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Abstract. Cancer cell migration and invasion are essential 
features of the metastatic process. Volatile anesthetic sevoflu-
rane inhibits the migration and invasion of multiple cancer cell 
lines; however, its effects on glioma cells are unclear. Emerging 
evidence suggests that microRNA (miRNA)‑637 regulates 
glioma cell migration and invasion through the Akt1 pathway. 
Sevoflurane has been shown to modulate a number of miRNAs. 
In the present study, we examined whether sevoflurane inhibits 
glioma cell migration and invasion and, if so, whether these 
beneficial effects are mediated by miRNA‑637. U251 glioma 
cells were treated without  (control) or with sevoflurane at 
low, moderate or high concentrations for 6 h. To explore the 
molecular mechanisms, an additional group of U251 cells was 
treated with a miRNA‑637 inhibitor prior to treatment with a 
high concentration of sevoflurane. Compared with the control 
group, sevoflurane inhibited the migration and invasion of U251 
cells in a dose-dependent manner. Molecular analyses revealed 
that sevoflurane increased the expression of miRNA‑637 and 
decreased the expression of Akt1 and phosphorylated Akt1 
in a dose-dependent manner. Moreover, the inhibitory effects 
of sevoflurane on U251 cell migration and invasion were 
completely abolished by pre-treatment with miRNA‑637 inhib-
itor, which reversed the sevoflurane-induced reduction in the 
expression of Akt1 and phosphorylated Akt1 in the U251 cells. 
These results demonstrate that sevoflurane inhibits glioma cell 
migration and invasion and that these beneficial effects are 
mediated by the upregulation of miRNA‑637, which suppresses 
Akt1 expression and activity. These findings may have signifi-

cant clinical implications for anesthesiologists regarding the 
choice of volatile anesthetic agents for the surgical resection of 
gliomas to prevent metastases and improve patient outcomes.

Introduction

Malignant glioma is the most common subtype of primary brain 
tumor, and is characterized by rapid progression, high resistance 
to traditional and newer targeted therapeutic approaches and a 
poor clinical outcome (1-4). Surgical resection is the primary 
treatment for patients suffering from glioma. However, surgery 
may also increase the likelihood of cancer dissemination and 
metastasis due to the release of tumor cells into the circulation 
at the time of surgery. Therefore, the prevention of tumor cell 
dissemination during surgery is an important strategy with 
which to reduce cancer recurrence and improve the overall 
survival following tumor resection.

Tumor cell migration and invasion are considered to be 
primary features of the metastatic process (5). Anesthetics and 
anesthesia techniques have been shown to have an impact on 
tumor cell migration and invasion that can possibly influence the 
long-term outcome in patients undergoing cancer surgery (6). 
Thus, it is important to select appropriate anesthetics and anes-
thesia techniques that have inhibitory properties against the 
migration and invasion of tumor cells in order to eliminate the 
risk of tumor cell dissemination during the surgical removal 
of tumors. Sevoflurane, a volatile anesthetic agent, is widely 
used in neurosurgery. It has been demonstrated that sevoflurane 
exerts anti-proliferative effects on SW620 colon cancer cells 
and in Caco-2 laryngeal cancer cells (7,8), and prevents the 
migration and invasion of lung cancer cells (9). However, the 
effects of sevoflurane on the migration and invasion of glioma 
cells are unclear.

MicroRNAs  (miRNAs or miRs) are small non-coding 
RNA molecules (approximately 21-25 nucleotides in length) 
that play important roles in virtually all biological pathways 
in mammals and other multicellular organisms (10). miRNAs 
have been shown to influence numerous cancer-relevant 
processes, such as proliferation, cell cycle control, apoptosis, 
differentiation, migration and metabolism (10-12). A recent 
in vivo and in vitro study demonstrated that the expression of 
miRNA‑637 was significantly lower in clinical glioma tissues 
than in normal brain tissues, whereas the introduction of 
miRNA‑637 prevented glioma cell growth, migration and inva-
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sion (13). Sevoflurane has been reported to modulate multiple 
miRNAs in the brain and in peripheral tissues (14-16).

In the present study, we examined whether sevoflurane 
inhibits glioma cell migration and invasion and, if so, whether 
these beneficial effects are mediated by miRNA‑637.

Materials and methods

Cell line and cell culture. The human glioma cell line, U251, was 
obtained from the Chinese Academy of Sciences (Shanghai, 
China) and maintained in Dulbecco's modified Eagle's 
medium  (DMEM) containing 10%  fetal calf serum  (both 
Hyclone, Logan, UT, USA). The cells were incubated at 37˚C in 
a humidified atmosphere of 5% CO2.

