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Sirtuin 1 activation enhances the PGC-1o/mitochondrial
antioxidant system pathway in status epilepticus
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Abstract. Sirtuin 1 (SIRT1) regulates numerous neuronal
processes, including metabolism, antioxidation and aging,
through activation of peroxisome proliferator-activated
receptor coactivator 1-a (PGC-1a), an upstream regulator of
mitochondrial biogenesis and function. However, the role of
SIRT1 in the oxidative stress induced by seizures has yet to
be elucidated. The present study aimed to investigate whether
SIRT1 was involved in the activation of the PGC-1a/mitochon-
drial antioxidant system following status epilepticus (SE) in
rats. The data demonstrated that SIRT1 expression and activity
were enhanced in the rat hippocampus following SE. SIRT1
inhibition effectively blocked the SE-associated increase in
PGC-1a and mitochondrial antioxidant enzymes, including
superoxide dismutase 2 (SOD2) and uncoupling protein 2
(UCP2). Additionally, it was also demonstrated that the activa-
tion of SIRT1 enhanced mitochondrial electron transport chain
complex I activity and increased ATP content. In conclusion,
the present results suggest that SIRT1 activation may alleviate
mitochondrial oxidative stress induced by seizures partially
via PGC-1la signaling.

Introduction
The major function of mitochondria in cells is the production

of cellular energy, ATP, by the mitochondrial respiratory chain.
In addition to energy production, the mitochondria is also a
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crucial site of reactive oxygen species (ROS) formation. The
accumulation of ROS has an important role in the development
of neurological disorders, including epilepsy (1,2). The mito-
chondrial electron transport chain complex enzymes are major
sites of ROS generation (3). Our previous studies demonstrated
that mitochondrial electron transport chain complex I function
was exacerbated following status epilepticus (SE; is a state of
persistent seizures, which can result in neuronal damage in the
brain), which was attenuated by peroxisome proliferator-acti-
vated receptor coactivator 1-a (PGC-1a) signaling pathway (4).
PGC-1a has been characterized as a major regulator of glucose
homeostasis, lipid catabolism, mitochondrial biogenesis and
mitochondrial functions (5). PGC-1a induces the increase of
mitochondrial numbers and intracellular ATP concentration in
a variety of cells (6). PGC-1a also suppresses ROS production
in cells through the induction of ROS detoxifying enzymes.
It has been demonstrated that decreased PGC-1a expression
increases oxidative stress and neurodegeneration (7). It has
also been reported that PGC-1a is required in neurons for the
induction of mitochondria related ROS-detoxifying proteins,
uncoupling protein 2 (UCP2) and superoxide dismutase 2
(SOD2) (8-10). In a previous study, it was demonstrated that
the PGC-la signaling pathway was associated with the regu-
lation of the mitochondrial antioxidant system, which could
alleviate the oxidative stress damages induced by SE (4).

SIRT1 is one of the mammalian sirtuins, a group of
NAD"-dependent deacetylases, which regulate a wide variety
of cellular processes, including metabolism, development, cell
survival and aging (11). In neurons, SIRT1 prevents mitochon-
dria loss and modulates DNA damage responses (11). The
activators of SIRT1 may increase mitochondrial function and
energy expenditure (12). More importantly, SIRT1 has been
demonstrated to interact directly with PGC-1 to increase
PGC-la expression and mitochondria biogenesis (13).

The exact roles of SIRTI on neuron mitochondria func-
tions, particularly the mitochondria antioxidant defense system
following SE, remain to be determined. The present study
examined the SIRT1 expression in rat hippocampi following
SE. In addition, the regulation of SIRT1 on PGC-la/mito-
chondria antioxidant proteins in a rodent epileptic model was
investigated.
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Materials and methods

