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Sevoflurane promotes migration, invasion, and colony-forming
ability of human glioblastoma cells possibly via increasing the
expression of cell surface protein 44
Ren-chun Lai1,2, Wei-ran Shan1, Di Zhou1,3, Xiao-qing Zeng1, Kendrick Zuo1, Dong-feng Pan4, Wei-an Zeng2 and Zhi-yi Zuo1

Surgical resection of primary solid tumor under anesthesia remains a common practice. It has been concerned whether general
anesthetics, especially volatile anesthetics, may promote the growth, migration, and invasion of cancer cells. In this study, we
examined the effects of sevoflurane on human glioblastoma cells and determined the role of cluster of differentiation (CD) 44, a cell
surface protein involved in cell growth, migration, and invasion, in sevoflurane’s effects. We showed that exposure to 1%–4%
sevoflurane did not change the cell proliferation, but concentration-dependently increased the invasion of human glioblastoma
U251 cells. Furthermore, 4% sevoflurane significantly increased the migration and colony-forming ability of U251 cells. Similar
results were observed in human glioblastoma A172 cells. Exposure to sevoflurane concentration-dependently increased the activity
of calpains, a group of cysteine proteinases, and CD44 protein in U251 and A172 cells. Knockdown of CD44 with siRNA abolished
sevoflurane-induced increases in calpain activity, migration, invasion, and colony-forming ability of U251 cells. Inhalation of 4%
sevoflurane significantly increased the tumor volume and invasion/migration distance of U87 cells from the tumor mass in the nude
mice bearing human glioblastoma U87 xenograft in the brain. The aggravation by sevoflurane was attenuated by CD44 silencing. In
conclusion, sevoflurane increases the migration, invasion, and colony-forming ability of human glioblastoma cells in vitro, and their
tumor volume and invasion/migration in vivo. Sevoflurane enhances these cancer cell biology features via increasing the expression
of CD44.
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INTRODUCTION
Surgical resection of primary solid tumors under anesthesia
remains a common practice. However, there has been concern
that general anesthetics, especially volatile anesthetics, may
enhance growth, migration, and invasion of cancer cells, which
are biological processes necessary for cancer recurrence and
metastasis [1]. For example, isoflurane has been shown to increase
the migration of a human renal cancer cell line [2], although the
opposite findings have been reported for volatile anesthetics in
mouse colon cancer cells [3]. The effects of sevoflurane, the most
commonly used volatile anesthetic in the U.S.A., on cells of human
glioblastoma, a deadly human brain tumor, have not been
reported.
Cancer cell migration and invasion are complex processes. It has

been shown that matrix metalloproteinases (MMPs), especially
MMP-2 and MMP-9, are involved in migration and invasion of
cancer cells [3, 4]. These MMPs can degrade components of the
extracellular matrix to facilitate cell invasion. It has been shown
that the effects of sevoflurane and desflurane, volatile anesthetics
that are currently commonly used in clinical practice, on invasion

of colorectal cancer cells are mediated by MMP-9 [3]. On the other
hand, calpains, a family of calcium-dependent cysteine protei-
nases, have also been implicated in cancer cell migration and
invasion [5, 6]. Nevertheless, the role of calpains in the effects of
anesthetics on cancer cells has not been reported.
Cluster of differentiation (CD) 44 is a cell surface protein that in

its active form interacts with various proteins, including growth
factor receptors, to activate intracellular signaling molecules, such
as Akt, mitogen-activated protein kinase (MAPK), and calcium/
calmodulin-dependent protein kinase type II [7, 8]. These protein
kinases may then enhance the release of MMPs and calpains into
the extracellular space to facilitate cell invasion [9–11]. The
cytoplasmic tail of active CD44 can interact with members of the
ezrin–radixin–moesin family or ankyrin to induce cytoskeletal
changes that facilitate migration [8, 12]. Activation of Akt can
enhance cell survival [8]. Thus, CD44 has a critical role in cancer
malignancy behaviors. Interestingly, the role of CD44 in the effects
of anesthetics on cancer cells is not known.
In this study, we determined the effects of sevoflurane on

growth, migration, invasion, and colony-formation ability of
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human glioblastoma cells. We hypothesized that CD44 has a
critical role in the effects of sevoflurane on glioblastoma cells. To
test this hypothesis, the expression of CD44 in these cells was
measured and downregulated by RNA interference.

MATERIALS AND METHODS
The animal protocols were approved by the institutional Animal
Care and Use Committee of the University of Virginia (Charlottes-
ville, VA, USA; Protocol number: 4185). All animal and experi-
mental procedures were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH publications number 80–23) revised in
1996. Care was taken to limit the number of animals used and
their suffering.

