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Autophagy activation prevents sevoflurane-induced 
neurotoxicity in H4 human neuroglioma cells
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Aim: The inhaled anesthetic sevoflurane may induce cognitive impairment in both animals and humans.  Previous study has shown 
that sevoflurane triggers ER stress and may lead to apoptosis in rat hippocampal neurons.  In this study, we examined whether 
sevoflurane caused autophagy and its contributions to sevoflurane induced neuronal cell injury.
Methods: H4 human neuroglioma cells were exposed to 4.1% sevoflurane for 6 h.  Cell viability and apoptosis ratio were assessed 
using a CCK8 kit and flow cytometry, respectively.  Autophagosomes in the cells were detected using GFP-LC3 plasmid transfection or 
transmission electronic microscopy.  The expression of LC3B, p62/SQSTM , C/EBP homologous protein (CHOP) and glucose-related 
protein 78 (GRP78) was assessed with Western blotting.  
Results: Sevoflurane treatment induced apoptosis and markedly increased the LC3-II level and GFP-LC3 puncta number, decreased 
p62 expression in H4 cells.  Activation of autophagy by rapamycin (1 μmol/L) significantly reduced sevoflurane-induced apoptosis and 
increased cell viability, whereas inhibition of autophagy with 3-MA (5 mmol/L) caused the opposite effects.  Furthermore, sevoflurane 
treatment markedly increased the expression of CHOP and GRP78, two hallmark proteins of ER stress.  Inhibition of ER stress by 
4-phenylbutyrate (500 μmol/L) abrogated sevoflurane-induced autophagy and apoptosis, and improved the viability.  Moreover, 
sevoflurane-stimulated expression of CHOP and GRP78 was inhibited by rapamycin, but further enhanced by 3-MA.
Conclusion: Sevoflurane treatment induces ER stress and activates autophagy, which antagonizes sevoflurane-induced apoptosis in H4 
human neuroglioma cells.  The results suggest that autophagy may be a potential therapeutic target in preventing sevoflurane-induced 
neurotoxicity.
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Introduction
Sevoflurane is the most widely used halogenated inhaled 
anesthetic in clinical practice, characterized by low pungency, 
non‑irritating odor and a low blood/gas partition coefficient[1].  
However, increasing evidence has suggested that sevoflu-
rane may induce cognitive impairment in both animals and 
humans[2–4].  Previous investigations found that neural apop-
tosis, neuroinflammation and abnormal protein deposition in 
the neurons may contribute to the cognitive impairment[5–8].  
Consistently, our previous investigation also found that sevo-
flurane triggers endoplasmic reticulum (ER) stress and may 
lead to neuronal cell apoptosis[9].  Although the mechanism is 
not fully understood, it seems that the elderly are more vul-

nerable to sevoflurane-induced cognitive deficit[10].  
Autophagy, an evolutionarily conserved process of self-

digestion, plays an important role in maintaining cellular 
homeostasis from yeast to mammals[11].  In the central nervous 
system, autophagy plays a critical role because the post-mito-
genesis nature of neurons makes it difficult for them to dilute 
aging proteins and impaired organelles in daughter cells.  Cer-
tain lines of evidence have indicated that autophagy declines 
along with aging, suggesting a close association of autophagy 
deficiency with age-related neurological disorders[12–14].  
Indeed, recent investigations have suggested that insufficient 
autophagy may be responsible for cognitive decline and neu-
rodegeneration in the aging process[15].  Therefore, autophagy 
deficiency may be one of the underlying reasons for sevoflu-
rane-induced cognitive impairment in older people.  However, 
it is still not clear whether and how sevoflurane regulates the 
autophagy process in neuronal cells.
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H4 human neuroglioma cells have been used as an alterna-
tive to primary neurons in several previous studies, despite 
their immortal nature[16, 17].  In this study, we employed H4 
human neuroglioma cells to investigate whether sevoflurane 
causes autophagy and its contributions to sevoflurane-induced 
cell injury.

