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Abstract
This study investigated the protective effects and mechanisms of sevoflurane preconditioning (SPC) on neurons in ischemic
mice. After SPC, mice were subjected to middle cerebral artery occlusion (MCAO). Cerebral infarction area, cell apoptosis, and
metallothionein-1 (MT-1) and metallothionein-2 (MT-2) expressions in MCAO mice were analyzed. Mouse primary neurons
were isolated and cultured to determine the location of metallothioneins (MTs) using immunofluorescence. Neurons transfected
with MT-siRNA, exogenous MTs, or sh-MTF-1 were subjected to SPC and/or oxygen-glucose deprivation (OGD), and MT-1/
MT-2 expression and neurotoxin release were assayed. Meanwhile, neurons were treated with the nitric oxide donor SNAP,
degraded SNAP, or the peroxide initiator paraquat, and alterations in MT-1/MT-2 expression and neurotoxicity release were
observed. SPC attenuated neuronal injury and apoptosis in MCAO mice. SPC could protect neurons against OGD injury and
resulted in upregulated MT-1/MT-2 expression. MT-siRNA transfection led to the downregulated expression of MT-1/MT-2 and
increased neurotoxicity, and the expression patterns of these neurons were different from those of neurons transfected with
exogenous MTs. The knockdown of MTs could hinder the protective effect of SPC against OGD. Pretreatment with SNAP or
paraquat could increase MTF-1 expression in the nucleus of neurons, protecting against OGD injury. The inhibition of nitric
oxide and peroxide inhibited the protective role of SPC in OGD by downregulating MTF-1 expression. sh-MTF-1 transfection
downregulated MT-1/MT-2 expression and enhanced neurotoxicity in neurons. SPC confers neuroprotection in focal cerebral
ischemia mouse models by upregulating the expression ofMT-1 andMT-2 by activating NO and peroxide and increasingMTF-1
expression in the nucleus.
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Introduction

Ischemic stroke, a common type of neurological disease, is
devastating with high disability and mortality after cardiovas-
cular dysfunction (Bi et al. 2017; Goyal et al. 2015). For
instance, cerebral ischemia induces irreversible neurodegener-
ation that may lead to the clinical diagnosis of progressive
dementia and even Alzheimer’s disease (Caraci et al. 2017;
Qu et al. 2009). Moreover, the sequelae of stroke, including
neurological impairment, disability, and hemiplegia, cause a

heavy burden to society (Liu and Chopp 2016). Although
previous studies have reported the application of therapeutic
agents for ischemic stroke (Catalin et al. 2018; Crowley et al.
2017; Mohammadi et al. 2018; Wang et al. 2018), the current
incidence of stroke implies the unsatisfactory efficiency of
preventive strategies; therefore, updated preventive strategies
that focus on the prevention of new strokes should be devel-
oped (Feigin et al. 2016). Fortunately, studies have reported
that the use of neuroprotective strategies is important in the
mitigation of the fatal consequences caused by ischemic
stroke (Sadana et al. 2015). Therefore, the induction of endog-
enous neuroprotection is of great importance for ameliorating
the sequela of stroke (Liu et al. 2015).

Since preconditioning has emerged as a potential therapy
for ischemic injury, the protective mechanism of anesthesia
preconditioning has also become a hotspot in recent years
(Narayanan et al. 2015; Ohsumi et al. 2017). The clinical
efficiency of inhaled anesthetics as a preconditioning
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approach against myocardial ischemia-reperfusion (I/R) inju-
ry was first reported in 1997 (Wang et al. 2015). Inhaled an-
esthetics, such as sevoflurane and isoflurane, showed protec-
tive effects against I/R injury in several organs (Bellanti et al.
2016; Wang et al. 2016a). Sevoflurane, a popular anesthetic
with few side effects in clinical practice, has been reported to
exert a neuroprotective role in rats with severe cerebral ische-
mia (Wen et al. 2016). Of note, the neuroprotection of anes-
thetic preconditioning against cerebral ischemia has been
demonstrated both in vivo and in vitro, yet the underlying
mechanism still needs further exploration (Wang et al. 2016b).

Metallothioneins (MTs) are low molecular weight metal-
binding proteins involved in zinc homeostasis and the regula-
tion of other metals (Kowalska et al. 2015; Zhang et al. 2018).
The neuroprotective effects of metallothionein-1 (MT-1) and
metallothionein-2 (MT-2) have been shown in a wide range of
stresses, including cardiac I/R and focal cerebral ischemia
(Eidizadeh and Trendelenburg 2016). Furthermore, precondi-
tioning in ischemic rats results in the upregulation of MT-1
and MT-2 messenger RNAs (mRNAs) (Edmands and Hall
2009). Therefore, we reasoned that MT-1 and MT-2 may be
implicated in the neuroprotection of anesthesia precondition-
ing in cerebral I/R injury. Considering the poorly understood
role of MT-1 and MT-2 in anesthesia pretreatment, we
established middle cerebral artery occlusion (MCAO) mouse
models to investigate the mechanism of the neuroprotective
characteristics of sevoflurane preconditioning (SPC) in
MCAO models.

