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Abstract. Metformin, the most widely administered oral 
anti‑diabetic therapeutic agent, exerts its glucose‑lowering 
effect predominantly via liver kinase B1 (LKB1)‑dependent 
activation of adenosine monophosphate‑activated protein 
kinase (AMPK). Accumulating evidence has demonstrated 
that metformin possesses potential antitumor effects. 
However, whether the antitumor effect of metformin is 
via the LKB1/AMPK signaling pathway remains to be 
determined. In the current study, the effects of metformin on 
proliferation, cell cycle progression, and apoptosis of human 
non‑small cell lung cancer (NSCLC) H460 (LKB1‑null) 
and H1299 (LKB1‑positive) cells were assessed, and the 
role of LKB1/AMPK signaling in the anti‑growth effects of 
metformin were investigated. Cell viability was determined 
using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide assay, cell cycle distribution and apoptosis were 
assessed by flow cytometry, and protein expression levels 
were measured by western blotting. Metformin inhibited 
proliferation, induced significant cell cycle arrest at the G0‑G1 
phase and increased apoptosis in NSCLC cells in a time‑ and  
concentration‑dependent manner, regardless of the level 
of LKB1 protein expression. Furthermore, knockdown 
of LKB1 with short hairpin RNA (shRNA) did not affect 
the antiproliferative effect of metformin in the H1299 

cells. Metformin stimulated AMPK phosphorylation and 
subsequently suppressed the phosphorylation of mammalian 
target of rapamycin and its downstream effector, 70‑kDa 
ribosomal protein S6 kinase in the two cell lines. These effects 
were abrogated by silencing AMPK with small interfering 
RNA (siRNA). In addition, knockdown of AMPK with 
siRNA inhibited the effect of metformin on cell proliferation 
in the two cell lines. These results provide evidence that the 
growth inhibition of metformin in NSCLC cells is mediated 
by LKB1‑independent activation of AMPK, indicating 
that metformin may be a potential therapeutic agent for the 
treatment of human NSCLC.

Introduction

Metformin is an oral biguanide agent that is widely administered 
as a first line therapy to patients with diabetes mellitus 
type 2 (1). Metformin improves hyperglycemia, predominantly 
by reducing hepatic glucose production via inhibition of 
gluconeogenesis, and enhancing glucose uptake and utilization 
by reversal of insulin resistance in peripheral tissues (2,3). 
It has been confirmed that the glucose‑lowering action of 
metformin is reliant on liver kinase B1 (LKB1)‑dependent 
activation of adenosine monophosphate‑activated protein 
kinase (AMPK) (4,5). AMPK is an evolutionarily conserved 
cellular energy sensor, which is activated in response to an 
increased AMP/adenosine triphosphate (ATP) ratio caused 
by various cellular stresses, including starvation. Once 
activated, AMPK phosphorylates a variety of downstream 
substrates resulting in the restoration of cellular energy levels 
by activating ATP‑generating processes, while deactivating 
ATP‑consuming processes (6).

It has been well documented that AMPK activation is 
required for metformin to inhibit glucose production in 
hepatocytes and stimulate glucose uptake in isolated rat 
skeletal muscles (5). LKB1, a major upstream serine/threonine 
kinase of AMPK, is also required for the glucose‑lowering 
action of metformin, as the deletion of LKB1 in the liver 
was demonstrated to eliminate the effect of metformin on 
serum glucose levels in mice (4). Notably, LKB1 was initially 
identified as a tumor suppressor responsible for an inherited 
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cancer susceptibility disease, Peutz‑Jeghers syndrome (7). 
Dysfunction of the LKB1 tumor suppressor is important 
in cancer development  (8). The LKB1/AMPK‑dependent 
glucose‑lowering functions of metformin have stimulated 
investigation into the anti‑tumor effects of metformin (9).

