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Abstract. Gefitinib is a selective inhibitor of the tyrosine 
kinase epidermal growth factor receptor, which inhibits tumor 
pathogenesis, metastasis and angiogenesis, as well as promoting 
apoptosis. Therefore, gefitinib presents an effective drug for 
the targeted therapy of lung cancer. However, the underlying 
mechanisms by which gefitinib induces lung cancer cell death 
remain unclear. To investigate the effects of gefitinib on lung 
cancer cells and the mechanism of such, the present study 
analyzed the effect of gefitinib on the autophagy, apoptosis and 
proliferation of the A549 and A549‑gefitinib‑resistant (GR) cell 
lines GR. The regulation of the phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (AKT)/ mammalian target of rapamycin 
(mTOR) pathway was also investigated. Acridine orange 
staining revealed that gefitinib induced autophagy of A549 cells 
but not A549‑GR cells. In addition, gefitinib promoted apop-
tosis and inhibited proliferation of A549 cells but not A549‑GR 
cells. Furthermore, western blot analysis demonstrated that 
gefitinib treatment led to the downregulation of PI3K, AKT, 
pAKT, mTOR and phosphorylated‑mTOR protein expression 
in A549 cells but not A549‑GR cells. LY294002 blocked the 
PI3K/AKT/mTOR pathway and induced autophagy and apop-
tosis of A549 cells, however, no synergistic effect was observed 
following combined treatment with gefitinib and LY294002. In 
conclusion, the results of the present study indicate that gefitinib 
promotes autophagy and apoptosis of lung cancer cells via 
blockade of the PI3K/AKT/mTOR pathway, which leads to lung 
cancer cell death.

Introduction

Lung cancer is one of the most common malignant tumors 
worldwide, with smoking and other environmental factors 

considered the main risk factors of the disease  (1). The 
disease markedly impairs patient health and quality of 
life  (2). At present, treatments include surgical resection, 
radiotherapy and chemotherapy, however, molecular targeted 
therapy that specifically kills cancer cells with less toxicity 
to normal cells presents an additional treatment that may 
contribute to improving survival and quality of life in lung 
cancer patients (3‑5). Gefitinib, a selective inhibitor of the 
tyrosine kinase, epidermal growth factor receptor (EGFR), 
suppresses tumor growth, metastasis and vascularization and 
has been demonstrated to induce tumor cell apoptosis and 
sensitivity to radiotherapy and chemotherapy (6‑7). Gefitinib 
is used for the targeted therapy of lung cancer; however, the 
mechanism of action remains unclear. Autophagy is the stress 
response exhibited by eukaryotic cells to a changing internal 
and external environment, which maintains homeostasis via 
the breakdown of intracellular proteins and organelles (8). 

Autophagy is considered as a double‑edged sword with 
regard to genesis, development and the treatment of tumors 
as it kills tumor cells but also protect tumor cells against 
injury (9). Microenvironment alteration during tumor forma-
tion has been demonstrated to induce autophagy, limiting 
tumor metastasis, and thus modulation of the autophagic 
signaling pathway may present a potential therapeutic target 
in tumor metastasis (10). Autophagy has been identified as 
the early response to gefitinib in the treatment of EGFR‑posi-
tive breast cancer (11), and gefitinib induces autophagy in 
lung cancer via activation of the AMP-activated protein 
kinase (AMPK) pathway (12). Furthermore, combined treat-
ment with protein kinase B (AKT) inhibitors, chloroquine 
and gefitinib prevents compensatory autophagy in cells 
and induces EGFR‑mutant lung cancer cell death (13). By 
contrast, autophagy may also promote lung cancer invasion 
and metastasis induced by Toll‑like receptors, indicating that 
suppression of autophagy may present a novel lung cancer 
treatment (14). To date, no studies have confirmed whether 
autophagy is induced or suppressed during gefitinib‑targeted 
therapy of lung cancer, and the association between autophagy 
and apoptosis remains unclear. Therefore, the present study 
investigated the effect of gefitinib on autophagy in the EGFR 
wild‑type non-small cell lung cancer (NSCLC) A549 cell 
line and the A549‑gefitinib‑resistant (GR) cell line and 
analyzed the association between autophagy and apoptosis 
and the potential underlying regulatory mechanism of these 
processes.
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Materials and methods

Cell culture. The NSCLC A549 and A549‑GR cell lines 
(Cancer Research Institute of Southern Medical Univer-
sity, Guangzhou, China) were cultured in RPMI  1640 
medium supplemented with 10% fetal bovine serum and 
1% mycillin (HyClone; GE Healthcare, Logan, UT, USA) 
at 37˚C in a humidified atmosphere of 5% CO2. Cells at the 
exponential growth phase were then incubated with phosphate-
buffered saline (PBS) (blank control group) or 50, 100 200, 
and 500 nmol/l gefitinib (AstraZeneca, Cambridge, UK) for 
3‑5 days. The levels of autophagy, proliferation and apoptosis 
were then analyzed.

