
and p-CREB (Ser133) (Fig. 2a). To further validate modula-
tion of the AMPKa-CREB signaling pathway by asyn oligo-
mers we asked whether treatment with 5-aminoimidazole-
4-carboxamide-1-p-d-ribofuranoside (AICAR), an AMPKa
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Fig. 3 Activation of SIRT3 by AICAR attenuates ROS production. a Fluorescence microscopy images of MitoSox-Red and Mitotracker-Green
staining in fixed H4 SL1&SL2 cells. MitoSox-Red fluorescence increases when asyn is overexpressed and AICAR treatment attenuates mtROS.
Representative images from 3 experiments. MitoTracker-Green (mitochondria; green); MitoSox-Red (mitochondria; red); merged images (yellow).
Scale bar= 10 um. b Relative intensity of MitoTracker-Green signal between conditions. Quantification of MitoSOX-Red signal intensities (n =5),
and mean intensity of MitoSOX-Red normalized to MitoTracker-Green intensity (c) Representative cropped western blot of HO-1 and GAPDH in

mean + SD. *p < 0.05, *p < 0.01

whole cells lysates from H4 SL1&SL2 cells. HO-1 level increases at 72 h and is reduced after AICAR-treatment, n= 5. Error bars represent the

agonist, can rescue asyn-induced changes in mitochondrial
SIRT3 and associated signaling proteins. Following treat-
ment with 2mM AICAR [34], a significant increase in p-
AMPKa and p-CREB levels was observed after 72 h (Fig. 2a,
*»<0.05) and importantly, a significant restoration of
SIRT3 levels (Fig. 2b, *p <0.05) accompanied by a signifi-
cant decrease in asyn oligomers observed by luciferase
assay (Fig. 2c) and detected by native PAGE as well (Fig. 2d).
AICAR failed to reduce asyn oligomers when SIRT3 ex-
pression is knocked down using siRNA, indicating that the

effect of AICAR treatment is dependent on the presence of
SIRT3 (Fig. 2c). Because SIRT3 is a major mitochondrial
deacetylase, we examined the acetylation state of a known
substrate, superoxide dismutase 2 (SOD2) [35], in cells
overexpressing asyn oligomers. Acetylated SOD2 (K68) is
significantly increased in cells overexpressing asyn com-
pared to control (Fig. 2e, **p <0.01), consistent with re-
duced SIRT3 activity, and AICAR treatment decreases the
acetylation status, consistent with a restoration of SIRT3
levels. Of note, asyn overexpression had no effect on total
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Fig. 5 AICAR rescues basal respiration deficit induced by asyn oligomers. a Mitochondrial OCR was assessed by Seahorse XFe96 Analyzer. The
OCR is significantly reduced in cells overexpressing asyn and AICAR significantly improves basal respiration (b). ATP production maximal
respiration are trending towards rescue with AICAR (c, d) but AICAR had no effect on spare capacity (e). Error bars represent the mean + SD. *p <
0.05, **p < 0.01. Note: #p is p value obtained with student t-test as one-way ANOVA analysis did not quite reach significance of p < 0.05

SOD2 levels which remained consistent in all conditions
(Fig. 2e).

SIRT 3 activation attenuates asyn-induced mitochondrial
ROS

Because SIRT3 plays a crucial role in modulating reactive
oxygen species (ROS) and limiting oxidative damage of
cellular components [36], we asked whether the presence
of asyn in mitochondrial fraction is associated with in-
creased oxidative stress that can be rescued with SIRT3
activation. Cells overexpressing asyn were stained with
Mitotracker-Green, to visualize mitochondria and control
for total levels of mitochondria, and MitoSOX-Red to
monitor mitochondrial ROS production. Fluorescence mi-
croscopy revealed increased ROS at 72h compared to
control conditions (Tet+72h) (Fig. 3a - b), and as pre-
dicted, AICAR-treatment reduced ROS production (Fig. 3a
and b, bottom row). Of note, neither expression of asyn
nor AICAR treatment altered the total number of mito-
chondria (Fig. 3b). Increased oxidative stress and ROS can
induce the expression of heme oxygenase-1 (HO-1) [37]
and increased HO-1 mRNA and protein expression have
been reported in a wide spectrum of diseases including
neurodegenerative diseases such as Parkinson disease [38,
39]. In line with these data, we found a significant increase
of HO-1 in cells expressing asyn for 72 h (Fig. 3c), and a
concomitant decrease of HO-1 in cells treated with
AICAR compared to control (Tet + 72 h) (Fig. 3c).