Materials and Methods

Ethical Statement

This experiment was approved by the local ethical committee
of Hunan Provincial People’s Hospital. All efforts have been
made to minimize the pain of the animals.

Animals

A total of 3 kinds of mice, C57BL/6J (C57), 129S7/SvImJ
(129S, controls for the MT-null mice), and 129S7/SvEvBrd-
Mt1tm1Bri Mt2tm1Bri/J (MTKO, MT-null mice), were pur-
chased from Saiye Biotech Limited Company (Guangzhou,
China; no. 0052525). All mice were housed individually in a
barrier system with a laminar flow rack (specific pathogen
free, SPF) at 25 ± 1 °C with a relative humidity of 40~60%.

MCAO Model Establishment

The MCAO model was established in C57 mice using the
suture method. Mice were anesthetized with 10% chloral hy-
drate (0.34 mL/100 g) through intraperitoneal injection. After

disinfection with iodine, an incision was made in the skin for
blunt separation of the arterial sheath. Subsequently, the com-
mon carotid artery (CCA), external carotid artery (ECA), and
internal carotid artery (ICA) were surgically isolated to ligate
the CCA and ECA. The ICA was clamped using an arterial
clip, and a small incision was cut with ophthalmic scissors at
the CCA before a prepared fishline was inserted. Then, the
wound was sutured, and reperfusion was performed 2 h later.
Upon arousal, if the mice showed the following characteristics
in response to lifting the tail, the MCAO model was consid-
ered to be successfully established: astasia, paralyzed contra-
lateral limb, and spinning in one direction. After 90 min of
ischemia, the suture was removed for reperfusion, and the
surgical incision was sutured. The mice in the sham group
received the same surgical procedure as the MCAO model
mice but without artery ligation.

SPC in Mice

The mice in the SPC group received sevoflurane (Maruishi
Pharmaceutical Co., Ltd., Osaka, Japan) treatment once a day.
Mice were placed into sevoflurane evaporation chambers
(Drager, Lubeck, Germany) in a conscious state to inhale 1.0
minimum alveolar concentration (MAC) of sevoflurane for
30 min for 4 consecutive days. Approximately 24 h after the
last sevoflurane pretreatment, mice were subjected to MCAO
model establishment.

TTC Staining to Measure Cerebral Infarction Area

Twenty-four hours after model establishment, six MCAO
mice were randomly decapitated, and their brains were col-
lected. The tissues were made into slices with a thickness of
4 mm for staining with 2% TTC (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany). The slices were incubated at
37 °C for 20 min in the dark. After staining, the live tissue
was red, and the necrotic tissue was blanched. The stained
tissues were photographed and recorded on a computer to
calculate the infarct area using the image processing software
ImageJ.

TDT-Mediated dUTP Nick End Labeling

The cerebral infarct tissues of MCAO mice were fixed with
4% paraformaldehyde and embedded in paraffin. TDT-
mediated dUTP nick end labeling (TUNEL) staining was per-
formed in strict accordance with the instructions of a one-step
TUNEL kit (C1089, red fluorescence, Beyotime Institute of
Biotechnology, China). Cell nuclei were stained with the
Hoechst fluorochrome. Five fields were randomly selected
from each slice to observe cell apoptosis under a microscope.
Cell apoptosis was photographed, and the percentage of
TUNEL-positive cells was calculated.
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ELISA

Supernatant was obtained from serum and cells. The contents
of MT-1 and MT-2 in the supernatant were determined using
ELISA kits (R&D Systems, MN, USA). All operations were
performed in strict accordance with the ELISA kit
instructions.