Protocol of U251 cell exposure to sevoflurane. The U251 cells 
were divided into 4 groups as follows: cells treated without 
(control, 95%  air/5%  CO2) or with sevoflurane  (Maruishi 
Pharmaceutical Co., Osaka, Japan) at low (1.7% sevoflurane 
mixed with 95% air/5% CO2), moderate  (3.4% sevoflurane 
mixed with 95% air/5% CO2) and high (5.1% sevoflurane mixed 
with 95% air/5% CO2) concentrations. To examine whether 
sevoflurane inhibits glioma cell migration and invasion by 
the modulation of miRNA‑637, an additional group of U251 
cells was treated with an miRNA‑637 inhibitor for 48 h prior 
to exposure to a high concentration (5.1%) of sevoflurane. The 
protocol for the treatment of cells with sevoflurane was in 
accordance with that of previous studies (9,17). Briefly, the U251 
cells in the exponential growth phase were seeded onto plates 
and incubated in a CO2 incubator (Thermo Fisher Scientific, 
Waltham, MA, USA) for 24 h. The cell culture plates were then 
placed in an airtight glass chamber connected to an anesthesia 
machine Cicero-EM 8060; Drager, Lübeck, Germany). An 
anesthetic vaporizer (Sevorane; Abbott, Abbot Park, IL, USA) 
attached to the anesthesia machine was used to supply sevoflu-
rane into the chamber. The concentrations of sevoflurane in the 
chamber were monitored by a gas monitor (PM 8060; Drager). 
After being exposed to various concentrations of sevoflurane 
for 6 h, the cells were grown at 37˚C in a CO2 incubator for an 
additional 24 h and then used for cell migration and invasion 
assays or molecular analyses.

Transfection of U251 cells with miRNA‑637 inhibitor. The 
transfection of the U251 cells with miRNA‑637 inhibitor was 
performed according to a previous study (13). siRNA targeting 
miR-637 (miR-637 inhibitor) was synthesized by Guangzhou 
RiboBio (Guangzhou, China). The sequence of the miRNA‑637 
inhibitor was: 5'-ACGCAGAGCCCGAAAGCCCCAGU-3'. 
Twelve hours prior to transfection, the cells were seeded in a 
6-well plate (Nest Biotech, Shanghai, China) at 30-50% conflu-
ence. Transfection with the siRNA was performed using 
TurboFect siRNA transfection reagent (Fermentas, Vilnius, 
Lithuania) according to the manufacturer's instructions. Forty-
eight hours following transfection with siRNA, the cells were 
collected for further analyses.

Cell migration and invasion assays. In vitro cell migration 
and invasion measurements were examined as previously 
described  (13). For the determination of cell migration, 
1x104 cells in 100 µl DMEM medium without fetal bovine serum 

were seeded on a fibronectin-coated polycarbonate membrane 
insert in a Transwell apparatus (Costar, Corning, NY, USA). A 
total of 500 µl DMEM with 10% fetal bovine serum was added 
to the lower chamber as a chemoattractant. Following 6 h of 
incubation at 37˚C in a 5% CO2 atmosphere, the insert was 
washed twice with phosphate-buffered saline, and the cells on 
the top surface of the insert were wiped off with a cotton swab. 
The cells on the lower surface of the insert were fixed with 
methanol, stained using crystal violet solution (Sigma-Aldrich, 
St. Louis, MO, USA) and counted under a microscope (Nikon 
Eclipse  TS100; Nikon, Tokyo, Japan) in 5  predetermined 
fields (x200 magnification). All measurements were repeated at 
least 3 times. The procedure for the measurement of cell inva-
sion was similar to the measurement of cell migration, except 
that Matrigel (24 µg/µl; R&D Systems, Inc., Minneapolis, MN, 
USA) was added to the Transwell membranes and the cells 
were incubated for 8 h at 37˚C in a 5% CO2 atmosphere. The 
cells on the lower surface were counted in the same manner as 
those for the determination of cell migration.