Cell culture and randomization
Three human glioblastoma cell lines, U251, A172, and U87, were
used in this study because no one human cancer cell line can
capture all the characteristics of the corresponding cancer [13],
and using multiple cell lines in a study is a common practice [7,
14]. In this study, after examining the effects of sevoflurane on
these three cell lines, U251 cells were used for mechanistic studies,
and based on our previous experiments, U87 cells were used to
develop xenografts in mouse brain because these cells can form
xenografts in the brain [7], but U251 and A172 cells did not form
xenografts in our hands.
U251 cells were maintained in Roswell Park Memorial Institute

(RPMI)-1640 medium (Gibco, Grand Island, NY, USA) supplemen-
ted with 5% heat-inactivated fetal bovine serum (FBS) (Gibco).
A172 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (American Type Culture Collection, Manassas, VA, USA)
with 4.5 g/L glucose and supplemented with 10% FBS. U87 cells
were cultured in Minimum Essential Medium Eagle (MEM)
(American Type Culture Collection, Manassas, VA, USA) supple-
mented with 1 mM sodium pyruvate, 1% non-essential amino
acids, 0.15% sodium bicarbonate, and 10% FBS. The cells were
cultured as a monolayer at 37 °C in humidified air balanced with
5% carbon dioxide. The culture medium was replaced every 48 h.
Cells used for trypan blue exclusion, cell migration, cell invasion,
Western blotting, MMP-2/MMP-9 activity, and calpain activity
assays were seeded at a density of 5 × 105 cells/mL on six-well
plates (Corning Life Science, Corning, NY, USA) and used
experimentally when they were 90% confluent 24 h later. Cells
used for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays were plated at a density of 3 × 104 cells/mL on
96-well plates.
The wells or whole plates of each set of cell cultures were

randomly assigned to experimental conditions in each experi-
ment. Microscopic fields used for cell counting were randomly
selected during the Matrigel invasion assay. Randomization was
not applied to any other experimental procedures. Blinding
methods were used when counting the cells during the cell
viability and Matrigel invasion assays.

Sevoflurane gas exposure
Cells were placed in modular incubator chambers (Billups-
Rothenberg Inc., San Diego, CA, USA) equipped with an inlet
and outlet, which were used to provide continuous delivery of a
gas mixture as we reported previously [15, 16]. An in-line
anesthetic vaporizer (Vaporizer Sale & Service Inc., Rockmart, GA,
USA) gassed with a gas mixture containing 21% oxygen and 5%
carbon dioxide at a rate of 3 L/min was used to deliver sevoflurane
(Praxair Distribution Inc., Richmond, VA, USA) for at least 5 min
until the desired sevoflurane concentration (1%–4%) was
achieved. The concentration of sevoflurane in the sealed chamber
was monitored at the chamber outlet port with an anesthetic

analyzer (Datex-Engstrom, Helsinki, Finland). Once sealed, the
chambers were placed in a 37 °C incubator (NuAire Laboratory
equipment, Plymouth, MN, USA) for 4 h. This duration of
sevoflurane exposure was chosen arbitrarily, but patients are
often exposed to anesthetics for 4 h or longer during surgery to
resect glioblastoma. The concentrations of sevoflurane were
checked again at the end of incubation to preclude insufficient
sealing of the chamber. Control cells were exposed to the air/5%
carbon dioxide mixture only. Cells were used for various assays 24
h after gas exposure. This duration of waiting was designed so
that the proteins needed for the effects on migration, invasion,
and colony formation could be expressed before those effects
were assayed. In addition, these post-exposure effects are relevant
to patients who undergo surgery for glioblastoma.

Small interfering RNA for inhibition of CD44 expression
The CD44 small interfering RNA (siRNA) sequences were 5′-
GAACGAAUCCUGAAGACAUCU-3′ and 5′-AGAUGUCUUCAGGAUUC
GUUC-3′, and the negative control siRNA (non-targeting RNA)
sequences were 5′-AAATGTACTGCGCGTGGAGAC-3′ and 5′-GTCTC
CACGCGCAGTACATTT-3′. These siRNAs were synthesized by
Invitrogen (Carlsbad, CA, USA). For siRNA treatment, cells were
plated in six-well plates at 5 × 105 cells per well 24 h before
transfection. The cells were transfected with CD44 siRNA or non-
targeting siRNA using Lipofectamine 2000 and Opti-Mem I
(Invitrogen) following the manufacturer’s protocol as we
described previously [17, 18]. The final siRNA concentration in a
total of 2 mL of Opti-Mem I medium was 50 nM. The maximum
reduction in CD44 expression occurred at 48 h post-transfection in
U251 cells in our preliminary study. Thus, the cells were incubated
with siRNA for 48 h and then used for transwell invasion,
migration, and colony formation, calpain activity, and Western
blotting assays of CD44.