Isolation and Culture of Primary Neurons

C57, 129S, and MTKOmice at the gestational age of 18 days
were sacrificed after anesthesia. The abdomen of mice was
disinfected using 2% iodine and 75% alcohol before the em-
bryos were removed by laparotomy and kept in a sterile tray.
The placentas of the embryos were removed on a horizontal
clean bench to completely expose the embryo. The head of the
embryo was cut and maintained in precooled HBSS separa-
tion solution. The skull and meninges were removed under a
dissecting microscope to separate the bilateral hippocampus.
The hippocampal tissue was pipetted into a graduated pipette
containing 2 mL of culture medium for gentle shaking and
filtration. Then, 100 mL of cell suspension was added to
50 μL of 0.4% trypan blue and 350 μL of PBS buffer and
completely mixed. The suspension was then gently added into
a blood cell counting pool to count the number of live cells
and dead cells under a microscope. A live cell rate greater than
70% allows for the subsequent neuron implantation process;
otherwise, the experiment was ended. Neurons (106) were
inoculated in a 12-well plate with culture medium
(DMEM/F12 + 10% fetal calf serum + insulin + glucose +
glutamine) at 37 °C with 5% CO2. After 3 days, the culture
medium was replaced with serum-free maintenance medium
(planting medium + 5 μM cytarabine) to inhibit the growth of
glial cells. The culture medium was replaced every 3 days.
After 12 days of culture, the neurons were mature, and the
axons and dendrites of the neurons were interwoven into a
network.

SPC in Neurons

Mice were placed in a transparent, airtight box (30 cm ×
20 cm × 10 cm) with 1 cm of soda lime at the bottom of the
container. The container had three small holes connected to a
sevoflurane evaporation pot (Drager, Lubeck, Germany), a
Datex-Ohmeda Sop A0600 anesthetic gas monitor (Detax,
Ohmeda, Finland), and an atmospheric plastic tube. The
sevoflurane evaporating pot was turned on, and the inhaled
concentration of sevoflurane was adjusted to 1.5%
(sevoflurane, 1.5%; CO2, 5%; air, 93.5%). The primary neu-
rons cultured in vitro for 12 days were placed in the container
for 3 h, and the flow rate was 0.4 L/min. At that time, the
concentration of sevoflurane was adjusted to maintain the
MAC value at the preset concentration. Afterward, the

neurons were washed with 1× fresh culture medium before
further incubation in a CO2 container. The nitrogen oxide
(NO) donor SNAP (200 μM), degraded SNAP (200 μM),
and the peroxide initiator paraquat (5 μM) were used for par-
allel preconditioning in neurons. The NO synthase inhibitor
aminoguanidine (AG) at 0.1 mM and superoxide dismutase
mimetic manganese(III) tetrakis (4-benzoic acid) porphyrin
chloride (Mn-TBAP) at 1.0 mM were used for neuron pre-
treatment 2 h before SPC to determine the role of reactive
oxygen species (ROS) and reactive nitrogen species (RNS).

Establishment of the Oxygen-Glucose Deprivation
Model In Vitro

Fourth-generation neurons were cultured in glucose-free
Hank’s solution to simulate anoxia in an incubator at 37 °C
(0.01%O2, 0.94%N2, and 0.05%CO2) for 3 h. Then, the cells
were incubated in complete culture medium containing
DMEM/F12 (HyClone, USA) with 150 g/L fetal bovine se-
rum in a 0.95% air and 0.05% CO2 incubator for 24 h of
reoxygenation.

Quantitative Reverse Transcription Polymerase Chain
Reaction

Total RNA was extracted with TRIZOL reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. The RNA samples meeting the required concentration
and purity were diluted to a suitable concentration and then
reverse transcribed into cDNA using a reverse transcription kit
(Takara, Tokyo, Japan). The expression of the target gene was
analyzed using a LightCycler 480 (Applied Biosystems 7700,
CA, USA), and the reaction conditions were in accordance
with the instructions of the SYBR Green PCR kit (SYBR
Green Mix, Roche Diagnostics, Indianapolis, IN). The specif-
ic reaction conditions were as follows: predenaturation at
95 °C for 10 s; denaturation at 95 °C for 5 s; 45 cycles of
annealing at 60 °C for 10 s and extension at 72 °C for 10 s; and
a final extension step at 72 °C for 5 min. The internal control
was normalized to leukocyte common antigen-1 (LCA1). The
relative expression levels of all genes were calculated using 2–
ΔΔCt. The primer sequences used in this study are listed in
Table 1.

Lactate Dehydrogenase Release Assay

Neurotoxicity was detected using a CytoTox lactate dehydro-
genase (LDH) kit (Promega, Madison, WI, USA). Briefly,
cells were subjected to hypoxia treatment for 24 h, 48 h,
72 h, or 96 h after SPC, followed by further incubation for
24 h. The old mediumwas aspirated, and the cells were rinsed
three times with sterile PBS. Next, 50 μL of LDH assay solu-
tion was added to the cells, and the cells were incubated in the
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dark at room temperature for 45 min. Then, 50 μL of stop
solution was added to terminate the reaction. The OD490
value was detected by ELx800 (universal microplate reader,
BIO-TEK Instruments, Inc.). The absorbance in fresh culture
medium was detected as the background absorbance.
Meanwhile, the controls were treated with 1% Triton X-100
for 60 min for cell lysis to measure the maximum LDH
content.

