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Abstract: Previous reports have shown that neonatal exposure to sevoflurane is neurotoxic, causing severe corti-
cal neurons injury, which results in learning and memory deficits. However, the precise molecular mechanism has 
not yet been elucidated. Recent studies have demonstrated that microRNAs (miRNAs) serve a regulatory function 
in many injury models including the neurons injury. The aim of present study is to investigate whether the miRNAs 
are involved in sevoflurane-induced cortical neurons injury. Here, we established a mice model of neurons injury 
through exposure to sevoflurane and performed the miRNA microarray to analyze miRNAs expression in cortical 
tissues. The apoptosis of cortical neurons was detected by Western Blot and terminal deoxynucleotidyl transferase 
dUTP nick end labelling (TUNEL) assay. Validation analysis of microRNA-21 (miR-21) level in serum and cortical 
tissues was performed using quantitative reverse transcription PCR (qRT-PCR). The primary mice cortical neurons 
isolated from neonatal mice were used as cellular model in our study. Then, the effect of miR-21 on cell viability 
and apoptosis was determined using the cell counting kit-8 (CCK-8), Western Blot, caspase-3 activity kit and flow 
cytometry, respectively. Furthermore, the target gene of miR-21 and the downstream signaling pathway were also 
investigated. Our results showed that sevoflurane significantly increased the numbers of TUNEL positive cells and 
sevoflurane exposure led to a significant elevation in levels of cleaved caspase-3, cleaved-PARP and Bax whereas 
marked decrease in expression of Bcl-2. Microarray data revealed that 15 miRNAs were upregulated and 25 miR-
NAs were downregulated, and miR-21 was one of the miRNAs being most significantly downregulated after sevoflu-
rane treatment. Subsequently, overexpression of miR-21 protected primary mice cortical neurons injury by inhibiting 
sevoflurane induced apoptosis. Moreover, phosphatase and tensin homolog deleted on chromosome ten (PTEN) 
was proved to be a direct and functional target of miR-21 by the dual luciferase reporter assay. Furthermore, we also 
found that the anti-apoptotic effects of miR-21 are dependent on the activation of PTEN/Akt pathway. Our results 
suggest that sevoflurane induced cortical neurons injury by downregulating the expression of miR-21, which induces 
apoptosis through inactivating the PTEN/AKT/mTOR signaling pathway.
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Introduction

Sevoflurane, a volatile anesthetic, is widely 
used in clinical settings, especially in pediatric 
anesthesia. Some studies reported that sevo-
flurane administration produced impairment in 
learning and memory that persists for weeks or 
months in young and aged rats [1, 2]. Further- 
more, children exposed to sevoflurane in early 
life have a higher incidence of learning deficits 
[3]. Although it has been well documented  
that sevoflurane could affect cell survival and 
potentiate neuronal apoptosis both in vivo  
and in vitro [4, 5], limited studies have pay 

attention on the effect of sevoflurane on corti-
cal neurons. 

MicroRNAs (miRNAs) are endogenous, noncod-
ing, single-stranded RNAs about 20~23 nucleo-
tides in length. They can regulate hundreds of 
gene expression via complementarity between 
the miRNA seed sequence and the 3’untrans-
lated region (3’UTR) of its target gene, resulting 
in degradation of target mRNAs and/or inhibi-
tion of mRNAs translation [6]. Recent reports 
showed that a large number of miRNAs are 
expressed in the central nervous system (CNS) 
[7-9]. Interestingly, some studies have demon-
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strated that the involvement of miRNAs in sev-
eral types of CNS injuries including cortical neu-
rons injury. For example, Goto et al. demon-
strated that sevoflurane combined with propo-
fol anesthesia may lead to alterations in 
expression levels of miRNAs in the hippocam-
pus of rats [10]. Cai et al. found that miR-27a 
protected hippocampal neurons against oxy-
gen-glucose deprivation-induced injuries by 
modulation of forkhead box protein O1 (FOXO1) 
and apoptosis-related gene caspase-3 expres-
sion [11]. A study performed by Wang et al. 
showed that miR-93 antagomir attenuated 
hydrogen peroxide (H2O2)-induced cortical neu-
rons injury through regulating the expression of 
the nuclear factor erythroid 2-related factor 
(Nrf2) and heme oxygenase-1 (HO-1) [12]. Thus, 
we hypothesize that the sevoflurane induces 
cortical neurons injury in mice via modulation 
of miRNAs.

