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Abstract

In pathological conditions such as status epilepticus (SE), neuronal cell death can occur due to oxidative stress that is caused by an
excessive production and accumulation of reactive oxygen species (ROS). Sirtuin3 (Sirt3) plays an important role in maintaining
appropriate ROS levels by regulating manganese superoxide dismutase (MnSOD), which scavenges ROS in mitochondria.
Using a SE model, we demonstrated that Sirt3 directly regulated MnSOD activity by deacetylation, which protects hippocampal
cells against damage from ROS. Furthermore, we showed that after formation in the nucleus, Sirt3 is primarily located in the
mitochondria, where it is activated and exerts its major function. Sirt3 then completed its pathway and moved back into the
nucleus. Our data indicate that Sirt3 has an important function in regulating MnSOD, which results in decreased ROS in
hippocampal cells. Sirt3 may have potential as an effective therapeutic target in SE conditions that would delay the progression

of epileptogenesis.
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Introduction

Status epilepticus (SE) is an especially common emergency
neurological condition that includes abnormally prolonged
seizures and an increase in the amount of reactive oxygen
species (ROS) produced. Accumulation of ROS is thought
to play major roles in cell damage. In SE, ROS leads to oxi-
dative stress-related neuronal cell death, which can give rise to
chronic epilepsy and epileptogenesis [1-3]. In particular, the
hippocampus is selectively vulnerable to stress, especially ox-
idative stress. This vulnerability is probably due to the con-
nectivity of the subregions of the hippocampus, but the exact
mechanism of ROS-induced stress has not been elucidated
[4]. Under normal conditions, ROS is constantly produced
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as a modulator of cell signaling and is scavenged by antioxi-
dant enzymes [e.g., manganese superoxide dismutase
(MnSOD)] that are located in the mitochondria, which is a
major site of ROS production. Hence, excessive ROS produc-
tion caused by pathological conditions induces an imbalance
between ROS production and the scavenging ability of anti-
oxidants and results in oxidative stress [5, 6].

Sirtuin is a class III histone deacetylase that is an NAD™-
dependent protein deacetylase. Among the seven types of
Sirtuin in mammalian species, which are classified by their
location in the cellular compartment [7], the cellular function
of Sirtuin 3 (Sirt3) has been identified in cardiac and metabolic
disorders and aging [8—11]. The major functions of Sirt3 are to
regulate mitochondrial electron transport chain activity, main-
tain ATP homeostasis by stimulating {3-oxidation via
deacetylation of long-chain acyl coenzyme A dehydrogenase
[12], and regulate anti-oxidant enzymes and cell survival and
longevity [9, 12, 13]. Recently, calorie restriction (CR) has
been shown to extend life span and improve pathological con-
ditions, and this phenomenon is related to the ability of Sirt3 to
reduce oxidative stress. Indeed, previous studies have reported
that Sirt3-mediated deacetylation of MnSOD (which contains
nutrient- and ionizing radiation-dependent, hyperacetylated
reversible acetyl-lysine), at Lys122 reduces oxidative stress
and radiation in mice [14, 15]. In addition, mitochondrial
Sirt3 has been shown to prevent age-related cochlea cell death
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due to oxidative stress [11, 16]. In contrast, Sirt3 deficiencies
are associated with low levels of ATP and high levels of ROS,
which can lead to diseases that have been linked to oxidative
stress-related cell damage. Sirt3 has cell-protective properties
related to the regulation of the anti-oxidant effect across di-
verse disease models, but the exact endogenous localization
and the functional mechanism is considered controversial
[17]. Moreover, although never reported in the literature, it is
almost certain that Sirt3 has cell protective properties against
oxidative stress in epilepsy. Thus, in the present study, we
evaluated the role of Sirt3 against oxidative stress using a
model of SE. Furthermore, we determined the endogenous
location and alteration during SE of Sirt3 in hippocampal
cells.