RNA isolation and real-time polymerase chain reaction (PCR). 
RNA was isolated from the U251 cells using TRIzol® reagent 
(Invitrogen, Carlsbad, CA, USA) and purification using an 
RNeasy mini kit (Qiagen, Valencia, CA, USA) as previously 
described (18). For the analysis of miRNA‑637 expression, the 
RNA was transcribed into cDNA and amplified with specific 
sense primer, 5'-ACTGGGGGCTTTCGGGCTCTGCGT-3', 
and antisense general primer, using the miRNA PrimeScript RT 
Enzyme Mix kit according to the manufacturer's instructions 
(Takara Bio, Inc., Otsu, Japan). For the analysis of Akt1 gene 
expression, the sense primer was 5'-CTGAGATTGTGT 
CAGCCCTGGA-3', and the antisense primer was 5'-CAC 
AGCCCGAAGTCTGTGATCTTA-3'. The expression of U6 
(sense primer, 5'-CTCGCTTCGGCAGCACATATA-3') and 
ADP-ribosylation factor 5 (ARF5) (sense primer, 5'-ATCTG 
TTTCACAGTCTGGGACG-3' and antisense primer, 
5'-CCTGCTTGTTGGCAAATACC-3') was also measured 
and used as miRNA and gene internal controls, respectively. 
The thermocycling conditions for PCR were as follows: 95˚C 
for 10 min to activate DNA polymerase, followed by 45 cycles 
of 95˚C for 15 sec, 58˚C (for miR-637) or 60˚C (for Akt1) for 
15 sec and 72˚C for 10 sec. Melting curve analysis was used to 
confirm the specificity of amplification. For each gene, PCR 
reactions were repeated 3 times.

Western blot analysis. Cell homogenates were separated by 
10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto a polyvinylidene fluoride 
membrane. The membrane was blocked in Tris-buffered saline 
Tween-20 (TBST) using 5% skimmed milk and incubated over-
night with rabbit polyclonal Akt (#4691) and phosphorylated (p-)
Akt (#4058) antibodies (1:1,000; Cell Signaling Technology). 
Mouse monoclonal β-actin antibody (sc‑47778; 1:200; Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was used as 
an internal control. The membrane was then incubated for 1 h 
with a horseradish peroxidase-conjugated anti-rabbit (sc‑2030) 
or anti-mouse (sc‑2005) immunoglobulin-G secondary anti-
body (1:5,000; Santa Cruz Biotechnology, Inc.) diluted with 
TBST. Signals were detected using an enhanced chemilumines-
cence (ECL) reaction system (Millipore, Billerica, MA, USA) 
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and quantified using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

Statistical analysis. All quantified data are presented as an 
average of at least triplicate samples. Values are expressed as 
the means ± SE. The significance of differences in mean values 
was analyzed by one-way ANOVA followed by Tukey's multiple 
comparison tests. A value of P<0.05 was considered to indicate 
a statistically significant difference.

Results

Sevoflurane inhibits the migratory and invasive abilities of 
glioma cells. To examine the effects of sevoflurane on glioma 

cell migration and invasion, the U251 cells, following treatment 
without or with various concentrations of sevoflurane, were 
cultured in a Transwell chamber. The alteration of cell migra-
tion following 6 h of incubation was determined. Compared 
with the control group, the U251 cells treated with sevoflurane 
exhibited a significantly decreased migratory ability in a dose-
dependent manner (Fig. 1A and C). For cell invasion assay, 
following 8 h of incubation, the U251 cells in all groups invaded 
through the matrigel. However, treatment with sevoflurane 
attenuated the cell invasive ability compared with the control 
group in a dose-dependent manner (Fig. 1B and D).

Sevoflurane induces the upregulation of miRNA‑637 expres‑
sion in glioma cells. To determine whether sevoflurane 
induces changes in miRNA‑637 expression in glioma cells, 
we analyzed the expression level of miRNA‑637 by real-time 
PCR following treatment of the cells with sevoflurane. The 
U251 cells treated with sevoflurane had significantly increased 
levels of miRNA‑637 as compared to those of the control 
group, and the increases in the levels of miRNA‑637 were 
dose‑dependent (Fig. 2).

Sevoflurane suppresses Akt1 expression and activity in glioma 
cells. As Akt1 is a crucial component of the Akt pathway 
involved in the promotion of cell proliferation, migration and 
invasion in several types of tumors (19) and is regulated by 
miRNA‑637 (13), we then measured the expression of Akt1 
and that of p-Akt1 in the U251 cells using real-time PCR and 
western blot analysis following treastment with sevoflurane. 
Compared with the control group, the U251 cells treated with 
sevoflurane exhibited a dose-dependent decrease in the mRNA 

Figure 1. Effects of sevoflurane on the migration and invasion of U251 cells. The cells were treated without (control) or with sevoflurane at low (1.7%), 
moderate (3.4%) or high (5.1%) concentrations for 6 h. (A and B) Representative images showing the migratory and invading cells on the membranes. 
(C and D) Quantification of the migratory and invading cells. Data are presented as the means ± SE from 3 independent experiments. *P<0.05 vs. control.