In this study, we performed miRNA arrays to 
detect the expression patterns of miRNAs in a 
mice cortical neurons injury model. Moreover, 
we carried out studies to investigate the roles 
and molecular mechanisms of miR-21 regula-
tion involved in sevoflurane induced cortical 
neurons apoptosis in the primary rat cortical 
neurons. Our findings indicated that miR-21/
PTEN/AKT/mTOR axis play an important role in 
the sevoflurane induced cortical neurons injury, 
suggesting miR-21 may be a potential thera-
peutic target for sevoflurane induced learning 
and memory deficits. 

Materials and methods

Experimental animals and sevoflurane expo-
sure

All experiments were conducted in accordance 
with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals and 
approved by the Animal Care and Use Com- 
mittee of the People’s Hospital of Suzhou New 
District. Twenty 15-month-old male C57BL/6J 
mice were used for this study. These mice were 
allowed to acclimate in the animal care facility 
for 1 week before the experiment, with free 
access to food and water, and kept in a room 
with controlled temperature (21 ± 2°C) and 
humidity (60 ± 5%) on a 12-h light/dark cycle. 
These mice were randomly divided into two 
groups: the sham anesthesia (control group, n 
= 10) and the sevoflurane anesthesia (sevoflu-

rane group, n = 10). Mice randomised to the 
SEV group were exposed to 2.5% sevoflurane 
carried by 2 L/min 100% oxygen for 2 h in an 
anaesthesia chamber, whereas the sham anes-
thesia group received 2 L/min 100% oxygen for 
2 h in an identical chamber. Oxygen, carbon 
dioxide and sevoflurane concentrations in the 
exhalation port of the chamber were monitored 
using the DatexTM infrared analyzer (Capnomac, 
Helsinki, Finland). At the end of the procedures, 
samples were immediately harvested. Blood 
samples were collected by cardiac puncture 
and centrifuged at 3000 g for 10 min to 
abstract serum, which was stored at -80°C. 
Cortical tissues were frozen in liquid nitrogen or 
fixed in 10% formaldehyde, routinely dehydrat-
ed, and paraffin embedded for TUNEL assay. 

Neuronal cell culture and treatment

Cortical tissue from forty postnatal day 1 (P1) 
C57BL/6J mice was dissected and cut into 
pieces under sterile conditions. Cortical tissues 
were dissociated with 0.125% trypsin and 
0.01% DNase I (Sigma, St. Louis, MO, USA) at 
37°C and then was gently resuspended in 
Dulbecco’s Modified Eagle’s Medium with 
serum (Gibco-BRL, GrandIsland, NY, USA) and 
centrifuged. After adjusting concentration, the 
cells were plated onto culture dishes or culture 
plates in advance coated with 0.1 mg/ml poly-
L-lysine (Sigma). The cultures were incubated 
into a humidified atmosphere saturated with 
95% air-5% CO2 at 37°C for overnight and then 
the medium was changed into neuron-defined 
serum-free Neuorbasal medium supplemented 
with 2% B27 (Gibco-BRL) and 0.5 mML-gluta-
mine (Gibco-BRL). Cultured cortical neurons 
were exposed with 2.5% sevoflurane treatment 
as described previously [13]. Briefly, neurons 
were placed in an airtight chamber gassed with 
2.5% sevoflurane in the carrying gases, then 
the chamber was sealed after 15-min gassing 
and kept sealed for 2 h at 37°C and the con-
centration of sevoflurane in the chamber was 
confirmed by the DatexTM infrared analyzer 
(Capnomac, Helsinki, Finland). After sevoflu-
rane or sham exposure, cell samples were har-
vested for further expriments.

