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Abstract. Nasopharyngeal carcinoma (NPC) is a leading cause 
of cancer-related mortality. Radiotherapy is one of the primary 
modalities for NPC treatment. However, in patients in the 
late stages of the disease, the local control rate and overall 
survival rate remain low. Therefore, it is urgent to identify new 
targets that can improve the outcome of radiotherapy in this 
neoplasm. In the present study, we investigated the effects of 
metformin on the radiosensitivity of NPC cells and explored 
the potential mechanisms. The radiosensitizing effects of 
metformin on NPC cells were measured by colony formation 
assay. Cell apoptosis was assessed by Hoechst 33342 staining 
analysis. DNA damage was detected by monitoring γ-H2AX 
foci with immunofluorescence. The changes in apotosis-
related and DNA damage repair-related proteins were detected 
by western blotting. Our study demonstrated that metformin 
significantly reduced the cell viability, enhanced radiosensi-
tivity and potentiated radiation-induced caspase-9/-3 cleavage 
in the NPC cells. In addition, metformin plus radiation 
significantly upregulated the expression of p-ATM, p-ATR, 
γ-H2AX and downregulated the expression of ATM, ATR, 
p95/NBS1, Rad50, DNA-PK, Ku70 and Ku80. Therefore, our 
results suggest that metformin possesses a strong radiosensi-
tizing potential in NPC cells. This radiosensitizing effect was 
associated with inhibition of DNA double-strand break repair 
processes through HR repair and the NHEJ repair signaling 
pathway, thereby enhancing radiation-induced cell apoptosis. 
These findings imply that metformin is a potent radiation-
sensitizing agent and may be a promising candidate for clinical 

evaluation as part of a combined regimen for the treatment of 
nasopharyngeal carcinoma.

Introduction

Nasopharyngeal carcinoma  (NPC) is a leading cause of 
cancer-related mortality in Southeastern Asia, particularly in 
Southern China (1,2). Radiotherapy and concurrent chemora-
diotherapy are standard modalities for NPC at the early stage 
and advanced stage, respectively (3). With the development of 
radiation techniques and chemotherapy modalities, the local 
control rate of patients in the early stage of the disease has risen 
to 70-90% over the past decade. However, in patients in the 
late stages of the disease (stages III-IV), the local control rate 
is only 50%, with a 5-year overall survival rate of 40-70% (4). 
The main causes of treatment failure are local recurrence and 
distant metastasis; the key factor is the presence of tumor cells 
possessing a resistance to radiation (5). Therefore, it is urgent 
to find novel, less toxic agents in combination with radiation to 
decrease radiation resistance and increase the radiation effect, 
as potential clinical candidates for this disease.

Metformin  (1,1-dimethylbiguanide hydrochloride) is a 
widely used anti-diabetic drug (6). Recently, epidemiological 
analyses revealed that metformin reduced the cancer risk in 
diabetic patients (7-9). A number of preclinical studies have 
confirmed the anticancer activity of metformin with both 
in vitro and in vivo models (10). In addition, metformin has 
been reported to enhance the effects of chemotherapy (11,12) 
and radiation  (13-15). However, the effects of metformin 
combined with radiotherapy on NPC cells remain unknown.

In the present study, we investigated the actions of 
metformin on the radiosensitivity of NPC cells and explored 
the underlying mechanisms. Our results may contribute to the 
understanding of the mechanisms of action of the conventional 
drug and highlight potential implications of the combination 
of metformin with radiotherapy as an anticancer strategy.

Materials and methods

Cell culture and treatments. Three undifferentiated human 
NPC cell lines, CNE-2, HONE-1 and SUNE-1, were main-
tained by our laboratory and cultured in RPMI-1640 medium 
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(HyClone, Logan, UT, USA) supplemented with 10% fetal 
bovine serum (FBS) (Biological Industries), 100 U/ml peni-
cillin and 100 U/ml streptomycin in a humid atmosphere of 
5% CO2 at 37˚C.