Materials and methods
Materials 
The following materials were used: bafilomycin A1 (Sigma-
Aldrich, B1793, St Louis, MO, USA), rapamycin (Sigma-
Aldrich, R0395), 3-MA (Sigma-Aldrich, M9281), 4-phenylbu-
tyrate (4-PBA, Sigma-Aldrich, SML0309), anti-C/EBP homolo-
gous protein (CHOP) antibody (Cell Signaling Technology, 
2895, Danvers, MA, USA), anti-β-actin antibody (Cell Signal-
ing Technology, 4970), anti-SQSTM1/p62 antibody (Medical 
and Biological Laboratories, PM045, Tokyo, Japan), anti-LC3 
antibody (Novus Biologicals, NB100-2220, Littleton, CO, USA), 
anti-glucose-related protein 78 (GRP78) antibody (Santa Cruz 
Biotechnology, sc-1050, Santa Cruz, CA, USA), anti-cleaved 
caspase 3 antibody (Cell Signaling Technology, 9664), HRP-
conjugated goat anti-rabbit secondary antibody (Pierce, 31460), 
and HRP-conjugated goat anti-mouse secondary antibody 
(Pierce, 31430).

Cell culture
H4 human neuroglioma cells purchased from the China Cen-
ter for Type Culture Collection were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY, 
USA) containing 10% heat-inactivated fetal bovine serum, 100 
U/mL penicillin, 100 μg/mL streptomycin, and 2 mmol/L 
glutamine (all from Gibco, Grand Island, NY, USA) at 37 °C 
with 5% CO2 in a humidified incubator.

Exposure to sevoflurane
Culture plates were put into an airtight plastic chamber with 
inlet and outlet connectors.  The inlet port of the chamber was 
connected to a sevoflurane vaporizer to adjust the concentra-
tion of sevoflurane.  The chamber was then gassed with 0%, 
4.1% or 8% sevoflurane in the carrier gas (95% air/5% CO2) for 
15 min.  The concentration of sevoflurane in the chamber was 
monitored at the chamber outlet port by a gas monitor (PM 
8060, Drager, Lübeck, Germany) until the target concentration 
was reached.  The chamber was then sealed and incubated at 
37 °C for 6 h.  The gas in the chamber was renewed every 3 h, 
and the target concentration of sevoflurane was confirmed at 
the end of the incubation by gas monitor.  The control cells 
underwent the same procedure but with 5% CO2 air.

Cell viability analysis 
Cell viability was measured by the CCK8 assay (cell counting 
kit-8, 7 sea Molecular Technologies, Shanghai, China) accord-
ing to the manufacturer’s instructions.  Cells were seeded 
in 96-well cell culture plates at a cellular density of 5×103 
cells/well.  After exposure to sevoflurane, the cell monolayer 
was rinsed with phosphate-buffered saline (PBS) three times, 

and then 1:10 diluted CCK8 solution in DMEM was added to 
the cells and incubated for 2 h at 37 °C.  The absorbance was 
measured by a microplate reader at 450 nm and expressed as 
percentages of the control values.

Apoptotic cell analysis
Comparative levels of apoptotic cells were determined by 
flow cytometry.  After exposure to sevoflurane, the cells were 
harvested and washed twice with cold PBS, resuspended in 
1×Annexin V binding buffer and then stained with PI and 
annexin V using the Annexin V-FITC apoptosis detection kit 
(Becton–Dickinson, San Jose, USA) according to the manu-
facturer’s protocol.  The apoptosis ratio was measured by BD 
FACS Accuri C6 (Becton-Dickinson, San Jose, USA).  

Western blotting analysis
The treated cells were collected and washed twice with cold 
PBS, then lysed in an appropriate amount of cell lysis buf-
fer for Western and IP (Beyotime, Shanghai, China) with 1× 
protease inhibitor cocktail (Merck, Darmstadt, Germany) on 
ice for 15 min.  The supernatant was collected by centrifuga-
tion at 16 200×g for 10 min, and the protein concentration 
was determined using a bicinchoninic acid protein assay kit 
(Beyotime, Shanghai, China).  Equal amounts of the proteins 
were subjected to 13.5% SDS-PAGE and then transferred to a 
nitrocellulose filter membrane (Whatman, Dassel, Germany) 
after separation by electrophoresis.  After blocking with 5% 
skim milk at room temperature for 1 h, the membrane was 
incubated with primary antibody overnight at 4 °C.  The mem-
branes were then washed 5 times for 3 min with TBST and 
incubated with HRP-conjugated secondary antibodies for 2 h 
at room temperature.  Bands were visualized using the ECL 
plus Western blotting detection system (PerkinElmer, USA), 
and the membranes were revealed in a C-DiGit Blot Scanner 
(Li-cor Bioscience, Lincoln, NE, USA).  The signals were quan-
tified using Image Studio Digits Vers 3.1.

