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Abstract

Sevoflurane, an inhaled ether general anesthetic agent, exerts a variety of neurotoxic effects, including oxidative stress, mito-
chondrial dysfunction, and neuronal apoptosis. However, the underlying molecular mechanisms remain to be elucidated. DJ-1 is
a protein that exerts neuroprotective effects against different kinds of stress through multiple pathways. This study aimed to
investigate the neuroprotective effects of DJ-1 against sevoflurane-induced neurotoxicity. Here, we found that sevoflurane
treatment significantly increased DJ-1 expression in human neuroblastoma M17 cells in a dose-dependent manner at both the
mRNA and protein levels. Interestingly, we found that overexpression of wild-type (WT) DJ-1 prevented sevoflurane-induced
generation of reactive oxygen species (ROS) and nitric oxide (NO), deletion of reduced GSH, reduction of adenosine triphos-
phate (ATP), and mitochondrial membrane potential. Interestingly, we found that WT DJ-1 could inhibit sevoflurane-induced
apoptosis by modulating the mitochondrial pathway. However, its “loss of function” mutation DJ-1(L166P) exacerbated
sevoflurane-induced neurotoxicity in M17 cells. Our findings suggest that WT DIJ-1 protects neuronal cells against

sevoflurane-induced neurotoxicity.
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Introduction

Sevoflurane, a common inhaled volatile anesthetic, has been
widely used in clinical surgeries (Wilder et al. 2009).
However, multiple lines of evidence have shown that admin-
istration of volatile anesthetics in rodents induces impairment
in learning and memory (Liu et al. 2010). Exposure to
sevoflurane results in a widespread increase in brain apoptosis
(Satomoto et al. 2009; Satomoto 2009). It was recently report-
ed that sevoflurane treatment resulted in decreased cell viabil-
ity and increased apoptosis by modulating caspase-3, Bcl-2,
and MEK/ERK1/2 MAPK signaling pathways in primary hip-
pocampal neuronal cultures (Wang et al. 2013). Furthermore,
sevoflurane exposure has been shown to induce apoptosis
mediated by endoplasmic reticulum (ER) stress in the hippo-
campus by increasing the expression of CHOP and caspase-
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12, which ultimately leads to cognitive impairment (Chen
et al. 2013). Increased oxidative stress and mitochondrial dys-
function are other molecular mechanisms involved in
sevoflurane-induced neurotoxicity (Yi et al. 2015). However,
the underlying mechanism remains unclear.

DJ-1, a small 20 kDa protein encoded by the gene
Parkinson’s disease protein-7 (PARK?7) is highly conserved
and ubiquitously expressed across diverse species (Lucas
and Marin 2007). Mutations in the PARK7 gene account for
~ 1-2% of early-onset recessive Parkinson’s disease (PD). DJ-
1 was originally identified as an oncogene product (Nagakubo
et al. 1997). Although the biological functions of DJ-1 still
need to be elucidated, increasing evidence has shown that DJ-
1 could protect cells from cytotoxicity caused by oxidative
stress by oxidizing itself into a more acidic form (Taira et al.
2004). Both in vivo and in vitro studies have shown that over-
expression of DJ-1 in rodents or cultured cells prevents cell
death, which is attributed to its anti-oxidative stress capacities
(Martinat et al. 2004). In contrast, inhibition of DJ-1 promotes
the susceptibility of cells to oxidative stress (Yokota et al.
2003). Interestingly, DJ-1 can prevent neurotoxin-induced mi-
tochondrial fragmentation in neuronal cells (Thomas et al.
2011). Oxidative stress causes accumulation of DJ-1 in
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mitochondria, which thereby exerts a neuroprotective effect
(Junn et al. 2009), implicating that mitochondria might be a
site of neuroprotective action for DJ-1. It is well-documented
that wild-type (WT) DJ-1, but not DJ-1 mutants, scavenges
oxidative stress. A homozygous point mutation (L166P) of
DJ-1 has been studied as a “loss-of-function” mutation of
DJ-1, which is associated with early-onset familial
Parkinson’s disease (PD). The L166P mutant of DJ-1 in-
creases susceptibility to cell death in response to various oxi-
dative stress stimuli (Deeg et al. 2010). The chaperone activity
of DJ-1 has been demonstrated in previous studies. Abnormal
aggregation of proteins such as o-synuclein is an important
characteristic feature of PD. Interestingly, it has been reported
that WT DJ-1, but not its L166P mutant, functions as a redox-
sensitive chaperone and inhibits aggregation of «-synuclein in
neuroblastoma cells (Shendelman et al. 2004). DJ-1 and
Escherichia coli Hsp31 are the two most important members
of the ThiJ/Pfpl superfamily and contain a conserved domain.
Interestingly, Hsp31 also has chaperone and detoxifying en-
zyme activities and manages misfolded proteins, thus rescuing
a-synuclein toxicity by attenuating o-synuclein aggregation
(Zondler et al. 2014; Aslam and Hazbun 2016).