Irradiation condition. The NPC cells were exposed to 4 MV 
of X-rays with various doses of irradiation (0-8 Gy) using a 
linear accelerator (Eleketa,  Stockholm, Sweden) with the 
source-skin-distance technique (SSD=100 cm). The depth was 
set at 1 cm to the bottom of the 6-well plate or 6-cm dishes.

Cell proliferation assay. Cells in the early log phase were 
trypsinized and plated in a 96-well plate at a density of 1x104 
cells per well. Twenty-four hours later, the medium was 
removed and replaced with fresh medium with metformin at 
the indicated concentrations (0, 4, 8,16, 25, 32, 50 and 64 mM) 
for 24 or 48 h in the presence of 1% FBS. Cell density was 
measured using the CCK-8 (Dojindo Molecular Technologies, 
Japan) assay following the manufacturer's instructions. The 
absorbance of each well was determined at 450 nm using a 
microplate reader. The percentage of surviving cells from each 
group relative to the control were defined as the proliferation 
rate. For these studies, all experiments were repeated at least 
three times.

Colony formation assay. Cells in early log phase were tryp-
sinized and plated in 6-well plates at 200, 400, 1,000, 2,000, 
and 4,000 cells per well and cultured overnight to allow for 
cell attachment. Then cells were treated with or without 
metformin for 24 h prior to administration of irradiation with 
the exposure dose corresponding to 0, 2, 4, 6, and 8 Gy. The 
cells were incubated for 10 days to allow for the formation of 
colonies. Cells were fixed and stained with 0.5% crystal violet 
(Sigma-Aldrich, St. Louis, MO, USA), and colonies containing 
>50 cells were counted. Survival curves were fitted using the 
multi-target click model in Graph Pad Prism 5.0 (GraphPad 
Software Inc., La Jolla, CA, USA). Each point on the survival 
curve represents the mean surviving fraction from at least 
three independent experiments.

Hoechst 33342 staining. Cells were grown on coverslips in 
6-well plates and treated with or without metformin for 24 h 
prior to administration of 6 Gy or sham radiation. The treated 
cells were cultured for another 12, 24 and 48 h, fixed, and then 
stained with Hoechst 33342 (Beyotime Biotech, China) at a 
final concentration of 10 µg/ml for 15 min, and scanned on a 
confocal microscope (magnification, x600 for the nuclear and 
morphologic analyses; Leica TCS SP5, Wetzlar, Germany). 
Apoptotic cells were identified by morphology and conden-
sation and fragmentation of their nuclei. The percentage of 
apoptotic cells was calculated as the ratio of apoptotic cells 
to total cells counted, multiplied by 100. Three independent 
experiments were conducted, and at least 300 cells were 
counted for each experiment.

Immunofluorescent staining. Cells (2.5x105/dish) were plated 
onto sterile coverslips, and the following day were treated with 
or without metformin. Twelve hours later, cells were irradiated 
at a total dose of 6 Gy. Cells were collected at the indicated 
time points (1, 4 and 12 h), washed, fixed and then blocked with 

5% BSA before incubation in rabbit monoclonal anti-γ-H2AX 
antibody overnight at 4˚C. After rinsing with PBS three times, 
the coverslips were incubated in secondary anti-rabbit Alexa 
Fluor 488 antibody (1:500; Invitrogen, Camarillo, CA, USA) 
for 1 h at room temperature. Then cells were stained with DAPI 
(Sigma-Aldrich) for 15 min. Coverslips were then mounted 
onto slides with anti-fade mounting medium (Solarbio, China). 
The images were visualized, and representative views of the 
cells were recorded by a confocal microscope (Leica TCS 
SP5). For each treatment condition, the numbers of γ-H2AX 
foci were counted for 50 cells at least. For the negative-control 
staining, the primary antibodies were omitted.

