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Metformin induces apoptosis of lung cancer cells through activating  
JNK/p38 MAPK pathway and GADD153
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There are epidemiological and experimental evidences that metformin, an insulin-sensitizer agent widely used for diabetes
treatment, has inhibitory effects on the growth of various human cancers. However, the underlying molecular mechanisms
for its anti-neoplastic activity has not been yet clarified and the effect of metformin on human lung cancer remains unknown.
In this study we revealed for the first time that metformin treatment led to increased apoptosis in human lung cancer cell
lines A549 and NCI-H1299 and significantly inhibited the cells proliferation in a dose- and time-dependent manner, which
was further demonstrated by the data obtained from A549 tumor xenografts in nude mice. We also found that metformin
treatment can activate AMP-activated protein kinase, JNK/p38 MAPK signaling pathway and caspases, as well as upregu-
late the expression of growth arrest and DNA damage inducible gene 153 (GADD153). Either blockade of JNK/p38 MAPK 
pathway or knockdown of GADD153 gene abrogated the apoptosis-inducing effect of metformin. Taken together, our data
suggest that metformin inhibits the growth of lung cancer cells and induces apoptosis through activating JNK/p38 MAPK 
pathway and GADD153.
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The biguanide metformin is one of the mostly used drugs
for treatment of type 2 diabetes [1]. By reducing hepatic gluco-
neogenesis and increasing glucose uptake in skeletal muscles, 
metformin can lower blood glucose levels while inducing no 
risk of hypoglycemia and very rarely causing lactic acidosis 
[2-4]. Recent clinical studies have revealed that metformin 
treatment is associated with reduced cancer risk and improved 
prognosis [5,6]. The effects of metformin on breast, prostate,
colorectal, ovarian cancer and glioma cells have been experi-
mentally investigated and its antineoplastic activity has been 
proven in these cancers [7-12]. The growth inhibitory effects
of metformin are generally believed to involve the activation 
of AMP-activated protein kinase (AMPK), a serine/threonine 
protein kinase which serves as an energy sensor in all eukaryo-
tic cell types [13-15]. According to several published studies, 
AMPK activation strongly suppresses cell proliferation in 
both malignant and nonmalignant cells through inhibition of 
mTOR signalling, inhibition of protein and fatty acid synthe-
sis, and stimulation of p53-p21 axis [8-10, 16-18]. However, 
a recent study showed that metformin inhibited the growth 

of human prostate cancer cells in an AMPK-independent 
manner, indicating cell-specific effects and mechanisms of
metformin [11].

Lung cancer is the most common cancer in the world both 
in terms of incidence and total mortality. Although combined-
modality therapy with radiotherapy and chemotherapy has 
been applied, about 86% of the patients with lung cancer die 
within 5 years [19]. New therapeutic modalities are therefore 
necessary to improve the response to treatment. In this study, 
we show for the first time that metformin can efficiently
induce growth inhibition and apoptosis of lung cancer cells. 
The mechanisms involved in metformin-induced apoptosis
are also investigated. 

Materials and methods

Cell lines and mice. A549 and NCI-H1299 human lung 
cancer cell lines were purchased from American Type Cul-
ture Collection (Manassas, VA) and cultured in RPMI 1640 
supplemented with 10% fetal bovine serum (FBS), 2 mmol/L 
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L-glutamine, and 50 mg/ml penicillin/streptomycin at 37°C 
in a humidified atmosphere of 5% CO2. 

Four- to 6-week-old female BALB/c nude mice were ob-
tained from the Animal Experimental Center of the Second 
Military Medical University (SMMU). All animals in this study 
were housed in pathogen-free conditions and were maintained 
in accordance with guidelines of the Committee on Animals 
of the SMMU.

Chemicals and reagents. Metformin, SP600125 and 
SB202190 were obtained from Sigma (St. Louis, MO, USA). 
Phospho- and total-AMPK, p38 mitogen-activated pro-
tein kinase (MAPK), and c-Jun N terminal kinase (JNK) 
antibodies were all purchased from CST (Danvers, MA, 
USA). Growth arrest and DNA damage inducible gene 153 
(GADD153), cleaved caspase-3, -8, -9 antibodies, and Ki67 
antibodies (mouse specific) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The siGENOME
SMARTpool short interfering RNAs (siRNAs) targeting 
GADD153 (siGADD153), along with a negative control 
siRNA pool (siNEG) were purchased from Dharmacon 
(Lafayette, CO, USA).