Animals and treatment. Adult male Wistar rats (Experimental
Animal Center of Shandong University, Shandong, China)
weighing 250-300 g were used. The experimental procedure
conformed to the local guidelines of the animal care and use
committees of Shandong University (Shandong, China), which
were in accordance with the international standards (NIH
Publication no0.80-23). All efforts were made to minimize
animal suffering. The rats were administered 1 mg/kg scopol-
amine (subcutaneously; Sigma, St. Louis, MO, USA) prior to
300 mg/kg pilocarpine (intraperitoneally; Sigma) to prevent
peripheral cholinergic effects. Following pilocarpine treat-
ment, the seizure behavior was observed for up to 90 min. The
seizure behavior was graded according to a modified Racine
scale (14). Only the rats with sustained generalized motor
seizures (stage 4 or 5) were included in the study. The seizures
were terminated by an intraperitoneal injection of 10 mg/kg
diazepam (Sigma) after 60 min. The SIRT1 activator, resve-
ratrol (40 mg/kg intraperitoneally; Sigma) or SIRT1 inhibitor,
sirtinol (20 ug/kg intracerebroventricully; Sigma); was admin-
istered 30 min prior to intraperitoneal injection of pilocarpine.

To examine the SIRT1 expression, mitochondrial electron
transport chain complex I activity and ATP content, the rats
were divided into five groups: The control and the 3, 8, 24
and 72 h following SE groups. To investigate the regulation of
SIRT1 on the mitochondria antioxidant system and the histo-
logical changes in the hippocampi, the rats were divided into
four groups: Control, SE, SE + resveratrol and SE + sirtinol
groups. The rats were sacrificed by decapitation at 8 or 24 h
following SE. Then hippocampi were quickly removed on an
ice-cooled board and stored at -80°C. The rats in the control
group were only injected with equal volumes of dissolvent.
Each experimental group consisted of eight rats.

RNA isolation and quantitative polymerase chain reaction
(qPCR). RNA isolation from the snap-frozen whole hippo-
campi involved use of TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). RNA was reverse transcribed by use of M-MLV
reverse transcriptase (Fermentas, Glen Burnie, MD, USA).
The reaction was conducted in the Light Cycler PCR system
(Roche Diagnostics, Mannheim, Germany). The primers were
used as follows: Forward: 5"TCACCACCGAAATCCTTA-3"
and reverse: 5-GGTGTCTGTAGTGGCTTGAT-3' for
PGC-la; forward: 5'-ACCGAGGAGAAGTACCACGA-3'
and reverse: 5S"TAGGGCTCAGGTTTGTCCAG-3' for SOD2;
forward: 5'-AATGACCTGTTCTTTGAGGCTGAC-3' and
reverse: 5'-GCTTCGACAGTGCTCTGGTA-3' for UCP2;
and forward: 5"TGCTGGTGCTGAGTATGTCGTG-3' and
reverse: 5'-CGGAGATGATGACCCTTTTGG-3' for GAPDH.
The standard curves for each gene were generated by a serial
dilution of RNA isolated from the control rats. The values of
the target genes were normalized using the value of the house-
keeping gene GAPDH.

Western blot analysis. The hippocampi tissues were homog-
enized in lysis buffer and centrifuged at 12,000 x g at 4°C for
10 min. The supernatants were collected as cell proteins. The
concentration of protein was determined using a bicinchoninic
acid protein assay kit (Pierce Biotechnology, Inc., Rockford,
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IL, USA). A total of 40 ug of protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis then
transferred to nitrocellulose membranes. Following blocking
in Tris-buffered saline with Tween-20, the membranes were
incubated with a mouse monoclonal primary antibody against
SIRT1,PGC-1a,SOD2, UCP2 (1:1000 dilution; Cell Signaling
Technology, Inc., Danvers, MA, USA), and (-actin (1:4000;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 4°C
overnight. Next the membranes were washed and incubated
with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (1:3000; Santa Cruz Biotechnology, Inc.)
for 1 h. The immunoreactivity was enhanced by a chemilumi-
nescence kit (Pierce Biotechnology, Inc.) and exposed to film
(Fuji, Tokyo, Japan). The band intensity was analyzed with an
image analyzer (Alpha Innotech 2200; Alpha Innotech, San
Leandro, CA, USA).

Measurement of SIRTI activity. The SIRTI activity was
measured as described in the SIRT1 Fluorimetric Activity
assay/Drug Discovery kit (Biomol Research Laboratories,
Inc., Plymouth Meeting, PA, USA). Briefly, an acetylated
peptide fragment derived from p53, known to be deacetylated
by SIRT1, fluoresces upon deacetylation. Recombinant SIRT1
was preincubated with potential activators or inhibitors of the
enzyme for 10 min. The acetylated p53-based substrate was
then added and the reaction was allowed to proceed for 45 min.
The reaction was quenched by the addition of nicotinamide
and the fluorescence was measured uaing Varioskan Flash
instrument (Thermo Fisher Scientific, Waltham, MA, USA).