Acridine orange (AO) staining. Cells at the exponential growth 
phase were suspended and seeded in a 6‑well plate at a density 
of 1x105 cells/well. After cells became adherent, 1 ml dimethyl 
sulfoxide (DMSO) (Beyotime Institute of Biotechnology, 
Shanghai, China) was added to the first well (negative control 
group), 1 ml rapamycin (Sigma‑Aldrich, St. Louis, MO, USA) 
to the second well (positive control group), and 50, 100, 200 
and 500 nmol/l gefitinib was added to the third, fourth, fifth 
and sixth well (study group), respectively. After 48 h, the plate 
was stained with 50 µmol/l AO, incubated for 15 min in the 
dark and washed 3 times with PBS to identify the autophagic 
cells. Autophagic cell death was examined using a fluores-
cence microscope (CX41‑32RFL; Olympus Corporation, 
Tokyo, Japan).

Western blot analysis. Cells were seeded in a 6‑well plate at 
a density of 1x105 cells/well for 24 h. To isolate total protein, 
250 µl RIPA buffer (Biosdec, Wuhan, China) was added to 
each well for 30 min. Expression of associated proteins was 
analyzed using a western blot kit (Biosdec, Wuhan, China). 
Protein samples (50 µg) were separated by SDS‑PAGE gel 
electrophoresis and transferred to a 0.45 µm polyvinylidene 
fluoride membrane followed by incubation overnight at 
4˚C with rat anti‑human antibodies [light chain 3B (LC3B), 
phosphatidylinositol 3-kinase (PI3K), Akt, phosphorylated 
(p)‑Akt, mammalian target of rapamycin (mTOR), p‑mTOR, 
and β‑actin] (Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA) at a dilution of 1:1,000. After decoloration, the 
samples were incubated with horseradish peroxidase‑conju-
gated goat anti‑rabbit secondary antibody (Biosdec, Wuhan, 
China) at a 1:5,000 dilution for 1 h at room temperature and 
unbound antibody was washed away. Proteins were visual-
ized following treatment with enhanced chemiluminescence 
reagent (Biosdec, Wuhan, China) for 1‑2 min and exposure to 
X‑ray film. Developed films were processed using BandScan 
software (Glyko Inc., Novato, CA, USA) to determine optical 
densities.

MTT cell proliferation/viability assay. Cells (2x103 cells/well) 
at the exponential phase were seeded in a 96‑well plate. 
After cells became adherent, the medium was replaced with 
5 mg/ml MTT solution (Beyotime Institute of Biotechnology) 
and incubated in the dark for 4 h at 37˚C. The supernatant 
was aspirated from the plate and 150 µl DMSO (Beyotime 
Institute of Biotechnology) was added to each well. Next, 
the plate was agitated for 10 min at room temperature and 

absorbance was measured at a wavelength of 490 nm using 
a microplate reader (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA).

Flow cytometry analysis. Cells (1x106/well) were cultured in a 
6‑well plate. After the cells became adherent, the medium was 
aspirated and cells were suspended, centrifuged (4,000 x g for 
5 min) and fixed in 75% precooled ethanol overnight at ‑20˚C. 
Following centrifugation, the supernatant was discarded and 
the sediment was washed twice with PBS, resuspended in PBS 
(480 µl/well) and stained with 10 µl Annexin‑V and propidium 
iodide (PI; Beyotime Institute of Biotechnology). Cellular 
apoptosis was analyzed by flow cytometry (BD FACSCalibur; 
BD Biosciences, San Diego, CA, USA).

Inhibition of the PI3K/AKT/mTOR signaling pathway. The 
PI3K inhibitor, LY294002 (10 nmol/l), was added to the culture 
medium. Cellular autophagy, apoptosis and proliferation were 
analyzed 48 h after culturing.

Statistical analysis. Data were expressed as the mean ± stan-
dard deviation and analyzed by paired t-test using SPSS 16.0 
software (SPSS, Inc., Chicago, IL, USA). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Gefitinib induces autophagy in A549 cells. AO staining 
revealed that gefitinib induced the formation of autophagic 
vacuoles in A549 cells in a dose‑dependent manner. By 
contrast, no significant autophagy was identified in the 
A549‑GR cells (Fig.  1A). Furthermore, the expression of 
LC3B, an autophagy‑related protein, varied between the two 
lung cancer cell lines. Following gefitinib treatment, LC3B 
expression exhibited a dose‑dependent increase in A549 cells, 
however, no significant difference in LC3B expression was 
identified in A549‑GR cells (Fig. 1B).