Cell viability measurement
Cell viability was assessed using a trypan blue exclusion assay as
preformed previously [19]. U251 cells were treated with different
concentrations of sevoflurane (0, 1%, 2%, 3%, or 4%) for 4 h. Cells
were removed from six-well plates by trypsinization 24 h later.
Then, 100 μL cell suspension was thoroughly mixed with 100 μL
trypan blue (Sigma, St. Louis, MO, USA) for 3 min. The mixture was
placed on a hemocytometer. Under light microscopy, viable and
non-viable cells in each of the four large hemocytometer squares
were counted in a blinded fashion, and an average was calculated
for further data analysis. Cell viability (%)= total viable cells
(unstained)/total cells (stained and unstained) × 100%.

Cell proliferation measurement
We used MTT assays to measure cell proliferation. U251 and U87
cells were seeded into a 96-well plate. Cells were exposed to
different concentrations of sevoflurane (0, 1%, 2%, 3%, or 4%) in
the chamber and then cultured for 24 h. MTT (catalog number:
CT02; EMD Millipore, Billerica, MA, USA) solution was added into
each well and incubated with cells for 4 h at 37 °C. Then,
isopropanol with 0.04 M HCl was added to each well. Isopropanol
dissolved the formazan to give a homogeneous blue solution that
was suitable for absorbance measurement. The absorbance was
measured at a test wavelength of 570 nm and a reference
wavelength of 630 nm with a microplate reader (Model 680; Bio-
Rad Laboratories, Hercules, CA, USA). The OD of untreated cells
was set to 100% to calculate the percentage of treated cell density
using the following ratio= ODtreated/ODcontrol × 100%.

Wound healing assay
U251, A172, or U87 cells were cultured in six-well plates and
treated with 4% sevoflurane for 4 h. Cell migration was measured
using a wound healing assay 24 h after sevoflurane exposure. A
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straight scratch was made in each well with a 200 μL pipette tip.
The medium containing cell debris was aspirated away and
replaced with fresh serum-free medium. The cells were then
placed in a 5% CO2 incubator. Wound healing was assessed at 0
and 24 h after the scratch using a light microscope at ×100
magnification. The sizes and the lengths of the area without cells
were measured using Image-Pro software (National Institutes of
Health, Bethesda, MD, USA). The size of the area was divided by
the length of the area to calculate the average distance that had
not been covered by cells. The distance migrated at 24 h after
wounding was then calculated.

Matrigel invasion assay
U251, A172, or U87 cells were cultured in six-well plates. Cells
were treated with different concentrations of sevoflurane (0, 1%,
2%, 3%, or 4%) for 4 h. Twenty-four hours after exposure, cell
invasion was assessed with a transwell invasion assay as
described previously [7]. BD BioCoat Matrigel Invasion Chambers
(24 wells, 8 μm pore size; BD Biosciences, San Diego, CA, USA)
were coated with collagen IV (BD Biosciences). Cells (1 × 105) were
suspended in 300 μL 0.1% FBS medium and added to the upper
chamber of the wells. The lower chamber contained 600 μL 10%
FBS medium for U87 cells or 5% FBS medium for U251 and A172
cells. The plate was kept in an incubator with 5% carbon dioxide
for 8 h at 37 °C. Cells on the upper membrane surface were then
mechanically removed. The cells that had migrated to the lower
side of the collagen IV-coated membrane were fixed and stained
with 0.1% crystal violet. Invasive cells were counted in five
randomly chosen fields under a microscope at ×100 magnifica-
tion in a blind fashion, and the average number of these cells per
field was calculated.

Colony-formation assay
U251 and A172 cells treated with or without 4% sevoflurane for 4
h were cultured for another 24 h in fresh medium and then plated
into 6-well plates at 100 cells per well density. Cells were cultured
for 12 days to form colonies, with a medium change every 3 days.
Cells were then fixed and stained with 1% crystal violet for 30 min.
Colonies with more than 50 cells were counted. The ratio
(percentage) of the number of colonies to the number of cells
seeded was calculated to reflect the colony-formation efficiency.

Western blotting
The expression of CD44 was analyzed via Western blotting. Cells
were rinsed in ice-cold phosphate-buffered saline and lysed with
RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA)
containing a protease inhibitor cocktail (Sigma) and PhosSTOP
phosphatase inhibitor cocktail (Roche, Mannheim, Germany).
Cells were physically disrupted using a cell scraper. Ten
micrograms of protein per lane were separated on a 10% gel
(catalog number: 456–1035; Bio-Rad) and then transferred to a
polyvinylidine difluoride membrane (catalog number: 162–0177;
Bio-Rad). The membranes were blocked for 1 h in blocking buffer
(Pierce Protein-free T20; catalog number: PI207535; Thermo Fisher
Scientific). Primary mouse monoclonal anti-CD44 antibody
(1:1000 dilution; catalog number: 8724S; Cell Signaling Technol-
ogy, Danvers, MA, USA) and rabbit polyclonal anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody (1:5000 dilution;
catalog number: G9545; Sigma) were applied, and the appro-
priate secondary antibodies were used. Protein bands were
visualized using Genesnap version 7.08 and quantified with
Genetools version 4.01 software. The relative protein expression
of CD44 was normalized to the level of GAPDH expression in the
same sample.

