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Abstract Sevoflurane, one of the most commonly used vol-
atile anesthetics in clinical treatment, has been shown to in-
duce a widespread increase in brain apoptosis. However, the
underlying mechanism is still unknown. Sestrin 2 has been
recently shown to regulate intracellular reactive oxygen spe-
cies (ROS) levels and play a crucial role in p53-dependent
antioxidant defenses. In this study, our results indicated that
administration of Sevoflurane elevated the gene and protein
expression of Sestrin-2 in a dose dependent manner in human
neuroblastoma M 17 cells. It was shown that silence of Sestrin-
2 by small RNA interference (siRNA) ominously exacerbated
the increase in intracellular ROS and reduction of SOD activ-
ity induced by Sevoflurane treatment. Notably, knockdown of
Sestrin-2 in M17 cells significantly increases the num-
ber of apoptotic cells after treatment with Sevoflurane.
Mechanistically, we also found that Sevoflurane treatment re-
sulted in a reduced amount of the cytosolic anti-apoptotic pro-
tein Bcl-2 but an increased amount of Bax, which was exacer-
bated by knockdown of Sestrin-2. In addition, knockdown of
Sestrin-2 remarkably increased the elevated cleaved Caspase-3
expression. Finally, we showed that the induction of Sestrin-2
by Sevoflurane was mediated by p53. These results suggest
that the suppressive effects of Sestrin-2 on neuroapoptosis
against the Sevoflurane anesthesia in neuronal cells might be
associated with modulation of mitochondrial pathway.
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Introduction

Sevoflurane, one of the most commonly used volatile anes-
thetics in clinical treatment, has been displayed to impair long-
term emotional memory consolidation in human research
(Alkire et al. 2008). In vivo studies have also shown that the
long time exposure of Sevoflurane could induce neuronal de-
generation and cognitive impairment rats by the Endoplasmic
reticulum (ER) stress mediated neurons apoptosis in aging
(Chen et al. 2013) and mice (Satomoto et al. 2009). Indeed,
multiple lines of evidence have shown a widespread increase
in brain apoptosis and long-term impairment of neurologic
function shortly after exposure to Sevoflurane in small ro-
dents. A recent study showed that Sevoflurane treatment in-
duced apoptosis in mice by increasing the levels of
proapoptotic member Bax, reduced the levels of anti-
apoptotic member Bcl-2 and cleaved Caspase-3. Notably, in
the developing brain, Sevoflurane exposure lead to wide
neuroapoptosis by suppressing certain cell survival signaling
(e.g. ERK1/2 MAPK signaling) (Wang et al. 2013).

Sestrins constitute a family of evolutionarily conserved
stress-inducible proteins. Increasing evidence has shown that
Sestrins protect cells from oxidative stress (Lee et al. 2013).
Mammalian cells express three isoforms referred to as Sestrin-
1, Sestrin-2, and Sestrin-3. Both Sestrin-1 and Sestrin-2 have
been recently shown to regulate intracellular peroxide (ROS)
levels. Sestrin-2 has been reported to play a crucial role
in p53-dependent antioxidant defenses via regeneration
of peroxiredoxins from their hyperoxidized forms
(Budanov et al. 2004). Sestrin-2 is implicated in the
cellular response to oxidative stress and DNA damage.
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It exerts its cytoprotective function by regenerating
peroxiredoxins, having therefore a major role in the an-
tioxidant defense of the cell (Budanov and Karin 2008).
In this study, we speculated that Sevoflurane regulates
the gene and protein expression of Sestrin-2. We hy-
pothesized that altered expression of Sestrin-2 has a
neuro-protective effect against Sevoflurane induced neu-
rotoxicity. In order to verify these hypothesis, we deter-
mined the expression of Sestrin-2 in M17 cells after
exposure to Sevoflurane. In addition, we investigated
the effects of Sestrin-2 on Sevoflurane induced apopto-
sis by knocking down the expression of Sestrin-2 using
silence of Sestrin-2 with small RNA interference
(siRNA). p53 has been reported to play a critical role
in regulating the expression of Sestrin-2. Therefore, we
also examined the potential roles of p53 in regulating
Sevoflurane induced expression of Sestrin-2.