Gefitinib induces apoptosis in A549 cells. Annexin V‑ and 
PI‑positive cells were determined by flow cytometry. Apop-
totic cells were located in the right upper quadrant. The 
results revealed that gefitinib increased the apoptotic rate 
of A549 cells in a dose‑dependent manner. Following treat-
ment with 500 nmol/l gefitinib, the apoptosis rate was 60.2 
and <10% in A549 and A549‑GR cells, respectively (Fig. 2). 
No significant changes in apoptosis rate were identified in 
A549‑GR cells following gefitinib treatment therapy (Fig. 2).

Gefitinib inhibits proliferation of A549 cells. MTT assay 
revealed gefitinib significantly attenuated A549 cell prolifera-
tion. The survival rate of A549 cells was reduced by gefitinib 
in a dose‑dependent manner. Survival rate of A549 cells 
decreased to 40% following treatment with 500 nmol/l gefi-
tinib. By contrast, cell proliferation of A549‑GR cells was not 
affected by gefitinib treatment and no significant differences 
in survival rate were identified in A549‑GR cells following 
treatment with gefitinib (Fig. 3).

Gefitinib mediates autophagy and apoptosis of A549 cells via 
the PI3K/AKT/mTOR pathway. To elucidate the underlying 
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Figure 1. Gefitinib induces autophagy in A549 cells. (A) Autophagic vacuoles  (red arrows and red staining) were observed in A549 cells following treatment 
with gefitinib (acridine orange staining, magnification, x200). (B) Western blot analysis showing significant upregulation of protein light chain 3B expression 
in A549 cells compared with A549‑GR cells following gefitinib treatment. PC, positive control; NC, negative control; GR, gefitinib‑resistant.

Figure 2. Gefitinib‑induced apoptosis in A549 cells. (A) Flow cytometry showing enhanced apoptosis in A549 cells when compared with A549‑GR cells 
following gefitinib treatment. (B) The apoptotic rate of A549 cells increased in a dose-dependent manner following gefitinib treatment, however, no significant 
differences in apoptotic rate were identified in A549-GR cells. *P<0.05 vs. 0 nmol/l. GR, gefitinib‑resistant.
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molecular mechanism of gefitinib‑mediated autophagy and 
apoptosis, the expression of proteins associated with the 
PI3K/AKT/mTOR pathway was measured using western blot 
analysis prior to and following gefitinib treatment in A549 and 
A549-GR cells. The results demonstrated that PI3K, AKT, 
pAKT, mTOR and p‑mTOR protein expression was signifi-
cantly downregulated in A549 cells following treatment with 
500 nmol/l gefitinib. By contrast, no significant differences in 
PI3K, AKT, pAKT, mTOR and p‑mTOR protein expression 
were identified in A549‑GR cells following treatment with 
gefitinib (Fig. 4).

Effect of gefitinib on autophagy and apoptosis in A549 cells 
following blockade of the PI3K/AKT/mTOR pathway. AO 
staining indicated that LY294002 treatment alone activated 
autophagy in A549  cells. Although LY294002 inhibited 
the PI3K/AKT/mTOR pathway, no significant differences 
in autophagic cell death were identified in A549 cells 
following combined treatment with gefitinib and LY294002 
when compared with LY294002 alone (Fig.  5A). Flow 
cytometry revealed that LY294002 activated A549 cell 
apoptosis, however, no synergistic effect was observed in 
LY294002‑induced apoptosis following combined treatment 
with gefitinib (Fig. 5B).

Discussion

Advances in molecular biological techniques have resulted in 
the development of targeted therapies, which are important 
for the treatment of cancer. Gefitinib is a selective tyrosine 
kinase inhibitor that interrupts EGFR activation via binding 
to ATP‑competitive binding sites of the extracellular domain, 
which further inhibits cell proliferation and neovasculariza-
tion and stimulates cell apoptosis (15‑18). In May 2003, the 
Food and Drug Administration (USA) approved gefitinib for 
late stage platinum and paclitaxel-resistant NSCLC. Currently, 
gefitinib is used for the treatment of NSCLC (19‑21), however, 
the mechanism of action remains unclear. In the present study, 
gefitinib‑sensitive (A549) and GR (A549‑GR) lung cancer 
cells were used to examine the effect of gefitinib on NSCLC 
and the underlying mechanism of action.