Measurement of mitochondrial electron transport chain
complex I activity. The method was conducted as previously
described (4). Briefly, mitochondrial protein was isolated from
the whole hippocampi. The rotenone-sensitive nicotinamide
adenine dinucleotide diaphorase to CoQl oxidoreductase
(complex I) and citrate synthase activities were measured spec-
trophotometrically (Sigma). All of the assays were processed
by a thermostatically regulated UV-visible spectrophotometer
(Thermo Fisher Scientific).

Measurement of ATP concentration. ATP was measured
via an ATP Bioluminescence Assay kit (Roche Diagnostics)
according to the manufacturer's instructions. Briefly, hippo-
campi were washed and lysed on ice with lysis buffer. The
homogenates were immediately centrifuged at 14,000 x g for
5 min at 4°C. The supernatants were collected and combined
with an equal quantity of luciferase reagent, and the samples
were imaged immediately using an Alpha Innotech imaging
system (Alpha Innotech).

Histology. The rats were intracardially perfused with 4%
paraformaldehyde at 24 h following SE. The fixed brain tissue
blocks were paraffinized and sectioned coronally at 10 ym and
Nissl staining with Toluidine Blue was performed. Under a
high magnification (x400), the number of surviving pyramidal
cells in the hippocampal CA3 region was blindly counted.

Statistical analysis. The values are expressed as the
mean + standard deviation. Statistical analysis of the results
was performed by one-way analysis of variance followed by
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Figure 1. SIRT1 activation in the rat hippocampus following SE. (A) Immunoblotting analysis of the protein expression of SIRTI at various time points in
the rat hippocampus following SE. (B) Quantitative representation of the protein expression of SIRT1 in the rat hippocampus following SE. (C) Quantitative
representation of the SIRT1 activity at various time points in rat hippocampus following SE. (D) Immunoblotting analysis of Res or Sir on the protein expres-
sion of SIRT1 in the rat hippocampus 8 h following SE. (E) Quantitative representation of Res or Sir on the protein expression of SIRT1 in the rat hippocampus
following SE. (F) Quantitative representation of SIRT1 activity in the rat hippocampus 8 h following treatment with SE with resveratrol or sirtinol. The data
are expressed as the mean = standard deviation of seven independent animals. "P<0.03, vs. the control group; “P<0.05, vs. the SE group. SIRT1, sirtuin 1; SE,
status epilepticus; Res, resveratrol; Sir, sirtinol.

Control SE SE+Res SE+Sir

8-
= #
=] -
= 7 uPGC-la # I “
g ] =sopm:
5 |
E | ®UCP2 .
=
T 4 i S
=3 *
-
s 3 | # #
2z 2 #ohy
k:
[
=

0 A
Control SE

SE+Res SE+Sir
C

= # #

.E #

g I

=

b

-

z

-4

E

z

=

U

-1

Control SE SE+Res  SE+Sir

Figure 2. SIRT1 regulates levels of PGC-1a, SOD2 and UCP2 8 h following SE in the rat hippocampus. (A) Immunoblotting analysis of resveratrol or
sirtinol pretreatment on the protein expression of PGC-1a, SOD2 and UCP2. (B) Quantitative representation of Res or Sir pretreatment on the protein
expression of PGC-la, SOD2 and UCP2 in the rat hippocampus. (C) Quantitative representation of Res or Sir pretreatment on the mRNA expression of
PGC-la, SOD2 and UCP2 in the rat hippocampus following SE. The data are expressed as the mean + standard deviation of six independent animals.
“P<0.05, vs. the control group; “P<0.05, vs. the SE group. SIRT1, sirtuin 1; PGC-1a, peroxisome proliferator-activated receptor (PPAR) coactivator-1a; SOD2,
superoxide dismutase 2; UCP2, uncoupling protein 2; SE, status epilepticus; Res, resveratrol; Sir, sirtinol.

the Newman-Keuls test. P<0.05 was considered to indicate a
statistically significant difference.

was no difference of the percent incidence or onset latency
of seizure behavior in the resveratrol or sirtinol pretreatment
groups compared with that of the SE group.