Materials and methods
Cell culture

The human neuroblastoma M17 cells were maintained in
Opti-MEM medium (Invitrogen, Eugene, OR, USA), supple-
mented with 5 % fetal bovine serum (FBS) and 1 % penicil-
lin—streptomycin (P/S), in a humid incubator with 5 % CO, at
37 °C.

Intracellular Reactive Oxygen Species (ROS)
determination

Intracellular ROS production was determined by using
Dichloro-dihydro-fluorescein diacetate (DCFH-DA) as-
say. Briefly, upon completion of indicated treatment and
transfection, cells were gently washed with PBS for three
times, followed by loaded with 10 uM DCFH-DA and
incubated at 37 °C for 1 h. Fluorescence signals were
examined by a microscope and the average fluorescence
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Fig. 1 Expression of Sestrin-2 in M17 cells after Sevoflurane treatment.
M17 cells were incubated with Sevoflurane at concentrations of 1, 2, 3 %
for 24 h. a mRNA levels of Sestrin-2 in M17 cells were measured by real
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intensity was used to reflect the level of intracellular
ROS.

Determination of Superoxide Dismutase (SOD) activity

Upon completion of indicated treatment and transfection,
SOD activity was determined by a commercial SOD Assay
Kit (Cayman Chemical) according to manufacturer’s in-
structions. Protein concentration was measured by the
bicinchoninic acid (BCA) assay. Optical density (OD)
values were recorded and normalized to protein concen-
tration to reflect SOD activity.

Real-time Polymerase Chain Reaction (PCR)

Upon completion of indicated treatment, total RNA was
isolated from M17 cells using Qiazol reagent (Qiagene,
USA) according to the manufacturer’s protocol. 2 ug of
total isolated RNA was then used as template for reverse
transcription PCR to synthesize ¢cDNA. Synthesized
cDNA was used for quantitative real-time PCR analysis
using the step one plus real time PCR system (Applied
Biosystems, USA) with the SYBR Green detection
methods. GAPDH was selected as stable reference gene
under the experimental conditions of this study. The cy-
cle threshold (Ct) value of each gene was normalized to
GAPDH using the comparative Ct method.

Western blot analysis

Protein was isolated from cells using cell lysis buffer
(Cell Signaling Technology, USA). Protein concentra-
tion was measured by the bicinchoninic acid (BCA)
assay. Equal amount of protein was subject to 10 %
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto high quality
polyvinylidene difluoride membrane (Invitrogen, USA)
(Zhou et al. 2008). Membranes were blocked with
10 % non-fat dry milk in TBST buffer. Then mem-
branes were sequentially incubated with primary
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time PCR. b Protein levels of Sevoflurane in M17 cells were measured by
western blot analysis (¥*p<0.01 vs. non-treated control; n=3-5)
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Fig. 2 Knockdown of Sestrin-2 in M17 cells by transfection with small
RNA interference. siSestrin-2, Sestrin-2 siRNA group; NS, nonspecific
group. Western blot analysis result revealed the successful knockdown of
DJ-1 (*p<0.01 vs. NS group)

antibodies overnight at 4 °C and horse radish peroxi-
dase conjugated secondary antibodies for 2 h at room
temperature (RT). Blots were developed by the
Immobilon Western Chemiluminescent HRP Substrate
(Millipore, USA). Band density was measured by the
software Image J (NIH, USA).

Morphological analysis of apoptosis

Upon completion of indicated treatment, the nuclear
morphology and chromatin condensation in human neu-
roblastoma M17 cells were investigated by Hoechst
staining. Fluorescent dye Hoechst 33258 is a non-toxic,
water-soluble double benzene imidazole compounds and
can be used to bind to the DNA molecule as a fluores-
cent probe. Briefly, cells were loaded with 50 pg/ml
Hoechst 33258 and incubated for 15 min at RT in dark-
ness (Sheng et al. 2009). The blue fluorescence of nu-
clear morphology and chromatin condensation was ob-
served by a confocal fluorescence microscope (FV500,
Olymplus) equipped with an argon.
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Fig. 3 Inhibition of Sestrin-2 by
transfection with small RNA
interference exacerbates
Sevoflurane-induced oxidative
stress. a Intracellular ROS in M17
cells were determined by the
DCFH-DA assay; Scale bar,
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Cells are scored as apoptotic if their nuclei present
chromatin condensation and marginalization or nuclear
beading. Often, apoptotic nuclei fragment into smaller
structures. Fluorescence signals were examined by
Apoptotic cells showed blue nuclear condensation and
fragmentation. The fractions of apoptotic cells were de-
termined relative to total cells. A blind study with ran-
dom group selection was performed. At least 200 cells
were counted in each experiment.