Materials and Methods
Animals and Pilocarpine-Induced SE Model

All procedures were approved by the Institutional Committee
for the Care and Use of Laboratory Animals at Yonsei
University Health System. Adult male C57BL/6 mice (20—
25 g) and embryonic day 18 pregnant Sprague-Dawley rats
(Orientbio, Gyeonggi, Korea) were used for in vivo and
in vitro experiments, respectively. The animals were housed
under a 12-h light/dark cycle and were given food and water
ad libitum. SE was induced in mice by intraperitoneal (i.p.)
injection of pilocarpine combined with methyl scopolamine
(1 mg/kg; Sigma, St. Louis, MO, USA) to reduce peripheral
cholinergic effects. After 30 min, mice were injected with
pilocarpine hydrochloride (325 mg/kg, i.p.; Sigma) or the
same volume of saline as a control. All animals treated with
pilocarpine displayed motor seizures and exhibited onset of
SE within 1 h. Only mice exhibiting sustained severe SE with
generalized tonic and clonic movements after pilocarpine ad-
ministration were included in the study (=4 or 5 in each

group).
Primary Hippocampal Cell Culture

Whole hippocampal cells were obtained from the embryonic
day 18 Sprague-Dawley rats, as described previously [18].
Briefly, embryos were transferred in ice-cold dissection medi-
um composed of Hank’s buffered salt solution (GIBCO-
Invitrogen, Carlsbad, CA, USA) including 0.01 M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
100 U/ml penicillin, and 100 pg/ml streptomycin. The hippo-
campi were dissected and incubated with pre-warmed trypsin/
ethylenediaminetetraacetic acid (EDTA) dissection medium at
37 °C for 12—15 min. Next, the hippocampi were titrated using
a reverse-transcription polymerase chain reaction (RT-PCR),
centrifuged for 5 min at 1000 rpm, and then resuspended in

growth medium containing 2% B27 serum-free supplement,
0.5 mM GlutaMax supplement, 100 U/ml antipenicillin, and
100 pg/ml streptomycin (all from Invitrogen). Cells were plat-
ed on coated plates and then maintained in a humidified 5%
CO, atmosphere at 37 °C for 2 weeks.

Small Interfering RNA Transfection, RNA Isolation,
and RT-PCR

To detect Sirt3 positive bands in western blot analyses, small
interfering RNA (si-RNA) and scrambled RNA (purchased
from Santa Cruz Biotechnology, Dallas, TX, USA) were
transfected with Lipofectamine RNAIMAX (Invitrogen) ac-
cording to the manufacturer’s protocol. After 3 days, total
RNA was extracted from the transfected cultured hippocampal
cells using Trizol reagent (Invitrogen), and cDNA was obtain-
ed using a SensiFAST cDNA Synthesis Kit (BIOLINE,
London, UK) according to the manufacturer’s instructions.
Subsequently, 2 1 cDNA were used as a template for RT-
PCR in an AccuPower® RT PreMix (Bioneer, Daijeon,
Korea). The RT-PCR was performed using 10 pmol Sirt3
primer (Forward, 5>-TACTTCCTTCGGCTGCTTCA-3";
Reverse, 5’~AAGGCGAAATCAGCCACA-3").

Mg**-Free Medium-Induced SE Condition

For the induction of SE, cultured cells were incubated with
artificial cerebral spinal fluid (ACSF) medium without Mg**
as described previously [18, 19]. Briefly, cultured hippocam-
pal neurons (DIV 14-16) were rinsed with ice-cold phos-
phate-buffered saline (PBS) and then incubated with ACSF
to equilibrate. After rinsing with ice-cold PBS, hippocampal
cultured cells were incubated with Mg**-free external medium
at 37 °C for 0 to 360 min.

Animal Tissue Preparation for Histological
Assessment

Animals were anesthetized and perfused with heparinized sa-
line. Following perfusion, the dorsal hippocampus was dis-
sected and used immediately for western blot analysis and
an activity assay. For histological analyses, brains were fixed
with 3.7% formaldehyde in PBS after perfusion with heparin-
ized saline and then isolated. In addition, brain tissue was
post-fixed in the same fixative overnight at 4 °C and then
sectioned using a cryostat. Cresyl violet staining was per-
formed for histological assessment of hippocampal pyramidal
damage. Sections were immersed in water and stained in 0.1%
cresyl fast violet acetate for 5 min. The sections were then
dipped well in absolute alcohol and rinsed with water,
cleaned, and then mounted with mounting solution.
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Fluorescent Labeling for DNA Fragmentation

To identify degenerating neurons, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining was
performed using a kit (Roche Diagnostics GmbH, Penzberg,
Germany). Sections were incubated with the TUNEL mixture
for 1 hat 37 °C in a dark chamber. After washing, the sections
were counter-stained with Hoechst 33258 (2.5 x 1073 mg/ml,
Eugene, OR, USA) and examined under an LSM 700 confo-
cal microscope (Carl Zeiss, Thornwood, NY, USA).