Western blot analysis. After treatment with metformin and/
or irradiation (6 Gy), sample preparation for immunoblot-
ting was carried out as previously described  (16). The 
membrane was then incubated with the appropriate primary 
antibody, anti-caspase-9, anti-caspase-3, anti-phospho-histone 
H2AX(Ser139), anti-ATM, anti-phospho-ATM(Ser1981), anti-
ATR, anti-phospho-ATR(Ser428), anti-DNA-PK, anti‑Ku70, 
anti-Ku80, anti-Rad50 and anti-p95/NBS1 (1:1,000; CST, 
Danvers, MA, USA), and anti-β-actin (1:1,500; Beyotime 
Biotech, China). The protein of interest was detected with goat 
anti-rabbit or anti-mouse IgG-horseradish peroxidase‑conju-
gated secondary antibody (1:1,500; Beyotime Biotech, China). 
The band intensities were measured using Image J 1.41 soft-
ware (NIH, Bethesda, MD, USA). Data are presented as the 
relative protein levels normalized to β-actin, and the ratio of 
the control samples was taken as 1.0.

Statistical analysis. All data are expressed as mean 
values ± SD. For two-group comparison, the Student's t-test 
method was used. For more than a two-group comparison, 
one-way ANOVA was used. SPSS 13.0 software was used for 
all statistical analyses (SPSS, Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Metformin inhibits the proliferation of NPC cells in a dose-
and time-dependent manner. CCK-8 assay was performed 
to evaluate the effects of metformin on the proliferation of 
NPC cell lines, CNE-2, HONE-1, and SUNE-1. Increasing 
concentrations of metformin and prolonged time from 
24 to 48 h resulted in greater reduction in the cell viability of 
the three cell lines. It was revealed that metformin inhibited 
NPC cell proliferation in a dose- and time-dependent manner 
(Fig.  1A-C). The 50% inhibitory concentrations (IC50) of 
metformin in the CNE-2, HONE-1 and SUNE-1 cells were 
23.39±0.06, 26.12±0.02 and 24.75±0.04 mM, respectively. 
Metformin inhibited the proliferation of the three NPC cell 
lines slightly when at concentrations <8 mM. Consequently, 
the metformin concentration of 5 mM was thought to be a mild 
dose and was chosen to examine its radiosensitization effect in 
the following studies.

Metformin pretreatment followed by irradiation reduces the 
colony forming ability of NPC cells. A clonogenic assay was 
used to determine whether metformin enhances the radio-
sensitivity of NPC cells. Irradiation caused a dose‑dependent 



ONCOLOGY REPORTS  32:  2596-2604,  20142598

reduction in clonogenic survival in the NPC cell lines, and we 
found significant variation in intrinsic radiosensitivity (Fig. 2). 
The radiation sensitivity was expressed as the surviving frac-

tion at a clinically relevant dose of 2 Gy (SF2), and sensitization 
enhancement ratios (SER) were calculated. As shown in Fig. 2, 
the SF2 for the CNE-2 cells following IR and IR+Met was 

Figure 2. Effects of metformin pretreatment followed by irradiation on the survival fraction of NPC cells. Cells were treated with metformin or irradiation 
alone or pretreated with metformin for 24 h followed by 2 to 8 Gy irradiation and allowed to grow for 10 days. Representative images of colony formation 
of (A) CNE-2, (B) HONE-1 and (C) SUNE-1 cells are shown. Survival fractions of (D) CNE-2, (E) HONE-1 and (F) SUNE-1 cells were obtained from the 
results of the colony forming assays. Survival curves were fitted using the multi-target click model. Metformin markedly enhanced the radiosensitivity of these 
NPC cell lines with SER of 1.12 for CNE-2, 1.20 for HONE-1, and 1.22 for SUNE-1 cells, respectively. All data are presented as mean values ± SD from three 
independent experiments. *P<0.05, **P<0.01. IR, irradiation; Met, metformin; IR+Met, irradiation plus metformin. 

