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Abstract. Berberine, an isoquinoline derivative alkaloid, has 
recently been shown to have antitumor activity. The present 
study aimed to investigate the effects of the concomitant admin-
istration of berberine and radiation on breast cancer. The effects 
of berberine on the radiosensitivity of MCF-7 and MDA-MB-
468 cells were evaluated by using cell clonogenic assays. Cells 
pre-treated with berberine or dimethyl sulfoxide (DMSO) for 
24 h were irradiated using a Faxitron Cabinet X-ray System to 
deliver the indicated doses (0, 1, 2, 3 and 4 Gy). Changes in cell 
cycle distribution were determined by flow cytometry. γ-H2AX 
foci were detected by immunofluorescence staining. The levels 
of Ku70, Ku86 and RAD51 proteins were evaluated by western 
blot analysis. We observed that berberine increased the MCF-7 
and MDA-MB-468 cell radiosensitivity with cell clonogenic 
assays. the radiation-induced G2/M cell cycle delay was 
reduced in the MCF-7 cells pre-teated with berberine. Berberine 
pre-treatment prolonged the persistence of DNA double-strand 
breaks in the MCF-7 cell line. In comparison with the control 
cells, the protein levels of RAD51 were decreased in the MCF-7 
and MDA-MB-468 cells treated with berberine, and in the cells 
pre-treated with 15 µM berberine for 24 h, the level of RAD51 
protein decreased significantly at the indicated time-points (0, 2, 
6 and 24 h) following X-ray exposure. In conclusion, berberine 
sensitizes human breast cancer cells to ionizing radiation by 
inducing cell cycle arrest and the downregulation of the homol-
ogous recombination repair protein, RAD51. Berberine may be 
a promising radiosensitizer for the treatment of breast cancer.

Introduction

Breast cancer is the most common type of cancer among 
women in most parts of the world and accounts for 23% of 

all female cancers (1). It is the second most common type 
of cancer overall, second to lung cancer. Annually, over one 
million women are diagnosed with breast cancer across the 
globe, with approximately 400,000 deaths (2). However, 
during the past few decades, breast cancer mortality appears 
to be declining in the United States and many other Western 
countries (3-5), suggesting a benefit from early detection and 
more effective treatment. Radiation therapy is a key strategy 
for the treatment of many epithelial carcinomas. In breast 
cancer, post-operative radiotherapy (RT) is one of the most 
commonly used and efective strategies for local control.

Berberine, an isoquinoline derivative alkaloid, is isolated 
from many medicinal herbs, such as Hydrastis canadensis, 
Cortex phellodendri and Rhizoma coptidis. Berberine has a wide 
range of pharmacological and biochemical effects. It has been 
reported that berberine can be used as an anti-diarrhea, anti-
arrhythmia and anti-inflammatory agent (6-8). Additionally, 
berberine has also been shown to have antitumor effects on many 
cancer cell lines, including leucocytes, liver, lung, stomach, 
colon, skin, oral, esophageal, brain, bone, breast and genital 
cancer cells (9-14). The cytotoxic effects of berberine on cancer 
cells may be mediated through DNA topoisomerase I inhibition 
and cell cycle arrest which eventually induces apoptosis via the 
caspase-3 or Fas/FasL signal pathways (15). In addition to the 
direct induction of apoptosis, the pro-inflammatory or nuclear 
factor (NF)-κB pathway, antioxidant defense system and the 
anti-metastatic pathway have been reported to play a role in the 
anticancer effects of berberine (16-18).

A number of studies have reported that berberine has 
synergistic effects against cancer in combination with irradia-
tion. Berberine has been shown to radiosensitize lung cancer 
cells by inducing autophagy (19), and esophageal cancer cells 
by the downregulation of the homologous recombination 
repair protein, RAD51 (20). In addition to the synergistic 
effects against cancer, berberine also has protective effects 
against radiation-induced injury. It has been reported that 
berberine significantly reduces the incidence of radiation-
induced lung injury and intestinal injury (21,22). Berberine 
may be a useful therapeutic agent for breast cancer therapy. In 
the present study, we evaluated the direct effects of berberine 
on irradiated MCF-7 and MDA-MB-468 human breast cancer 
cells in vitro, and explored the mechanisms of interaction.
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Materials and methods