Cellular Immunofluorescence

Neurons were inoculated in a 6-well plate before fixation with
4% paraformaldehyde for 30min and washed with PBS 3× for
5 min. Then, 0.25% Triton X-100 was used for permeation for
10 min, and the reaction was blocked with 10% sheep serum
supplemented with 1% BSA for 30 min. The plate was probed
with rabbit anti-mouse MAP2 polyclonal antibody (1:200) or
MT monoclonal antibody (1:200) overnight at 4 °C before
washing with PBS 3× for 5 min. Subsequently, the plate was
incubated with TRITC-labeled goat anti-rabbit secondary an-
tibody (1:200) and FITC-labeled goat anti-mouse secondary
antibody (1:400) for 1 h at room temperature away from light.
After washing with PBS (3× for 5 min), the plate was stained
with Hoechst (Invitrogen, Carlsbad, CA, USA) and incubated
in the dark at room temperature for l0 min. Then, the stained
cells were washed with PBS 3× for 5 min before glycerin
sealing and maintenance at 4 °C. Cell morphology was ob-
served under magnification (× 20) using a fluorescence
microscope.

Cell Transfection

MT-siRNA (knockdown of MT-1 and MT-2), the negative
controls of MT-siRNA, sh-MTF-1, and the negative control
of sh-MTF-1 were synthesized by Shanghai GenePharma Co.,
Ltd. The negative control siRNAwas labeled with FAM. After
the transfection of FAM-labeled negative control siRNA into
primary neurons, the transfected cells fluoresced green under

blue light excitation with an inverted fluorescence micro-
scope. The transfected cells in one field of view were counted
to calculate the transfection efficiency. Three fields were ana-
lyzed for each sample to calculate the mean transfection effi-
ciency. Transfection efficiency = (luminescence cells / total
number of cells) × 100%. siRNA was added to 100 μL of
medium without antibiotics and serum. Then, the correspond-
ing RNAi-MATE (GenePharma, Shanghai, China) was added
to the medium, thoroughly mixed, and maintained at room
temperature for 30 min to obtain the siRNA/RNAi-MATE
complex. The siRNA/RNAi-MATE complex was added to
the culture plate for incubation at 37 °C in a 5% CO2 incuba-
tor. After 6 h of incubation, the transfection was terminated.
The cells were then cultured in serum-containing medium for
subsequent experiments.

MT Transfection

MT proteins isolated from horse livers were transfected into
primary neurons using ProteoJuice transfection reagent
(Merck-Millipore, Darmstadt, Germany). Oxidized insulin
β-chain was used as a control. Briefly, the transfection reagent
and protein were mixed at a ratio of 1:2 in 25μL of serum-free
DMEM and incubated at room temperature for 20 min.
Meanwhile, the cells were washed 4 times with serum-free
DMEM. The culture medium was replaced with serum-free
DMEM containing transfection reagent and transfection pro-
teins, and the cells were incubated for 2 h. Transfected cells
were washed 4 times in glucose-free DMEM and immediately
placed in ventilating boxes for oxygen-glucose deprivation
(OGD).

Extraction and Detection of Neuronal Nucleoprotein

Nucleoproteins in pretreated neurons were extracted using a
nuclear protein extraction kit (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany). First, a standard curve was prepared to
calculate the protein concentration. The proteins were added
to an equal volume of 2× loading buffer and boiled at 100 °C
for 3 min for denaturation. The extracted proteins were sub-
jected to electrophoresis at 80 V for 30 min and switched to
120 V for 1~2 h after bromophenol blue migrated to the sep-
aration gel. Then, the membrane was transferred on an ice
bath at 300 mA for 60 min. After membrane transfer, the
membranes were rinsed with washing buffer for 1~2 min
and then incubated at room temperature for 60 min or at
4 °C overnight. Primary antibodies (sc-365090, Santa Cruz
Biotechnology, CA, USA; 1:300) were added, and the mem-
branes were incubated on a shaker at room temperature at 4 °C
overnight. Then, the membranes were rinsed 3× for 10 min
with TBST. The membrane was then incubated with the cor-
responding secondary antibody (1:20,000) at room

Table 1 Primer sequence for quantitative reverse transcription
polymerase chain reaction to determine the expressions of MT-1, MT-2,
and LCA1

Name of primer Sequences

MT-1-F CTGCTCCACCGGCGG

MT-1-R GCCCTGGGCACATTTGG

MT-2-F TCCTGTGCCTCCGATGGATC

MT-2-R GTCGGAAGCCTCTTTGCAGA

LCA1-F ACCTACATTGGAATTGATGCCATGCT

LCA1-R CCTCCACTTGCACCATCAGACA

MT-1, metallothionein-1; MT-2, metallothionein-2; LCA1, leukocyte
common antigen-1; F, forward; R, reverse
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temperature for 1 h and rinsed 3 times for 10 min before color
development and observation (Bio-Rad, Hercules, CA, USA).

