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	 Background:	 Lung cancer is one of the leading causes of cancer mortalities worldwide, and non-small cell lung cancer (NSCLC) 
accounts for the majority of all lung cancer cases. Surgery remains one of the front-line treatment options for 
NSCLC, but events within the perioperative period were found to affect cancer prognosis, such as anesthesia 
procedures. Isoflurane, a commonly used volatile anesthetic, enhances the malignant potential of renal, pros-
tate, and ovarian cancer cells, but its effects on NSCLC development have not been previously reported.

	 Material/Methods:	 CCK-8 and MTT cell proliferation assays were used to analyze NSCLC cell proliferation. Metastatic ability was 
examined by wound healing and transwell assays. We used Western blot analysis to study the mechanism of 
effect of Isoflurane in NSCLC development.

	 Results:	 We demonstrated that isoflurane promotes proliferation, migration and invasiveness of NSCLC cells, as well as 
upregulation of the Akt-mTOR signaling pathway in NSCLC cells. Pharmacological inhibition of Akt-mTOR sig-
naling abolished the ability of isoflurane to promote proliferation, migration, and invasion of NSCLC cells, indi-
cating that isoflurane promotes NSCLC cell malignancy by activating the Akt-mTOR signaling pathway.

	 Conclusions:	 Isoflurane promotes NSCLC proliferation, migration and invasion by activating the Akt-mTOR signaling pathway.
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Background

Lung cancer is one of the leading causes of cancer mortalities 
worldwide in both males and females, with more than 1.5 mil-
lion deaths annually [1]. Depending on histological character-
istics, lung cancer can be categorized into two major types, 
small cell lung carcinoma (SCLC) and non-small cell lung carci-
noma (NSCLC), of which NSCLC accounts for the vast majority 
of all lung cancer cases. Within the category of NSCLC, there 
are several subtypes of cancers with distinct cell origins and 
pathophysiologies, including lung adenocarcinoma, squamous 
cell carcinoma, and large cell lung cancer. Despite recent re-
search progress in cancer treatment, the clinical prognosis of 
NSCLC remains still poor, primarily due to NSCLC cases often 
being diagnosed at advanced stages [2], leaving only limited 
effective treatment options available, and patients with ad-
vanced NSCLC commonly undergoing cancer metastasis and 
developing chemotherapy resistance [3]. This prompts the ur-
gent need for identification of diagnostic markers, as well as 
elucidation of the molecular mechanisms responsible for me-
tastasis and drug resistance.

Currently, surgery remains one of the front-line treatment 
options for NSCLC [4]. However, events within the periopera-
tive period were found to affect cancer prognosis, including 
relapse, metastasis, and drug resistance for a variety of can-
cers [4]. Anesthesia has recently been linked with advancing 
cancer development through studies comparing regional vs. 
general anesthesia, with regional anesthesia being less patho-
genic for various cancers [5–8]. Moreover, isoflurane, a widely 
used volatile anesthetic, has been found to enhance the ma-
lignant potential of renal [9], prostate [10] and ovarian cancer 
cells [11]. The mechanisms underlying the effects of isoflurane 
on cancer malignancy is under debate. Increased expression 
of insulin-like growth factor (IGF)-1 and vascular endothelial 
growth factor (VEGF) was suggested to cause enhanced cell 
cycle progression, cell proliferation and angiogenesis, which 
could contribute to accelerated cancer progression [11]. Other 
studies indicated that when the hypoxia-inducible factor (HIF) 
cellular signaling pathway is activated, it is responsible for iso-
flurane-induced cancer malignancies [9,10], as HIF signaling 
transcriptionally regulates various genes that have important 
roles in cancer activity, including cell growth, angiogenesis, 
glucose uptake, and metastasis [12].

To date, the effects of isoflurane on NSCLC development have 
not been previously evaluated. In our study, we are first to re-
port that isoflurane treatment promotes proliferation, migra-
tion and invasion of NSCLC cells, and that pharmacological 
inhibition of Akt-mTOR signaling abolishes the ability of isoflu-
rane to promote these processes of NSCLC cells, indicating that 
isoflurane promoted NSCLC cell malignancy via activating the 

Akt-mTOR signaling pathway. In addition, isoflurane treatment 
upregulates the Akt-mTOR signaling pathway in NSCLC cells.

Material and Methods

Reagents

MK2206 was obtained from Sigma (St. Louis, MO, USA). 
Antibodies against p-Akt, Akt, p-mTOR, mTOR, Cyclin D1, 
MMP2, MMP9 and b-actin were all purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA).