Epidemiological studies have demonstrated that 
metformin administration is associated with a reduction in 
cancer risk and cancer‑associated mortality in patients with 
diabetes  (10,11), which indicates the potential antitumor 
efficacy of metformin. Subsequently, increasing evidence has 
shown that metformin significantly inhibits the growth of 
various cancer cells in vitro and in vivo, including in breast, 
prostate and gastric cancer, and lymphoma (12‑15). Since 
the glucose‑lowering action of metformin primarily depends 
on the LKB1/AMPK signaling pathway, it is proposed 
that the antitumor effect of metformin also utilizes this 
signaling pathway. Indeed, metformin selectively inhibited 
proliferation of LKB1‑positive breast cancer cells, which was 
accompanied by activation of AMPK (13); cancer cells with 
dysfunctional LKB1 were not inhibited and downregulation 
of AMPK with small interfering RNA (siRNA) prevented 
metformin‑induced growth inhibition in the cells  (13). 
However, it was also reported that metformin inhibited 
proliferation of LKB1‑null cancer cells (16). Furthermore, Ben 
Sahra et al (17) identified that metformin induced cell‑cycle 
arrest by inhibiting mammalian target of rapamycin (mTOR) 
activity independently of AMPK. Therefore, the role of the 
LKB1/AMPK signaling pathway in the antineoplastic effect 
of metformin remains controversial.

Prospective studies have demonstrated that preoperative 
administration of metformin suppresses the growth of 
cancer cells in breast and endometrial cancers (18,19), which 
provide direct evidence that metformin inhibits malignant 
growth. Lung cancer is the most common type of malignant 
tumor and also the leading cause of cancer‑associated 
mortality worldwide, with non‑small cell lung cancer 
(NSCLC) accounting for ~80% (20). It is highly possible that 
patients with NSCLC may also benefit from the anti‑diabetic 
therapeutic agent, metformin. However, notably, ≤30% of 
NSCLC patients exhibit functional loss of LKB1 (21), which 
may limit the application of metformin for the treatment 
of NSCLC. Due to the high mutation frequency of LKB1 
in NSCLC, it is necessary to elucidate the role of the 
LKB1/AMPK signaling pathway regarding the antineoplastic 
effect of metformin in NSCLC. In the present study, the 
effects of metformin on the growth of cultured NSCLC 
H460 and H1299 cells were investigated, and whether the 
LKB1/AMPK signaling pathway mediates the antitumor 
effect of metformin in NSCLC cells was evaluated.

Materials and methods

Cell lines and culture. Human H1299 and H460 NSCLC 
cell lines were purchased from the cell bank of the Shanghai 
Institute of Cell Research (Shanghai, China). The two cell 
lines were cultured in RPMI‑1640 medium (Hyclone; GE 
Healthcare Life Sciences, Logan, UT, USA) supplemented 
with 10% fetal bovine serum (TransGen Biotech, Inc., Beijing, 
China) and maintained in a humid atmosphere with 5% CO2 
at 37˚C.

Chemicals and antibodies. Metformin was purchased from 
Sigma‑Aldrich (St. Louis, MO, USA) and dissolved in sterile 
phosphate‑buffered saline (PBS; TransGen Biotech, Inc.,) at a 
stock concentration of 1 mol/l. The metformin was stored at 
‑20˚C and diluted to the necessary concentration prior to each 
experiment. The primary antibodies against phosphorylated 
(p)‑AMPKα and AMPKα were purchased from Cell Signaling 
Technology, Inc. (Boston, MA, USA). Primary antibodies 
against p‑mTOR, mTOR, p‑70‑kDa ribosomal protein  S6 
kinase (p70S6K) and p‑p70S6K were purchased from Bioworld 
Technology, Inc. (St. Louis Park, MN, USA). Primary antibodies 
against β‑actin, and horseradish peroxidase‑conjugated goat 
anti‑mouse and goat anti‑rabbit secondary antibodies were 
purchased from TransGen Biotech, Inc.

Transfection of siRNA and short hairpin RNA (shRNA). Cells 
were seeded at 2.5x105 cells/well in 6‑well plates. After 24 h, 
siRNA‑negative control (si‑NC) and AMPK specific siRNA 
(si‑AMPK; GenePharma Co., Ltd., Shanghai, China) were 
transfected into cells using Turbofect Transfection Reagent 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The 
siRNA sequence for AMPKα was as follows: Forward, 
5'‑GCG​UGU​ACG​AAG​GAA​GAA​UTT‑3' and reverse, 5'‑AUU​
CUU​CCU​UCG​UAC​ACG​CTT‑3'. Lentiviral vectors carrying 
shRNA targeting LKB1 (sh‑LKB1) or shRNA‑NC (sh‑NC) 
(Genechem Co., Ltd., Shanghai, China) were transfected into 
cells according to the manufacturer's protocol.