As one of the causative genes of familial PD, defects and
“loss of function” mutations in DJ-1 including L166P lead to
autosomal recessive early-onset PD. Indeed, the use of inhaled
anesthetics has been linked with PD in previous studies.
Mason and colleagues showed that administration of
sevoflurane changed the concentration of dopamine (DA) in
the brain by impairing the transport synaptosomes of DA, thus
leading to further damage of the dopaminergic system and
locomotor dysfunction (Mason et al. 1996). Additionally,
sevoflurane severely aggravated the prognosis of PD in anoth-
er causative gene LRRK2-associated Drosophila model by
means of synaptic cholinergic deficits and impairment of lo-
comotor abilities (Shan et al. 2015). Interestingly, a recent
study demonstrated that DJ-1 has the potential to protect neu-
ronal cells against oxidative stress, mitochondrial dysfunction,
and apoptosis induced by the inhaled anesthetic gas isoflurane
(Liu et al. 2015). However, little information regarding the
effects of DJ-1 on neurotoxicity induced by the inhaled vola-
tile anesthetic sevoflurane has been reported before.

Materials and methods
Cell cultures and treatment

Human M17 neuroblastoma cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)/Opti-MEM
(1:1) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S) at 37 °C in a humidified atmo-
sphere of 5% CO,. Stable cell lines overexpressing WT DJ-1
or DJ-1 L166P mutant were generated as previously described
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(Li et al. 2013a). Cells were exposed to 1, 2, or 3%
sevoflurane for 36 h in one chamber.

MTT (3-(4,5-dimethyl-2-thiazolyl)
-2,5-diphenyl-2-H-tetrazolium bromide) assay

MTT reduction assay was used to determine cell prolifera-
tion in response to the indicated treatment. Briefly, upon
completion of the indicated treatment, MTT was added into
the culture medium without FBS at a final concentration of
1 mg/mL and incubated for 4 h in a CO, incubator at
37 °C. The reaction product formazan crystals were dis-
solved using dimethyl sulfoxide (DMSO) on a shaker for
10 min in darkness. OD values were recorded at 570 nm to
calculate the rate of cell proliferation.

Determination of LDH release

The release of LDH from cytosol into the culture medium was
determined using a commercial kit (Thermo Fisher Scientific,
USA). Briefly, after the necessary treatment, 50-pl superna-
tant per well of the culture was transferred into a 96-well
microplate and mixed with 50-ul substrate. After incubation
for 30 min, the reaction was stopped using stop buffer. OD
values were recorded at 490 nm to calculate the level of LDH.

Measurement of intracellular reactive oxygen species

Intracellular levels of ROS production were assessed using the
DCFH-DA assay. After the necessary treatment, cells were
gently washed with sterile PBS and loaded with DCFH-DA
at a final concentration of 10 uM. After incubation for 30 min
at 37 °C in darkness, cells were washed five times with PBS.
Fluorescence signals were captured by a fluorescence micro-
scope and a digital camera. Statistical analysis was performed
using Image-Pro Plus software.

Determination of intracellular nitric oxide

Intracellular levels of nitric oxide (NO) production were
assessed using the DAF-FM DA assay. After the necessary
treatment, cells were gently washed with sterile PBS and load-
ed with DAF-FM DA at a final concentration of 10 uM. After
30-min incubation at 37 °C in darkness, cells were washed
five times with PBS. Fluorescence signals were captured by a
fluorescence microscope and a digital camera. Statistical anal-
ysis was performed using Image-Pro Plus software.

Determination of mitochondrial membrane potential
Intracellular MMP levels were assayed using

tetramethylrhodamine methyl ester (TMRM) fluorescent
dye. After the necessary treatment, cells were gently washed
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with sterile PBS and loaded with TMRM at a final concentra-
tion of 20 uM. After incubation for 15 min at 37 °C in dark-
ness, cells were washed five times with PBS. Fluorescence
signals were captured by a fluorescence microscope and a
digital camera. Statistical analysis was performed using
Image-Pro Plus software.

Measurement of intracellular ATP levels

Levels of intracellular ATP in M 17 cells were assayed using a
bioluminescence assay with a commercial kit (Life
Technologies, USA). After the necessary treatment, cells were
lysed with a lysis buffer. Cell lysates were centrifuged at
12,000xg for 5 min at 4 °C. Fifty microliters of supernatant
was mixed with an equal amount of luciferase reagent. The
emitted light was captured using a microplate luminometer
and used to calculate ATP concentrations.