Figure 2. Effects of sevoflurane on miRNA‑637 expression in U251 cells. The 
cells were treated without (control) or with sevoflurane at various concentra-
tions (1.7, 3.4 and 5.1%) for 6 h. Data are the means ± SE from 3 independent 
experiments and are expressed as a fold change relative to the control. *P<0.05 
vs. control.
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expression of Akt1 (Fig. 3A) and in the protein levels of Akt1 
and p-Akt1  (Fig. 3B-D). Thus, the expression of Akt1 and 
p‑Akt1 negatively correlate with the expression of miRNA‑637 
in glioma cells.

The sevoflurane-induced inhibition of the migration and inva‑
sion of glioma cells is mediated by miRNA‑637. To further 
confirm whether the inhibitory effects of sevoflurane on glioma 
cell migration and invasion are mediated by miRNA‑637, we 
treated the U251 cells with a miRNA‑637 inhibitor prior to 
exposure to a high concentration of sevoflurane. We found that 
pre-treatment of the U251 cells with miRNA‑637 inhibitor 
completely abolished the inhibitory effects of sevoflurane on 
U251 cell migration and invasion (Fig. 4).

The sevoflurane-induced upregulation of miRNA‑637 inhibits 
glioma cell migration and invasion via the suppression of 
Akt1. To confirm that the sevoflurane-induced upregulation of 
miRNA‑637 inhibits glioma cell migration and invasion via the 
suppression of Akt1, we measured the expression of Akt1 and 
p‑Akt1 in U251 cells pre-treated with miRNA‑637 inhibitor 
followed by exposure to a high concentration of sevoflurane. 
Our results revealed that the decreases in the mRNA expres-
sion of Akt1 and protein levels of Akt1 and p‑Akt1 in the U251 
cells induced by sevoflurane were reversed by pre-treatment 
with miRNA‑637 inhibitor (Fig. 5).

Discussion

The novel findings of this study are the following: i) sevoflurane 
inhibits the migratory and invasive abilities of glioma cells; 
ii) the inhibitory effects of sevoflurane on glioma cell migration 
and invasion are mediated by the upregulation of miRNA‑637, 
which suppresses Akt1 expression and activity. To the best 

of our knowledge, this is the first study to demonstrate the 
inhibitory effects of sevoflurane on glioma cell migration and 
invasion, and to demonstrate the possible underlying mecha-
nisms.

Metastasis, the leading cause for the resultant mortality of 
patients with cancer, is receiving increasing attention in both 
scientific and clinical research. Metastasis is an exceedingly 
complex process, which includes the detachment of the tumor 
cells from the primary site, the degradation of the extracellular 
matrix and the penetration of the tumor cells into the blood 
vessel walls (20). All of these processes are associated with 
the invasive and migration properties of tumor cells (20). It has 
been reported that surgical procedures may induce the release 
of tumor cells into the circulation, resulting in the invasive 
and migratory potential of tumor cells (21), and promoting the 
ability of tumor metastasis (22). Thus, preventing the metastatic 
potential of tumor cells during surgery to remove the tumor is a 
challenging topic. The volatile anesthetic, sevoflurane, has been 
shown to attenuate the proliferation of SW620 colon cancer 
cells and Caco-2 laryngeal cancer cells (7,8), and to inhibit the 
migration and invasion of lung cancer cells (9). The present 
study extended these findings by showing that sevoflurane 
significantly prevented the migration and invasion of glioma 
cells.

Emerging evidence has suggested that alterations of a group 
of miRNAs are involved in the pathogenesis of many types of 
cancer, including glioma (23-26). Several deregulated miRNAs 
target key gene products to regulate cell proliferation, invasion 
and migration (27-29). The deregulation of miRNA‑637, which 
functions as a tumor suppressor, has been shown to be associated 
with the initiation and progression of several types of human 
cancers, such as hepatocellular carcinoma [Zhang et al (30)], 
breast cancer (31) and follicular thyroid carcinoma (32). A recent 
study demonstrated that the expression level of miRNA‑637 

Figure 3. Effects of sevoflurane on Akt1 expression and activity. The cells were treated without (control) or with sevoflurane at various concentrations (1.7, 3.4 
and 5.1%) for 6 h. (A) mRNA expression of Akt1 measured by real-time PCR. (B-D) Protein levels of Akt1 and phosphorylated (p-)Akt1 measured by western 
blot analysis. Data are presented as the means ± SE from 3 independent experiments. *P<0.05 vs. control.
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was significantly reduced in clinical glioma tissues compared 
with normal brain tissues (13); moreover, the overexpression of 

miRNA‑637 markedly suppressed glioma cell growth, migra-
tion and invasion in vitro and in vivo, whereas the inhibition 