Cell proliferation assays. A549 (5000 cells/well) and 
NCI-H1299 cells (4000 cells/well) were seeded in 6 wells in 
a 96-well plate and cultured. Metformin was added 24 h later 
to give a final concentration of 0.5, 2 or 8 mM. Cell viability
was determined at 24 hour time points for a total of 72 hours 
using MTT assay (Sigma). The percentage of cell viability is
plotted for each cell line ± one standard deviation of the read-
ing from six wells, relative to 0 h readings. 

Annexin V/PI staining assay. Cells were cultured in 6-well 
plates and incubated with metformin (0.5, 2 or 8 mM) or PBS 
for 48 h. Apoptotic cells were detected by double staining with 
fluoresceinisothiocyanate (FITC)-conjugated annexin V and

propidium iodide (PI) according to the manufacturer’s instruc-
tions (BD Pharmingen, San Diego, CA, USA). The samples
were analyzed by flow cytometry.

Western blot analysis. Total cell lysate was prepared in 
1×SDS buffer. Proteins were separated by 10% SDS-PAGE and
transferred onto PVDF membranes. Membranes were then 
blotted with individual antibodies. Antigen-antibody com-
plexes were visualized with the enhanced chemiluminescence 
reagent Supersigal (Pierce, Rockford, IL, USA).

Real-time PCR. mRNA expression of GADD153 was 
determined by real-time PCR using SYBR Premix Ex Taq 
(TaKaRa, Dalian, China). β-actin was used as an endogenous 
control to normalize for differences in the amount of total
RNA in each sample. The results were expressed relative to
the control condition, which was arbitrary assigned a value 
of 1.

RNAi knockdown of GADD153. A549 cells were trans-
fected with siGADD153 or siNEG with Lipofectamine 2000 
reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol, using a final concentration of 50
nM siRNA for 8 h. After 48 h posttransfection real-time PCR
was performed to confirm siRNA-mediated knockdown of
GADD153. 

Mice xenografts. Two×107 A549 cells were suspended in 
PBS before being inoculated s.c. on the right flanks of BALB/c
nude mice (15 mice/group). Treatment with metformin was 
started when the average tumor volumes reached 100mm3. 
Metformin was dissolved in 200 ul PBS and administered daily 
intraperitoneally at a dose of 40 mg/kg/day or 200 mg/kg/day 
for a month. The control group received an equal volume of
vehicle only. Animal weight and tumor volume were measured 
every 4 days and estimated from caliper measurements using 
the formula π/6 × A × B2 (A is larger diameter, B is smaller 

Figure 1. Effects of metformin on lung cancer cell growth in vitro. A549 (a) or NCI-H1299 (b) cells were incubated with metformin (0.5, 2 and 8 mM)
or PBS (0 mM), and cell viabilities were measured by MTT assay at indicated time points (*P<0.05 refers to untreated cells).
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diameter). At the end of treatment, animals were euthanized, 
and tumors were harvested for histopathological analysis. 

Immunostaining. Tumor tissue samples from mice sub-
jected to different treatments were taken and prepared with
a routine pathological procedure. Paraffin sections and post-
fixed slides were subjected to immunohistochemical analysis
with antibody to Ki67, and in situ apoptosis assay with the 
DeadEnd colorimetric TUNEL system (Promega, Madison, 
WI, USA). 

Statistics. Data are presented as the mean ± SEM of at least 
three independent experiments unless otherwise stated. Differ-
ences between groups were analyzed using the Student t test or 
ANOVA. Values of P < 0.05 were considered significant.

Results

Metformin inhibits the growth of human lung cancer cell 
lines in a dose- and time-dependent manner. A549 or NCI-
H1299 cells were incubated with metformin or PBS for 24, 48 or 
72 h and cell viability was assessed using MTT assay. As shown 
in Fig. 1, metformin treatment significantly inhibited tumor cell
growth in a dose- and time-dependent manner. After treated with
8 mM metformin for 72 h, the viabilities of A549 and NCI-H1299 
cells were 17% and 24% of untreated controls, respectively. 