Cytochrome C assay

After the necessary treatment, cells were washed three times
with cold PBS. Cells were then resuspended in ice-cold cyto-
solic extraction buffer and gently homogenized with a glass
Dounce homogenizer. Cells were then centrifuged at
2500 rpm at 4 °C for 10 min. The supernatant was then cen-
trifuged at 12,000xg at 4 °C for 30 min to yield a cytosolic
extract, which was subjected to Western blot analysis to de-
termine cytochrome C levels.

Real-time polymerase chain reaction

Total intracellular RNA was isolated from cultured cells using
Qiazol reagent (Qiagen, USA). DNAse (Ambion, USA) was
used to remove genomic DNA contamination. The quality and
concentration of RNA were determined by NanoDrop
ND1000 spectrophotometer (Thermo Fisher Scientific,
USA). One microgram isolated RNA was used for reverse
transcription PCR to synthesize cDNA using the SuperScript
I First-Strand Synthesis system. Two microliters of the reac-
tion product was used for real-time PCR on an ABI 7900
system with Tagman gene expression Master Mix (Applied
Biosystems, USA). The housekeeping gene GAPDH was
used as an internal control.

Western blot analysis

Cells were lysed using RIPA buffer and a commercial cocktail
protease inhibitor (Sigma-Aldrich, USA). Protein concentra-
tions were determined using a BCA protein assay (Beyotime,
China). Equivalent amounts (20 pg) of total protein were sep-
arated on 12% sodium dodecyl sulfate polyacrylamide gel
(SDS-PAGE) and electrotransferred onto polyvinylidene
difluoride (PVDF) membranes. Blots were blocked in 5%

fat-free dry milk in TBST (0.1 M Tris-buffered saline-0.1%
Tween-20) buffer for 2 h. Membranes were then sequentially
incubated with primary antibodies overnight at 4 °C and sec-
ondary antibodies for 1 h at room temperature. Blots were
visualized with an enhanced chemiluminescence reagent
(Amersham Biosciences, USA). The following antibodies
were used in this study: Rabbit monoclonal primary antibody
against DJ-1 (1:2000, #2134, Cell Signaling Technology,
USA); Rabbit monoclonal primary antibody against cyto-
chrome C (1:1000, #11940, Cell Signaling Technology,
USA); Rabbit monoclonal primary antibody against cleaved
caspase-3 (1:1000, #9661, Cell Signaling Technology, USA);
Rabbit monoclonal primary antibody against (3-actin (1:5000,
#4970, Cell Signaling Technology, USA); HRP-linked anti-
rabbit IgG antibody (1:2000, #7074, Cell Signaling
Technology, USA).

Statistical analysis

Experimental data were expressed as means+ SEM.
Experiments were repeated at least three times. Statistical
analysis was performed by one-way or two-way ANOVA.
P values less than 0.05 were considered statistically
significant.

Results

DJ-1 is an essential regulator of oxidative stress and cell sur-
vival. We assessed the expression of DJ-1 in response to
sevoflurane in human M17 cells. Our results demonstrated
that sevoflurane treatment increased the expression of DJ-1
in a dose-dependent manner (1, 2, and 3% for 36 h) at both
the mRNA levels (Fig. 1a) and protein levels (Fig. 1b). In
addition, treatment with 2% sevoflurane increased the expres-
sion of DJ-1 in a time-dependent manner at both the mRNA
levels (Fig. 1¢) and protein levels (Fig. 1d).