Cell lines

NSCLC cell lines A549 and H1299 were cultured in 1640 Medium 
(Gibco-BRL, Carlsbad, CA, USA) supplemented with 10% fetal 
bovine serum (FBS) (Gibco-BRL). The cells were maintained in 
a humidified 37°C incubator with 5% CO2.

Isoflurane gas exposure

Isoflurane gas exposure was performed as previously de-
scribed [9].

CCK-8 assay

NSCLC cell proliferation was measured using the CCK-8 cell 
proliferation kit (Beyotime Biotechnology, Hainan, China) ac-
cording to manufacturer’s instructions. Briefly, NSCLC cells 
were seeded into 96-well plates at 2×103 cells per well and 
cultured for 48 h after treatment. Ten μl CCK-8 (5 mg/ml) was 
added into the culture medium in each well. After 1 h incuba-
tion at 37°C, OD values were read with a microplate reader at 
the 450-nm wavelength.

MTT assay

NSCLC cells were plated into 96-well plates at a density of 3×103 
cells/well. The cells were incubated with 20 µl MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for 4 h 
at 37°C in the dark. DMSO (150 μl) was added to each well af-
ter 4-h incubation. Absorbance at 562 nm was measured with 
a microplate reader.

Wound healing assay

NSCLC cells were plated into 6-well plates and reached 80%-
90% confluence. Artificial wounds were created on the conflu-
ent cell monolayer with 200-μL pipette tips, and the detached 
cells were washed twice with FBS. These cells were grown in 
complete 1640 medium, and migrating cells were examined 
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under an inverted microscope with a digital camera (Nikon, 
Tokyo, Japan) and counted at 0 h and 24 h after culturing.

Transwell assay

Invasiveness of NSCLC cells was assessed using 8-mm pore 
polycarbonate transwell plates coated with Matrigel (BD 
Biosciences, San Jose, CA, USA). In brief, 2.5±104 cells in 1640 
medium with 1% FBS were added to the upper chamber, and 
the lower chamber was filled with complete medium. After 
12-h incubation, the non-migrating cells on the upper surface 
of the membrane were removed with cotton swabs. The in-
vading cells on the lower surface of the membrane were fixed 
with 4% paraformaldehyde and stained with 0.5% crystal vio-
let dye. Six random fields per membrane were photographed 
and cells were quantified.

Western blot

Cells were harvested and lysed in RIPA buffer (Beyotime) con-
taining protease inhibitor. The concentrations of total pro-
teins were quantitated using a bicinchoninic acid (BCA) meth-
od (Beyotime). Proteins (20–40 μg) from each sample were 
loaded and separated by 8% SDS-polyacrylamide gel electro-
phoresis (PAGE), transferred onto nitrocellulose membranes 
(Millipore, Bedford, MA, USA), immunoblotted with specific pri-
mary antibodies, and incubated with corresponding horseradish 

peroxidase (HRP)-conjugated secondary antibodies. All the im-
munoblots were visualized by enhanced chemiluminescence 
(Pierce, Rockford, IL, USA). b-actin was the internal control.

Statistical analysis

Statistical package 19.0 for Windows (SPSS, Chicago, IL, USA) 
was used for statistical analyses. The values were expressed 
as the mean ± standard deviation (mean ±SD). The data were 
analyzed by the paired-sample t-test or one-way analysis of 
variance, and p<0.05 was considered statistically significant. 
All experiments were performed in triplicate.

Results

Isoflurane promotes NSCLC cell proliferation

To investigate the effects of isoflurane on NSCLC malignan-
cy, we first determined whether isoflurane could affect NSCLC 
cell proliferation. We treated two lines of NSCLC cells, A549 
and H1299, with increasing concentrations of isoflurane (0%, 
1% or 2%) and performed the CCK-8 cell proliferation assay. 
We found that isoflurane could significantly increase the pro-
liferation ability of A549 and H1299 cells in a dose-depen-
dent manner (Figure 1A). In addition, we performed MTT as-
says to monitor the time course of cell proliferation following 