MiRNA microarray

Total RNA was isolated from cortical tissues 
using a miRNeasy Mini Kit (Qiagen, Valencia, 
CA) following the manufacturer’s protocol. The 
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purity and quantity of total RNA were assess- 
ed by NanoDrop ND-1000 Spectrophotometry 
(Thermo Scientific, USA) and Agilent’s 2100 
Bioanalyzer. Then, total RNA (200ng) was 
labeled with miRCURYTM Hy3TM/Hy5TM Power 
labeling kit and hybridized to the miRCURY 
LNATM Array (v.18.0) (Agilent Technologies), 
incubated, washed and scanned in Agilent  
high resolution microarray scanner. Data was 
analyzed using GeneSpring software (Agilent 
Technologies, USA). The heat map of the 40 
microRNAs most obvious differences was  
created using a method of hierarchical cluster-
ing by GeneSpring GX, version 7.3 (Agilent 
Technologies, California, United Stages).

Quantitative reverse transcription PCR (qRT-
PCR)

Total RNA and miRNA were isolated from the 
cortical tissues, cortical neurons and serum 
samples with TRizol reagent (Invitrogen, Corp., 
Carlsbad, CA, USA) and miRNeasy Mini Kit 
(Qiagen, Valencia, CA), respectively, according 
to the manufacturers’ protocols. For detection 
of miRNAs and mRNAs, cDNA synthesis was 
performed from total RNA using the Prime- 
Script reverse transcription reagent Kit (TaKa- 
Ra, Dalian, China) according to the manufac-
turer’s instructions. Quantitative analysis of the 
change in expression levels were performed 
using SYBR Premix Ex TaqTM (TaKaRa, Dalian, 
China) at ABI 7500 system. Quantitative nor-
malization was performed on the expression of 
RNU6 small nucleolar RNA or GAPDH genes for 
miRNAs and mRNA, respectively. The sequenc-
es of primers used (Sangon Biotech Co., Ltd., 
Shanghai, China) were as follows: miR-21, for-
ward, 5’-ACGTTGTGTAGCTTATCAGACTG-3’, and 
reverse, 5’-AATGGTTGTTCTCCACACTCTC-3’; 
and U6, forward 5’-CTCGCTTCGGCAGCAC-3’ 
and reverse 5’-AACGCTTCACGAATTTGCGT-3’; 
PTEN mRNA forward: 5’-AAGCTGGAAAGGGAC- 
GAACT-3’, reverse: 5’-ACACATAGCGCCTCTGAC- 
TG-3’ and GAPDH mRNA forward: 5’-CCTCTCT-
CTAATCAGCCCTCTG-3’, reverse: 5’-AGAAGGCT- 
GGGGCTCATTTG-3’. Relative expression levels 
between samples were calculated using 2-ΔΔCT 
method as previously described [14]. Experi- 
ments were conducted in triplicate.

Terminal deoxynucleotidyl transferase dUTP 
nick end labelling (TUNEL)

TUNEL was carried out using a commercial kit 
according to the instructions of the manufac-

turer (Roche, South San Francisco, CA, USA) as 
described previously. Briefly, after deparaf-
finization, the sections were incubated for 15 
min at RT with a 20 μg/ml Proteinase K (Gibco 
BRL). The slides were rinsed twice times with 
PBS before being incubated in TUNEL reaction 
mixture for 60 min at 37°C. Further incubation 
with HRP-streptavidin reagent (1:200) in PBS 
was performed for 30 min at RT. After rinsing 
with PBS three times for 5 min, sections were 
counterstained with hematoxylin. Then, the 
percentage of apoptotic cells was calculated by 
counting TUNEL-positive cells in five randomly 
selected fields on each slide.

Cell transfection

The cortical neurons were seeded in 6-well 
plates and grown overnight. Then, they were 
transiently transfected with miR-21 mimics, 
miR-21 inhibitor, and corresponding negative 
controls (RiboBio, Guangzhou, China) using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 
following the manufacturer’s protocol. The 
transfected cells were growth-arrested by incu-
bation with serum-free medium 12 h before 
sevoflurane exposure. 