Immunofluorescence Staining for Hippocampal Tissue
and Cultured Cells

Post-fixed brain tissues or cultured cells were blocked with
PBS containing 5% bovine serum albumin for 1 h at room
temperature and incubated with the primary antibody over-
night. For a negative control, sections were also incubated
without primary antibody. The sections were washed with
PBS, and reacted with the fluorescence-conjugated secondary
antibody (Jackson, West Grove, PA, USA) for 1 h at room
temperature. The stained sections were observed using laser
scanning (LSM 700 confocal microscopy).

Subcellular Fractionation and Western Blot Analysis

The mice hippocampus tissue was homogenized with Buffer
A (Buffer A: 120 mM HEPES-KOH, 10 mM NaCl, 1.5 mM
gCI12, 1 mM EDTA, 1 mM EDTA, 1 mM dithiothreitol,
250 mM sucrose), supplemented with protein inhibitor and
10 uM trichostatin A (TSA), and centrifuged at 750g for
10 min at 4 °C. After transferring the supernatant (containing
mitochondria and cytosolic fraction) into a new tube, the pellet
(nucleus) was resuspended in Buffer A containing 10% glyc-
erol and 0.1% sodium dodecyl sulfate (SDS), centrifuged at
16,000g for 2 min at 4 °C, and then incubated for 30 min on
ice. The supernatant (mitochondria/cytosolic fraction) was
centrifuged at 10,000g for 5 min at 4 °C. The pellet
(mitochondria) was resuspended in Buffer A. In the primary
hippocampal cultured cells, a subcellular fraction was pre-
pared using a Q proteome Cell Compartment Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol.

Immunoprecipitation Analysis

Cultured cells and hippocampal tissue were lysed in Tris-
KOH buffer. Sirt3 or MnSOD antibodies were added to the
lysates that were then incubated overnight at 4 °C. The fol-
lowing day, protein G sepharose beads (Invitrogen) were
added, and the lysates were incubated for an additional 4 h
at 4 °C. Then, the lysates with beads were spun down and
washed with wash buffer. Immunoblot analysis of the lysates
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with beads was performed using 12% SDS-polyacrylamide
gel electrophoresis (PAGE).

MnSOD Activity Assay

MnSOD activity was measured with a modified method as
described by the commercial SOD Assay Kit (Dojindo
Molecular Technologies, Rockville, MD, USA). The hippo-
campi were quickly dissected and homogenized in cold sucrose
buffer (0.25 M sucrose, 10 mM Tris, | mM EDTA, pH 7.4)
using a Teflon homogenizer. The homogenized tissue was cen-
trifuged at 10,000g for 60 min at 4 °C. Diethyldithiocarbamate
(final concentration: 1 mmol/l; Sigma), an SOD1 and SOD3
inhibitor, was added to the lysates, and the samples were
assayed. The concentration of SOD and a colorimetric method
were used. One unit of SOD activity was defined as the amount
that reduced the absorbance at 450 nm by 50% inhibition.

Cell Viability Assay

A colorimetric MTS assay was performed using the CellTiter
96® AQucous according to the manufacturer’s protocol
(Promega US, Madison, WI, USA). Briefly, CellTiter 96®
AQueous Was added to cultured cells, which were plated in
24-well plates at 1/5 volume of the medium. Total absorption
was measured using an enzyme-linked immunosorbent assay
microplate reader (VersaMax, Molecular Devices, San Jose,
CA, USA) at 490 nm at various time points.