Measurement of MMP-2 and MMP-9 enzymatic activity
U251 cells were cultured in 6-well plates. After being treated with
different concentrations of sevoflurane for 4 h, the cells were

placed in a carbon dioxide incubator for an additional 24 h. The
activity of MMP-9 and MMP-2 in the culture medium was
measured using zymography as performed previously [20].
Zymogram gels (Bio-Rad) containing gelatin as a substrate for
MMP-9 and MMP-2 were used. The culture medium was mixed
with non-reducing sample buffer containing 4% sodium dodecyl
sulfate, 62.5 mM Tris-HCl at pH 6.8, 25% glycerol, and 0.01%
bromophenol blue (catalog number: 161–0764; Bio-Rad). After
electrophoresis, the gel was incubated in the renaturing buffer
(catalog number: 161–0765; Bio-Rad) and then incubated over-
night in the developing buffer (catalog number: 161–0766; Bio-
Rad). The gel was stained with 1% Coomassie blue R250 (catalog
number: 161–0400; Bio-Rad) for 1 h. Gelatinolytic activity was
observed as a clear band on the blue background of the
Coomassie-stained gel. Gels were scanned using a Bio-Rad GS
800 densitometer. MMP-9 and MMP-2 activities were quantified by
the raw volume of the band after the background intensity had
been subtracted using ImageQuant TL 2005 software.

Calpain-activity assay
U251 cells were cultured in six-well plates (5 × 105 cells). After
being treated with different concentrations of sevoflurane for 4
h, the cells were placed in a carbon dioxide incubator for an
additional 24 h. Cells were resuspended in 100 μL extraction
buffer and homogenized by pipetting. Protein concentration
was determined by the Bradford assay. Calpain activity was
measured using a kit from Abcam (catalog number: ab65308;
Abcam, Cambridge, MA, USA) according to the manufacturer’s
instructions. Calpain activity was analyzed using a fluorometer
equipped with a 400-nm excitation filter and 505-nm emission
filter.

Implantation of U87 cells into mouse brain and exposure to
sevoflurane
U87 cells were incubated with or without CD44 siRNA or non-
targeting RNA for 48 h. The cells (5 µL containing ~1 × 105 cells)
were injected into the posterior striatum of Hsd:Athymic Nude-
Foxn1nu mice (Envigo, Dublin, VA, USA) anesthetized with
ketamine and xylazine. The coordinates for injection were
2.5 mm lateral to the middle line, −1 mm from the bregma and
a depth of 3 mm from the skull. The injection site was infiltrated
with 2 mg/kg bupivacaine to relieve the pain. Animals injected
with cells transfected with non-targeting RNA and CD44 siRNA
were exposed to 4% sevoflurane (inhaled concentration) for 2 h on
days 4 and 8 after injection. Their body temperature during
anesthesia was maintained at 37 °C with a water bath (Supple-
mentary Figure 1). Four percent sevoflurane was used because
one minimum alveolar concentration of sevoflurane in mice is
3.22% [21]. Four groups of animals were studied: control (8 mice),
siRNA only (6 mice), non-targeting RNA plus sevoflurane (6 mice),
and siRNA plus sevoflurane (9 mice).

Immunofluorescence staining and determination of tumor
volumes and cell invasion in mouse brain
Two weeks after injection of U87 cells, mouse brains were
harvested. Each whole brain was serially sectioned at a thickness
of 10 µm. Ten sections at the injection site were used for
immunofluorescence staining. Anti-human nucleus antibody clone
3E1.3 (1:200 dilution; catalog number: MAB4383, Millipore) was
used for staining U87 cell nuclei. The secondary antibody was
donkey anti-mouse IgG conjugated with Alexa Fluor 594 (1:200
dilution; catalog number: A-21203, Invitrogen). Sections were
counterstained with Hoechst 33342 (1:1000 dilution; catalog
number: 62249, Thermo Fisher Scientific, Pittsburgh, PA, USA) for
5 min, rinsed and mounted with Vectashield mounting medium
(catalog number: H-1000, Vector Laboratories, Burlingame, CA,
USA). Images were acquired with a fluorescence microscope
(Olympus DP70, Olympus Corporation, Tokyo, Japan).
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Tumor volumes were measured in a manner similar to that used
previously to determine brain infarct volumes [20, 22]. The
invasion distance of cells was assessed using a previously
described method, with some modification [22]. These measure-
ments were performed by a blinded observer using ImageJ
software (National Institutes of Health, MD, USA). Tumor area was
manually outlined with a freehand tool and then measured in
μm2. The area was then multiplied by the section thickness
(10 μm) to obtain the tumor volume in the section. Volumes in all
sections (10 s per mouse) were added together to obtain the total
volume of each tumor. The invasion distance of cells from the
edge of the main tumor bulk was measured using the straight tool
in ImageJ. The invasion distances of all cells stained with anti-
human nucleus antibody in 10 brain sections from each mouse
were measured. The longest invasion distance of a U87 cell in
each mouse was then identified. The total number of U87 cells
that had migrated away from the tumor mass in each mouse was
also determined.