Cell viability 

Cell viability was determined by CCK8 assay 
(Beyotime, Shanghai, China), followed by manu-
facturer’s instructions. Briefly, cortical neurons 
were seeded in 96-well plates at a density of 
5000 cells/well, and subjected to the various 
treatments as we described above. At the end 
of the exposure, 10 μL CCK8 solution was 
added to each well and incubated for 1 h  
at 37°C. The OD450 values were measured with 
a microplate reader (Thermo Labsystems, 
Vantaa, Finland). 

Cell apoptosis

The cortical neurons were harvested 48 h after 
treatment by trypsinization. After washing twice 
with cold PBS, the cells were resuspended in 1 
× Annexin V binding buffer and then stained 
with propidium iodide and Annexin V using the 
Annexin V-FITC apoptosis detection kit (BD 
Pharmingen, San Diego, CA, USA) according  
to the manufacturer’s protocol. The apoptosis 
ratio was analyzed with a flow cytometry 
(FACScan; BD Biosciences) equipped with a 
Cell Quest software.



Sevoflurane induces cortical neurons apoptosis

6712 Int J Clin Exp Med 2018;11(7):6709-6720

Caspase-3 activity assay

The cortical neurons were seeded in 6- 
well plates at a density of 1 × 105 cells/cm2 for 
24 h. Following treatment for 48 h, caspase-3 
activity in cell lysates was determined using a 
Caspase-3 Activity Assay kit (Beyotime Institute 
of Biotechnology), according to the manufac-
turer’s protocol.

Luciferase assays 

The 3’-UTR of PTEN, with wild-type or mutant 
(Mut) binding sites for miR-21, was amplified 
and cloned into the pGL3 vector (Promega, 
Madison, WI, USA) to generate the plasmid 
pGL3-WT-PTEN-3’-UTR or pGL3-Mut-PTEN-3’-
UTR, respectively. For the luciferase reporter 
assay, HEK293 cells were co-transfected with 
the luciferase reporter vectors and miR-21 
mimics, miR-21 inhibitor or corresponding neg-

ative control using Lipofectamine 2000 rea- 
gent. The pRL-TK plasmid (Promega, Madison, 
USA) was used as a normalizing control. After 
48 h of incubation, luciferase activity was ana-
lyzed using the Dual-Luciferase Reporter Assay 
System (Promega) according to the manufac-
turer’s protocol.

Western blot assay

Total proteins were extracted from tissues and 
cells using radioimmunoprecipitation assay 
(RIPA) lysis buffer (Sigma, St Louis, MO, USA) 
and quantified with a Bicin Choninic Acid (BCA) 
protein assay kit (Pierce, Rockford, IL, USA). 40 
μg of protein were separated by 10% SDS- 
PAGE (Bio-Rad, Hercules, CA) and transferred 
onto a polyvinylidene difluoride membrane 
(Millipore, USA). The blots were incubated with 
the previously described antibodies specific for 
Bcl-2 (dilution, 1:1,000), Bax (dilution, 1:1,000), 

Figure 1. Sevoflurane exposure induces neurons apoptosis in mice cortical tissues. A. The levels of apoptosis pro-
teins (cleaved-caspase-3, cleaved-PARP, Bax and Bcl-2) in mice cortical tissues were measured by Western Blot. 
B. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was used to analyze neuronal 
apoptosis after sevoflurane exposure. Data represent the mean ± SD of three independent experiments. **p < 
0.01 vs. Control group.
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cleaved caspase-3 (dilution, 1:1,000), cleav- 
ed-PARP (dilution, 1:1,000), PTEN (dilution, 
1:1,000), AKT (dilution, 1:1,000), p-AKT (dilu-
tion, 1:1,000), mTOR (dilution, 1:1,000) and 
p-mTOR (dilution, 1:1,000) and β-actin (dilu-
tion, 1:2,000). All antibodies were obtained 
from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). The protein bands were visualized by 
ECL detection reagent (GE Healthcare Life 
Sciences, Piscataway, NJ, USA). The intensity of 
protein fragments was quantified with the 
Quantity One software (4.5.0 basic, Bio-Rad). 