Transmission electron microscopy 
After treatment, cells were fixed with 2.5% glutaraldehyde in 
PBS (pH 7.4) at 4 °C for 2 h and then post-fixed in 1% osmium 
tetroxide in water for 1 h.  After several washes in distilled 
water, the samples were dehydrated by a graded ethanol 
series and embedded in resin.  Thin sections (0.1 μm) were 
cut and stained with 2% uranyl acetate and lead citrate in 
the dark.  The autophagic vacuoles and dilated endoplasmic 
reticulum were detected using a Zeiss EM900 transmission 
electron microscope (Carl Zeiss, Oberkochen, Germany).  

LC3 puncta analysis
The GFP-LC3 plasmid was a generous gift from Dr Zhao 
(School of Public Health, Zhejiang University, Hangzhou, 
China).  The transfection of GFP-LC3 plasmid into H4 cells 
was performed using Lipofectamine 3000 according to the 
manufacturer’s protocol.  Forty-eight hours after transfec-
tion, cells were exposed to 0% or 4.1% sevoflurane for 6 h, 
and then the percentage of GFP-LC3 puncta-positive cells and 
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the number of green puncta in each cell were observed and 
recorded under a Zeiss LSM 510 confocal microscope (Carl 
Zeiss, Germany).  For each section, at least five random fields 
were included, and at least 20 cells were counted for each 
group.  

Statistical analysis
Representative results from at least three independent experi-
ments are shown.  The differences among groups were ana-
lyzed by one-way analysis of variance (ANOVA), and the 
means of two groups were compared using Student’s t-test 
with GraphPad Prism 6.  P<0.05 was considered to be statisti-
cally significant.  The data were presented as mean±SEM of 
three replications.

Results
Sevoflurane induces autophagy in H4 cells
To determine whether sevoflurane can induce autophagy, we 
first examined the level of autophagic mark protein MAP1LC3 
(LC3) in H4 cells when the cells were exposed to sevoflurane 
(0%, 4.1% or 8%) for 6 h.  The soluble form of LC3 (LC3-I) 
converts to the autophagosome-associated form (LC3-II) dur-
ing the process of autophagosome formation[18].  The results of 
Western blotting analysis showed that sevoflurane increased 
the level of LC3-II in H4 cells in a concentration-dependent 
manner (Figure 1A).

However, an increased level of LC3-II may result from 
either the increased formation of autophagosomes or the 
decreased degradation of autophagosomes.  To discriminate 
between these two possibilities, we detected the expression of 
p62, which is degraded by the autophagosome-lysosome path-
way[19].  Our results showed that sevoflurane decreased the 
p62 level, suggesting that autophagy flux was not blocked by 
sevoflurane (Figure 1A).  Moreover, we used bafilomycin A1 
(Baf, 10 nmol/L), an inhibitor of autophagosome and lysosome 
fusion, to block the autophagic flux when cells were exposed 
to a clinically relevant concentration (4.1%) of sevoflurane for 
6 h.  Our results showed that bafilomycin A1 further increased 
the sevoflurane-induced accumulation of LC3-II (Figure 1B).  

Moreover, the results of transmission electronic microscopy 
showed that the exposure of H4 cells to 4.1% sevoflurane for 
6 h led to the pronounced formation of autophagosomes and 
autophagic vacuoles in H4 cells, while autophagosome-like 
vacuoles were hardly seen in untreated cells, and bafilomycin 
A1 further increased the pronounced formation of autophago-
somes and autophagic vacuoles induced by sevoflurane (Fig-
ure 1C).

In addition, to further confirm that sevoflurane increased 
autophagic flux, we transfected H4 cells with GFP-LC3 plas-
mid and detected the percentage of GFP-LC3 puncta-positive 
cells and the number of GFP-LC3 puncta in the H4 cells.  Our 
results showed that sevoflurane increased the percentage 
of GFP-LC3 puncta-positive cells and the number of GFP-
LC3 puncta in H4 cells, and these changes were significantly 
enhanced by bafilomycin A1 (Figure 1D and 1E).  

Overall, these results demonstrate that sevoflurane activates 

autophagy in H4 cells.