2.0

1.5

1.0

0.5

0.0
0% isoflurane

0% isoflurane
1% isoflurane
2% isoflurane

1% isoflurane

A549

A549

2% isoflurane

*

*

Re
lat

ive
 pr

ol
ife

ra
tio

n

3.0

2.5

2.0

1.5

1.0

0.5

0.0
0 12 24 36

Time (h)
48 60 72

OD
 56

2 n
m

2.0

1.5

1.0

0.5

0.0
0% isoflurane 1% isoflurane

H1299

2% isoflurane

*

*

*

*

Re
lat

ive
 pr

ol
ife

ra
tio

n

H12992.5

2.0

1.5

1.0

0.5

0.0
0 12 24 36

Time (h)
48 60 72

OD
 56

2 n
m

*

*

A

B

Figure 1. �Isoflurane promotes NSCLC cell proliferation. (A) CCK-8 proliferation assay of A549 and H1299 cells after isoflurane 
treatment (0%, 1% or 2%). (B) MTT assay of A549 and H1299 cells at the indicated time points after isoflurane treatment 
(0%, 1% or 2%). * p<0.05 compared with 0% isoflurane treatment.
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isoflurane treatment, and we further confirmed that isoflu-
rane could promote NSCLC cell proliferation in a dose-depen-
dent manner (Figure 1B).

Isoflurane promotes NSCLC cell migration and invasion

We next assessed the effects of isoflurane on NSCLC cell mi-
gration and invasion. We performed wound healing assays on 
A549 and H1299 cells treated with increasing concentrations 
of isoflurane (0%, 1% or 2%) and found that this treatment 
significantly increased migration speeds in both cell lines in 
a dose-dependent manner (Figure 2). Furthermore, we per-
formed transwell invasion assays on isoflurane-treated A549 
and H1299 cells, and observed that this treatment led to mark-
edly increased numbers of invading cells (Figure 3). Taken to-
gether, these results indicated that isoflurane treatment pro-
moted proliferation, migration, and invasiveness of NSCLC cells.

Isoflurane upregulates the Akt-mTOR signaling pathway in 
NSCLC cells

Isoflurane has been found to promote the malignancy re-
nal and prostate cancer cells by activating the HIF signaling 
pathway, and this activation is mediated by Akt-mTOR signal-
ing [9,10]. We therefore sought to determine whether isoflu-
rane could activate the Akt-mTOR signaling pathway in NSCLC 

cells. We treated NSCLC cells with 2% isoflurane and exam-
ined both total and phosphorylated Akt levels by Western blot 
analysis. Significantly, in both A549 and H1299 cells, isoflu-
rane was found to enhance phosphorylation of Akt (Figure 4). 
We also examined the levels of both total and phosphorylat-
ed mTOR in NSCLC cells treated with isoflurane, and observed 
that phosphorylation of mTOR was also significantly upreg-
ulated by isoflurane treatment (Figure 4). We examined the 
levels of a series of downstream targets of the Akt-mTOR sig-
naling pathway (cyclin D1, MMP2 and MMP9), and found that 
the levels of these proteins were significantly elevated in re-
sponse to isoflurane treatment in both A549 and H1299 cells 
(Figure 5). The results collectively demonstrated that isoflu-
rane treatment upregulates the activity of Akt-mTOR signal-
ing in NSCLC cells.

Isoflurane promotes NSCLC cell malignancy via the Akt-
mTOR signaling pathway

If isoflurane regulates NSCLC cell malignancy by activating 
the Akt-mTOR signaling pathway, isoflurane should not affect 
cell proliferation, migration and invasion in cells in which the 
Akt-mTOR signaling pathway is pharmacologically inhibited. 
To test this hypothesis, we treated A549 cells with a specif-
ic inhibitor of the Akt-mTOR signaling pathway, MK2206, and 
exposed those cells to 2% isoflurane. As expected, inhibition 
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Figure 2. �Isoflurane promotes NSCLC cell migration. (A) Wound healing assay of A549 and H1299 cells after treatment of isoflurane 
(0%, 1% or 2%). (B) Quantification of the distance cell migrated. * p<0.05 compared with 0% isoflurane treatment.
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Figure 3. �Isoflurane promotes NSCLC cell invasion. (A) Transwell invasion assay of A549 and H1299 cells after treatment with 
isoflurane (0%, 1% or 2%). (B) Quantification of the number of invading cells. * p<0.05, ** p<0.01, compared with 0% 
isoflurane treatment.

Figure 4. �Isoflurane upregulates the Akt-mTOR 
signaling pathway in NSCLC cells. 
A549 and H1299 cells were treated 
with 0% or 2% isoflurane. The protein 
levels of phosphorylated Akt, total 
Akt, phosphorylated mTOR, and total 
mTOR were detected by Western 
blot analysis. b-actin was used as an 
internal control.
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of Akt-mTOR signaling led to decreased levels of cell prolifera-
tion (Figure 6A), migration (Figure 6B), and invasion (Figure 6C), 
as determined by CCK-8 cell proliferation, wound healing, and 
transwell invasion assays, respectively. Significantly, in the 
presence of MK2206, isoflurane treatment could no longer in-
duce elevated levels of cell proliferation (Figure 6A), migration 
(Figure 6B), or invasion (Figure 6C), suggesting that upregu-
lation of NSCLC malignancy by isoflurane requires activation 
of Akt-mTOR signaling.