Statistical analysis
Parametric results with a normal distribution are presented as
the mean ± S.D. (n ≥ 5). The sample size used in experiments
was based on our previous experience [7]. Data were analyzed
using one-way analysis of variance followed by Tukey’s test if
the data were normally distributed or using one-way analysis
of variance on ranks followed by Tukey’s test if the data were
not normally distributed (the CD44 protein expression data and
cell invasion data from experiments in which CD44 siRNA was
used to attenuate sevoflurane effects were not normally
distributed). Comparison of results from experiments with only
two groups was performed using a t-test. Differences were
considered significant at P < 0.05 based on two-tailed hypoth-
esis testing. All statistical analyses were performed with
SigmaPlot 12.5 software (Systat Software, Inc., Point Richmond,
CA, USA).

RESULTS
The data from every experiment are included and reported below.
There are no missing experimental data.

Sevoflurane might not affect cell proliferation or induce
glioblastoma cell death
Exposure to 1%–4% sevoflurane for 4 h did not significantly affect
the results of MTT assays of U251 cells (Fig. 1a), suggesting that
sevoflurane may not affect the proliferation of glioblastoma cells.
In addition, the number of viable U251 cells according to trypan
blue exclusion assays was not affected by sevoflurane exposure
(Fig. 1b), suggesting that sevoflurane may not induce cell death.
Consistent with the MTT and trypan blue assay results, the total
number of U251 cells was not affected by sevoflurane exposure
(Fig. 1c).

Sevoflurane enhanced invasion, migration, and colony-formation
ability of glioblastoma cells
Sevoflurane dose-dependently increased the invasion ability of
U251 cells. This effect was significant at a concentration as low as
1%. The number of cells that invaded into the low chamber after
exposure to 4% sevoflurane was more than three times that of the
control cells (from 144 ± 29 cells per microscopic field to 450 ± 176
cells per microscopic field, n= 6, P < 0.001) (Fig. 2a, b). Consistent
with the invasion results, 4% sevoflurane also increased the
migration of U251 cells (Fig. 2c, d). Exposure to 4% sevoflurane
also increased the colony formation efficiency of U251 cells (from
17% ± 9% to 24% ± 8%, n= 14, P= 0.045) (Fig. 2e, f). Similarly, 4%
sevoflurane increased the migration, invasion, and colony-
formation ability of A172 cells (Fig. 3).

Sevoflurane increased calpain activity and CD44 expression
Exposure to 1% to 4% sevoflurane did not affect MMP-2 and MMP-
9 activity in the culture medium of U251 cells (Fig. 4a–c). However,
sevoflurane dose-dependently increased calpain activity. This
effect reached significance at 3% and 4% sevoflurane (Fig. 4d).
Sevoflurane also dose-dependently increased the expression of
CD44 in U251 cells. This effect also reached significance at 3% and
4% sevoflurane (Fig. 4e, f). Similarly, 4% sevoflurane increased
CD44 expression in A172 cells (Fig. 3).

Reducing CD44 expression blocked the sevoflurane-induced
increase in calpain activity and the malignant behavior of
glioblastoma cells under in vitro conditions
As expected, siRNA against CD44 reduced CD44 expression while the
transfection agent and non-targeting small RNA did not affect CD44
expression in U251 cells (Fig. 5a, b). siRNA against CD44 blocked the
sevoflurane-induced increase in CD44 (Fig. 5c, d). In addition, the
increase in calpain activity and invasion of U251 cells induced by

Fig. 1 No effect of sevoflurane on proliferation and cell death in
U251 cells. U251 cells were exposed to various concentrations of
sevoflurane for 4 h. Cells were used for experiments 24 h later. aMTT
results, b trypan blue exclusion results, and c total number of cells.
The results are shown as the mean ± S.D. (n= 8 for a, and n= 12 for
b and c)
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sevoflurane exposure was blocked by CD44 siRNA (Fig. 5e–g).
CD44 siRNA also reduced the migration and colony formation ability
of U251 cells stimulated by sevoflurane (Fig. 6a–d).

Reducing CD44 expression blocked the sevoflurane-induced
malignant behavior of U87 cells under in vitro and in vivo
conditions
Similar to the U251 cell results, sevoflurane did not affect the
proliferation of U87 cell cultures as measured with MTT assays
(Fig. 7a). However, 4% sevoflurane increased CD44 expression and the
migration and invasion ability of U87 cells under in vitro conditions
(Fig. 7b–f). CD44 downregulation reduced the sevoflurane effects on
the migration and invasion ability of U87 cells (Fig. 7c–f).
No mouse died during the in vivo cancer cell implantation

experiment. Data from every mouse were included in the analysis.
Sevoflurane increased the xenograft volumes and invasion/migra-
tion distance of U87 cells from the xenografts in the mouse brain
(Fig. 8). These effects of sevoflurane on U87 cell xenografts were
attenuated by CD44 siRNA (Fig. 8). Of note, the number of cells that
migrated away from the tumor mass into brain tissues was not
significantly different among the four experimental conditions
studied (overall P value was 0.108, determined by one-way ANOVA),
but the pattern of changes under these conditions appeared to be
similar to that of tumor volumes and invasion (Fig. 8).