Statistical analysis

Statistical analysis was performed using 
GraphPad Prism 5.0 (GraphPad Software, Inc., 
San Diego, CA, USA). Results are presented as 
the mean ± standard deviation. Differences 
were analyzed with the Student’s t-test be- 
tween two groups or with one-way ANOVA 
among multiple groups. A p-value of less than 
0.05 was considered statistically significant.

Results

Sevoflurane exposure induces neurons apop-
tosis in rat cortical tissues 

Previous studies showed that sevoflurane  
exposure led to neuronal apoptosis in a variety 
of adolescent animal models [4, 5], which may 
contribute to the deficits in hippocampus-
dependent learning and memory [15-18]. To 
determine whether sevoflurane can induce 
apoptosis of cortical neurons, we examined the 
levels of markers of apoptosis including cleav-
aged caspase-3, cleaved-PARP, Bcl-2 and Bax 
in rat cortical tissues at 2 h after the mice  
were exposed to 2.5% sevoflurane. Western 
blot analysis showed that sevoflurane treat-
ment led to a significant elevation in the le- 
vels of apoptotic proteins cleaved-caspase-3, 
cleaved-PARP and Bax, whereas marked de- 
crease in expression of Bcl-2 (Figure 1A). We 
also analyzed the apoptosis in cortical tissues 
using TUNEL staining assay. As shown in Figure 

Figure 2. Selection of differently expressed microRNAs during sevoflurane induced cortical neurons injury. A. Heat-
map of normalized expression levels of miRNAs in cortical tissues from mice exposed with sevoflurane (n = 2). 
Rows: Groups; Columns: microRNAs; Color key indicates microRNA expression value, red: Highest, green: Lowest. B, 
C. qRT-PCR was performed to determine the expression levels of miR-21 in serum samples and cortical tissues in 
sevoflurane group (n = 10) and control group (n = 10). Data represent the mean ± SD of three independent experi-
ments. p < 0.01 vs. Control group.
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1B, sevoflurane significantly increased TUNEL 
staining-positive cells in cortical tissues com-
pared with control group. These results suggest 
that sevoflurane induces cortical neurons inju-
ry, which may be associated with learning and 
memory deficits.

Selection of differently expressed microRNAs 
during sevoflurane induced cortical neurons 
injury

It has been reported that miRNAs play impor-
tant roles in several types of CNS injuries, par-
ticularly cortical neurons injury [12, 19-23]. 
And, a recent study reported that sevoflurane 
exposure induced neural apoptosis by modula-
tion of miR-34c [24]. Thus, we assume that 
sevoflurane induced cortical neurons injury 
through regulation of miRNAs. To determine  
the potential involvement of miRNAs in cortical 

neurons injury induced by sevoflurane in mice, 
we performed the miRNA microarray to investi-
gate miRNAs expression in injury cortical tis-
sues. The miRNA microarray identified 15 miR-
NAs that were up-regulated and 25 miRNAs 
that were down-regulated in sevoflurane group, 
compared with the control group (Figure 2A). 
Among the aberrantly expressed miRNAs, miR-
21 was one of miRNAs being most significantly 
downregulated, and many studies revealed that 
downregulation of miR-21 promoted apoptosis 
in various types of cells [25, 26]. Interestingly, a 
previous research showed that miR-21 was 
found to be downregulated in rat lung tissues 
following sevoflurane anesthesia [27]. There- 
fore, we focused on miR-21 in cortical neurons 
injury for further study. 

To validate the expression of miR-21 obtained 
from miRNA microarray assay, we analyzed the 