Induction of apoptosis by metformin. Metformin has been 
shown to induce apoptosis in some cell types while have no 

effect of apoptosis induction on others [8,11,20]. In order to
determine the effect of metformin on apoptosis in human lung
cancer cells, A549 or NCI-H1299 cells were incubated with 
metformin for 48 h and then an annexin V/PI staining assay 
was performed. The numbers of apoptotic (annexin+) lung
cancer cells were significantly increased by metformin at 2 or
8 mM (Fig. 2). For cells treated with 0.5 mM metformin, the 
amount of annexin+PI+ cells which presumably underwent 
secondary necrosis significantly increased (P<0.05, Fig. 2a), 
though the total number of apoptotic cells was similar to that 
of control. 

Activation of JNK/p38 MAPK pathway are involved in 
metformin-induced apoptosis in lung cancer cells. Metform-
in has been proven an AMPK activator in many epithelial cells. 
We found that metformin induced AMPK phosphorylation 
early in A549 cells (Fig. 3a). Since AMPK has been implicated 
as an upstream element of MAPKs signaling pathways which 
are important in apoptosis in various cell types [20-22], we 
explored the involvements of JNK/p38 MAPK pathway and 
caspases in metformin-induced apoptosis in lung cancer 
cells and found that both p-p38 and p-JNK expression were 
significantly increased in an early time in metformin-treated
A549 cells (Fig. 3a). Accordingly, a significant time-dependent
activation of caspases, including caspase-8, -9 and -3 were also 
observed (Fig. 3b). In contrast, the expressions of total JNK 
and p38 MAPK proteins had no detectable changes after met-

Figure 2. Effects of metformin on lung cancer cells apoptosis. (a)The numbers of apoptotic A549 cells labeled with annexin V were analyzed using flow
cytometry after treatment with metformin (0.5, 2 and 8 mM) or PBS (0 mM) for 48 h. The percentages of cells (annexin+PI- and annexin+PI+) are in-
dicated for each condition. (b) The percentages of apoptotic cells (annexin+) treated with 2 or 8 mM metformin were significantly increased compared
to control (0 mM). Data on NCI-H1299 are not shown. (*P<0.05) 
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formin treatment. A specific p38 MAPK inhibitor SB202190
and a specific JNK inhibitor SP600125 were then used to pre-
treat A549 cells for 1 h before metformin was added. Western 
blot analysis showed either p-p38 or p-JNK expression was 
significantly decreased in SB202190 or SP600125-treated cells.
The specific inhibitors had not any effect on the expression of 
total p38 or JNK protein (Fig. 3c). As shown in Fig. 3d, both 
the numbers of apoptotic cells pre-treated with SB202190 and 
SP600125 significantly decreased after metformin treatment
compared to the control. These results suggested that met-
formin-induced apoptosis of A549 cells is partly mediated by 
the activation of JNK/p38 MAPK pathway and caspases. 

Upregulation of GADD153 gene contributes to metform-
in-induced apoptosis in lung cancer cells. Metformin triggers 
production of reactive oxygen species as well as reduction of 
blood glucose, either of which has a strong positive impact on 
the expression of GADD153, a transcription factor contrib-
uting to cell apoptosis when upregulated [23-26]. To further 
explore the possible mechanisms underlying the apoptosis-

inducing ability of metformin, mRNA expression of GADD153 
in A549 cells after metformin treatment were determined. As
expected, mRNA level of GADD153 was significantly raised
by metformin in a time-dependent manner (Fig. 4a). To assess 
the functional significance of elevated GADD153 expression,
we used RNA interference to knockdown GADD153 gene 
in A549 cells. Though the apoptosis-inducing effect of met-
formin was not entirely obviated, transfection of a Dharmacon 
siGENOME SMARTpool of four different siRNAs led to sup-
pressed GADD153 expression and significantly decreased cell
apoptosis compared to a negative control siRNA pool (Fig. 4b 
and 4c). The results indicated that GADD153 upregulation
plays an important role in metformin-induced apoptosis in 
lung cancer cells.