DISCUSSION
Human glioblastoma currently is an incurable brain tumor. Often,
the edge of tumors is not clearly defined, and these tumors have a
high recurrence rate after surgical resection [23]. Nevertheless,
surgery is often performed to remove glioblastoma. Thus, the
effects of general anesthetics on the cancer biology of these cells
are clinically significant.
A significant finding of our study is that sevoflurane at clinically

relevant concentrations increased invasion and migration of
glioblastoma cells. This phenomenon occurred in all three cell
lines tested in this study. It has been shown that serum from
patients who underwent colon cancer surgery under sevoflurane
anesthesia and were administered opioids increased the invasion
of colon cancer cells in vitro compared with serum from patients
whose colon surgery was conducted under propofol anesthesia
with epidural analgesia. However, the study did not include a
control group [24]. Thus, it is not known whether anesthesia and
analgesia increase or decrease cell invasion compared with a
control group. In another study, sevoflurane was found to increase
invasion of estrogen receptor-positive breast cancer cells but did
not affect the invasion of estrogen receptor-negative breast
cancer cells [25]. A recent study showed that isoflurane increased
migration of glioblastoma stem cells [22]. These previous studies
are consistent with our finding that volatile anesthetics, such as

Fig. 2 Sevoflurane-induced increase in invasion, migration, and colony-formation in U251 cells. U251 cells were exposed to various
concentrations of sevoflurane for 4 h. Cells were used for experiments 24 h later. a Representative images of invaded cells, b quantitative
results of cell invasion assay, c representative images of migration assay, d quantitative results of migration assay, e representative images of
cell colonies, f quantitative results of colony-formation assay. The results are shown as the mean ± S.D. (n= 6 for b, n= 17 for d and n= 14 for
f). *P < 0.05 compared with control
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sevoflurane, enhance cancer cell invasion. However, sevoflurane
and desflurane have been shown to reduce mouse colon cancer
cell invasion [3]. Thus, the effects of volatile anesthetics on the
invasion of cancer cells may vary among different cancer cells.
Interestingly, the above three papers showing that volatile

anesthetics may increase the invasion of cancer cells did not
include mechanistic studies. On the other hand, sevoflurane may
inhibit MMP-9 to inhibit the invasion of mouse colon cancer cells
[3]. MMP-2 and MMP-9 have been implicated in cancer cell
invasion [3, 4]. These enzymes can degrade the extracellular
matrix to facilitate migration and invasion of cancer cells.

However, our results showed that sevoflurane increased invasion
of glioblastoma cells but did not affect MMP-2 and MMP-9
activities, suggesting that MMP-2 and MMP-9 may not be involved
in this sevoflurane effect. Interestingly, sevoflurane dose-
dependently increased the activity of calpains. Calpains have
been shown to facilitate the turnover of invadopodia [5], a
structure used for invasion, and therefore can increase the
invasion of cancer cells. Thus, calpains may be involved in the
sevoflurane-induced increase in glioblastoma cell invasion.
Of note, sevoflurane increased CD44 expression in all three

glioblastoma cell lines used in this study. CD44 is a key protein

Fig. 3 Sevoflurane-induced increase in A172 cell invasion, migration, and colony formation. A172 cells were exposed to 4% sevoflurane for
4 h. Cells were used for experiments 24 h later. a Representative images of invaded cells, b quantitative results of cell invasion assays,
c representative images of migration assays, d quantitative results of migration assays, e representative images of cell colonies, f quantitative
results of colony formation assays, g representative images of Western blotting analysis of CD44, with two representative results from control
and 4% sevoflurane exposure conditions, and h quantitative results of CD44 expression analysis. The results are shown as the mean ± S.D.
(n= 6 for b, n= 18 for d, n= 12 for f, and n= 6 for h). *P < 0.05 compared with control
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that affects various cancer cell biology features by regulating
intracellular signaling molecules [7, 8]. For example, CD44 can
enhance Akt activity to increase cell growth [7, 26]. CD44 can also
activate MAPK to increase calpain activity [9, 10]. Our previous
study showed that CD44 can lead to MAPK activation in
glioblastoma cells [7]. Here, we showed that sevoflurane increased
CD44 in glioblastoma cells. CD44 silencing reduced calpain activity
and malignant cell behavior, including migration, invasion, and
colony formation, of glioblastoma cells in vitro and tumor growth
and invasion/migration in vivo. These results suggest that CD44 is
involved in the sevoflurane-induced increase in malignant
behavior of glioblastoma cells. These results also provide
additional evidence for the role of calpains in this increased
invasion.
Of note, sevoflurane did not affect the results of MTT assays,