Autophagy protects against sevoflurane-induced apoptosis in H4 
cells
Sevoflurane has been reported to induce apoptosis in H4 
cells[20], and autophagy has been suggested to modulate apop-
tosis[21].  To determine the role of autophagy in sevoflurane-
induced apoptosis, cells were exposed to sevoflurane (0% or 
4.1%) with or without rapamycin (Rap, an autophagy inducer, 
1 μmol/L) or 3-MA (an autophagy inhibitor, 5 mmol/L) 
for 6 h[22].  As shown in Figure 2A, the level of LC3-II was 
increased by rapamycin and decreased by 3-MA, suggesting 
that autophagy in H4 cells was enhanced by rapamycin and 
inhibited by 3-MA.  In line with previous findings, our results 
showed that exposure to 4.1% sevoflurane for 6 h significantly 
decreased cell viability and increased the expression of cleaved 
caspase 3 and the apoptosis rate of H4 cells (Figure 2B–2E).  
Rapamycin improved the viability of sevoflurane-treated cells 
and attenuated the apoptosis induced by sevoflurane (Figure 
2B–2E).  Conversely, 3-MA further decreased the cell viability 
after sevoflurane treatment and promoted cell apoptosis (Fig-
ure 2B–2E).  Neither rapamycin nor 3-MA, used alone, has a 
significant effect on cell viability and apoptosis (Figure 2B–2E).  
Therefore, these results suggest that the activation of autoph-
agy prevents sevoflurane-induced apoptosis in H4 cells.  

Sevoflurane-induced autophagy is mediated by ER stress in H4 
cells
The above results suggest that autophagy plays an important 
role in sevoflurane-induced cell apoptosis.  We then investigated 
the mechanism underlying sevoflurane-induced autophagy.

Previous studies suggested that sevoflurane induces neuron 
apoptosis by activating ER stress, which has been reported to 
be a potent trigger of autophagy[23, 24].  To investigate the role 
of ER stress in sevoflurane-induced autophagy, we analyzed 
two hallmark proteins of ER stress, CHOP and GRP78.  Our 
results showed that 4.1% sevoflurane exposure for 6 h signifi-
cantly increased the expression levels of CHOP and GRP78, 
indicating that sevoflurane induced ER stress in H4 cells (Fig-
ure 3A).  To verify this result, 4-PBA, an chemical chaperone 
that enhances the ER’s capacity to cope with misfolded protein 
in cells[25], was employed as an ER stress inhibitor.  Our results 
suggested that 4-PBA (500 μmol/L) not only inhibited the 
increased expression of CHOP and GRP78 but also suppressed 
the increase of LC3-II and induced p62 accumulation in H4 
cells exposed to sevoflurane (Figure 3A and 3B).  There were 
no significant alterations to the levels of CHOP, GRP78, LC3-
II and p62 by 4-PBA alone.  Moreover, transmission electronic 
microscopy observation showed that the exposure of H4 cells 
to 4.1% sevoflurane for 6 h led to the pronounced formation 
of autophagic vacuoles and dilated endoplasmic reticulum, 
while 4-PBA significantly inhibited the formation of autopha-
gic vacuoles and dilated endoplasmic reticulum induced by 
sevoflurane (Figure 3C).  Altogether, these results indicate that 
ER stress mediates the sevoflurane-induced autophagy in H4 
cells.  
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ER stress is involved in sevoflurane-induced apoptosis in H4 cells
In addition to inducing autophagy, ER stress has been reported 
to mediate cell apoptosis in neural cells[9].  We then explored 
the role of ER stress in sevoflurane-induced apoptosis in H4 
cells.  We found that the inhibition of ER stress by 4-PBA (500 
μmol/L) abrogated cell apoptosis and reversed the reduction 
in cell viability in H4 cells exposed to 4.1% sevoflurane for 6 h.  
No significant effect on cell viability was produced by 4-PBA 
alone (Figure 4A–4C).  These results suggest that ER stress is 
involved in sevoflurane-induced apoptosis.  

Activation of autophagy reduces ER stress in sevoflurane-treated 
H4 cells
Having demonstrated that the activation of autophagy pre-
vents sevoflurane-induced apoptosis and that sevoflurane-
induced apoptosis involves ER stress in H4 cells, we then 
hypothesized that the activation of autophagy in turn regu-
lates ER stress in H4 cells.  As shown in Figure 5, the activa-
tion of autophagy by rapamycin (1 μmol/L) significantly 
reduced the high expression of CHOP and GRP78 induced by 
sevoflurane; conversely, the inhibition of autophagy by 3-MA 