aSyn impairs mitochondrial dynamics and bioenergetics
which can be rescued by activation of SIRT3
Mitochondrial dynamics play a critical role in maintain-
ing mitochondrial health, and are thus crucial for neur-
onal function and survival. Changes in the expression
and/or localization of fission/fusion proteins can impair
this process and induce cell death. To determine the ef-
fect of mitochondrial-associated asyn on mitochondrial
dynamics, we examined the expression of DRPI1. In the
presence of asyn, we observed a recruitment of DRP1
from the cytosol to the mitochondria (Fig. 4a) as well as
an increase in the phosphorylated form of DRPI1 at
serine 616 (p-DRP1) (Fig. 4b, Additional file 3: Figure
S3). Both of these events suggest an activation of mito-
chondrial fission in our cellular model that may lead to
mitochondrial fragmentation [40-42]. When we evalu-
ated the effect of AICAR on mitochondria dynamics we
found a significant decrease in p-DRP1 (Fig. 4b). To de-
termine if oasyn associated with the mitochondrial

fraction affects cellular bioenergetics, we measured the
OCR in live cells using the Seahorse XF96 analyzer. The
OCR was measured under basal conditions followed by
the sequential addition of oligomycin (ATP synthase in-
hibitor), carbonyl cyanide 4-(trifluoromethoxy) phenylhy-
drazone (FCCP; mitochondrial uncoupler), and rotenone
plus antimycin A (Complex I and III inhibitor) to assess
ATP production, maximal respiration, and spare capacity
respectively. Cells overexpressing asyn had significantly
decreased OCR in all paradigms tested when compared to
control cells (Tet+) (Fig. 5a - e). This is highly suggestive
of a mitochondria respiratory deficit in the presence of
mitochondrial asyn. AICAR treatment was able to signifi-
cantly restore the OCR level of basal respiration (Fig. 5b,
*p <0.05). Although restoration of ATP production and
maximal respiration did not quite reach significance, a
trend was observed (Fig. 5¢ - d). Taken together, our data
support a hypothesis whereby increased asyn results in
decreased mitochondrial function via a SIRT3-dependent
cascade of events that can be rescued by increasing SIRT3
levels using an AMPKa agonist.

Decreased SIRT3 is also detected in vivo in rodents
overexpressing alpha-synuclein