Cell viability assay. Cell viability was determined using the 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. Cells were seeded at 4x103 cells/well in 96‑well 
plates. After 24 h, cells were treated with 0, 5, 10 or 20 mM 
metformin for 24, 48 and 72 h. At the respective time‑points, 
20 µl MTT solution (5 mg/ml; KeyGen Biotech, Nanjing, 
China) was added to the wells and cells were cultured for an 
additional 4 h. The culture medium was removed and 150 µl 
dimethylsulfoxide (MP Biomedicals, LLC., Santa  Ana, 
CA, USA) was added to dissolve formazan. Cell viability 
was quantified by measuring absorbance at 492 nm using a 
microplate spectrophotometer (680; Bio‑Rad Laboratories, 
Inc., Hercules, CA,  USA) to calculate the optical density 
values.

Cell cycle analysis. Cell cycle analysis was performed using 
the Cell Cycle Detection kit (KeyGen Biotech) according to the 
manufacturer's protocol. Briefly, cells were treated with 0, 5 or 
10 mM metformin for 24 h, harvested with trypsin (TransGen 
Biotech, Inc.) and fixed with 70% ethanol (Guanghua Sci‑Tech 
Co., Ltd., Shantou, China) at 4˚C overnight. Following 
centrifugation at 104xg for 5 min and washed twice with 
PBS, cells were incubated with RNase A (KeyGen Biotech, 
Inc.) at 37˚C for 30 min and stained with propidium iodide 
(PI; KeyGen Biotech, Inc.) at 4˚C for 30 min. DNA content 
was determined using a f low cytometer (FACSCanto, 
BD Biosciences, San Jose, CA, USA), and data were analyzed 
by ModFit LT software (version 3.3.11; Verity Software House, 
Inc., Topsham, ME, USA).

Analysis of apoptosis. Cells were harvested following 
treatment with 0, 5 or 10 mM metformin for 48 h and flow 



MOLECULAR MEDICINE REPORTS  13:  2590-2596,  20162592

cytometry was performed to analyze apoptosis using the 
Annexin  V‑fluorescein isothiocyanate/PI Apoptosis kit 
(BD Biosciences) according to the manufacturer's protocol.

Wes t e r n  b l o t  a n a l y s i s .  C el l s  we r e  lys e d  i n 
radioimmunoprecipitation assay lysis buffer (Sigma‑Aldrich) 
containing a protease and phosphatase inhibitor cocktail 
on ice for 30  min. The protein lysate was collected by 
centrifugation at 14,500xg for 20 min at 4˚C. Equal quantities 
of total protein were separated by electrophoresis for 110 min 
at 100 V on a 10% SDS‑PAGE (Sigma‑Aldrich), transferred 
to polyvinylidene fluoride membranes (EMD Millipore, 
Boston, MA, USA) and incubated overnight at 4˚C with the 
corresponding primary AMPKα polyclonal rabbit anti‑human 
(1:1,000; cat.  no.  2532), p‑AMPKα polyclonal rabbit 
anti‑human (1:1,000; cat. no. 2532),p‑mTOR polyclonal rabbit 
anti‑human (1:750; cat. no. BS4706), p70S6K polyclonal rabbit 
anti‑human (1:800; cat. no. BS3633), p‑p70S6K polyclonal 
rabbit anti‑human (1:500; cat.  no.  BS4440) and β‑actin 
monoclonal mouse anti‑human (1:10,000; cat  no.  HC201) 
antibodies followed by incubation with the secondary 

horseradish peroxidase‑conjugated goat anti‑rabbit(1:10,000; 
cat. no HS101) and horseradish peroxidase‑conjugated goat 
anti‑mouse (1:10,000; cat. no. HS201) antibodies for 2 h at 
room temperature. Proteins of interest were visualized using 
enhanced chemiluminescence kit (EMD Millipore). The band 
intensities were quantified by densitometry using ImageJ 
software (version 1.49; National Institutes of Health, Bethesda, 
MA, USA).