Figure 1. Effects of metformin on the proliferation of (A) CNE-2, (B) HONE-1 and (C) SUNE-1 NPC cells. NPC cells were treated with metformin at the 
indicated concentrations (0, 4, 8, 16, 25, 32, 50 and 64 mM) for 24 or 48 h, and the proliferation rates were then determined by CCK-8 assay. Metformin signifi-
cantly reduced the viability of these cell lines in a dose- and time-dependent manner. All data are presented as the mean values ± SD from three independent 
experiments. Cell proliferation in the untreated control cells was assigned as 100%. *P<0.05; **P<0.01 vs. control cells; bars, SD.
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0.663±0.145 and 0.478±0.097, respectively (P=0.003). The SF2 
for the HONE-1 cells following IR and IR+Met was 0.514±0.044 
and 0.387±0.079, respectively (P=0.012). The SF2 for the 
SUNE-1 cells following IR and IR+Met was 0.686±0.132 and 
0.522±0.057, respectively (P=0.012). When the dose increased 
the differences in the surviving fraction between the three cell 

populations became wider. Consistently, metformin markedly 
enhanced the radiosensitivity of NPC cell lines with SERs of 
1.12 for CNE-2, 1.20 for HONE-1 and 1.22 for SUNE-1 cells.

Metformin pretreatment followed by irradiation increases cell 
apoptosis. To investigate whether the radiosensitization effect 

Figure 3. Effects of metformin combined with irradiation on the apoptosis of NPC cells. Cells were treated with metformin or irradiation alone or pretreated 
with metformin for 24 h followed by 6 Gy irradiation. Cells were fixed and nuclei were stained with Hoechst 33342. Cell apoptosis was assayed by scoring 
cells presenting fragmented, damaged or condensed nuclei at 12, 24 and 48 h after the different treatments. (A-C) Representative images of apoptotic cells 
are shown. The red arrows indicate apoptotic cells. Magnification, x600. A total of 300 nuclei were analyzed in duplicate and each experiment was repeated 
at least three times. (D-F) The cell apoptotic rates were quantified. The apoptotic rate of the combined treatment increased significantly at 12, 24 and 48 h, 
and as time increased the apoptotic rate increased compared to the metformin or irradiation alone group. Data are shown as the mean values ± SD from three 
independent experiments. *P<0.05; **P<0.01. 
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of metformin is associated with cell apoptosis, the apoptosis 
of NPC cells was examined by examining morphological 
changes of nuclei by confocal microscopy at 12, 24 and 48 h 
post-irradiation, and determining the levels of the caspase-3 
and caspase-9 by western blot assay. The apoptotic cells, which 
were characterized by condensed and fragmented nuclei, are 
shown in Fig. 3A-C. Further analysis revealed that metformin 
plus irradiation significantly increased cell apoptosis in all 
of the three NPC cell lines compared with cells exposed to 

irradiation alone over a certain time-period (Fig. 3D-F). The 
cleavage of caspase-3 and caspase-9 proteins were markedly 
increased in the cells treated with the combination of irra-
diation and metformin compared with the cells exposed to 
irradiation or metformin alone (Fig. 4A-C).

Metformin pretreatment followed by irradiation induces 
γ-H2AX focus formation and increases the expression of 
γ-H2AX. γ-H2AX has been identified as a marker of DNA 
double-strand breaks (DSBs). Immunocytochemical analysis 
using anti-γ-H2AX antibodies was conducted in order to 
determine the effects of metformin on DNA repair. As shown 
in representative micrographs in Fig. 5A-C, the number of 
γ-H2AX foci was clearly distinguished after the different 
treatments. The mean number of γ-H2AX foci per cell treated 
with irradiation or metformin alone was compared with the 
mean number of focu in cells treated with a combination of 
metformin and irradiation. The mean number of γ-H2AX 
foci was shown to be increased in the cells treated with 
irradiation alone over time, while γ-H2AX foci in the cells 
exposed to metformin (5 mM, 12 h) prior to irradiation were 
dramatically increased over a 1-, 4- and 12-h time course in the 
CNE-2 (Fig. 5D), HONE-1 (Fig. 5E), and SUNE-1 (Fig. 5F) 
cells. Consistently, metformin plus irradiation significantly 
increased the expression of γ-H2AX protein compared with 
the expression in cells treated with metformin or irradiation 
alone (Fig. 6), as detected by western blotting.