Results

SE activates SIRTI in the rat hippocampus. The protein level of

Seizure behavior of experimental rats. Seizure behavior
induced by pilocarpine followed the typical course of seizures,
with a gradual increase in intensity to SE (stage 4 or 5). There

SIRT]1 and its activity were examined in the rat hippocampus at
different time points following SE. As demonstrated in Fig. 1,
the protein level and activity of SIRT1 began to increase at 3 h,
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Figure 3. SIRT1 regulates mitochondrial electron transport chain complex I activity and ATP content in the rat hippocampus following SE. (A) Quantitative
representation of normalized mitochondrial electron transport chain complex I activity at various time points in the rat hippocampus following SE.
(B) Quantitative representation of Res or Sir pretreatment on normalized mitochondrial electron transport chain complex I activity in the rat hippocampus 8 h
following SE. (C) Quantitative representation of ATP content at various time points in the rat hippocampus following SE. (D) Quantitative representation of
Res or Sir pretreatment on ATP content in the rat hippocampus 8 h following SE. The data are expressed as the mean + standard deviation and are expressed
as folds vs. control of seven independent animals. “P<0.03, vs. the control group; “P<0.05, vs. the SE group. SIRT1, sirtuin 1; SE, status epilepticus; Res,

resveratrol; Sir, sirtinol.
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Figure 4. SIRT1 activation alleviates neuron damage in the rat hip-
pocampus following SE. Quantitative representation of surviving
pyramidal cell numbers in the CA3 subfield of the hippocampus
following SE. The data are expressed as the mean + standard devia-
tion of six independent animals. "P<0.05, vs. the control group;
"P<0.05, vs. the SE group. SIRT1, sirtuin 1; SE, status epilepticus; Res, res-
veratrol; Sir, sirtinol.

reached a peak at 8 h and remained elevated 72 h following
SE (P<0.05; Fig. 1A-C). Resveratrol significantly promoted the
expression and activity of SIRT1 at 8 h following SE (P<0.05).
Additionally, sirtinol effectively inhibited the increase in the
protein level and activity of SIRTI in the rat hippocampus
following SE (P<0.05; Fig. 1D-F).

SIRT1 regulates PGC-la/mitochondrial antioxidant
enzymes following SE. The present study then further
examined the effects of SIRT1 on the expression of PGC-la,
SOD2 and UCP2, which are important mitochondrial related
ROS-detoxifying enzymes. The protein and mRNA expres-
sion of PGC-la, SOD2 and UCP2 significantly increased in
the rat hippocampus at 8 h following pilocarpine-induced SE

induced (P<0.05). When resveratrol had been administered,
the expression of PGC-1la, SOD2 and UCP2 were evidently
enhanced (P<0.05). Consistently, sirtinol significantly
suppressed the mRNA or protein overexpression of PGC-1a,
SOD2 and UCP2 following SE (P<0.05; Fig. 2).

SIRTI activation enhances mitochondria functions following
SE. The mitochondrial electron transport chain complex I
activity and ATP content began to decline at 3 h, reached the
lowest levels at 8 h and remained decreased at 24 h in the rat
hippocampal tissues following SE (P<0.05; Fig. 3A and C).
As demonstrated in Fig. 3B and D, resveratrol significantly
attenuated the suppression of mitochondrial electron trans-
port chain complex I activity and ATP content induced by
SE (P<0.05). Furthermore, after sirtinol was administered,
the suppression of mitochondrial electron transport chain
complex I activity and ATP content was significantly exac-
erbated (P<0.05).

SIRTI attenuates neuron damage following SE. The present
data demonstrated evident pyramidal neuron damage in the
CA3 region of the rat hippocampus at 24 h following SE.
The number of surviving neurons was significantly higher
in the resveratrol pretreatment group as compared with the
SE group (n=6; P<0.05; Fig. 4). By contrast, sirtinol further
aggravated the neuron damage induced by SE.