The results of the present study demonstrated that gefitinib 
stimulates autophagy in lung cancer cells (Fig. 1). Autophagy, 
also known as type II programmed cell death, is closely associ-
ated with tumorigenicity and tumor development. Autophagy 
is able to promote or inhibit cell apoptosis, suggesting that 
autophagy exhibits different functions in a variety of histocytes. 
For example, in previous studies autophagy inhibited apoptosis 
in breast carcinoma and the suppression of autophagy promoted 
apoptosis in breast carcinoma (22,23). However, the stimula-
tion of autophagy promoted apoptosis in colon carcinoma (24). 
Mimulone was reported to induce autophagic cell death in 
lung cancer A549 cells (25), indicating that interference with 
autophagy in lung cancer cells may present a potential treatment 
for lung cancer (26,27). Bortezomib‑induced apoptosis in lung 
cancer cells is promoted by the suppression of autophagy (28) 

and autophagy in lung cancer cells is regulated via interference 
with the AMPK pathway (29). In the present study, gefitinib 
induced autophagy in lung cancer A549 cells while enhancing 
apoptosis and suppressing proliferation. By contrast, A549‑GR 

Figure 3. MTT assay revealed that gefitinib decreased A549 cell survival rate 
in a dose-dependent manner, however, no significant differences in cell sur-
vival were identified following gefitinib treatment in A549‑GR cells. *P<0.05 
vs. A549-GR. GR, gefitinib‑resistant.

Figure 4. Gefitinib mediates autophagy and apoptosis of A549 cells via sup-
pression of the PI3K/AKT/mTOR pathway. Western blot analysis showing 
reduced protein expression of PI3K, AKT, pAKT, mTOR and p‑mTOR in 
A549 cells following gefitinib treatment, however, no differences in protein 
expression were identified in A549‑GR cells. GR, gefitinib‑resistant; PI3K, 
phosphatidylinositol 3-kinase; AKT, protein kinase B; mTOR, mammalian 
target of rapamycin; p, phosphorylated.

Figure 5. Effect of gefitinib on autophagy and apoptosis in A549 cells 
following suppression of the PI3K/AKT/mTOR pathway by LY294002. 
(A)  Acridine orange staining revealing LY294002 induces autophagy 
in A549 cells, however no synergism was observed following combined 
treatment with gefitinib and LY294002. (B) Flow cytometry showing that 
LY294002 promotes apoptosis in A549 cells, however no synergism was 
observed following combined treatment with gefitinib and LY294002.

  A
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cells rarely exhibited autophagy or apoptosis and cell prolifera-
tion was not suppressed in response to gefitinib therapy. These 
findings suggest that gefitinib exhibits antitumor activity in lung 
cancer via the induction of autophagy and apoptosis.

The PI3K/AKT/mTOR pathway is one of the most important 
downstream signaling pathways activated following EGFR acti-
vation with multiple biological functions that are involved in cell 
cycle regulation (30,31). The PI3K/AKT/mTOR pathway exhibits 
an important function in the regulation of autophagy (32,33). 
Therefore, autophagy is promoted by blockade of the 
PI3K/AKT/mTOR pathway (34) and impaired by activation 
of the pathway (35). In the present study, gefitinib decreased 
the expression of PI3K, AKT, pAKT, mTOR and p‑mTOR in 
A549 lung cancer cells and blockade of the PI3K/AKT pathway 
following treatment with LY294002 induced autophagy and 
apoptosis, indicating that gefitinib induces autophagy and apop-
tosis in lung cancer cells via inhibition of the PI3K/AKT/mTOR 
pathway. Furthermore, the results of the present study demon-
strated that combined gefitinib treatment did not exhibit a 
synergistic effect on the autophagy and apoptosis induced in 
lung cancer cells following the inactivation of PI3K/AKT/
mTOR pathway by LY294002. It is hypothesized that blockade 
of the PI3K/AKT/mTOR pathway interrupts targets of gefitinib, 
which in turn affect the activity of gefitinib. Previous studies 
have reported that gefitinib suppressed EGF‑induced cellular 
migration (36) and induced apoptosis in breast cancer cells (37) 

via PI3K pathway interference. Furthermore, the PI3K pathway 
affects lung cancer cell sensitivity to gefitinib (38,39).

Gefitinib contributes to tumor suppression by inducing 
autophagy and apoptosis and inhibiting proliferation in lung 
cancer cells via the blockade of PI3K/AKT/mTOR pathway. 
However, the association between gefitinib‑induced autophagy 
and apoptosis in lung cancer cells and the underlying mecha-
nism of such requires further study.
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