Figure 3. Overexpression of miR-21 attenuated sevoflurane-induced apoptosis in primary mice cortical neurons. 
Primary cortical neurons from newborn mice were transfected with miR-21 mimics at 12 h prior to sevoflurane ex-
posure. After 48 h transfection, cells were harvested for cell activity analysis and apoptosis estimate. A. Cell viability 
was measured by CCK-8 assay. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 
0.01 vs. Blank group, ##p < 0.01 vs. Sevo group. B. The apoptosis was detected by flow cytometry. Data represent 
the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 vs. Blank group; ##p < 0.01 vs. Sevo 
group. C. The expressions of cleaved caspase-3 and total caspase-3 were determined by Western Blot. D. Caspase-3 
activity was analyzed by a commercial Caspase-3 activity kit. Data represent the mean ± SD of three independent 
experiments. *p < 0.05, **p < 0.01 vs. Blank group, ##p < 0.01 vs. Sevo group.
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miR-21 expression in 10 pairs of serum sam-
ples and cortical tissues from mice treat with/
without sevoflurane by qRT-PCR. As shown in 
Figure 2B, the miR-21 expression levels in 10 
serum samples from mice exposed to sevoflu-
rane were significantly lower in relative to con-
trols. Consistent with the results displayed in 
Figure 2B, the expression of miR-21 was dra-
matically down-regulated in cortical tissues 
from mice exposed to sevoflurane, compared 
with controls (Figure 2C). These results indi-
cate that miR-21 may be involved in the cortical 
neurons injury induced by sevoflurane. 

Overexpression of miR-21 attenuated sevoflu-
rane-induced cortical neurons injury in vitro

To evaluate the role of miR-21 in sevoflurane-
induced cortical neurons injury, a sevoflurane-
induced primary cortical neurons model was 
established as described previously [28]. 
Primary cortical neurons were transfected with 

miR-21 mimics at 12 h prior to sevoflurane 
exposure. After transfection for 48 h, the effect 
of the miR-21 mimics on cell viability and apop-
tosis under sevoflurane exposure was analyz- 
ed. CCK-8 results showed that sevoflurane 
inhibited cell viability, and its inhibitory effect 
was reversed when miR-21 was overexpressed 
(Figure 3A). Furthermore, flow cytometry data 
indicated that the promotion of apoptosis 
caused by sevoflurane was attenuated after 
miR-21 mimics transfection (Figure 3B). Next, 
we examined the expression of cleaved cas-
pase-3 and caspase-3 activity. The results indi-
cated that both the level of cleaved caspase-3 
protein and caspase-3 activity were markedly 
increased by sevoflurane exposure, but overex-
pression of miR-21 significantly reversed the 
pro-apoptotic effects of sevoflurane (Figure 3C, 
3D), suggesting that cell apoptosis induced by 
sevoflurane was mediated by downregulation of 
miR-21.

Figure 4. PTEN is a target of miR-21. A. miR-21-binding sequences in the 3’-UTR of PTEN and mutated sites in 3’-UTR 
of PTEN. B. miR-21 mimic suppressed the luciferase activities of constructs containing the 3’-UTR segment of PTEN, 
while miR-21 inhibitor significantly increased the luciferase activities of constructs containing the 3’-UTR segment of 
PTEN (n = 3). Data represent the mean ± SD of three independent experiments. **p < 0.01 vs. mimics NC; ##p < 
0.01 vs. inhibitor NC. C, D. The expression of PTEN was detected by qRT-PCR and Western Blot after treatment with 
miR-21 mimics or miR-21 inhibitor. Data represent the mean ± SD of three independent experiments. **p < 0.01 
vs. mimic NC or inhibitor NC.
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PTEN is a direct target of miR-21 in primary 
cortical neurons

Previous studies have reported that PTEN, a 
well-known pro-apoptotic gene, was a direct 
target of miR-21 in several cell types [29-31]. 
However, the association between miR-21 and 
PTEN in cortical neurons remains to be clari-
fied. According to bioinformatics analysis, PTEN 
was potentially a downstream target of miR-21. 
The binding sites between miR-21 and PTEN 
were illustrated in Figure 4A. To confirm that 
miR-21 could interact with 3’-UTR of PTEN 
through the complementary sequence, a lucif-
erase reporter assay was performed. The 
results showed that overexpression of miR-21 
significantly decreased the luciferase activity of 
wt-PTEN-3’-UTR, whereas knockdown of miR-
21 increased the luciferase activity. Likewise, 
cells co-transfected with miR-21 mimics, miR-
21 inhibitor and PTEN-mut-3’-UTR showed no 
obvious change in the luciferase activity (Figure 
4B). We further examined whether miR-21 
could modulate the expression of PTEN in corti-
cal neurons. The results of qRT-PCR showed 
that overexpression of miR-21 in cortical neu-
rons significantly reduced the expression of 
PTEN, whereas knockdown of miR-21 increased 
the expression of PTEN at protein and mRNA 
level (Figure 4C, 4D). Taken together, these 
data may suggest that downregulation of miR-
21 exerts its pro-apoptotic effect by targeting 
PTEN in sevoflurane-induced cell model.