Discussion

In the present study, it was demonstrated that SIRT1 protein
expression and activity increased in the rat hippocampus at
the acute phase of pilocarpine-induced seizures. SIRTI, a
class III histone deacetylase, is an important member of the



sirtuins family. SIRT1 is known to have numerous important
functions, including stress protection and metabolism regula-
tion. The results of the present study suggest that SIRT1 may
also be a positive regulator of the mitochondrial antioxidant
system following the development of seizures. Previous
studies demonstrated that SIRT1 activator resveratrol had
antioxidant and anti-inflammatory effects (15). Recently,
we also demonstrated that resveratrol attenuated the inflam-
matory responses induced by seizures (16). Resveratrol may
reduce neurodegeneration in the rodent hippocampus by the
PGC-la signaling pathway (17). PGC-1a is known to be a
positive regulator of mitochondrial function and oxidative
metabolism (6). Increased PGC-1a expression accelerates the
recovery of mitochondrial and cellular functions following
acute cell injury (6,7). PGC-1la null mice are more sensi-
tive to the neurodegenerative effects of oxidative stress (7).
PGC-1a expression is under the control of several signaling
pathways involving nitric oxide, calcium-dependent protein
kinases, calcineurin A, adenosine monophosphate-activated
protein kinase and p38 MAPK (6,18,19). Previously, it was
demonstrated that nitric oxide and AMPK regulate the
PGC-1la and mitochondrial antioxidant system in epileptic
rats (4). The present study demonstrated that SIRT1 was also
an important upstream regulator of PGC-la signaling in
seizures induced by pilocarpine. SIRT1 is able to deacetylate
specific lysine residues on PGC-la, mediating gluconeogen-
esis and mitochondrial biogenesis (13).

PGC-1a may not only stimulate mitochondrial biogenesis,
but may also protect neurons from oxidative injury through
the induction of several ROS-detoxifying enzymes (7,8,20).
UCP2 and SOD2 are two important ROS-detoxifying mito-
chondrial proteins (21). SOD2 has been demonstrated to have
protective effects against oxidative stress-induced neuronal
damage in various experimental models (22,23). UCP2 is
able to eliminate free radicals and elevate ATP levels in
neurons (24,25). The upregulation of UCP2 decreases the
release of ROS and reduces neuronal loss in the brain tissue
following ischemic or epileptic injury (4,24,26). Besides
regulating the PGC-1a pathway, SIRT1 is reported to repress
mitochondrial UCP2 transcription by binding directly to its
promoter (27). Our previous data demonstrated that the levels
of UCP2 and SOD2 are increased following SE in association
with PGC-1la signaling (4). The present study revealed that
the expression of PGC-1a and UCP2/SOD2 were upregulated
by the SIRT1 activator, resveratrol, in the rat hippocampus
following seizures. This indicates that SIRT1 may regulate
UCP2 and SOD?2, at least partially, via PGC-1a signaling.

A previous study also suggested that PGC-la may acti-
vate components in the mitochondrial electron transport
chain, including ATP synthase and SOD2 (28). The present
data revealed that the SIRT1 activator also upregulated
mitochondrial electron transport chain complex I activity
and mitochondrial ATP production in rat hippocampi
following seizures. These results indicate that SIRTI is
possibly involved in the protection of mitochondrial energy
metabolism damage by oxidative stress induced by SE. SE
may induce oxidative stress, which leads to neuronal cell
death. It was previously demonstrated that SE caused signifi-
cant neuronal cell death and a marked increase in oxidative
stress (4). In the present study, it was identified that the
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neuron death in the hippocampus of rats following SE was
also alleviated by the activator of SIRT1.

In conclusion, the present study demonstrated that SIRT1
is activated in the rat hippocampus following SE. SIRT1 acti-
vation enhanced the expression of mitochondrial antioxidant
enzymes UCP2/SOD2 and attenuated oxidative stress as
revealed by increased levels of ATP and mitochondrial electron
transport chain complex I following SE. Furthermore, SIRT1
may be a positive regulator of the mitochondrial antioxidant
system following pilocarpine-induced SE, at least in part by
regulating PGC-1a. This may assist in understanding the role
of mitochondria during epilepsy and provide new targets for
developing new antiepileptic drugs.
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