Statistical Analysis

SPSS 18.0 statistical software was used to construct the data-
base, and the values are presented as the mean ± standard
deviation (mean ± SD). The t test was used to compare the
differences between two groups. One-way analysis of vari-
ance was used to test the differences among groups. Tukey’s
multiple comparison test was used for multiple comparisons
after one-way analysis of variance. Differences with P < 0.05
were considered statistically significant.

Results

Protective Effect of SPC Against Cerebral Ischemic
Reperfusion Injury in Mice

The detection of cerebral infarction area by TTC staining re-
vealed that the mice in the MCAO groups had the largest
infarction area, followed by the mice in the SPC + MCAO
group and then the mice in the sham group (P < 0.005)
(Fig. 1a). The comparison of the TUNEL-positive cells among
the three groups showed that mice in the MCAO groups had
more TUNEL-positive cells than did the mice in both the SPC
+ MCAO group and the sham group (P < 0.005) (Fig. 1b).

Furthermore, we evaluated the expression of MT-1 and
MT-2 in the brain tissues and serum of mice in the MCAO
group by quantitative reverse transcription polymerase chain
reaction (qRT-PCR) and ELISA. The results showed that the
expression of MT-1 and MT-2 was mostly decreased in the
MCAO group and slightly reduced in the SPC + MCAO
group compared with the sham group (P < 0.05) (Fig. 1c, d).
The aforementioned results indicated that the MCAO mouse
model was successfully established. The mice in the MCAO
model group had severe brain damage and downregulated
expression of MT-1 and MT-2. SPC, however, could improve
brain damage and upregulate the expression of MT-1 andMT-
2 in MCAO mice.

SPC Protected Against OGD-Induced Neuronal Injury

We examined LDH release to determine the role of SPC in
OGD-induced neuronal injury. The LDH release assay
showed that the LDH release rate in the SPC + OGD group
was remarkably lower than that in the OGD group in a time-
dependent manner (P < 0.05) (Fig. 2a). The minimum LDH
release was recorded at 72 h. Therefore, the protective role of
SPC against OGD damage in neurons can be extended to 72 h.

We also explored the effect of OGD on MT-1 and MT-2
expressions in SPC-treated primary neurons. qRT-PCR and

ELISA demonstrated that SPC could upregulate the expres-
sion of MT-1 andMT-2 to a maximum level at 72 h (P < 0.05)
(Fig. 2b, c). After SPC for 72 h, the neurons subjected to OGD
for 3 h had decreased LDH release and increased MT-1 and
MT-2 expressions. Thus, the following experiments were per-
formed 72 h after SPC.

MT-1 and MT-2 Play Neuroprotective Roles
in the SPC-Mediated Protection Against OGD-Induced
Neuron Injury

Primary neurons were transfected with nonsense siRNA or
MT-siRNA 24 h before SPC + OGD. The expression of
MT-1 andMT-2 in neurons was measured. The results showed
that MT-siRNA transfection down-regulated MT-1 and MT-2
expressions in a dose-dependent manner (Fig. 3a, b).

The LDH release of neurons transfected with nonsense
siRNA or MT-siRNA was also detected. The transfection of
10 μM MT-siRNA in SPC + OGD neurons promoted neuro-
toxicity (P < 0.05) (Fig. 3c), indicating that the downregula-
tion of MT-1 and MT-2 expressions could hinder the protec-
tive effect of SPC against OGD injury. After exogenous MTs
were transfected into primary neurons for 24 h, the neurons
were treated with OGD for 3 h before the LDH release assay.
The results illustrated that compared with the control group
(transfected β-oxidation in insulin), the transfection of MTs
upregulated the concentrations of MT-1 and MT-2 (P < 0.05)
(Fig. 3d) and reduced the LDH release rate (P < 0.05) (Fig.
3e). Taken together, these results indicate that knockdown of
MT-1 and MT-2 can inhibit the protective effect of SPC
against OGD injury in neurons, while the overexpression of
MT-1 and MT-2 can protect neurons against OGD injury.