Elevated levels of DJ-1 may be associated with sevoflurane
neurotoxicity or a compensatory response for survival. To
elucidate the physiological function of DJ-1 in sevoflurane-
induced neurotoxicity, we used stable transfection lines of
wild-type (WT) DJ-1 and the “loss of function” L166P mutant
of DJ-1. Successful overexpression of DJ-1 is shown in
Fig. 2a. The potential protective effects of DJ-1 and the toxic
effects of L166P in neuronal cells have been widely reported
in previous studies (Li et al. 2014; Li et al. 2013b).
Consistently, we found that overexpression of WT DJ-1 re-
duced basal levels of ROS (Fig. 2b) and nitric oxide (NO)
(Fig. 3). In contrast, overexpression of DJ-1 L166P mutant
promoted the production of basal ROS and NO.
Additionally, overexpression of DJ-1 L166P mutant caused
mitochondrial dysfunction by reducing MMP levels
(Fig. 4a) and ATP production (Fig. 4b). The results in Fig.
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2b indicate that overexpression of WT DJ-1 inhibited 2%
sevoflurane (36 h)-induced generation of ROS. In contrast,
overexpression of DJ-1 L166P mutant exacerbated the produc-
tion of ROS. Similarly, our results indicate that sevoflurane
treatment significantly decreased the levels of reduced GSH,
which was prevented by overexpression of WT DJ-1 but
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exacerbated by the “loss of function” L166P mutant of DJ-1
(Fig. 2¢). Additionally, we found that overexpression of WT
DJ-1 reduced sevoflurane-induced production of nitric oxide
(NO) (Fig. 3). However, DJ-1 L166P mutant exacerbated
sevoflurane-induced production of nitric oxide (NO).
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Fig. 2 Stable transfection of wild-type (WT) DJ-1 but not DJ-1 L166P
mutant ameliorated sevoflurane-induced oxidative stress. Cells were
treated with 2% sevoflurane for 36 h. a Western blot analysis revealed
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Fig. 3 Stable transfection of wild-type (WT) DJ-1 but not DJ-1 L166P
mutant attenuated sevoflurane-induced production of nitric oxide (NO).
Cells were treated with 2% sevoflurane for 36 h. Intracellular levels of
nitric oxide (NO) were determined by DAF-FM DA assay (*P <0.01,
n=4-5)
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We then assessed the effects of DJ-1 on sevoflurane-
induced mitochondrial dysfunction in M17 cells. The re-
sults in Fig. 4a indicate that sevoflurane treatment signifi-
cantly reduced MMP, which was inhibited by overexpres-
sion of WT DJ-1, but exacerbated by DJ-1 L166P mutant.
Additionally, we found that WT DJ-1 ameliorated
sevoflurane-induced reduction of ATP. In contrast, DJ-1
L166P mutant exacerbated sevoflurane-induced reduction
of ATP (Fig. 4b). These results imply that DJ-1 plays a key
role in protecting mitochondria from sevoflurane-induced
insult in M1 neuronal cells.

Both MTT (Fig. 5a) and LDH assays (Fig. 5b) indicate that
sevoflurane induced significant cell death in M17 cells.

Importantly, overexpression of WT DJ-1 caused M17 cells
to be more resistant to sevoflurane-induced neurotoxicity. In
contrast, overexpression of DJ-1 L166P mutant exacerbated
neuronal death. Additionally, TUNEL assay indicated that
overexpression of WT DJ-1 reduced sevoflurane-induced ap-
optosis. In contrast, DJ-1 L166P mutant promoted
sevoflurane-induced apoptosis (Fig. 6).

Mitochondrial dysfunction results in the release of cyto-
chrome C from mitochondria into the cytoplasm, thereby ac-
tivating cleavage of caspase-3 (Fiocchetti et al. 2013). Western
blot analysis demonstrated that overexpression of WT DJ-1
reduced the release of cytochrome C and cleavage of caspase-
3 induced by sevoflurane. COX4 was used as the control for
cytosolic fractions. In contrast, overexpression of DJ-1 L166P
mutant exacerbated the release of cytochrome C (Fig. 7a) and
cleavage of caspase-3 (Fig. 7b).

Discussion

DJ-1 is ubiquitously expressed across diverse tissues.
Multifunctional features of DJ-1 have been reported in previ-
ous studies (Gao et al. 2017). Although the precise biological
functions of DJ-1 remain unclear, DJ-1 has been reported to
play key roles in a variety of physiological processes (Xu et al.
2017). It is well-recognized that DJ-1 could act as a redox
sensitive adapter protein and play critical roles in regulating
the cellular response to toxic stimuli (Piston et al. 2017).
However, it should be noted that WT DJ-1, but not DJ-1
L166P mutant, has protective properties against toxic stimuli.
Deletion of DJ-1 induces increased cellular susceptibility to
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Fig. 4 Stable transfection of wild-type (WT) DJ-1 but not DJ-1 L166P
mutant ameliorated sevoflurane-induced mitochondrial dysfunction.
Cells were treated with 2% sevoflurane for 36 h. a Intracellular levels

of mitochondrial membrane potential (MMP) were measured by TMRM
assay. b Intracellular levels of ATP were measured by bioluminescence
assay (*P <0.01, n=4-5)
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Fig. 5 Stable transfection of wild-type (WT) DJ-1 but not DJ-1 L166P
mutant ameliorated sevoflurane-induced neuronal death. Cells were treat-
ed with 2% sevoflurane for 36 h. a Cell viability was determined by the

neurotoxic insults. For example, DJ-1 knockout mice display
nigrostriatal dopaminergic deficits and hypokinesia (Goldberg
et al. 2005) and show increased vulnerability to 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxicity (Kim
etal. 2005). In contrast, mice with overexpressed DJ-1 display
increased resistance to MPTP toxicity (Paterna et al. 2007).
The DJ-1 L166P mutant has been associated with the patho-
genesis of autosomal recessive early-onset Parkinsonism
(Guo et al. 2008). In the current study, we found that
sevoflurane could elevate the expression of DJ-1 in human
M17 neuronal cells. As far as we know, this is the first time
the physiological function of DJ-1 against sevoflurane-
induced neurotoxicity has been investigated.