Although a recent study demonstrated that overexpres-
sion of SIRT3 in a rodent model of asyn overexpression
could rescue asyn-induced cell loss in the SN pars com-
pacta [11], the mechanism by which SIRT3 exerts its
neuroprotective effects was not addressed. To confirm
the findings of the previous study and determine if simi-
lar mechanisms are at play in vivo to those described in
our cellular studies, we used a rodent model whereby ac-
cumulation of asyn oligomers in rat SN after 4 weeks is
accompanied by significant loss of dopaminergic neu-
rons. This animal model aligns with the cellular model
used for the majority of experiments described herein
where injection of AAV2/8-human split-luciferase asyn
facilitates monitoring of asyn oligomerization in situ via
a protein—fragment complementation assay. We have
previously shown that unilateral injection into SN of
adult rat results in abundant expression of asyn oligo-
meric species in both cell bodies and axon terminals of
the nigrostriatal pathway [25]. Here, at 4 weeks post viral
injection we performed a luciferase assay on fresh hom-
ogenate of dissected SN to confirm the presence of asyn
oligomers (Fig. 6a, **p <0.01). Subsequent subcellular
fractionation of nigral tissue was performed to assess
SIRT3 levels in mitochondria in the ipsilateral (injected)
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Fig. 6 aSyn expression decreases SIRT3 and alters mitochondrial dynamics in vivo. a aSyn oligomers were quantified via luciferase assay in rat
brain homogenates at 4 weeks after stereotaxic injection of AAV8-SL1&SL2 in SN, n=5. b Representative cropped western blots showing asyn,
SIRT3, DRP1 in cytosol and mitochondria from SN of rats 4 weeks after stereotaxic injection of AAV8-SL1 and AAV8-SL2. (C). ¢ Quantification of
asyn, SIRT3, DRP1, protein levels in cytosol and mitochondria from two separate blots for each of 4-5 rats. All bands were normalized to
respective loading controls GAPDH and COXIV. d Representative cropped western blot of asyn, DRP1, and p-DRP1 (Ser 616) in SN lysate of AAV8-
SL1&SL2 injected rat. aSyn expression leads to increased p-DRP1 protein levels in ipsilateral (I) injected SN compared to contralateral (C)
uninjected SN, n =5 rats total. In panel (a) the same samples were run on one blot that was cropped prior to immunoblotting for asyn, SIRT3,
COXIV, DRP1, and GAPDH. Error bars represent the mean + SD, (n =4-5 rats). *p < 0.05, **p < 0.01

side of the rat brain. Consistent with our in vitro data,
accumulation of asyn in SN was accompanied by a sig-
nificant decrease in SIRT3 (Fig. 6b - ¢, **p <0.01, *p <
0.05). Of note there was no difference in SIRT3 levels in
SN in control animals that received an injection of
AAVS expressing gaussia luciferase only (Additional file 4:
Figure S4a). Surprisingly, despite a decrease of SIRT3
level, we did not observed a decrease of cytosolic DRP1
as previously described but rather a significant increase
(Fig. 6c). However, examination of DRP1 levels in our
rodent model revealed a significant increase of p-DRP1
in the injected SN (Fig. 6d, **p <0.01), mimicking once
again our in vitro observation. Lastly, AMPKa-CREB sig-
naling was downregulated in the SN of these animals
(Additional file 4: Figure S4b).

SIRT3 levels are decreased in human Lewy body disease
brains

Lastly, we assessed the level of SIRT3 in human post mor-
tem brain with a confirmed neuropathological diagnosis
of Lewy body disease (LBD) (Table 1). Frozen striatal tis-
sue from 10 LBD and 10 age-matched healthy controls
were homogenized, run on SDS-PAGE, and probed with
antibodies to detect asyn, SIRT3, and DRP1. Western blot
analyses showed significantly reduced expression of SIRT3
in LBD brains compared to controls but no significant dif-
ference in the level of asyn and DRP1 compared to con-
trols (Fig. 7a - b). Brains from both sexes were utilized but
there was no difference in the interpretation of the data
when stratified by sex (data not shown). Interestingly, sub-
cellular fractionation of LBD brain homogenates also re-
vealed a decrease in cytosolic levels of DRP1 and asyn in
LBD samples (Fig. 7c - d), with a corresponding increase
in levels of mitochondrial localized DRP1 and asyn (Fig. 7e
- f) when compared to controls. Together, these results
are consistent with our findings from cell and rodent
models where decreased SIRT3 protein levels were ob-
served when asyn localizes to the mitochondria.

Discussion

Herein, we identify a cellular mechanism that illuminates
how asyn-associated mitochondria may lead to mitochon-
drial dysfunction and the initiation of a self-perpetuating
cycle of aggregation, deficient cellular metabolism, and