Antibodies

The following antibodies were purchased: anti-Sirt3 (Santa
Cruz Biotechnology, sc49744), anti-Sirt3 (abcam,
ab86671), anti-acSOD (abcam, ab137037), anti-MnSOD
(cell signaling, 13,141), MnSOD (Santa Cruz
Biotechnology, sc18503), anti-coxIV (abcam, abl14744),
anti-GAPDH (Santa Cruz Biotechnology, sc25778), anti-
PARP (Santa Cruz Biotechnology, sc7150), anti-Lamin B
(Santa Cruz Biotechnology, sc-6216), and [3-actin (Santa
Cruz Biotechnology, sc47778).

Statistical Analysis

Data are expressed as mean + standard error. Statistical com-
parisons between multiple groups were made using ANOVA
followed by Tukey’s post hoc test (SPSS, version 5.01; SAS
Institute Inc., Cary, NC, USA). Results between two indepen-
dent groups were determined by a Mann-Whitney U test. The
level of significance was set at P < 0.05.
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Results

SE Induced Neuronal Cell Loss and Cell Death by Time
Sequence in an In Vivo and In Vitro Model

We observed characteristic morphological changes in the hip-
pocampus at various time points after inducing SE with pilo-
carpine in our model. Hippocampal cell alteration, such as
shrinkage in the CA1 region, started 1 h after induction of SE.
From 4 h after SE and onward, an apoptotic cell pattern was
detected and hippocampal damage was observed consistently
(Fig. 1a). We observed obvious apoptotic cells 12 h after induc-
tion of SE and these were markedly increased at 24 h. The
number of damaged neurons stained with TUNEL correlated
with the cresyl violet stating data (Fig. 1b). To confirm the
in vitro results, we performed a cell viability test using a color-
imetric MTS assay with primary hippocampal cells in a Mg**-
free medium-induced SE condition. The cell viability was dif-
ferentiated according to time sequence. At 3 h after induction of
SE, cell viability decreased to around 70% (Fig. 1¢). At 5 h after
induction of SE, cell viability decreased to around 60% (Fig 1d,
e). Based on these findings, we confirmed that SE precipitated
hippocampal cell death both in vivo and in vitro.

Fig. 1 Neuronal cell loss
observed after induction of SE in
in vivo and in vitro models. a
Representative cresyl violet
staining of hippocampal CA1
regions in control and SE-induced
mice in vivo. Scale bar 50 um. b
Representative TUNEL (green)
staining with Hoechst (blue)
staining of hippocampal CA1
after induction of SE. Green
indicates dead cells. Nor normal
control; (1~24 h) 1~24 h after
induction of SE. Scale bar 50 pm.
¢ Total absorption of cell viability
assay using CellTiter 96®
AQyeous from hippocampal
cultured cells from normal control
and Mg*-free-induced SE. d, e
Results as percentage of relative
normal control at 3 and 5 h after
induction of SE. Data are : -
presented as mean + standard = h

error. *) P<0.05 vs. normal

Endogenous Sirt3 Localized Predominantly
to Mitochondria in Hippocampal Cells

To investigate the endogenous Sirt3-specific positive band,
we transfected primary hippocampal cells with si-Sirt3 or con-
trol si-RNA. The efficiency of Sirt3 knockdown was exam-
ined 72 h after si-RNA transfection. RT-PCR and western blot
analysis showed a marked reduction in the level of Sirt3
(Fig. 2a). To investigate the location of endogenous Sirt3 in
the hippocampus, we performed subcellular fractionation.
Under subcellular fractionation analysis, the 28 kDa Sirt3 pos-
itive band was predominantly detected in the mitochondrial
fraction, but a small amount of Sirt3 was detected in the nu-
clear fraction (Fig. 2b).