Discussion

We examined the potential impact of the anesthetic isoflu-
rane on NSCLC cells, including their proliferation, migration, 
and invasion, and elucidated the effects of isoflurane on the 
Akt-mTOR signaling pathway in NSCLC cells. It is likely that 
isoflurane treatment activates downstream effectors and in-
creases metastasis of NSCLC cells by enhancing the Akt-mTOR 
pathway. Treatment with isoflurane promoted the malignant 
functions of NSCLC cells, including proliferation, migration and 
invasion, consistent with several recent in vitro studies of oth-
er cancer types, including such as renal [9] and ovarian can-
cers [11]. Treatment with isoflurane alone or in combination 
with another anesthetic, propofol, was shown to modulate the 
malignancy of prostate cancer cells [10].

For many years, the effects of general anesthetics were con-
sidered reversible, particularly in the central nervous system. 
When anesthetics are cleared from their bioaction sites, the 
body returns to its normal state. Nevertheless, cellular signal-
ing pathways and certain genes were shown by microarray 
data from human breast and brain tumor cell lines to be af-
fected by anesthetics such as isoflurane [13].

The molecular mechanisms by which anesthetics modulate 
cancer cell malignancy are not well understood. In our study, 
we demonstrated that isoflurane treatment upregulates the 
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Figure 6. �Isoflurane promotes NSCLC cell malignancy via the Akt-mTOR signaling pathway. (A) CCK-8 proliferation assay, 
(B) Quantification of wound healing assay, and (C) Quantification of transwell invasion assay of A549 cells treated with 
MK2206, in the absence or presence of 2% isoflurane. * p<0.05 compared with 0% isoflurane treatment.

Akt-mTOR signaling pathway in NSCLC cells. We also observed 
that pharmacologic inhibition of Akt-mTOR signaling abolished 
the ability of isoflurane to promote proliferation, migration and 
invasion of NSCLC cells. Our results strongly support the hy-
pothesis that isoflurane promotes NSCLC cell malignancy via 
the Akt-mTOR signaling pathway. These results are consistent 
with previous studies with regard to the functions of the Akt 
signaling pathway in cancer development. The Akt pathway 
plays critical roles in regulation of apoptosis [14,15], which 
leads to expansion of cells and accumulation of genetic muta-
tions [16,17], and therefore constitutes one of the key mech-
anisms in progression of cancers. The Akt signaling pathway 
was also demonstrated to play diverse roles in cancer develop-
ment [18,19] through angiogenesis [20], cell growth [21],mes-
enchymal transition [22], and cell apoptosis and death [23]. In 
this context, regulation of proliferation and migration of NSCLC 
cells by isoflurane could be explained at least in part by mod-
ulation of the Akt-mTOR signaling pathway.

It is noteworthy that previous studies have suggested that 
isoflurane could induce upregulation of HIF-1a and its down-
stream effectors [9]. HIFs are a family of transcription factors 
that regulate certain genes that play roles essential in cancer 
development, including cell growth, angiogenesis, glucose up-
take, and cell metastasis [12]. High levels of HIFs are found 
in most primary tumors and metastases, which indicates that 
they are detrimental to patient outcome [24,25]. Interestingly, 
inhibition of HIF-1 synthesis by blocking the upper Akt-mTOR 
pathway by an Akt inhibitor abolishes isoflurane-induced ef-
fects in prostate cancer cells [9], which is consistent with our 
conclusion that activity of the Akt-mTOR pathway is required 
for cancer cell malignancy to be affected by isoflurane.

There are several limitations of our study. We only examined 
the effect of one specific anesthetic in this study. Considering 
that many anesthetics and combinations are currently in use, 
future comparative studies of different anesthetics and their 
effects on NSCLC cells should be carried out. Although our 
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experiments were designed to reflect the clinically relevant 
characteristics of cancer cells, it is not clear whether the con-
clusions of our study can be effectively extrapolated to an in 
vivo setting, since in vivo research is required for actual cancer 
environments and the effects of the anesthetics. We are active-
ly working on these fronts and will address these limitations.

Conclusions

In this study we demonstrated that isoflurane promotes NSCLC 
proliferation, migration, and invasion by activating the Akt-
mTOR signaling pathway. Isoflurane is widely used as an anes-
thetic for surgery, including tumor resection, so it is important 
to examine the roles of anesthetics during tumor treatment.
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