Statistical analysis. All experiments were repeated 
independently a minimum of three times. Data are presented 
as the mean ± standard error of the mean. Statistical analyses 
were performed by one‑way analysis of variance coupled 
with a Student‑Newman‑Keuls post hoc test using SPSS 13.0 
statistical software (SPSS, Inc., Chicago, IL, USA). P<0.05 

Figure 1. Metformin inhibited proliferation of human non‑small cell lung 
cancer cells. (A) The protein expression of LKB1 in H1299 and H460 cells 
was analyzed by western blotting. β‑actin served as a loading control. 
(B) H1299 and H460 cells were seeded at 4x103 cells/well in 96‑well plates. 
After 24 h, the culture medium was replaced with fresh culture medium 
containing 0, 5, 10 or 20 mM metformin for 24, 48 and 72 h. Cell viability 
was determined by 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide assay at the indicated time‑points. Data from three independent 
experiments are presented as the mean ± standard error of the mean. *P<0.05 
vs. the control. LKB1, liver kinase B1. Figure 2. Metformin arrested the cell cycle at the G0‑G1 phase, and induced 

apoptosis in the H460 and H1299 cells. (A) Cells were seeded in 6‑well plates 
(3x105 cells/well), incubated for 24 h, exposed to 0, 5 or 10 mM metformin for 
another 24 h, and were subjected to flow cytometry for analysis of cell cycle 
distribution. (B) Cells were subjected to flow cytometry to analyze apoptosis 
following treatment with 0, 5 or 10 mM metformin for 48 h. Data from three 
independent experiments are presented as the mean ± standard error of the 
mean. *P<0.05 vs. the control.
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was considered to indicate a statistically significant 
difference.

Results

Metformin inhibits proliferation of LKB1‑null H460 and 
LKB1‑positive H1299 cells. To investigate whether LKB1 
participates in the antitumor effect of metformin, the NSCLC 
cell lines, H460 and H1299 were selected and the protein 
expression of LKB1 was verified using western blotting. As 
shown in Fig. 1A, LKB1 was detected in H1299 cells, but 
not in the H460 cells, which was consistent with previous 
reports (22,23). The H460 and H1299 cells were treated with 
5, 10 or 20 mM metformin for 24, 48 and 72 h, and cell viability 
was assessed by MTT assay. Compared with the untreated 
control, metformin significantly inhibited proliferation of 
H1299 cells in a time‑ and concentration‑dependent manner 
(Fig.  1B). Notably, a similar inhibitory effect was also 
observed in the H460 cells, which do not express LKB1. These 
results demonstrate that metformin was capable of inhibiting 
the proliferation of NSCLC cells independently of LKB1, and 
indicate that LKB1 is not essential for the antiproliferative 
effect of metformin in NSCLC cells.

Metformin induces cell cycle arrest and apoptosis in H460 
and H1299 cells. To investigate the possible mechanisms of 
growth inhibition by metformin, cell cycle distribution and 
apoptosis were analyzed by flow cytometry in H460 and 
H1299 cells following treatment with metformin. Metformin 
treatment resulted in the delayed entry into S phase and a 
significant G0‑G1 phase arrest in H1299 cells. Specifically, 
5 and 10 mM metformin increased the percentage of cells 
in the G0‑G1 phase by 5.6 and 14.4%, respectively. Similarly, 
the percentage of cells in the G0‑G1 phase was also markedly 
increased in H460 cells following treatment with metformin 
(Fig.  2A). Furthermore, metformin treatment induced 
significant apoptosis in the two cell lines (Fig. 2B). Compared 
with the control, 10 mM metformin increased the percentage 
of apoptotic cells by 17.53 and 15.53% in H460 and H1299 
cells, respectively. Therefore, metformin induced significant 
cell cycle arrest at the G0‑G1 phase and increased apoptosis in 
H460 and H1299 cells, regardless of LKB1 expression.

The antiproliferative effect of metformin is not mediated by 
LKB1. To further support the observation that LKB1 was not 
essential for the antiproliferative effect of metformin, LKB1 
was knocked down in H1299 cells using sh‑LKB1. sh‑LKB1 
reduced the protein level of LKB1, when compared with sh‑NC 
(Fig. 3A). Knockdown of LKB1 promoted cell proliferation in 
H1299 cells, although it did not affect the loss of cell viability 
following metformin treatment (Fig. 3B). These results indicate 
that the antiproliferative effect of metformin is independent of 
LKB1 in NSCLC cells.