Mitochondrial Sirt3 Increased During Acute SE
and Moved into the Nucleus

To determine the cause of the regulatory ability of Sirt3, we
observed the alteration of Sirt3 at the cellular level by subcel-
lular fractionation and immunostaining analysis. Subcellular
fractionation revealed that at 40 min after SE, Sirt3 levels were
higher in the mitochondria fraction than the control. At 90 min
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Fig. 2 Endogenous Sirt3 is predominantly located in mitochondria. a
Observation of Sirt3 specific band using Sirt3 si-RNA. Left panel is
polymerase chain reaction (PCR) and right is western blot analysis. A
28 kDa-specific Sirt3 band was detected in cultured hippocampal cells in
the western blot data. b Subcellular fractionation analysis in normal

after SE, there was not only a decrease of mitochondrial Sirt3,
but also an increase of Sirt3 in the nuclear fractions (Fig. 3a).
The Sirt3 immunostaining in hippocampal cultured cells re-
vealed patterns that corresponded with the results of the sub-
cellular fractionation analysis. We found co-staining of endog-
enous Sirt3 with MnSOD in normal controls, but co-staining
with MnSOD and Sirt3 was increased compared to the control
at 40 min after induction of SE. In contrast, at 90 min after
induction SE, co-staining with MnSOD and Sirt3 had faded
and the Sirt3 signal was exclusively recognized in the Hoechst
region (Fig. 3b). The Sirt3 immunostaining in hippocampal
tissue showed same pattern that corresponded with the pattern
of hippocampal cultured cells (Fig. S1). These results provide
evidence that during SE, after a transient increase of Sirt3 in
the mitochondria, Sirt3 translocated to the nucleus.

Interaction Between Sirt3 and MnSOD Temporarily
Increased During Acute SE

We investigated the interaction between Sirt3 and
MnSOD from hippocampal cultured cells and tissue dur-
ing SE. We discriminated positive bands using normal
goat IgG as a negative control in immunoprecipitation
analysis (Fig. 4a, b), indicating that Sirt3 directly
interacted with MnSOD. The expression levels of
MnSOD and Sirt3 in whole lysate were unchanged during
SE (the levels showed a tendency to increase that was not
significant). In contrast, acetylated MnSOD levels were
significantly decreased 40 min after induction of SE in
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hippocampal cultured cells. ¢ Subcellular fractionation analysis in normal
mice hippocampal tissue. Sirt3 was observed as a 28 kDa -specific band,
which has some different modalities caused by different sensitivities of
each antibody and is located in both the mitochondria and the nucleus. ns
nonspecific band

hippocampal cultured cells. At the same time point, the
level of interaction between Sirt3 and MnSOD increased
in hippocampal cultured cells (Fig. 4c, d). The decreased
acetylated MnSOD level implies a relative increase of
deacetylated MnSOD, which in turn, indicates an increase
in MnSOD activity. These results correlate with the tran-
sient increase in interaction between Sirt3 and MnSOD
that was detected 4 h after induction of SE in hippocam-
pal tissue after that interaction level was decreased at the
base level (Fig. 4e). Immunoprecipitation data were used
to clarify whether Sirt3 regulated MnSOD activity by a
direct interaction. Our evaluation of MnSOD activity re-
vealed a transient increase in MnSOD activity, which was
detected at the same time as the immunoprecipitation data
(Fig. 4f). These results indicate that Sirt3 directly regulat-
ed MnSOD activity and that the interaction between Sirt3
and MnSOD temporarily increased in hippocampal cells
at the acute time period during induction of SE.
Moreover, the temporarily ability of Sirt3 to increase
MnSOD activity was detected both in vitro and in vivo.

Sirt3 Deficiency Exacerbate Hippocampal Cell
Vulnerability During SE Condition

We queried whether Sirt3 has a crucial role in progres-
sion of epileptic condition, we performed a cell viability
assay with hippocampal cultured cell transfected with
Sirt3 si RNA in a Mg**-free medium-induced SE con-
dition. Before induction of SE, there was no significant
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Fig. 3 Mitochondrial Sirt3 temporarily increased during acute SE. a
Subcellular fractionation analysis in hippocampal cultured cells at
normal (Nor), 40 min after induction of SE, and 90 min after induction
of SE. Optical density data are presented as mean + S.E. Key: *P < 0.05

difference between Control siRNA and Sirt3 si RNA-
treated cells. At 5 h after induction of SE, Sirt3 si
RNA -treated cells showed significant decrease cell vi-
ability rate compared to the Control siRNA-transfected
cells (Fig. 5). These results indicated that Sirt3 deficien-
cy promote hippocampal cell loss in SE condition.