Statistical analysis

All experimental data are shown as mean=SD. Statistical
analysis was performed by using one-way analysis of variance
(ANOVA) followed by Dunnett’s significant post-hoc test,
and differences between means were considered statistically
significant at P<0.05.

Results

We firstly examined the alteration in levels of Sestrin-2
in response to Sevoflurane treatment. As shown in
Fig. la, real time PCR results indicated that treatment
with Sevoflurane evidently increased the expression of
Sestrin-2 at mRNA levels in a dose dependent manner.
Consistently, western blot results revealed that adminis-
tration of Sevoflurane elevated the expression of
Sestrin-2 at protein levels (Fig. 1b).

Elevated expression of Sestrin-2 might indicate a
contributive role of Sestrin-2 in neurotoxicity of
Sevoflurane or act as a compensatory response for cell
survival. In order to illuminate the role of Sestrin-2 in
Sevoflurane-induced neurotoxicity, we investigated the
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Fig. 4 Silence of Sestrin-2 promotes Sevoflurane-induced apoptosis.
siSestrin-2, Sestrin-2 siRNA group; NS, nonspecific group. After indicat-
ed treatment, cells were subjected to Hoechst 33258 staining for morpho-
logical assessment of apoptosis. 50 pm; Apoptotic cells were recognized
by condensed/fragmented nuclei and used for statistical analysis
(*p<0.01 vs. control group; #p<0.01 vs. nonspecific siRNA-transfected
group; n=4)

effects of Sestrin-2 in Sevoflurane neurotoxicity by si-
lencing the expression of Sestrin-2 using Sestrin-2 small
RNA interference in human M17 cells. Western blot
analysis revealed the successful inhibition of Sestrin-2
at protein levels (Fig. 2).

Intracellular levels of ROS were determined by the
DCFH-DA method. And the results indicated that silence
of Sestrin-2 by siRNA ominously exacerbated the in-
crease in intracellular ROS induced by Sevoflurane

treatment (Fig. 3a). Furthermore, Sevoflurane treatment
significantly decreased SOD activity, which was exacer-
bated by knockdown of Sestrin-2 (Fig. 3b).

Cell apoptosis of M17 cells were measured by the
Hoechst staining assay. And the results indicated that
treatment with Sevoflurane significantly increased the
nuclear condensation characteristic of apoptosis in M17
cells. Notably, knockdown of Sestrin-2 in M17 cells
significantly increases the number of apoptotic cells af-
ter treatment with Sevoflurane (Fig. 4). Mitochondria
apoptotic pathway has been associated with the neuro-
toxicity of Sevoflurane (Zhang et al. 2010). Bax and
Bcl-2 are the two important mitochondrial proteins reg-
ulating apoptosis. Thus, we speculated that alterations of
Bax and Bcl-2 might be involved in the neuroprotective
effects of Sestrin-2 on Sevoflurane neurotoxicity. And
our results indicated that treatment with Sevoflurane re-
sulted in a reduced amount of the cytosolic anti-
apoptotic protein Bcl-2 but an increased amount of
Bax, which was exacerbated by knockdown of Sestrin-2
(Fig. 5a). In addition, knockdown of Sestrin-2 remark-
ably increased the elevated cleaved Caspase-3 expres-
sion, which was induced by 3 % Sevoflurane (Fig. 5b).

p53 is a tumor suppressor gene, which initiates the
process of programmed cell death, or apoptosis. The
p53 protein is upregulated in response to a diverse array
of cellular stresses. Importantly, it has been shown that
Sestrin-2 is a target of the tumor suppressor gene p53
(Budanov and Karin 2008). Indeed, our results indicated
that Sevoflurane significantly increased the expression
level of p53 (Fig. 6a). To further assess whether p53 is
involved in the induction of Sestrin-2 by Sevoflurane, we
down-regulated the expression of p53 in M17 cells by
using siRNA. Successful knockdown of p53 was shown
in Fig. 6b. Importantly, the elevated expression of
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Fig. 6 Sevoflurane-induced elevation of Sestrin-2 is mediated by p53. a.
M17 cells were treated with 3 % Sevoflurane for 24 h, the level of p53
was determined by immunoblot and quantification analysis (¥p<0.01 vs.
nontreated control; n=5); b Western blot analysis revealed successful

Sestrin-2 induced by Sevoflurane was abolished by si-
lence of p53 (Fig. 6¢).