Metformin activates AMPK in H460 and H1299 cells. To 
investigate whether the antiproliferative effect of metformin 
on H460 and H1299 cells was mediated through the 
AMPK signaling pathway, the effects of metformin on 
the phosphorylation of AMPK and its downstream target, 
mTOR were determined via western blot analysis. mTOR is 

negatively regulated by AMPK and is particularly important 
in regulating cell metabolism and cell growth via activating 

Figure 3. Silencing LKB1 did not alter the antiproliferative effects of met-
formin. (A) The protein expression level of LKB1 was reduced in H1299 cells 
following transfection with lentiviral vectors carrying shRNA‑LKB1. β‑actin 
served as a loading control. (B) H1299 cells were treated with 0, 5, 10 or 20 mM 
metformin for 48 h after transfection with shRNA‑LKB1 or shRNA‑NC, and a 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay was per-
formed to assess cell viability. Data from three independent experiments are 
presented as the mean ± standard error of the mean. *P<0.05 vs. the shRNA‑NC 
group. LKB1, liver kinase B1; sh, short hairpin; NC, negative control.

  A

  B

Figure 4. Metformin activated AMPK and inhibited the mTOR signaling 
pathway in H460 and H1299 cells. The H460 and H1299 cell lines were treated 
with 10 mM metformin for the indicated times or treated with the indicated 
concentrations of metformin for 6 h. Following treatment, protein extracts were 
examined by western blot for p‑AMPK, AMPK, p‑mTOR, mTOR, p‑p70S6K, 
p70S6K and β‑actin protein expression levels. Data are representative of a 
minimum of three independent experiments. p, phosphorylated; AMPK, 
adenosine monophosphate‑activated protein kinase; mTOR, mammalian target 
of rapamycin; p70S6K, 70‑kDa ribosomal protein S6 kinase.
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various downstream effectors, including p70S6K  (24). As 
shown in Fig. 4, metformin increased the phosphorylation 
of AMPK, and suppressed phosphorylation of mTOR and 
p70S6K in H1299 cells in a time‑ and concentration‑dependent 
manner when compared with the control group. However, the 
total protein expression levels of AMPK, mTOR and p70S6K 
were not markedly altered. Similar effects were also observed 
in LKB1‑null H460 cells. These results demonstrated that 
metformin activated AMPK and subsequently suppressed 
mTOR signaling independently of LKB1.

The antiproliferative effect of metformin is dependent on 
AMPK activation. The mTOR signaling pathway is central 
in cell growth, proliferation, metabolism and survival. The 
activation of AMPK, and the subsequent suppression of 
mTOR signaling, suggests that the antiproliferative effect of 
metformin may depend on AMPK. To test this hypothesis, 
AMPK was knocked down by siRNA in the H1299 and 
H460 cells and the effects of metformin on mTOR activity 
and cell proliferation were examined. AMPK siRNA 
reduced the protein level of AMPK and phosphorylation of 
AMPK. Consistent with the negative regulation of mTOR 
signaling by AMPK, knockdown of AMPK by siRNA led to 
upregulation of the phosphorylation of mTOR and p70S6k. 
Furthermore, silencing AMPK abrogated metformin‑induced 
phosphorylation of AMPK, and inhibition of mTOR and 
p70S6k phosphorylation (Fig.  5A). As expected, in cells 
transfected with control siRNA, metformin inhibited the 
proliferation of the two cell lines in a concentration‑dependent 
manner. By contrast, in the H1299 and H460 cells, silencing 
AMPK using siRNA abolished the inhibitory effect of 
metformin on cell viability (Fig. 5B). These results indicate 

that activation of AMPK is essential for the antiproliferative 
effect of metformin in NSCLC cells.

Discussion

In the present study, metformin was shown to significantly 
inhibit cell proliferation, and induce apoptosis and cell 
cycle arrest at the G0‑G1 phase in LKB1‑null H460 and 
LKB1‑positive H1299 NSCLC cells. Notably, the effect of 
metformin on growth inhibition was identified to be dependent 
on the activation of AMPK, but not LKB1. The results indicate 
that metformin inhibits growth of NSCLC cells independently 
of LKB1 status, and suggest that metformin is a potential 
agent for the treatment of NSCLC, 30% of which contain 
non‑functional LKB1.