Metformin pretreatment followed by irradiation affects the 
expression of DNA damage repair-associated proteins. Next, 
we investigated the effects of metformin on DNA damage 
repair proteins by western blotting. The protein levels of DNA 
damage repair-associated proteins in the CNE-2, HONE-1 
and SUNE-1 cells under various conditions are shown in 
Fig.  7A. Clearly, in all cell lines, the expression levels of 
p-ATM(Ser1981) and p-ATR(Ser428) were upregulated, and 
the expression levels of ATM and ATR were downregulated, 
which indicated that DNA damage repair was inactivated over 
time. Furthermore, the expression level of DNA-PK was also 
significantly gradually downregulated over time (Fig. 7B). 
However, only a modest effect on the expression levels of 
Ku70, Ku80, Rad50, p95/NBS1 proteins was noted (Fig. 7). 
The combination of metformin with irradiation was far more 
effective than metformin or irradiation alone.

Discussion

In addition to the direct anticancer effects, metformin has 
also been reported to enhance the response of irradiation in 
several types of tumors, including fibrosarcoma (14), hepa-
toma (15), head and neck cancer (17), lung cancer and prostate 
cancer (13). Similarly, the present study reported for the first 
time that metformin markedly suppressed the proliferation of 
NPC cells (Fig. 1). Further investigation demonstrated that 
metformin combined with irradiation significantly decreased 
the clonogenic survival abilities and enhanced the radiosen-
sitivity of NPC cells, with a sensitizing enhancement ratio 
(SER) of 1.12, 1.20 and 1.22 in CNE-2, HONE-1 and SUNE-1 
cells, respectively (Fig. 2). Interestingly, metformin has also 
been evaluated in combination with radiotherapy or chemo-

Figure 4. Effects of metformin combined with irradiation on the activation 
of caspase-9/-3 expression in NPC cells. Cells were treated with metformin 
or irradiation alone or pretreated with metformin for 24 h followed by 6 Gy 
irradiation. The levels of cleaved caspase-9/-3 were determined by western 
blotting at 12 and 24 h after irradiation. Protein levels were quantified using 
Image J software. Experiments were repeated at least 3 times and the repre-
sentative results are shown. The cleavage of caspase-3 and caspase-9 proteins 
in cells following the combined treatments was markedly increased compared 
with that in the cells exposed to irradiation or metformin alone. The ratios 
below each blot are expressed as the proportion of cleavage band intensity to 
the total bands and calculated as follows: caspase-9 or caspase-3 = *Tc/Tt, 
where Tc is the intensity value of the cleavage bands and Tt is the intensity 
value of the total bands.
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radiotherapy in several clinical trials, and survival benefits 
were observed in metformin-treated patients compared to the 
non-metformin-treated patients. Skinner et al investigated the 
impacts of metformin on the outcome of radiation therapy for 
head and neck cancer. Their data showed that metformin use 
was significantly associated with decreased local recurrence 
rates (LRR) as well as improved overall survival (OS), with 
5-year OS rates of 87% and 41%, respectively, for the patients 
receiving metformin and the remaining patients (17). This was 
further verified by another study, which found that metformin 
use was associated with a dose-dependent increased response 
to concurrent chemoradiotherapy in esophageal cancer with 
a higher pathologic complete response and a decrease in field 
locoregional failure (18). Given the above findings, the addi-
tion of metformin to radiotherapy might benefit the treatment 
of malignancies, including nasopharyngeal carcinoma.

Apoptosis has previously been regarded as a potential 
mechanism for radiosensitization. Lin  et al showed that a 
molecularly targeted aurora kinase inhibitor, VE-465, signifi-
cantly enhanced radiation-induced tumor growth suppression 
by a mechanism involving increased apoptosis (19). Grosse et al 
found that sunitinib combined with radiation induced apop-
tosis in follicular thyroid cancer cells via the intrinsic pathway 
of apoptosis (20). In addition, metformin has been reported to 
enhance irradiation-induced apoptosis and activate caspase-3 
in lung cancer cells (21). In the present study, we additionally 
observed that metformin in combination with irradiation 
significantly increased the apoptotic rates (Fig. 3) and potenti-
ated the cleavage of caspase-9/-3 proteins (Fig. 4) compared 
to either radiation or metformin treatment alone in NPC cells, 
which suggests that metformin may sensitize NPC cells to 
irradiation by promoting apoptosis.