Metformin inhibits tumor growth in vivo. To determine if 
metformin could affect tumor growth in vivo, a tumor xenograft
model was implemented with A549 cells. Intraperitoneal injec-
tion with metformin (40 or 200 mg/kg/day) or PBS was started 
when the average tumor volumes reached 100 mm3 (11th day 

Figure 3. Activation of AMPK, JNK/p38 MAPK pathway and caspases are involved in metformin-induced apoptosis in lung cancer cells. (a and b) 
Expression of p-AMPK, AMPK, p-p38, p38, p-JNK, JNK and cleaved caspase-3, 8, 9 proteins were detected by western blot analysis after the indicated
exposure time of A549 cells to metformin (5 mM). Samples were probed for GAPDH as a loading control. (c and d) A549 cells were pre-treated with 
vehicle (Con), SP600125 (SP, 100nM) or SB202190 (SB, 100mM) for 1 h before addition of metformin (5 mM) or an equal volume of PBS for a further 
48 h. The phosphorylated and total p38 or JNK levels in SB or SP-treated cells and control cells were detected by western blot analysis. The number of
apoptotic cells (annexin+) was analyzed using flow cytometry. (*P<0.05)
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after xenograft). Neither visible toxic effect on mice nor change
of animal weight was observed during treatment (data not 
shown). Metformin administration led to significant inhibition
of tumor growth in mice compared to the control. After 1 month
of treatment, the average tumor volumes of xenografts from
mice treated with 40 mg/kg/day and 200 mg/kg/day metformin 
were 20% and 41% smaller than that of the PBS-treated tumors, 
respectively (Fig. 5a). Immunostaining of the tumor specimens 
showed that in tumors treated with metformin the expressions 
of Ki67, the proliferation marker, significantly decreased (Fig. 5b
and 5e) while the percentages of apoptotic cells significantly
elevated compared to the control (Fig. 5d and 5c).

Discussion

Recent population-based studies of type 2 diabetes patients 
have reported that metformin, an insulin-sensitizer agent 
widely used for diabetes treatment, may reduce cancer risk 

and improve prognosis[5,6]. There are also growing experi-
mental evidences that metformin may impede the growth of 
human cancers by either blocking cell cycle progression or 
inducing apoptosis, depending on the cell type investigated. 
In the present study using A549 and NCI-H1299 cell lines, we 
revealed the inhibitory effects of metformin on the viability
and proliferation of human lung cancer cells and its apopto-
sis-inducing ability, which was further evidenced by the data 
obtained from A549 tumor xenografts in nude mice.

As reported, there are at least two possible mechanisms 
underlying the anti-proliferative effect of metformin on neo-
plastic cells in vivo: reduction of systemic insulin levels, which 
may reduce insulin-stimulated cancer cell growth [27,28], and 
a direct action involving AMPK activation within neoplastic 
cells [12]. Activation of AMPK can induce apoptosis and/or 
cause G1 cell cycle arrest in both malignant and nonmalignant 
cells [17,18]. Phosphorylated AMPK by metformin treatment 
observed in this study highly indicated the direct action of 

Figure 4. GADD153 amplification induced by metformin contributes to cell apoptosis. (a) Real-time PCR showed that GADD153 mRNA level in A549 
cells was significantly elevated by metformin (5 mM) in a time-dependent manner. (b) Confirmation of siRNA-mediated knockdown of GADD153 by 
real-time PCR. After 48 h posttransfection, the level of GADD153 mRNA in A549 cells transfected with siGADD153 was 86% lower than that in cells 
transfected with siNEG. (c) After 12 h posttransfection, the cells were treated with metformin (5 mM) or not, incubated for an additional 48 h and then
harvested for apoptosis analysis by annexin V/PI staining and quantified by flow cytometry. (*P<0.05)
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metformin on lung cancer cells. Using specific inhibitors, we
demonstrated that activation of two MAPK family members, 
JNK and p38 MAPK, were involved in metformin-induced 
apoptosis, presumably in a caspase-dependent manner. 
Similar result has been seen in confluent rat glioma cell line
C6 [20]. In that study, metformin was found to cause massive 
cell apoptosis associated with JNK activation, mitochondrial 
depolarization and oxidative stress. Since both JNK and p38 

MAPK have been indicated the downstream mediators of 
AMPK-initiated apoptotic program [20-22], we suppose 
that activation of AMPK may contribute to lung cancer cells 
apoptosis induced by metformin partly through activating 
JNK/p38 MAPK signaling pathway. 