Sirt3 Translocated to Nucleus from Mitochondria
During Induction of SE

Our results suggest that Sirt3 translocated to the nucleus
from the mitochondria during acute periods of SE induc-
tion. To determine whether the increase of nucleic Sirt3
was derived from mitochondria during SE, hippocampal
cultured cells were treated with the nucleus import
blocker importazole (IPZ, 100 mM; Sigma) for 50 min.
At the 40-min time point following the Mg”*-free
medium-induction of SE, cells were treated with IPZ or
DMSO for 50 min. The increase in nucleic Sirt3 was
diminished by IPZ at 90 min in the SE group compared
to the vehicle group (Fig. 6a). This result is consistent
with our subcellular fractionation data observations. At
90 min after induction of SE, there was not only a

Mito. Nucl.

1.6
1.4 14
1.2 1.2

*

*%
1 # : 1
0.8 0.8
0.6 £ 06
0.4 0.4
0.2 0.2
0 0

Nor 40 min 90 min Nor 40 min 90 min

1.6

Sirt3/Lamin

SIRT3

Merged

vs. the Nor, #P<0.001 and **P < 0.05 vs. 40 min post-SE induction. b
Immunofluorescence staining with MnSOD, Sirt3, and Hoechst in hip-
pocampal cells

decrease in mitochondrial Sirt3 but also an increase in
nucleic Sirt3 compared with levels at 40 min after induc-
tion of SE. This increase in Sirt3 in the nucleic fraction
was completely blocked by IPZ treatment and accompa-
nied by a significant increase in Sirt3 in the non-nucleic
fractions (Fig. 6b). Consequently, these data indicate that
an increase in nucleic Sirt3 may have migrated from the
mitochondria.

We next observed hippocampal cells that were treated with
Lapamycin B (LMB, 20 nM; Santa Cruz), a nuclear export
inhibitor, to clarify Sirt3 translocation from the mitochondria
to the nucleus. Initially, at the start of inducing the epileptic
condition, cells were treated with LMB or EtOH (for vehicle)
for 40 min. Although examination of Sirt3 staining revealed
no differences in the vehicle-treated cells, the mitochondrial
Sirt3 declined following LMB treatment and increased in the
nucleic pattern of Sirt3 at 40 min after induction of SE (Fig.
6¢). Moreover, the level of nucleic Sirt3 detected did not differ
from the cells treated with LMB at 90 min after SE (Fig. 6D).
This result indicates that the increased mitochondrial Sirt3
transferred from the nucleus after induction of SE and then
mitochondrial Sirt3 translocated to the nucleus as the devel-
opment of SE progressed.
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Fig. 4 Interaction between MnSOD and Sirt3 temporarily increased
during acute SE in vitro. a, b Protein from primary hippocampal
cultured cells was immunoprecipitated with MnSOD or Sirt3 and goat
IgG was used as a negative control. ¢, d Alteration of interaction between
MnSOD and Sirt3 after inducing Mg*-free induced SE. The interacting
protein level was expressed using optical density. An increase of

Discussion

The present study demonstrated that Sirt3 directly regulated
MnSOD activity and transiently increased MnSOD activity
via the deacetylation that occurs during acute SE development
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Fig. 5 Sirt3 deficiency exacerbate hippocampal cell loss during SE
in vitro. Cell viability assay in hippocampal cultured cells transfected
with Control si RNA or Sirt3 si RNA-treated cells from Mg*-free-induced
SE. Nor, normal condition; SE, Mg2 + —free medium-induced SE condi-
tion. Data are presented as mean =+ standard error. *P <0.05 vs. Con
siRNA
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interaction between MnSOD and Sirt3 was detected at 40 min after
induction of SE. At the same time, the deacetylated MnSOD level was
also significantly increased. e Hippocampal tissue immunoprecipitated
with MnSOD. f MnSOD activity assay from hippocampal tissue at
various time points after induction of SE

in hippocampal cells. We also found that endogenous hippo-
campal Sirt3, which is predominantly located in mitochondria,
was transiently increased in the mitochondria and then
translocated to the nucleus during an acute SE phase. This
pattern correlated with altered MnSOD activity during SE.
These results suggest that Sirt3 changed location and that the
regulatory ability of Sirt3 against oxidative stress via MnSOD
deacetylation in hippocampal cells may be influenced by
where they are located during acute SE.