To investigate the role of MT-1 and MT-2 in the neu-
roprotective effect of SPC, the primary neurons of MT-1
and MT-2 knockout mice and control mice were extracted
and isolated to analyze the effect of SPC on OGD injury.
MT-1 and MT-2 were expressed at lower levels in the
MTKO group than in the 129S group (P < 0.05) (Fig.
3f, g). The LDH release rate of neurons from 129S mice
in the SPC + OGD group was distinctly lower than that of
neurons from mice in the OGD group, while the LDH
release rate of neurons from MTKO mice in the SPC +
OGD group and OGD group remained unaffected (Fig.
3h), indicating that SPC could not exert its neuroprotec-
tive effect or protect against OGD injury in MT-1 and
MT-2 knockout mice.

Furthermore, we detected the expression of MTs and the
location of monoclonal MTantibodies and MAP2 in neurons.
Immunofluorescence showed that monoclonal MTs were also
distributed inMAP2-labeled neurons (Fig. 3i), which suggests
that MT-1 and MT-2 play a critical role in SPC-mediated neu-
roprotection against OGD injury.
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ROS and RNS on Neuroprotection of SPC
Against OGD-Induced Neuron Injury

In this step, we aimed to determine the effect of ROS and RNS
on the SPC-mediated protection against OGD-induced neuron
injury. As depicted in Fig. 4a, similar to the neuroprotective
effect of SPC, compared with OGD alone, pretreatment with
200 μMSNAP or 5 μMparaquat for 3 h reduced LDH release
in neurons (P < 0.05) (Fig. 4a). Pretreatment with degraded

SNAP, however, showed no obvious effect on LDH release
in the OGD group. The aforementioned results showed that
SNAP and paraquat pretreatment could protect neurons from
OGD damage, while degraded SNAP failed to achieve a neu-
roprotective effect. Moreover, compared with OGD treatment
alone, SNAP and paraquat pretreatment could increase MTF-
1 expression in the nucleus (P < 0.05) (Fig. 4b), while
degraded SNAP failed to increase MTF-1. Pretreatment with
AG orMn-TBAP for 2 h in SPC-treated neurons resulted in an

Fig. 1 Protective effect of SPC against cerebral I/R injury in mice. The
MCAO mouse model was successfully established. Mice in the SPC +
MCAO group were subjected to SPC before model establishment. The
effect of SPC on cerebral I/R injury in mice was determined by comparing
the infarction areas by TTC staining (a), cell apoptosis by TUNEL stain-
ing (× 200) (b), the mRNA expression of MT-1 and MT-2 in brain tissue

by qRT-PCR (c), and the content of MT-1 and MT-2 in serum by ELISA
(d). *P < 0.05, **P < 0.01, ***P < 0.001, comparedwith the sham group;
#P < 0.05, ##P < 0.01, compared with the MCAO group. SPC,
sevoflurane preconditioning; MCAO, middle cerebral artery occlusion;
I/R, ischemia-reperfusion; MT-1, metallothionein-1; MT-2, metallothio-
nein-2
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Fig. 3 Effects of MT-1 andMT-2 on the neuroprotection of SPCs against
OGD-induced neuronal injury. After neurons were transfected with MT-
siRNA, themRNA expression and concentration ofMT-1 andMT-2were
measured by qRT-PCR (a) and ELISA (b), respectively. The effect of
SPC on neurotoxicity was analyzed by an LDH assay (c). After the
transfection of exogenous MTs in neurons, ELISA was used to detect
the content of MT-1 and MT-2 (d), and LDH was measured to estimate
neurotoxicity (e). In the control mice and MT gene knockout mice, qRT-

PCR (f) and ELISA (g) were used to detect the mRNA expression and
content of MT-1 and MT-2. Neurotoxicity was measured by an LDH
assay (h). Immunofluorescence was used to detect the distribution of
MTs in neurons (× 200) (i). *P < 0.05, **P < 0.01, ***P < 0.001, com-
pared with the OGD, si-NC, or 129S group; #P < 0.05, compared with the
si-NC + SPC group. MT-1, metallothionein-1; MT-2, metallothionein-2;
SPC, sevoflurane preconditioning; OGD, oxygen-glucose deprivation;
MTs, metallothioneins; LDH, lactate dehydrogenase

Fig. 2 Effect of SPC on the survival rate of neurons and glial cells. An
LDH release assay was used to detect the toxicity prolonged SPC on
primary neurons (a). qRT-PCR was applied to estimate the mRNA ex-
pression of MT-1 and MT-2 in primary neurons after SPC (b). The con-
tent of MT-1 andMT-2 in the culture supernatant of primary neurons after