total cell numbers or the number of viable U251 cells in our study.
These results suggest that sevoflurane may not affect the
proliferation and death of glioblastoma U251 cells. Sevoflurane
has been shown to increase the proliferation of breast cancer cells
[25]. However, it was also reported that sevoflurane inhibits the

growth of lung cancer cells induced by hypoxia [27]. Our study
showed that sevoflurane did not affect MTT assay results in U87
cell cultures but increased the tumor volumes of these cells in the
brain. These results may suggest that sevoflurane does not affect
the proliferation of these cells but inhibits their death to increase
tumor volumes. It is also possible that sevoflurane induces cell
proliferation under in vivo conditions but not under in vitro
conditions because the complex environment in the brain does
not exist in cell culture. Since CD44 silencing inhibited tumor
volume increase, this sevoflurane effect may also be mediated by
CD44. CD44 can increase Akt and MAPK activities, which are
beneficial for cell survival and proliferation [7, 26]. Consistent with
this possibility, sevoflurane increased CD44 and colony formation,
and downregulating CD44 reduced colony formation.
Our results also showed that sevoflurane increased the

migration and invasion of glioblastoma cells under in vitro
conditions. These effects were confirmed in mouse brain.
Invadopodia are F-actin-rich membrane protrusions from which
enzymes, such as MMPs, can be secreted [28]. These protrusions
are critical structures for invasion [29]. On the other hand, integrin-

Fig. 4 Sevoflurane-induced increase in calpain activity and CD44 protein expression in U251 cells. U251 cells were exposed to various
concentrations of sevoflurane for 4 h. Cells were used for experiments 24 h later. a Representative zymogram images of MMP-2 and MMP-9,
b quantitative assessment of MMP-2 activity, c quantitative assessment of MMP-9 activity, d quantitative assessment of calpain activity,
e representative images of Western blotting analysis of CD44, and f quantitative assessment of CD44 expression. The results are shown as the
mean ± S.D. (n= 8 for b and c, n= 6 for d, and n= 7 for f). *P < 0.05 compared with control
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based focal adhesions are structures utilized for migration. Focal
adhesions are attached to the extracellular matrix and activate
cytoskeletal reorganization to generate traction forces for migra-
tion [30]. Invadopodia and focal adhesions are distinct and highly
dynamic structures that facilitate invasion and migration, respec-
tively [30], and both can be regulated by MAPK [30, 31]. Isoflurane
has been shown to enhance migration and cytoskeletal

reorganization in human renal cancer cells [2]. Our results suggest
that sevoflurane has similar effects on glioblastoma cells.
Migration and invasion are basic biological processes necessary

for tumor cells to metastasize. Sevoflurane increased the
migration and invasion of human glioblastoma cells. Metastasis
requires formation of a colony in another location. Our results also
showed that sevoflurane increased the colony formation efficiency

Fig. 5 Blocking of the sevoflurane-induced increase in calpain activity and invasion of U251 cells via CD44 downregulation. U251 cells were
transfected with CD44 siRNA or non-targeting siRNA for 48 h and harvested for analysis to generate the results shown in a and b or exposed
to 4% sevoflurane for 4 h and then used in experiments to generate the results shown in c–g. a Representative Western blotting images of
CD44 expression in cells without sevoflurane exposure, b quantitative results of CD44 expression in cells without sevoflurane exposure,
c representative images of Western blotting of CD44 in cells exposed to sevoflurane, d quantitative results of CD44 expression in cells exposed
to sevoflurane, e quantitative assessment of calpain activity, f representative images of invaded cells, g quantitative results of invasion assays.
The results are shown as the mean ± S.D. (b, e) or in a box plot in which the box represents the 25% to 75% interval and the median of the
data is shown as a line inside the box (d, g) (n= 6). *P < 0.05 compared with control. &P < 0.05 compared with sevoflurane alone. #P < 0.05
compared with sevoflurane plus non-targeting siRNA. Sevo: 4% sevoflurane, non-tar: non-targeting RNA
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of U251 and A172 cells. Colony formation assays have been used
to determine cell survival [32]. Our results suggest that sevoflurane
facilitates survival and colony formation of human glioblastoma
cells in the local environment. Halothane was found to have no
effect on colony formation of lymphoma cells [33]. Our results
provide initial evidence that anesthetics, such as sevoflurane, may
enhance metastasis of glioblastoma cells. Of note, our study
showed that sevoflurane increased colony formation of U251 cells
but did not appear to affect their proliferation, assessed by MTT
assays. These findings are understandable because colony
formation reflects cell survival and proliferation when only a few
cells are initially present or even single cell, while the MTT assay
measures proliferation of a large number of cells.
We performed a dose–response study to examine sevoflurane