Figure 1.  Sevoflurane induced autophagy in H4 cells.  (A) Western blot analysis of LC3-II and p62 in H4 cells exposed to 0%, 4.1% or 8% sevoflurane 
for 6 h.  (B) Western blot analysis of LC3-II and p62 in H4 cells exposed to 0% or 4.1% sevoflurane with/without bafilomycin A1 (Baf, 10 nmol/L) for 6 h.  
(C) H4 cells were exposed to 0% or 4.1% sevoflurane with/without bafilomycin A1 for 6 h, followed by the assessment of autophagic vacuoles (black 
arrow head) by transmission electronic microscopy.  Representative results are shown.  (D) Effect of sevoflurane on the percentage of GFP-LC3 puncta-
positive cells in H4 cells exposed to 0% or 4.1% sevoflurane with/without bafilomycin A1 (Baf, 10 nmol/L) for 6 h.  (E) Effect of sevoflurane on the 
formation of GFP-LC3 puncta in H4 cells exposed to 0% or 4.1% sevoflurane with/without bafilomycin A1 (Baf, 10 nmol/L) for 6 h.  The data represent 
the mean±SEM of three replications.  *P<0.05, **P<0.01.  
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(5 mmol/L) further increased the sevoflurane-upregulated lev-
els of CHOP and GRP78 (Figure 5).  These results suggested 
that the activation of autophagy reduces ER stress in H4 cells 
exposed to sevoflurane.

Discussion
In this study, we found that sevoflurane induced autophagy in 
H4 cells.  Moreover, we found that the inhibition of autophagy 
by 3-MA sensitized the cells to sevoflurane-induced cell injury, 
while the activation of autophagy by rapamycin ameliorated 
the effect, suggesting that autophagy acts as a pro-survival 
mechanism in cells exposed to sevoflurane.  The inhibition of 
ER stress by 4-PBA blocked sevoflurane-induced autophagy 
and cell demise, suggesting that ER stress may contribute to 
the neuroprotection conferred by autophagy.  Our results sug-
gested that autophagy may be a potential therapeutic target in 
prevention of sevoflurane-induced neurotoxicity.  

Autophagy is an important homeostatic mechanism that can 
be induced by multiple forms of cellular stresses, including 

nutrient or growth factor deprivation, hypoxia, ER stress, 
protein aggregates and intracellular pathogens[26].  Recently, it 
has been proposed that the activation of autophagy might be 
a potential way to prevent the neurotoxicity of general anes-
thetics, including sevoflurane, which is the most widely used 
inhalation anesthetic[23, 27].  However, the effect of sevoflurane 
on autophagy remains unknown.  Previous studies have dem-
onstrated that sevoflurane generates reactive oxygen species 
and induces ER stress in neural cells[9, 23, 28].  Moreover, at the 
molecular level, sevoflurane has been suggested to increase 
neuron apoptosis by inhibiting phosphoinositide-3-kinase 
activity, which may induce autophagy via the PI3K-I/AKT/
TSC/mTOR pathway[29].  However, direct evidence of sevoflu-
rane’s effect on autophagy activation in neural cells remains 
lacking.  In this study, we provided the first evidence that 
sevoflurane activates autophagy in H4 human neuroglioma 
cells.  

Autophagy plays a double pro-survival or pro-death role 
in cells, which is dependent on various conditions[30].  On one 

Figure 2.  Activation of autophagy prevents sevoflurane-induced apoptosis in H4 cells.  H4 cells were exposed to 0% or 4.1% sevoflurane with/without 
rapamycin (Rap, 1 μmol/L) or 3-MA (5 mmol/L) for 6 h.  (A) Expression of LC3 detected by Western blotting.  (B) Expression of cleaved caspase 3 
detected by Western blotting.  (C) Apoptosis rate of H4 cells determined by Annexin V-FITC/PI staining and flow cytometry analysis.  (D) Histogram shows 
the effect of sevoflurane, rapamycin and 3-MA on cell apoptosis determined by flow cytometry.  (E) Effects of sevoflurane, rapamycin and 3-MA on cell 
viability were measured by CCK8 kit.  The data represent the mean±SEM of three replications.  *P<0.05, **P<0.01.  
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hand, autophagy may act as an alternative pathway to induce 
cell demise or act together with apoptosis as a combined 
mechanism for cell death[31].  On the other hand, autophagy 
has been viewed as a cellular self-defense response, particu-
larly in ischemic heart disease and neurodegenerative dis-
eases[11].  Recent studies have suggested that the activation of 
autophagy mediates the cardioprotection of both precondi-
tioning and delayed preconditioning by sevoflurane in myo-
cardial ischemia–reperfusion injury[32–34].  Increasing evidence 
has shown that autophagy plays a protective role in various 
chronic and acute neurodegenerative diseases due to its role 
in eliminating ‘toxic assets’ and promoting cell viability[35, 36].  
Here, we found that sevoflurane induced apoptosis in H4 
cells, which is consistent with previous studies[20, 28].  To inves-
tigate the effect of autophagy on sevoflurane-induced injury 
in H4 cells, we exposed H4 cells to sevoflurane combined with 
3-MA or rapamycin.  Our results showed that 3-MA further 
decreased the viability of sevoflurane-treated H4 cells and 
enhanced sevoflurane-induced apoptosis; conversely, rapamy-
cin significantly increased the viability of sevoflurane-treated 