SPC was determined by ELISA (c). ###P < 0.001, compared with the
control group; *P < 0.05, **P < 0.01, ***P < 0.001, compared with the
OGD group. SPC, sevoflurane preconditioning; LDH, lactate dehydroge-
nase; MT-1, metallothionein-1; MT-2, metallothionein-2; OGD, oxygen-
glucose deprivation

J Mol Neurosci (2020) 70:713–723 719



increase in LDH release (P < 0.05) (Fig. 4c), suggesting that
the protective effect of SPC against OGD injury was signifi-
cantly reduced. Subsequently, we detected MTF-1 expression
in neuronal nuclei. Western blot analysis showed that the ex-
pression of MTF-1 in the nucleus was substantially decreased
in the OGD group and in the AG or Mn-TBAP pretreatment
groups compared with the SPC group (P < 0.05) (Fig. 4d).
Taken together, the neuroprotective mechanism of SPC is sim-
ilar to that of SNAP and paraquat, which increases the expres-
sion of MTF-1 in the nucleus by activating RNS and ROS to
exert protective effects.

MTF-1 Upregulates MT-1 and MT-2 Expressions
in Response to SPC

To ascertain whether MTF-1 can upregulate MT-1 and MT-2
expressions and to determine whether MTF-1 is implicated in
the neuroprotective effect of SPC against OGD injury, we
measured MT-1 and MT-2 expressions and LDH release in
sh-MTF-1-transfected neurons following SPC + OGD. The

results showed that compared with the sh-NC + SPC +
OGD group, the sh-NCF-1 + SPC + OGD group had down-
regulated MTF-1, MT-1, and MT-2 and increased LDH re-
lease (P < 0.05) (Fig. 5a–d), indicating that the inhibition of
MTF-1 could downregulate MT-1 and MT-2 expressions and
thus hinder the protective effect of SPC on neurons. An ex-
planatory diagram of the mechanism is shown in Fig. 5e.

Discussion

Ischemic stroke is a common disorder of the central nervous
system that does not have an effective therapeutic strategy
(Feng et a l . 2017) . Inhala t ional anes the t ics , as
neuroprotectants, are an effective prevention measure to min-
imize the neuronal injury caused by stroke and can generally
improve clinical outcomes (Kitano et al. 2007). Although the
neuroprotective effect of SPC has been reported (Yang et al.
2011), the mechanisms of this effect are poorly elucidated.
Therefore, the present study was designed to explore the

Fig. 4 SPC regulates ROS and RNS to exert protective effects on neurons
after OGD. After the neurons were pretreated with SNAP, degraded
SNAP, or paraquat, neurotoxicity was determined by LDH assay (a),
and the expression of MTF-1 in the nucleus was measured by Western
blot analysis (b). SPC neurons pretreated with AG and Mn-TBAP were
subjected to neurotoxicity detection by LDH assay (c) and MTF-1

measurement by Western blot analysis (d). *P < 0.05, **P < 0.01, com-
pared with the OGD group; #P < 0.05, compared with the SNAP + OGD
or SPC + OGD group. SPC, sevoflurane preconditioning; LDH, lactate
dehydrogenase; MTF-1, metal-responsive transcription factor-1; AG,
aminoguanidine; OGD, oxygen-glucose deprivation; ROS, reactive oxy-
gen species; RNS, reactive nitrogen species
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possible mechanism of the protective effect of SPC against I/R
injury in neurons from mouse models. Based on data from
previous studies and our conjecture, we hypothesized that
SPC may exhibit neuroprotection in MCAO mouse models
by regulating MT-1 and MT-2.

First, mice subjected to SPC were subsequently subjected
to MCAO model establishment to observe the effect of SPC
on OGD-induced neuronal injury. It was found that SPC can
significantly reduce brain infarction area and cell apoptosis in

addition to suppressing the release of neurotoxicity, as evi-
denced by decreased LDH release in OGD-induced neuronal
injury. Previous studies illustrated that MT-1 and MT-2 ex-
pressions were altered in response to ischemic injury and an-
esthetic intervention (Carmel et al. 2004; Lipton 1999).
Furthermore, we found upregulated MT-1 and MT-2 expres-
sions in MCAO mice with SPC, indicating that SPC can up-
regulate the expression of MT-1 and MT-2 in mice with I/R
injury. Consistent with the results of the current study, several