expression level of AKT, phosphorylated-Akt 
(p-Akt), mTOR and phosphorylated-mTOR (p- 
mTOR) in sevoflurane-treated cortical neurons. 
We confirmed that p-Akt and p-mTOR protein 
expression were significantly decreased in cor-
tical neurons following sevoflurane treatment, 
but not the total amounts of two proteins. 
Conversely, overexpression of miR-21 signifi-
cantly reversed the inhibitory effect of sevoflu-
rane on the protein levels of p-Akt and p-mTOR 
(Figure 5A, 5B). These results suggest that 
sevoflurane exposure blocked the PTEN/AKT/
mTOR pathway, whereas miR-21 inhibitor trans-
fection reactivated this pathway.

Discussion

In the present study, by using miRNA microar-
ray analyses for the first time, we found that a 
large set of miRNAs were significantly deregu-
lated in sevoflurane induced injury mice model 
and the most downregulated miR-21 in cortical 
tissues for further study. Subsequently, our 
data showed that overexpression of miR-21 
inhibited sevoflurane induced primary cortical 
neurons apoptosis through reactivation of 
PTEN/AKT/mTOR pathway. Our findings firstly 
demonstrated that miR-21 was involved in cor-
tical neurons injury caused by sevoflurane, pro-
viding a new therapeutic approach for neurons 
injury.

Sevoflurane, a widely used inhalation anesthet-
ic, is generally considered safe and effective in 

Figure 5. Sevoflurane inhibited the activation of PTEN/AKT/mTOR pathway 
via downregulation of miR-21. Primary cortical neurons from newborn mice 
were transfected with miR-21 mimics at 12 h prior to sevoflurane exposure. 
After 48 h transfection, cells were harvested for Western Blot. A. The ex-
pressions of p-AKT, AKT, p-mTOR and mTOR were detected by Western Blot. 
B. The bands were semi-quantitatively analyzed by using Image J software, 
normalized to β-actin density. Data represent the mean ± SD of three inde-
pendent experiments. **p < 0.01 vs. Sevo group.

Sevoflurane inhibited the ac-
tivation of PTEN/AKT/mTOR 
pathway via downregulation 
of miR-21

PTEN has been widely accept-
ed as a significant negative 
regulator of PI3K/Akt/mTOR 
signaling pathway [32, 33], 
which has been reported to be 
related to the neurons apopto-
sis in the damaged central ne- 
rvous system [34, 35]. Based 
on above data, we speculated 
whether the pro-apoptotic eff- 
ect of miR-21 in sevoflurane-
induced apoptosis is via regu-
lating PTEN/AKT/mTOR path-
way in cortical neurons. There- 
fore, we performed Western 
blot analysis to determine the 
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pediatric anesthesia. Nevertheless, there is 
growing concern about the neurological ad- 
verse effects of this agent. Repeated sevoflu-
rane exposure increases the risk of developing 
a learning disability [36]. Indeed, 6 h of sevoflu-
rane anesthesia administered to newborn rats 
critically impairs long-term cognitive ability 
[37]. Zhang et al. showed that sevoflurane 
induces cortical neurons injury in primary rat 
when the concentration is >4% [38]. Chen et al. 
found that sevoflurane exposure in aged rats 
led to endoplasmic reticulum stress-induced 
neurons injury, which resulted in learning and 
memory deficits [39]. Thus it is important to 
understand the molecular mechanism of sevo-
flurane induced neurons injury. 