Discussion

General anaesthetic exposure to Sevoflurane induced
widespread cerebral neuronal apoptosis and subsequent
cognitive dysfunction (Jevtovic-Todorovic et al. 2003;
Brambrink et al. 2010). It was also showed that devel-
opmental neurotoxicity of Sevoflurane is correlated
with hippocampal injury (Fanselow 2000). In addition,
in vitro studies displayed that neuronal cultures ex-
posed to 3 % Sevoflurane for 6 h induced about
36 % cell apoptosis (Wang et al. 2013). Similarly, it was
also demonstrated that administration of Sevoflurane
induced significant inhibition of cell proliferation and
apoptosis in A549 cells (Liang et al. 2011). Another
in vitro study showed that Sevoflurane had an effect
of inhibiting growth and promoting apoptosis of colon-
ic and laryngeal cancer cells (Kvolik et al. 2005).
However, the mechanisms need to be elucidated. In
this study, we found that Sestrin-2 expression is in-
creased after Sevoflurane treatment. In order to eluci-
date whether Sestrin-2 plays a contributive role in
Sevoflurane neurotoxicity or as a compensatory regula-
tor for cellular survival, we examined the effects of
Sestrin-2knockdown in M17 cells after Sevoflurane
treatment. Our data show that silence of Sestrin-2 ex-
acerbates Sevoflurane-induced oxidative stress and ap-
optosis. These findings suggest that upregulation of
Sestrin-2 expression after Sevoflurane treatment might
act as a compensatory response for cell survival. A
schematic representation of the underlying mechanism
is shown in Fig. 7.

knockdown of p53; ¢ Western blot analysis revealed that Sevoflurane-
induced induction of Sestrin-2 could be attenuated by knockdown of p53
(*p<0.01 vs. nontreatment; #p<0.01 vs. Sevoflurane treatment; n=3-5)

Sestrin-2, also known as Hi95, is induced by stress
signals and plays a vital role in maintaining redox ho-
meostasis (Budanov et al. 2002). Sestrin-2 has been
shown to be a target gene of p53 and play a key role
in p53-dependent antioxidant defenses through inhibiting
the mTOR signaling pathway (Budanov and Karin
2008). Interestingly, Sevoflurane treatment has been re-
ported to induce p53-dependent apoptosis in the Caco-2
cells (Kvolik et al. 2009). In this study, our data dem-
onstrates that p53 mediates the induction of Sestrin-2 in
response to Sevoflurane treatment, suggesting the criti-
cal roles of p53 in Sevoflurane neurotoxicity. Intrinsic
antioxidant defenses are important for neuronal longev-
ity. Notably, Sestrin-2 has been reported to be expressed
in neurons and acts as an antioxidant factor in the brain
(Papadia et al. 2008).

Both Bcl-2 and Bax are two members of the Bcl-2
family, which regulates the mitochondria pathway relat-
ed apoptosis. Bcl-2 is an anti-apoptotic protein while
Bax is a proapoptotic member. Bcl-2 prevents apoptosis
by inhibiting the release of mitochondrial apoptogenic
factors into the cytoplasm. In contrast, Bax promotes
apoptosis by activating caspases. We observed an up-
regulation in Bax and a down-regulation in Bcl-2 in
MI17 cells after the Sevoflurane exposure, which were
exacerbated by silence of Sestrin-2. These results sug-
gest that the suppressive effects of Sestrin-2 on
neuroapoptosis against the Sevoflurane anesthesia in
neuronal cells might be associated with modulation of
mitochondrial pathway.

ROS
Sevoflurane e==g==w= p53 e==t==- Sestrin-2 =>||:
Apoptosis
(Bax/Bcl-2; Cleaved Caspase-3)
Fig. 7 Schematic drawing of the effects of the mechanisms underlying
protective action of Sestrin-2 against Sevoflurane neurotoxicity
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