effects on invasion; the activity of MMP-2, MMP-9 and calpains;
and CD44 protein expression in U251 cells but used 4%
sevoflurane in other studies. This concentration should be
clinically relevant because the brain/blood partition coefficient is
1.7 for sevoflurane [34]. The blood/gas partition coefficient for
sevoflurane is 0.74 [35], but the electrolyte solution (similar to our
culture medium)/gas partition coefficient for sevoflurane is 0.31
[36]. Thus, the sevoflurane concentration in the culture medium
surrounding our cell cultures when 4% sevoflurane in gas was
applied should be within the sevoflurane concentration range in
the brain during clinical anesthesia because the concentration of
sevoflurane in the brain could be four times that in culture

medium when the same concentration of sevoflurane in the gas
phase are applied (1.7 × 0.74/0.31= 4.05).
A significant strength of our study is the use of multiple

human glioblastoma cell lines to show the effects of
sevoflurane on cancer cell biology behavior. Detailed char-
acterization of these effects, such as dose–response studies,
and mechanistic investigation were performed in U251 cells,
the first cell line used in this study. To determine whether the
in vitro findings are applicable in the brain, the organ in which
glioblastoma occurs, we implanted U87 cells into mouse brains.
Together, our results suggest that the sevoflurane-enhanced
cancer cell biology behaviors are not specific to one human
glioblastoma cell line and that the in vitro findings are
applicable in the mouse brain.
Clinically, the effects of volatile anesthetics on patient outcome

after surgery for cancer are not clear. A recent retrospective study
showed that patients that underwent surgery for cancer under
volatile anesthetics had a lower long-term survival rate than
patients anesthetized with intravenous anesthetics [37]. These
results are consistent with previous findings that intravenous
agents, such as lidocaine and propofol, can inhibit the prolifera-
tion, migration, and invasion of cancer cells under in vitro
conditions [11, 38]. However, a previous retrospective study did
not show significant benefits of propofol anesthesia over
sevoflurane anesthesia in patients undergoing surgery for cancer
[39]. Prospective randomized clinical studies are needed to

Fig. 6 Blocking of the sevoflurane-induced increase in migration and colony formation of U251 cells via CD44 downregulation. U251 cells
were transfected with CD44 siRNA or non-targeting siRNA for 48 h, exposed to 4% sevoflurane for 4 h and then used in experiments to
generate the results shown in a–d. a Representative images of migration assays, b quantitative results of migration assays, c representative
images of cell colonies, d quantitative results of colony-formation assays. The results are shown as the mean ± S.D. (n= 9–42). #P < 0.05
compared with sevoflurane plus non-targeting siRNA. Sevo: sevoflurane, non-tar: non-targeting RNA
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determine whether anesthetic choice is important for cancer
recurrence and survival benefit.
Our study has limitations. We have shown a critical role of CD44

in the effects of sevoflurane on cancer cell behavior under in vitro
and in vivo conditions, a novel mechanism by which volatile
anesthetics can affect cancer cells. However, we have not defined
the intracellular signaling molecules downstream of CD44
involved in the effects of sevoflurane. Nevertheless, many
intracellular signaling molecules have been identified that are
necessary for CD44 to regulate cell proliferation, migration, and
invasion [7–12, 31]. These well-defined signaling molecules

downstream of CD44, such as MAPK and Akt, may mediate the
effects of sevoflurane on cancer cell behaviors. Another limitation
of our study is that the mechanism by which sevoflurane increases
CD44 expression was not determined. This determination will be
performed in our future studies.
In summary, our study showed that sevoflurane enhances

cancer cell biology behaviors, including migration, invasion, and
the colony formation ability of glioblastoma cells. These effects
may be mediated by increased CD44 expression. Together, these
results suggest that sevoflurane may facilitate metastasis of
human glioblastoma cells.

Fig. 7 Role of CD44 in sevoflurane-induced increase in U87 cell migration and invasion. U87 cells were exposed to various concentrations of
sevoflurane for 4 h. Cells were used for MTT assays 24 h later to generate the results shown in a. U87 cells were exposed to 4% sevoflurane for
4 h and used 24 h later for Western blotting to generate the results shown in b. In another experiment, U87 cells were transfected with
CD44 siRNA or non-targeting siRNA for 48 h, exposed to 4% sevoflurane for 4 h and then used in experiments to generate the results shown in
c–f. a MTT results, b CD44 expression (top panel: representative Western blotting images of CD44 expression, with two representative blots
from control and 4% sevoflurane exposure conditions; bottom panel: quantitative assessment of CD44 expression), c representative images of
migration assays, d quantitative results of migration assays, e representative images of invaded cells, f quantitative results of invasion assays.
The results are shown as the mean ± S.D. (n= 17–32). *P < 0.05 compared with control. #P < 0.05 compared with sevoflurane plus non-
targeting siRNA. Sevo: 4% sevoflurane, non-tar: non-targeting RNA
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