Previous studies have reported that metformin treatment 
can trigger production of reactive oxygen species and reduc-
tion of blood glucose, either of which has a strong positive 

Figure 5. Effects of systemic metformin administration on tumor growth, cells proliferation and apoptosis of human lung A549 tumor xenografts 
in nude mice. (a) Significant growth inhibition was observed in tumors treated with metformin at a dose of either 40 or 200 mg/kg/day com-
pared to the control. Data are the mean±SD derived from each group. (b and c) Immunohistochemistry of the tumor sections derived from mice 
receiving different treatments for 1 month was determined by reaction with anti-Ki67 antibody. The nuclei of cells positive for Ki67 expression 
were stained brown (original magnification ×100). (d and e) In situ TUNEL apoptosis assay of the same tumor sections. Apoptotic nuclei were 
stained dark brown (original magnification ×100). Percentage of positive cells was calculated by counting>200 cells from five randomly chosen 
fields in each section. (*P<0.05).
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impact on the expression of GADD153 [24-26]. GADD153, 
also known as CHOP (CEBP homology protein), is a member 
of the CCAAT/enhancer-binding protein (C/EBP) family 
of transcription factors. It is known to be rapidly induced 
following a variety of stresses, such as nutrient deprivation, 
anticancer agents treatment, and endoplasmic reticulum 
(ER) stress [24,26,29-34]. Overexpression of GADD153 can 
initiate inhibitory effect of cell growth and induce apoptosis
[23,33,35,36] in many cell types. A recent study by Satoh et al 
[37] demonstrated that the level of GADD153 was increased in 
non-small cell lung cancer cells after exposure to troglitazone,
an sulfonylurea that has been associated with growth inhibition 
of a variety of malignancies. We herein showed that metformin 
had a similar induction effect on GADD153 expression in
lung cancer cells. Additional experiments with GADD153 
siRNA knockdown strongly suggested the involvement of 
increased GADD153 expression in metformin-induced cell 
apoptosis. Indeed, mediating ER stress [38] is believed one of 
the main functions of GADD153. The induction of GADD153
in response to metformin and its requirement for metformin-
induced cell apoptosis suggests, therefore, that metformin 
possibly induces apoptosis at least partly as a result of ER 
stress. 

Previous studies have reported association between vari-
ous genes or signallings and GADD153-induced apoptosis, 
including Bcl-2 family members, NF-κB, p53-p21 axis, and 
MAPKs [34,36,39,40]. GADD153 can be post-translationally 
activated by p38 MAPK and has been implicated as a down-
stream element of MAPKs pathways [41-45]. However, 
MAPKs are not absolutely required for the apoptosis-in-
ducing activity of GADD153 [46]. Our results showed that 
activation of JNK/p38 MAPK and GADD153 were both 
involved in metformin-induced apoptosis in lung cancer 
cells. Further studies are needed to clarify the concrete con-
nection between them. 

It is important to be noted that in most studies the 
antineoplastic effects of metformin were observed in phar-
macological doses. For cultured cells, metformin was used at 
levels of 0.5-20 mM, whereas in mice the usually adopted doses 
were 50-750 mg/kg/day [8,47,48], which all far exceeded the 
recommended therapeutic doses for diabetic patients (1000-
2550 mg/day based on an average patient body weight of 60 kg). 
Since extremely high plasma metformin levels are rarely seen 
in the clinical setting, it has been considered that the results 
obtained from cells and the model systems can not be directly 
extrapolated to potential effects in a clinical trial evaluating
standard clinical metformin doses for cancer treatment [49]. 
We tried to approximate the clinical use of metformin in 
our study and the results showed that metformin efficiently
inhibited the growth of the xenograft tumors in vivo by 20%
at a lower dose (40 mg/kg/day), though not so strong as that 
at a higher dose (200 mg/kg/day, 41%). No visible toxic effect
on mice was observed during metformin treatment, which 
indicated a relatively favorable toxicity profile of metformin.
Our data are consistent with results obtained by Sahra et al [11] 

who showed that intraperitoneal treatment with metformin 
at a dose of 1 mg/day led to a 35% reduction of tumor growth 
in mice bearing xenografts of LNCaP human prostate cancer
cells. The discrepancy of drug toxicity between the two studies
may be due to a cell specific effect.

In conclusion, we demonstrate for the first time that
metformin inhibits the growth of lung cancer cells and in-
duces apoptosis both in vitro and in vivo. Phosphorylation 
of AMPK, JNK/p38 MAPK and upregulation of GADD153 
may be involved in metformin-induced cell apoptosis. 
Considering the low cost and satisfactory safety profile of
metformin, further investigation should be designed to 
evaluate its potential role in treatment of lung cancer and 
its detailed mechanisms.
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