Many studies implicate oxidative stress as a cause of di-
verse diseases, including neurodegenerative disorders.
Accumulation of ROS induces homeostatic imbalance be-
tween antioxidant enzymes, and the generation of oxidative
stress is involved in a critical step of pathogenesis [20, 21].
MnSOD, which is also known to be located in mitochondria,
is one of the major antioxidant defense systems against oxi-
dative stress [22]. Previous studies have demonstrated that
MnSOD overexpression exerts a cell protective effect and
prolongs life span by ameliorating oxidative stress [23]. In
kainate-induced hippocampal damaged mice models and
Alzheimer’s disease models, an overexpression of MnSOD
has been shown to provide neuronal cell protection against
oxidative stress [24, 25]. In contrast, knock-out of MnSOD
has been shown to lead to early death, indicating the
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presented as mean =+ standard error. *P < (.05 vs. the normal (Nor) cells
treated with DMSO; **P <0.05 vs. the 40 min SE cells treated with

mechanism seems to reduce mitochondrial activity in the cen-
tral nervous system [26, 27]. Deficiency of MnSOD results in
severe seizures that precipitate nerve system degeneration
[28]. Therefore, a therapeutic strategy to inhibit oxidative
stress by regulating MnSOD activity has been suggested for
diverse disease groups. In our results, MnSOD activity began
to increase 1 h after SE (although not significantly), peaked at
4 h after SE, and decreased to around the basal level during
SE. Previously, it was reported that SE and other epileptogenic
injuries cause accumulation of ROS in acute periods [3].
Therefore, transiently increased MnSOD activity is regarded
as scavenging for ROS to protect the cells from oxidative
stress during the acute phase of SE.

A recent study reported that Sirt3 regulates MnSOD via
deacetylation of the Lys 122 residue, protecting against oxi-
dative stress by CR [14, 15]. In addition, several studies have
provided evidence for the cell protective effects of Sirt3 in
diverse cell types, including cardiomyocytes, pancreatic cells,
and cortical neurons [29-32]. Interestingly, these protective
effects have been shown to be related to the upregulation of
the antioxidant ability and Sit3 regulates antioxidant protein
via direct interaction [11, 33, 34]. Indeed, we also observed
Sirt3 deficiency exacerbate cell death in hippocampal cultured
cell in a Mg**-free medium-induced SE condition (Fig. 5). We
also observed a direct interaction between Sirt3 and MnSOD
that caused an MnSOD activity alteration. In addition, we
observed the translocation of Sirt3 from the mitochondria to
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treated with Lapamycin B (LMB; 20 nM), as a nuclear export blocker, at
normal and 40 min after induction of SE. d Cells treated with Lapamycin
B (LMB; 20 nM), as a nuclear export blocker, at normal and at 90 min
after induction of SE

the nucleus during the acute SE phase. In accordance with an
increase of MnSOD activity and interaction with Sirt3, an
increase of Sirt3 was detected in the mitochondria.
Concomitant with the decline of MnSOD activity and interac-
tion with Sirt3, we observed an increase in nucleic Sirt3,
which was confirmed by cells treated with IPZ and LMB.
Although initial reports suggest that Sirt3 is localized in the
mitochondria [35-38], others have suggested that Sirt3 is also
located in the nucleus [31, 33, 39-43]. In addition, Sirt3 has two
isoforms (full-length and short- length, which is the N-terminal
sequence truncated form), and their localization and cellular
function remain controversial [17]. Nevertheless, the majority
of studies have provided evidence that mitochondria Sirt3 exerts
antioxidant activity against oxidative stress in diverse cell types.
For example, in cardiomyocytes, Sirt3 was demonstrated to
ameliorate oxidative stress and prevent oxidative stress-related
apoptosis via the NF-«kB pathway [29]. In cortical neurons, Sirt3
was shown to reduce numerous ROS that were the result of
excitatory injury. On the other hand, the exact endogenous
Sirt3 localization and its functional mechanism are considered
controversial. We also demonstrated that Sirt3 is located not
only in the mitochondria but also in the nucleus. Although we
were unable to detect full-length Sirt3, we observed 28 kDa
Sirt3 primarily located in the mitochondria in hippocampal cells
and in nucleus in relatively small amounts. Previous studies
provided evidence that Sirt3 is located in the mitochondria by
using C-terminal detecting antibodies, and others demonstrated
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that Sirt3 is located in the nucleus by using N-terminal antibody-
detecting Sirt3, via recombinant green fluorescent protein-fused
or overexpressed epitope-tagged Sirt3 [39, 41]. Although, the
C-terminal detecting antibodies should be able to detect full-
length and short-length Sirt3, we showed only 28 kDa Sirt3.
This result suggests that full-length Sirt3 might be in relatively
low abundance and an unstable form in contrast to mitochon-
drial Sirt3 [41]. In addition, some of discrepancy of detection is
likely due to differences in the sensitivities of the antibodies. To
confirm detection of a positive band without any non-specific
bands, we performed si-RNA transfection and observed only
the 28 kDa positive band. Consequently, our data demonstrate
that Sirt3 is not only dominantly located in the mitochondria, it
is also located in the nucleus at basal level. In addition, the
quantity of nucleic Sirt3 increased following a mitochondrial
Sirt3 transient increase for regulation of MnSOD activity during
an acute SE phase.