Exposure to sevoflurane caused widespread cerebral neu-
rotoxicity. In vitro studies have shown that exposure to
sevoflurane induced excessive production of ROS and re-
duced the activity of superoxide dismutase (SOD) in neuronal
cells (Yi et al. 2015). Here, our results showed that

(A)
Vehicle WTDJ-1 L166P  Vehicle = WT DJ-1
Sevoflurane - - - +
o . . . .

MTT assay. b The release of LDH was determined by a commercial kit
(*P<0.01,n=4-5)

overexpression of WT DJ-1 but not its L166P mutant
abolished sevoflurane-induced generation of ROS and dele-
tion of reduced GSH, which is consistent with findings from a
previous study showing that WT DJ-1 protected neuronal cells
from oxidative stress-induced insults but its L166P mutant
promoted such insults (Li and Xu 2013). Sevoflurane treat-
ment can cause apoptosis through the mitochondria-
dependent apoptosis pathway (Loop et al. 2005). In this
study, our results demonstrated that sevoflurane treatment
induced a reduction in MMP and ATP in M17 cells, which
could be prevented by treatment with WT DJ-1 and exac-
erbated by DJ-1 L166P mutant. Similarly, a recent study
has shown that overexpression of WT DJ-1 in M17 cells
maintained normal mitochondrial morphology but DJ-1
mutants including R98Q, D149A, and L166P induced sig-
nificant fragmentation of mitochondria. Furthermore, DJ-1
mutants led to mitochondrial dysfunction and increased
sensitivity to oxidative stress or neurotoxins (Wang et al.
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Fig. 6 Stable transfection of wild-type (WT) DJ-1 but not DJ-1 L166P mutant attenuated sevoflurane-induced apoptosis. Cells were treated with 2%
sevoflurane for 36 h. a Cell apoptosis was determined by the TUNEL assay. b Quantitation of apoptotic cells (*P <0.01, n=4-5)
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Fig. 7 Stable transfection of wild-type (WT) DJ-1 but not DJ-1 L166P
mutant ameliorated sevoflurane-induced release of cytochrome C and
cleavage of caspase-3. a The release of cytochrome C was measured by

2012). Here, our findings indicate that DJ-1 mitigated
sevoflurane-induced neuronal apoptosis by reducing the
release of cytochrome C from mitochondria to cytosol
and the subsequent cleavage of caspase-3. We speculated
that DJ-1 might protect neuronal cells against sevoflurane-
induced neuronal death through modulation of the
mitochondria-dependent pathway. Consistently, it has been
reported that DJ-1 inhibits apoptosis by decreasing caspase
activation and reducing Bax expression, thereby
preventing p53 activation (Fan et al. 2008).

In the current study, our results demonstrated that WT
DJ-1 but not PD-associated DJ-1 L166P mutant protected
neuroblastoma M17 cells against sevoflurane-induced cy-
totoxicity, which is consistent with a case report showing
that long-term exposure to anesthetic gases including
sevoflurane may have induced PD in the subject
(Mastrangelo et al. 2013). Our results support the hypoth-
esis of association between exposure to anesthetic gases
and risk of PD. Here, our results demonstrate that sevoflurane
treatment increased expression of DJ-1, which has been re-
ported to be an important chaperone molecule. Interestingly, a
previous study demonstrated that sevoflurane induced the ex-
pression of another important chaperone protein heat shock
protein 70 (HSP70) (Pagel 2008). However, whether
sevoflurane influences the chaperone activity of DJ-1 is still
unknown. Further investigation is warranted to characterize
the underlying mechanism.

Taken together, our findings show that WT DJ-1 protects
neuronal cells against sevoflurane-induced oxidative stress
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Western blot analysis. b Cleavage of caspase-3 was measured by Western
blot analysis (*P <0.01, n=4-5)

and apoptosis via a mitochondria-dependent pathway. In con-
trast, DJ-1 L166P mutant exacerbates the neurotoxic effect of
sevoflurane in neuronal cells.
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