Figure 5. Effects of metformin pretreatment on irradiation-induced γ-H2AX focus formation in NPC cells. Cells growing on coverslips in 6-well plates 
were treated with metformin or irradiation alone or pretreated with metformin for 24 h followed by 6-Gy irradiation and then stained for γ-H2AX foci. 
(A-C) Representative images of γ-H2AX foci in (A) CNE-2, (B) HONE-1, and (C) SUNE-1 cells. Scale bars represent 25 µm. (D-F) Quantification of the 
average number of γ-H2AX foci per nucleus at the indicated time points after various treatments. The mean number of γ-H2AX foci per cells treated with 
a combination of metformin and irradiation was significantly increased compared with irradiation or metformin alone in the different treatments followed 
by a 1- to 12-h post-irradiation duration. The average number of γ-H2AX foci per nucleus was determined randomly scoring 50 nuclei per sample, and each 
experiment was repeated at least three times. Merged foci were quantified and plotted for (D) CNE-2, (E) HONE-1 and (F) SUNE-1 cells at 1, 4, and 12 h 
post-irradiation. Columns, mean values ± SD of three independent experiments. *P<0.05; **P<0.01 vs. other groups at the same point of time.
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Radiotherapy is one of the major therapeutic strategies for 
cancer. Irradiation results in DNA damage and thus initiates a 
variety of signaling events in cancer cells (22). Double-strand 
breaks (DSBs) are one of the most important DNA damages 
caused by irradiation. In response to DSBs, histone H2AX 
is rapidly activated and phosphorylated. This phosphorylated 
form of H2AX is named γ-H2AX. The expression of γ-H2AX 
is a sensitive indicator of irradiation-induced DSBs, and 
γ-H2AX foci are used to identify the number and location 
of DSBs and are widely used to evaluate cellular radiosensi-
tivity (23,24). To investigate whether metformin altered DSB 
repair, we monitored the formation of γ-H2AX foci in cells 
treated with metformin or radiation. Our data indicated that 
the number of γ-H2AX foci and the level of γ-H2AX protein 
were significantly increased over time (1, 4, 12 h) following 
irradiation. Notably, although irradiation or metformin alone 
induced nuclear γ-H2AX focus formation, metformin plus 
irradiation markedly induced an increased number of nuclear 
γ-H2AX foci compared to either irradiation or metformin 
treatment (Fig.  5A-F). Similarly, increased expression of 
γ-H2AX protein was observed in the NPC cells treated with 
metformin plus irradiation compared to either irradiation 
or metformin treatment alone as detected by immunoblot-
ting  (Fig.  6). Therefore, we concluded that metformin in 
combination with irradiation markedly induced DNA damage 
in NPC cells, suggesting that the radiosensitization effect of 
metformin might result from the augmentation of irradiation-
induced DNA damage.

Recent studies have explored the potential mechanisms 
by which metformin enhances the response of irradiation 

in several tumors. It was reported that metformin sensitized 
cancer cells to irradiation by potentiating IR-induced AMPK 
activation (13,14,21). Other studies found that following the 
combination of metformin and IR, enhancement of cytotoxic 
effects was noted by reducing ATP production (15), poten-
tiating intracellular ROS levels induced by irradiation (25), 
and inducing senescence (17). To elucidate how metformin 
suppressed the repair of irradiation-induced DSBs, we inves-
tigated the effects of metformin on molecules involved in 
the non-homologous end-joining  (NHEJ) and homologous 
recombination (HR) pathways by western blot assay. Our data 
demonstrated that metformin plus IR significantly induced 
time-dependent upregulation of p-ATM and downregulation 
of ATM thereby inhibiting DNA DSB repair pathways. These 
results implied that metformin induced radiosensitivity by 
decreasing the level of ATM expression. Furthermore, we 
examined a range of protein substrates, including ATR, NBS1, 
and Rad50 after DSBs were formed. Our findings showed that 
metformin pretreatment significantly reduced the level of ATR 
kinase, the phosphorylated form of ATR was strongly elevated, 
while the expression levels of Rad50 and NBS1 proteins were 
only modestly downregulated after exposure to irradiation 
(Fig.  7A). DNA-PK, Ku70 and Ku80 are critical proteins 
involved in non-homologous end-joining repair (NHEJ) of 
DNA DSBs. In the present study, we found that the expression 
levels of DNA-PK, Ku70 and Ku80 proteins were much lower 
following the combination treatment compared to metformin 
or irradiation alone, suggesting that metformin may sensitize 
radiation via interfering with the NHEJ pathway thus weak-
ening DSB repair ability in NPC cells (Fig. 7B). Taken together, 