eventually cell death (Fig. 8). For the first time we identify
asyn oligomers in the mitochondrial enriched fraction of
cells and a consequent decrease in SIRT3 activity in mul-
tiple model systems including cell culture, rodent models,
and human post-mortem brains with a neuropathological
diagnosis of LBD. We demonstrate that the presence of
asyn oligomers in mitochondrial-enriched fractions corre-
lates with decreased mitochondrial function and decreased
SIRT3 expression and function. Interestingly, we show that
SIRT3 downregulation is accompanied by dysregulation of
the AMPK signaling pathway, perturbation of fission mech-
anisms, and impairment of basal respiration, all of which
contribute to increased ROS and mitochondrial dysfunc-
tion. These findings are observed not only in an experimen-
tal cellular model, but also a rodent model of asyn
accumulation, and importantly, in human post mortem
LBD brain. Lastly, treatment with an AMPK agonist,
AICAR, appears to improve asyn-associated mitochondrial
dysfunction by decreasing asyn oligomer formation and in-
creasing SIRT3 expression. Overall, these results confirm
the health enhancing capabilities of SIRT3 and validate its
potential as a new therapeutic target for PD and related
disorders.

Mitochondrial dysfunction has been linked to the
pathogenesis of neurodegenerative diseases including
PD, with mutations identified in mitochondrial-
associated proteins such as PINKI and parkin causing
familial PD [43, 44]. aSyn, a major neuropathological
hallmark of PD and alpha-synucleinopathies can perturb
mitochondria and previous studies have shown that
overexpression of asyn has dramatic effects on mito-
chondrial morphology, reduces respiratory chain com-
plex activity, and impairs mitochondrial functions
in vitro and in vivo [45, 46]. Accumulation of wild-type
asyn and truncated species within the mitochondria has
been described [47, 48] however, no study has directly
demonstrated that oligomeric asyn species can associate
mitochondria. Here, we used a split luciferase protein
complementation assay to demonstrate accumulation of
asyn oligomers in the mitochondrial-enriched fraction of
cells in culture and rat brain homogenates. We speculate
that the presence of oligomeric asyn species triggers a
cascade of events leading to mitochondria malfunction
associated with PD pathogenesis. However, our data do
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Fig. 7 SIRT3 is decreased in human post-mortem brain of neuropathologically confirmed Lewy body disease individuals. a Representative
cropped western blot from n =3 showing decreased SIRT3 in total brain lysates from ten LBD brains compared to ten age-matched healthy
controls. b Quantification of asyn, SIRT3 protein levels from n =3 western blots. ¢, d Representative western blot of cytosolic fraction. DRP1 and
asyn were quantified using GAPDH as a loading control. e, f Representative western blot of mitochondrial fraction. DRP1 and asyn were
quantified using COXIV as a loading control. Error bars represent the mean + SD. **p < 0.01

not preclude the possibility that cytosolic asyn may con-
tribute to the observed mitochondrial dysfunction or
that the observed deficits are induced by overexpressed
monomeric asyn. While we know that asyn oligomers as-
sociate with mitochondria because luciferase activity is
only be detected when oligomers are present, we cannot
rule out the possibility that undetected monomers of asyn
are also present and responsible for some of the observed
effects. We also cannot rule out the possibility that higher
order asyn species detected via native PAGE are actually
representative of a protein complex containing asyn. To

address these concerns will require methods to selectively
deplete cytosolic asyn in cultured cells as well as methods
to distinguish between monomers and oligomers when
asyn is expressed in cells. To our knowledge such tools
have yet to be developed.

In line with our results, deficiency of SIRT3 is observed
in cellular models of HD [20] and down regulation of
SIRT3 increases dopaminergic cell death in an 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model
of PD [6]. Most recently, overexpression of SIRT3 was
demonstrated to prevent asyn-induced neurodegeneration
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in a rodent AAV model [11]. In humans, downregulation
of SIRT3 has been previously reported in post-mortem
human AD brain [49, 50].