As a safe, efficient and inexpensive therapeutic agent, 
metformin has been administered to treat patients with diabetes 
mellitus type 2 since the 1950s (25). The glucose‑lowering 
action of metformin depends on LKB1‑dependent activation 
of AMPK, which inhibits hepatic glucose production and 
promotes glucose uptake in muscles (4,5). In addition to its 
anti‑diabetic effect, the anticancer efficacy of metformin has 
become a point of interest; epidemiology studies have reported 
a decrease in cancer risk and cancer‑associated mortality in 
diabetic patients treated with metformin (10,11). Furthermore, 
increasing evidence has demonstrated that metformin is 
capable of inhibiting the growth of various cancer cells 
in vitro and in vivo (12‑15). The antitumor action of metformin 
is associated with induction of cell cycle arrest, apoptosis or 
autophagy (12,14‑17,26), however, the underlying molecular 
mechanisms are not completely understood. Although it is 
widely accepted that the glucose lowering effect of metformin 

Figure 5. Knockdown of AMPK with siRNA reversed the effects of metformin on non‑small cell lung cancer cells. (A) Cells were treated with 10 mM met-
formin for 6 h after transfection with si‑AMPK, and examined by western blot for p‑AMPK, AMPK, p‑mTOR, mTOR, p‑p70S6K, p70S6K and β‑actin protein 
expression levels. Data are representative of a minimum of three independent experiments. (B) Cells were transfected with si‑AMPK or si‑NC. Following 
transfection, at 24 h, cells were treated with 0, 5, 10 or 20 mM metformin for 48 h, and a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay 
was performed to assess cell viability. Data from three independent experiments are presented as the mean ± standard error of the mean. *P<0.05 vs. the si‑NC 
group. p, phosphorylated; AMPK, adenosine monophosphate‑activated protein kinase; met, metformin; mTOR, mammalian target of rapamycin; p70S6K, 
70‑kDa ribosomal protein S6 kinase; si, small interfering; NC, negative control.

  A   B
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is mediated via the LKB1/AMPK signaling pathway, to the best 
of our knowledge, the role of LKB1/AMPK in the antitumor 
effect of metformin has not yet been fully determined.

LKB1, a serine/threonine kinase, phosphorylates 
14  protein kinases, including AMPKα1, AMPKα2 and 
12 AMPK‑related kinases (ARKs). As the roles of ARKs 
remain unknown, it is proposed that LKB1 functions 
predominantly through activating AMPK (27). The primary 
function of the LKB1/AMPK signaling pathway is the 
regulation of cell metabolism and cell growth (27). It has been 
reported that metformin inhibits proliferation and protein 
translation in LKB1‑positive breast cancer cells, while these 
effects were not observed in LKB1‑null cancer cells  (13). 
Furthermore, Rattan et al (28) reported that downregulation 
of LKB1 with specific siRNA attenuated metformin‑induced 
activation of AMPK and reversed the antiproliferative action 
of metformin in ovarian cancer cells. These observations led 
to the conclusion that the antitumor effect of metformin relies 
on functional LKB1. By contrast, Algire et al (29) proposed 
that cancer cells with dysfunctional LKB1 were more sensitive 
to metformin. Notably, the current results demonstrated that 
metformin inhibited growth of LKB1‑positive H1299 cells 
to a similar level of LKB1‑null H460 cells. Furthermore, 
metformin continued to inhibit cell proliferation of H1299 
cells following silencing of LKB1 with shRNA. These results 
suggest that LKB1 is not essential for the anti‑growth effect 
of metformin and dysfunctional LKB1 does not impair the 
antitumor effect of metformin in NSCLC. 

Promotion of apoptosis and induction of cell cycle 
arrest are the major antitumor mechanisms of numerous 
chemotherapeutic agents  (30). Metformin has been shown 
to block the cell cycle at the G0‑G1 phase in various types 
of cancer cell  (12,15,17,29,31). Consistent with these data, 
the present results revealed that NSCLC cells, regardless 
of the expression level of LKB1, were arrested at the G0‑G1 
phase in response to metformin treatment. Previous studies 
have also reported that metformin promotes apoptosis in 
certain cancer cells, including pancreatic cancer, melanoma 
and oral squamous cell carcinoma  (16,31,32). However, 
Ben Sahra et al (15) reported that metformin did not induce 
apoptosis in prostate cancer cells. The flow cytometry results 
from the present study demonstrate that metformin markedly 
induced apoptosis in the H460 and H1299 NSCLC cells. This 
discrepancy concerning the effect of metformin on apoptosis 
may result from specificity of various cancer cells and 
differences in experimental conditions, indicating that further 
experiments are required to define the proapoptotic action of 
metformin. Recent studies have demonstrated that metformin 
induces autophagy, mitochondrial damage and oxidative 
stress in melanoma cells  (16,26). This indicates that the 
antitumor mechanisms of metformin are not restricted to the 
induction of apoptosis and cell cycle arrest. Thus, it remains 
to be investigated whether metformin induces these cellular 
processes in NSCLC cells.