Figure 6. Effects of metformin combined with irradiation on the level of γ-H2AX expression in NPC cells. Cells were treated with metformin or irradiation 
alone or pretreated with metformin for 24 h followed by 6 Gy irradiation exposure. The levels of γ-H2AX protein were determined by western blotting at 
1, 4 and 12 h post-irradiation. Metformin plus irradiation significantly increased the expression of γ-H2AX protein compared with metformin or irradiation 
alone. Protein levels were quantified using Image J software. Experiments were repeated at least 3 times, and the representative results are shown. The ratio 
above each blot is expressed as the intensity of the blot relative to that of the untreated control. 
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these results indicate that metformin might be a dual inhibitor 
of both DNA-PKcs and ATM kinase, thus sensitizing NPC 
cells to irradiation by induction of more DNA damage and 
inhibition of repair of irradiation-induced DNA DSBs through 
diminishing NHEJ and HR pathways. For decades, researches 
have focused on the development of potent DNA-PKcs, and 
ATM inhibitors have yielded specific compounds, some of 
which have been found to be extremely useful in preclinical 
studies. Truman et al found downregulation of ATM protein 
resulting in an increase in radiation-induced apoptosis in 
human prostate cancer cells (26). Biddlestone-Thorpe et al 
demonstrated that ATM kinase inhibitor KU-60019 radio-
sensitized human glioma and mouse glioma stem cells via 
inhibition of the expression of ATM thereby inhibiting DNA 
repair capacity (27). In addition, Gil et al found that the dual 

PI3K/mTOR inhibitor NVP-BEZ235 potently inhibited both 
DNA-PKcs and ATM kinases and attenuated the repair of 
IR-induced DNA damage in human glioblastoma, resulting in 
striking tumor radiosensitization (28). However, further explo-
ration is required to clarify how metformin regulates ATM 
and DNA-PK.

In summary, this study demonstrated that metformin has 
a strong radiosensitizing potential in NPC cells. This radio-
sensitizing effect was associated with inhibition of DNA DSB 
repair processes through HR repair and NHEJ repair signaling 
pathways, thereby enhancing radiation-induced cell apoptosis. 
In addition, our data suggest that metformin is a potent 
radiation-sensitizing agent and may be a promising candidate 
for clinical evaluation as part of a combined regimen for the 
treatment of NPC.

Figure 7. Effects of metformin combined with irradiation on the signals associated with the DNA damage repair pathway in NPC cells. Whole cell lysates were 
prepared and western blot analysis was performed using (A) anti-ATM, -p-ATM, -ATR, -p-ATR, -Rad50, and -p95/NBS1 antibodies for the HR pathway, and 
(B) anti-DNA-PK, -Ku70, and -Ku80 for the NHEJ pathway. In all cell lines, the expression levels of p-ATM(Ser1981) and p-ATR(Ser428) were upregulated, 
and the expression levels of ATM, ATR and DNA-PK were downregulated. However, only a modest effect on the expression levels of Ku70, Ku80, Rad50, p95/
NBS1 proteins over time was noted. The combination of metformin with irradiation was far more effective than metformin or irradiation alone. Experiments 
were repeated at least 3 times, and the representative results are shown. The ratios above each blot are expressed as the intensity of the blot relative to that of 
the untreated control.
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