H4 cells and ameliorated apoptosis.  Although the most effec-
tive method for autophagy intervention is the modulation of 
autophagy-related gene expression, our results are sufficient 
to indicate that the autophagy induced by sevoflurane is a 
protective response in H4 cells.

We found that sevoflurane increased the expression of 
GRP78 and CHOP, suggesting that sevoflurane induced ER 
stress in H4 cells.  This result is consistent with our previ-
ous finding in rat hippocampal neurons[9].  ER stress may be 
induced by many factors[37].  The exact mechanisms underly-
ing sevoflurane-induced ER stress remain unclear.  Both intra-
cellular calcium disturbance and oxidative stress induced by 
volatile anesthetics may contribute[28, 38–40].  Unfolded protein 
response (UPR) and autophagy are two compensatory mecha-
nisms during ER stress.  Many studies have demonstrated 
that UPR helps to attenuate ER stress; however, prolonged 
UPR may lead to cell apoptosis[41, 42].  In this study, we dem-
onstrated that ER stress is involved in sevoflurane-induced 
apoptosis.  Autophagy is an important compensatory mecha-
nism for ER stress and promotes cell survival by eliminating 

Figure 3.  Sevoflurane-induced autophagy is mediated by ER stress in H4 cells.  H4 cells were exposed to sevoflurane (0% or 4.1%) with/without 4-PBA (500 
μmol/L), an inhibitor of ER stress for 6 h.  (A) The effect of sevoflurane and 4-PBA on the expression of CHOP and GRP78 were determined by Western 
blot analysis.  (B) Effect of sevoflurane and 4-PBA on the expression of p62 and LC3 were determined by Western blot analysis.  (C) Autophagic vacuoles 
(black arrow head) and dilated endoplasmic reticulum (red arrow head) observed under the transmission electronic microscopy.  The data represent the 
mean±SEM of three replications.  *P<0.05, **P<0.01.
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the unfolded protein and the damaged organelles that accu-
mulate in the cell[43].  We found that the inhibition of ER stress 
abrogated sevoflurane-induced autophagy, and the activation 
of autophagy attenuated the sevoflurane-induced ER stress, 
suggesting that autophagy is a protective response to sevo-
flurane-induced ER stress.  However, the precise mechanisms 
underlying ER stress-mediated autophagy induced by sevo-
flurane need to be further elucidated.  Moreover, because ER 
stress mediates sevoflurane-induced apoptosis and autophagy 
is a protective response to sevoflurane-induced ER stress, cells 
may possess different degrees of autophagy activity at differ-
ent stages of apoptosis.  However, such correlations should be 
further investigated.

In conclusion, this study indicated that sevoflurane acti-
vates autophagy, which protects against sevoflurane-induced 
apoptosis in H4 cells.  These findings suggest that it is worth 
conducting further research to investigate the potential impor-
tance of autophagy in protection from sevoflurane-induced 
neuronal injury.  

Acknowledgements
This study was supported by grants from the National Natu-
ral Science Foundation of China (No 81371214) and Zheji-
ang Provincial Natural Science Foundation of China (No 
LY12H09005).

Figure 4.  ER stress is involved in sevoflurane-induced apoptosis in H4 cells.  H4 cells were exposed to 0% or 4.1% sevoflurane with/without 4-PBA (500 
μmol/L) for 6 h.  (A) Apoptosis rate of H4 cells determined by Annexin V-FITC/PI staining and flow cytometry analysis.  (B) Histogram shows the effect of 
sevoflurane and 4-PBA on cell apoptosis determined by flow cytometry.  (C) Effect of sevoflurane and 4-PBA on cell viability were measured by CCK8 kit.  
The data represent the mean±SEM of three replications.  **P<0.01.

Figure 5.  H4 cells were exposed to sevoflurane (0% or 4.1%) with/without rapamycin (Rap, 1 μmol/L) or 3-MA (5 mmol/L) for 6 h.  The expression of 
CHOP and GRP78 was detected by Western blot analysis.  The data represent the mean±SEM of three replications.  *P<0.05, **P<0.01.
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