Fig. 5 MTF-1 upregulates the
expression of MT-1 and MT-2 af-
ter SPC. Primary neurons were
transfected with sh-MTF-1 before
SPC and OGD to determine the
effect of MTF-1 on MT-1 and
MT-2 expressions. The expres-
sion of MTF-1 in the nucleus was
determined by Western blot anal-
ysis (a), and the mRNA expres-
sion levels of MT-1 and MT-2
were determined by qRT-PCR
(b). ELISAwas applied to esti-
mate the content of MT-1 and
MT-2 in the supernatant (c).
Neurotoxicity was measured by
an LDH assay (d). The specific
mechanism of SPC in the neuro-
protection against I/R injury (e).
*P < 0.05, **P < 0.01, compared
with the sh-NC + SPC + OGD
group. MTF-1, metal-responsive
transcription factor-1; MT-1,
metallothionein-1; MT-2,
metallothionein-2; SPC,
sevoflurane preconditioning;
OGD, oxygen-glucose depriva-
tion; LDH, lactate dehydroge-
nase; I/R, ischemia-reperfusion
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reports supported the protective role of MT-1 and MT-2 in a
wide range of tissues, especially in the protection against is-
chemic injury in the brain (Juarez-Rebollar et al. 2017), heart
(Duerr et al. 2016), and kidney (Wu et al. 2015). Supportive
evidence can also be found in previous studies showing that
the overexpression of MTs in T1DM animal models leads to
the prevention of diabetic cardiomyopathy and nephrotoxicity
(Mondragon 2018). Collectively, these studies agree with our
findings, showing the implication of MT-1 and MT-2 in the
neuroprotection of SPC against OGD injury.

Although our study demonstrated that MT-1 and MT-2
may exert a protective role in the SPC-mediated protection
against OGD injury, the mechanism by which MT-1 and
MT-2 confer this protective effect remains to be determined.
Studies have shown that oxidative stress, including ROS and
RNS, is the initiator in anesthesia pretreatment and plays a
major role in the pathogenesis of a variety of neurological
disorders (Radyuk et al. 2006; Sun et al . 2016).
Additionally, anesthetic preconditioning was reported to cause
the production of a small amount of ROS and RNS, which
could activate certain intracellular signals, such as NO
(Agarwal et al. 2014). Additionally, ROS and RNS can induce
an increase in the expression of MTF-1 in the nucleus, while
MTF-1 modulates the transcription of metallothionein under
oxidative stress and heavy metal stress (Andrews 2000).
Consistent with this observation, our study demonstrated that
SPC, similar to SNAP and paraquat, exerts its neuroprotective
effect by activating ROS and RNS to upregulate MTF-1 in the
nucleus. Meanwhile, MTF-1 is believed to regulate the DNA
sequence of genes encoding MTs in response to zinc ions
(Zhao et al. 2014). Therefore, we reasonably conjectured that
SPC may activate ROS and RNS to induce MTF-1 release,
which results in the upregulation ofMT-1 andMT-2. To verify
this hypothesis, neurons were pretreated with the NO synthase
inhibitors AG and Mn-TBAP before LDH release and MTF-1
expression were measured. The results revealed that pretreat-
ment with AG or Mn-TBAP could hinder the protective effect
of SPC on neurons, as evidenced by increased LDH and
downregulated MTF-1. MTs may be sensors of oxidative
stress (OS), which could exhibit a diverse range of functions,
including anti-inflammation and neuroprotection (Rodriguez-
Menendez et al. 2018). MTs are essential for the NO-mediated
translocation of the transcription factor MTF-1 to the nucleus
and for the subsequent upregulation of MT gene expression
(Li et al. 2015). Consistently, evidence in the experiment
showed that MTF-1 could upregulate the expression of MT-
1 and MT-2. Taken together, the results from this study indi-
cated that SPC upregulated the expression of MT-1 and MT-2
by activating ROS and RNS to increase MTF-1 expression,
thus playing a protective role in neurons.

In conclusion, this study indicated that MT-1 and MT-2
play an important role in the neuroprotection of SPC against
OGD-induced damage. The possible mechanism herein may

involve the activation of ROS and RNS by SPC to increase the
expression of MTF-1 in neurons, thus upregulating MT-1 and
MT-2 to exert neuroprotective effects on I/R mice. It is unde-
niable that substantial work needs to be done to experimental-
ly validate these mechanisms. Specifically, our manuscript
only concentrated on the role of MT-1 and MT-2 in the neu-
roprotection of SPC in I/R mice. However, the possible role of
SPC in activating ROS and RNS remains unknown, and the
precise mechanism through which MT-1 and MT-2 exert pro-
tective effects on I/R needs to be investigated. This limitation,
on the other hand, provides guidance for future research.
Overall, the proposed possible mechanism of SPC in I/R
may improve the understanding of SPC function and facilitate
the development of potential neuron protective therapies to
ameliorate the risk of ischemic stroke.
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