SIRT3 is emerging as an important regulator of cellu-
lar biogenesis and oxidative stress. Recent evidence sup-
ports attenuation of ROS and improved mitochondrial
bioenergetics upon activation of SIRT3 [51], while SIRT3
knockdown exacerbates ROS production [52]. The
current school of thought is that SIRT3 induces neuro-
protection by enhancing mitochondrial biogenesis and
integrity, perhaps by increasing mitochondrial DNA con-
tent and suppressing SOD activity [23, 52-54]. SIRT3
also seems to be under the control of AMPK/CREB-
PGC-1a signaling pathway which is known to play a role
in regulation of mitochondrial biogenesis and function,
activating mitochondrial enzymes involved in antioxi-
dant defenses and metabolism [17, 32, 55]. Here, we
tested the hypothesis that the AMPK/CREB signaling
pathway plays a role in asyn-associated SIRT3 down-
regulation. Decreased levels of p-AMPKa and p-CREB
in the presence of asyn were restored with AICAR,
which also increased mitochondrial SIRT3 protein ex-
pression. Evidence in the literature supports an increase
of SIRT3 activity directly by AICAR [56]. By contrast,
previous studies confirm a role for AMPKa in the regu-
lation of SIRT3 protein [57]. Herein, our data support
the effect of AICAR being dependent on SIRT3 since
knockdown of SIRT3 with siRNA precludes rescue by
AICAR. Importantly, we found that activating AMPKa
significantly reduced asyn oligomers in our cellular
model system. These data indicate that modulating
SIRT3 levels may represent a target to alleviate asyn-
induced pathology and slow or halt asyn-induced cellu-
lar dysfunction in Parkinson’s disease and related alpha-
synucleinopathies.

Mitochondria are dynamic organelles that continu-
ously undergo fission and fusion, processes necessary for
cell survival and adaptation to changing energy require-
ments for cell growth, division, and distribution of mito-
chondria during differentiation [58]. Consistent with a
previous study [59], our results demonstrate that mito-
chondrial dynamics are modified by the association of
asyn oligomers with mitochondria. Our data demon-
strating increased recruitment of DRP1 to mitochondria
and increased pDRP1 support increased mitochondria
fission. Under stress conditions, DRP1 is recruited to
mitochondria where it initiates mitochondrial fission
and induces mitochondrial dysfunction. DRP1 activity is
regulated by several post-translational modifications in-
cluding phosphorylation at Serine 616 [41], which rap-
idly activates DRP1 and stimulates mitochondrial fission
during mitosis [42, 60]. AICAR-treatment was able to
restore DRP1 protein expression to control levels, im-
proving mitochondrial function and indicating that

Page 17 of 19

SIRT3 plays an important role in regulating of mainten-
ance of mitochondrial function during stress. Our results
are consistent with a recent study demonstrating inter-
action of asyn with ATP synthase in the mitochondria
and impairment of complex I-dependent respiration [3].
Additionally, previous studies have shown that asyn in-
teracts with TOM20 [61], a protein required for mito-
chondrial protein import, and decreases its function.
SIRT3 is reported to exist in the cytoplasm in an inactive
form and is recruited to the mitochondria upon stress
[62], although the data presented here do not support
cytosolic SIRT3 expression. It is tempting to speculate
that TOM20 plays a role in the translocation of SIRT3
to mitochondria and that asyn-induced deficit in protein
import results in reduced mitochondrial SIRT3 levels
thereby initiating the cascade of mitochondrial dysfunc-
tion that results in decreased mitochondrial
bioenergetics.

Conclusions

Our results identify a mechanism whereby the associ-
ation of asyn oligomers with mitochondria contribute to
impaired mitochondrial respiration and impaired mito-
chondrial dynamics by disrupting AMPK/CREB/SIRT3
signaling (Fig. 8). Taken together, our study opens the
door to the use of SIRT3 activators as potential thera-
peutics for restoration of mitochondrial deficits and de-
crease in asyn-induced pathophysiology. Further studies
will be necessary to address the role of SIRT3 deacetyla-
tion substrates as possible players in PD pathogenesis.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513024-019-0349-x.
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Additional file 1: Figure S1. (a) Luciferase activity in cytosolic fractions
of H4 SL1&SL2 cells over time, n=5 (b) Representative cropped western
blots of denaturing SDS-page (left) and native-page (right) performed at
72 h to confirm the purity of the mitochondrial-enriched fractions, the ly-
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