Figure 5. Effects of miRNA‑637 inhibitor (miR637-I; transfection of cells with siRNA against miRNA‑637) on Akt1 expression in U251 cells. miRNA‑637 
inhibitor (miR637-I) reversed the sevoflurane‑induced reduction in the expression of Akt1 and phosphorylated (p-)Akt1 in U251 cells. The cells were treated 
without or with a miRNA‑637 inhibitor prior to treatment with 5.1% sevoflurane. Cells without any treatment served as the controls. (A) mRNA expression 
of Akt1 measured by real-time PCR. (B-D) Protein levels of Akt1 and phosphorylated Akt1 measured by western blot analysis. Data are presented as the 
means ± SE from 3 independent experiments. *P<0.05 vs. control (without treatment); †P< 0.05 vs. cells treated with 5.1% sevoflurane alone. Sev, sevoflurane.

Figure 4. Effects of miRNA‑637 inhibitor (miR637-I; transfection of cells with siRNA targeting miRNA‑637) on the migration and invasion of U251 cells treated 
with sevoflurane. The miRNA‑637 inhibitor completely abolished the inhibitory effects of sevoflurane on U251 cell migration and invasion. The cells were treated 
without or with a miRNA‑637 inhibitor prior to treatment with 5.1% sevoflurane. Cells without any treatment served as the controls. (A and C) Representative 
images showing the migratory and invading cells on the membranes. (B and D) Quantification of the migratory and invading cells. Data are presented as the 
means ± SE from 3 independent experiments. *P<0.05 vs. control (without treatment); †P<0.05 vs. cells treated with 5.1% sevoflurane alone. Sev, sevoflurane.
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of miRNA‑637 resulted in a significant increase in glioma 
cell invasion and migration (13). These results suggest that 
miRNA‑637 exerts significant inhibitory effects on the migra-
tion, invasion and tumorigenesis of glioma cells. A number of 
anesthetics, including sevoflurane, have been reported to cause 
alterations in the expression of many miRNAs in both brain and 
peripheral tissues (14-16,33). In the present study, we found that 
the inhibitory effects of sevoflurane on glioma cell migration 
and invasion were dose-dependently associated with an increase 
in the expression of miRNA‑637. Importantly, the inhibition 
of miRNA‑637 with an inhibitor (with siRNA transfection) 
completely abolished the inhibitory effects of sevoflurane on 
glioma cell migration and invasion. These results clearly indi-
cate that sevoflurane prevents the migration and invasion of 
glioma cells by upregulating miRNA‑637.

Akt1 is an essential component of the Akt pathway that 
regulates cell proliferation, migration and invasion in several 
types of tumors (19). The silencing of Akt1 inhibits the growth 
and invasion of glioma cells by decreasing phosphorylated Akt, 
β-catenin, phosphorylated Foxo1 and cyclin D1 and inducing 
the expression of Foxo1, whereas an increase in Akt1 protein 
levels is associated with the enhanced migration and inva-
sion of glioma cells (13,34,35). Akt1 is a direct target gene 
of miRNA‑637 (13). The overexpression of miRNA‑637 has 
been shown to prevent the proliferation, migration and inva-
sion of glioma cells through the direct targeting of Akt1 (13). 
Our results revealed that the upregulation of miRNA‑637 in 
glioma cells by sevoflurane suppressed both the Akt1 mRNA 
and protein levels in a dose-dependent manner, and subse-
quently inhibited the p‑Akt1 levels. Moreover, the inhibition 
of miRNA‑637 with an inhibitor  (by siRNA transfection) 
completely reversed the sevoflurane-induced decrease in the 
expression of Akt1 and p‑Akt1. These findings suggest that the 
upregulation of miRNA‑637 by sevoflurane inhibits glioma 
cell migration and invasion by suppressing Akt1 expression 
and activity.

In conclusion, the present study demonstrates that the vola-
tile anesthetic, sevoflurane, inhibits glioma cell migration and 
invasion, and that these beneficial effects are mediated by the 
upregulation of miRNA‑637, which suppresses Akt1 expres-

sion and activity (Fig. 6). These findings may have significant 
clinical implications for anesthesiologists regarding the choice 
of volatile anesthetic agents for the surgical resection of gliomas 
in order to prevent metastases and improve patient outcomes.
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