Some studies reported that that full-length Sirt3 is located not
only in the mitochondria but also in the nucleus [33, 39-41] and
it transports to the mitochondria from the nucleus under stressful
conditions. Moreover, C-terminal epitope-tagged Sirt3 has been
detected in the nucleus before it translocates to the mitochondria
[39]. Although there has been some controversy, we need to
clarify whether increased Sirt3 in the nucleus is fallout from
an accumulation of Sirt3 translocated from the mitochondria
or interrupted protein that is going to translocate into the mito-
chondria. Consistent with previous reports, immunofluores-
cence of Sirt3 staining treated with LMB, as a nuclear export
blocker, revealed no difference between EtOH and LMB groups
under normal control conditions. In contrast, the increase of
mitochondrial Sirt3 diminished in concurrence with a markedly
increased nucleic pattern of Sirt3 after SE. These findings indi-
cate that Sirt3 translocated to the mitochondria under stressful
conditions. Moreover, 90 min after SE, elevated levels of
nucleic Sirt3 did not differ from the cells treated with LMB
and was decreased by IPZ treatment. These results suggest that
Sirt3 translocated to the nucleus following an increase in the
mitochondria during an acute SE phase.

Although the exact mechanisms of Sirt3 translocation to the
nucleus are unknown and need further study, possible evidence
exists. Sirt3 translocating to the nucleus from the mitochondria
is not a novel finding. Previous studies have shown that when
Sirt3 and Sirt5 co-expressed, the location of Sirt3 changed from
the mitochondria to the nucleus as evidenced by disrupting the
nuclear localization sequence. These findings suggest that Sirt3
may also play a role as a nuclear protein regulator [40].
Consistent with this report, we observed Sirt3 translocation to
the nucleus from the mitochondria. Importantly, it is meaningful
that in our study it was endogenous Sirt3 that translocated, and it
was the first time this translocation was observed in a patholog-
ical condition. The exact role of nucleic Sirt3 in epileptic con-
ditions will be the subject of our future investigations.
Nevertheless, for the therapeutic implications, we would like
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suggest that consistent interaction between Sirt3 and MnSOD
or upregulation of Sirt3 in mitochondria may have effective
therapeutic target potential in SE conditions and delay the pro-
gression of epileptogenesis by ameliorating oxidative stress.

In summary, we found that Sirt3 deficiency exacerbate hip-
pocampal cell loss in epileptic condition. In addition, during
an acute SE period, Sirt3 translocated to the nucleus following
an increase in mitochondria in hippocampal neuron cells that
affected MnSOD activity. These results suggest that not only
full-length Sirt3 but also 28 kD Srt3 has regulatory effects for
nuclear protein via deacetylation. Although the mechanism of
Sirt3 during SE is not yet understood and needs further studies
to illuminate the process, we suggest that Sirt3 is crucial for
regulating oxidative stress during acute SE phase that drives
hippocampal loss and may lead to potential therapeutic target
for protecting epileptogenesis after SE status.
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