AMPK is a cellular energy sensor and is activated 
in response to cellular energy stress. Activated AMPK 
phosphorylates crucial metabolic enzymes, which switch 
on catabolic pathways (that generate ATP) and switch off 
ATP‑consuming anabolic pathways, thereby restoring the 
cellular energy level (6). In addition to its metabolic regulation, 

AMPK is important in tumorigenesis. It has been reported 
that AMPK activity is decreased in human lung cancer tissue 
samples (33), and AMPK activation leads to cell cycle arrest 
and growth inhibition in cancer cells (34). It is well established 
that metformin lowers serum glucose via activation of AMPK. 
However, it is not clear whether the antitumor action of 
metformin relies on AMPK activation. Zakikhani et al (13) 
reported that metformin inhibited the growth of breast cancer 
cells via activation of AMPK. Similar results were reported in 
ovarian cancer cells (28). However, certain studies proposed 
that the inhibitory effect of metformin on cell growth does 
not require activation of AMPK (17,26). Consistent with the 
former conclusions, the present results demonstrated that 
AMPK is essential for metformin to inhibit growth of NSCLC 
cells. Firstly, metformin activated AMPK in the two types of 
NSCLC cell lines that were evaluated, and this was associated 
with increased phosphorylation of AMPK, and decreased 
phosphorylation of mTOR and p70S6K. Secondly, AMPK 
siRNA attenuated metformin‑induced inhibition of the mTOR 
pathway and reversed the antiproliferative action of metformin. 

The discrepancy among studies concerning the role of the 
LKB1/AMPK signaling pathway in the antitumor effect of 
metformin may be due to the cell specificity, as well as the 
complexity of mechanisms that are mediated by metformin. 
The direct target of metformin is neither LKB1 nor AMPK, 
but complex I of the mitochondrial respiratory chain (35,36). 
Through inhibition of complex I, metformin activates AMPK 
in cancer and normal cells via at least two mechanisms. 
First, the inhibition of complex I by metformin leads to the 
phosphorylation and activation of protein kinase C (PKC)‑ζ. 
Activated PKC‑ζ phosphorylates LKB1 at Ser428, resulting in 
LKB1 nuclear export and subsequent AMPK activation (37). 
Second, the interruption of the mitochondrial respiratory chain 
by metformin directly affects the generation of ATP and causes 
an increase in the cellular AMP/ATP ratio, which activates 
AMPK in an LKB1‑independent manner. Ouyang et al (38) 
reported that the mechanism involves inhibition of AMP 
deaminase, rather than activation of LKB1; whereby, 
metformin activates AMPK and stimulates glucose uptake 
in skeletal muscle cells. Furthermore, metformin has been 
reported to exert its glucose‑lowering and antitumor effects 
via multiple AMPK‑independent mechanisms (17,26,39). In 
the present study, it was demonstrated that the anti‑growth 
effect of metformin in NSCLC cells was dependent on 
LKB1‑independent activation of AMPK. Metformin 
significantly inhibited proliferation, blocked cell cycle 
progression and induced apoptosis in the H460 and H1299 
NSCLC cells regardless of LKB1 expression. Knockdown of 
LKB1 with shRNA did not alter the antiproliferative effect of 
metformin in the H1299 cells. In addition, metformin activated 
AMPK, and knockdown of AMPK rescued cells from the 
growth inhibitory effect of metformin.

In conclusion, the data from the present study revealed that 
metformin significantly inhibited cell proliferation, induced 
apoptosis and blocked cell cycle progression in NSCLC cells. 
Notably, the antitumor effect of metformin required activation 
of AMPK, but not LKB1. These results provide novel insights 
into the action of metformin on NSCLC cells, and suggest that 
metformin may be a potential candidate for novel therapeutic 
strategies for the treatment of human NSCLC.
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