Neural apoptosis is the major cause for se- 
voflurane-induced cognitive impairment [15, 
40, 41]. For example, Chen et al. found that 
sevoflurane triggered endoplasmic reticulum 
(ER) stress and lead to neuronal cell apoptosis 
in the hippocampus, and ultimately developed 
cognition impairment [39]. A study performed 
by Deng et al. found that exposure to anesthet-
ics during a susceptive neurodevelopmental 
period may lead to neuronal apoptosis and  
subsequent learning difficulties [42]. A recent 
study from Feng et al. demonstrated that sevo-
flurane exposure led to neuronal apoptosis  
and pathological alterations in the hippocam-
pus of neonatal rats [16]. Thus, reducing neuro-
nal apoptosis in the neofetal brain is key for 
improving sevoflurane induced memory impair-
ment. In the present study, we found that  
that 2.5% sevoflurane exposure could increase 
the TUNEL-positive cells, accompany with the 
increased cleaved-caspase-3, cleaved-PARP 
and Bax expressions and decreased Bcl-2 
expression in cortical tissue. These results sug-
gest that sevoflurane exposure induces neu-
rons apoptosis in the cortical tissues by regu-
lating the expression of apoptosis proteins, 
then leading to neurons lost and cognition 
impairment.

Recent studies have demonstrated miRNAs 
play an important role in regulating the neuro-
nal apoptosis in several models. For example, 
Jiang et al. found that miR-34a negatively regu-
lated anesthesia-induced hippocampal apopto-
sis and memory impairment through fibroblast 
growth factor receptor 1 (FGFR1) in young ani-
mals [43]. Xu et al. showed that knockdown of 
miR-124 reduced ketamine-induced apoptosis 

in hippocampal CA1 neurons [44]. In our study, 
by using miRNA microarray analyses, we found 
that miR-21 was downregulated in mice cortical 
tissues after sevoflurane exposure and over- 
expression of miR-21 inhibited sevoflurane-
induced apoptosis in primary cortical neurons. 
These results indicate that cortical neurons 
apoptosis induced by sevoflurane is mediated 
by downregulation of miR-21, and overexpres-
sion of miR-21 may have a protective effect  
in sevoflurane induced cortical neurons apo- 
ptosis.

It is well-known that miR-21 exerts anti-apop-
totic effect by targeting pro-apoptotic genes in 
many diseases [45-48]. PTEN, a classical pro-
apoptotic gene, was one of validated targets of 
miR-21 in several cell types [49-51]. Wang et al. 
found that inhibition of miR-21 can promote cell 
apoptosis by upregulating PTEN expression in 
neuroblastoma cells [52]. Hu et al. reportedthat 
knockdown of miR-21 significantly increased 
apoptosis by targeting PTEN in rats after contu-
sion spinal cord injury (SCI) [23]. Notably, Han 
et al. demonstrated that miR-21 alleviated 
apoptosis of cortical neurons through promot-
ing PTEN/Akt signaling pathway in vitro after 
experimental traumatic brain injury [53]. These 
prompted us to investigate whether miR-21 
exerts its anti-apoptotic through regulation of 
PTEN in sevoflurane induced cortical neurons 
injury. As expected, PTEN was proved to be a 
functional target of miR-21 and negatively regu-
lated by miR-21 in the primary rat cortical neu-
rons. More importantly, PTEN could change Akt 
phosphorylation status to regulate the down-
stream of Akt signaling pathway [54], which has 
been reported that plays an important role in 
the neurons apoptosis in various injury model 
[55, 56]. Consistent with previous report [53], 
our study also revealed that the PTEN/Akt sig-
naling pathway was modulated by miR-21. Our 
study indicated that miR-21 was involved in 
sevoflurane-induced cortical neurons apopto-
sis through PTEN/AKT pathway.

In conclusion, this study indicated that sevoflu-
rane significantly induced cortical neurons inju-
ry via miR-21/PTEN/AKT/mTOR pathway. Our 
findings provide new insights into the potential 
molecular mechanisms of sevoflurane induced 
learning and memory deficits and indicated 
that exogenous overexpression of miR-21 may 
prove to be a promising strategy for sevoflurane 
induced cortical neurons injury therapies. 
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