Cell culture. The human breast cancer cell lines, MCF-7 
and MDA-MB-468, were obtained from the American Type 
Culture Collection (ATCC; Rockville, MA, USA) and main-
tained in Dulbecco's modified Eagle's medium (DMEM; 
Gibco-BRL, Rockville, IN, USA) supplemented with 10% 
fetal bovine serum (FBS; Haoyang Biological Manufacture 
Co., Ltd., Tianjin, China), 100 U/ml penicillin and 100 µg/ml 
streptomycin. All cell cultures were maintained at 37˚C in a 
humidified atmosphere of 5% CO2. All the cells used were 
passaged for >4 months. The identities of these cell lines were 
validated by short tandem repeat (STR) profiling generated by 
using the Promega PowerPlex® 1.2 system. The STR profiles 
for these cell lines matched their known ATCC fingerprints.

Reagents. Antibodies against Ku70, Ku86 and RAD51 were 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA). Mouse monoclonal antibody against β-actin 
was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Mouse anti-γ-H2AX antibody was purchased from Millipore 
(Billerica, MA, USA). HRP-labeled secondary antibodies and 
rhodamine-labeled secondary antibody were purchased from 
KPL (Gaithersburg, MD, USA). Berberine was purchased 
from Sigma-Aldrich and dissolved in 100% dimethyl sulfoxide 
(DMSO) to obtain stock concentrations.

Combined effect of berberine with radiation investigated by 
clonogenic assay. Clonogenic assays were used to assess the 
survival and proliferation potential of the cells treated with 
berberine and/or ionizing radiation (IR). The cells were treated 
with the vehicle control (DMSO) or 15 µM berberine for 24 h. 
The cells were then irradiated using a Faxitron Cabinet X-ray 
System (Faxitron X-ray Corp., Wheeling, IL, USA) to deliver 
the indicated doses (0, 1, 2, 3 and 4 Gy) at room temperature. 
The X-rays were filtered through a 0.5‑mm aluminum filter 
resulting in a dose rate of 0.4 Gy/min. The cells were trypsin-
ized, suspended in complete medium, counted and replated in 
60-mm tissue culture dishes. After irradiation, serial dilutions 
of irradiated cells were plated immediately. After incubation 
at 37˚C in a humidified atmosphere of 5% CO2 for 14-21 days 
to allow the formation of macroscopic colonies, the plates 
were fixed with methanol and stained with Giemsa. Colonies 
containing at least 50 cells in size were counted. The fraction 
surviving a given X-ray dose was calculated based on the 
survival of non-irradiated cells treated with the vehicle or 
berberine. Survival (S) data after a radiation dose (D) were 
fit by a weighted, stratified, linear regression according to 
the linear-quadratic formula S(D) = S(0) exp(-αD  - βD2). 
The α and β terms in this equation and their ratios were used 
to describe survival curve characteristics and to classify the 
cellular response to radiation (23).

Cell cycle analysis by flow cytometry. Cells were harvested 
with trypsin, washed with phosphate-buffered saline (PBS) 
and then stained with buffer including 50 µg/ml propidium 
iodide (Sigma-Aldrich) for 30 min at room temperature. For 
fluorescence-activated cell sorting (FACS) analysis, data were 
collected using a FACSCalibur (BD Bioscience, San Jose, 
CA, USA) flow cytometer and analyzed by ModFit (Verity, 

Topsham, ME, USA). The cell-cycle distribution was evalu-
ated by counting >20,000 cells for each sample.

Immunofluorescence staining for γ-H2AX. Cells were grown 
on coverslips in 6-well plates and treated with berberine 15 µM 
and/or X-ray. At specific times, the medium was aspirated, 
washed with PBS 3  times and the cells were fixed in 4% 
paraformaldehyde for 15 min at room temperature, followed 
by treatment with 0.2% Triton X-100 for 5 min. The cells 
were then washed with PBS twice and then blocked with 10% 
normal goat serum in PBS for 50 min, following which mouse 
anti-γ-H2AX antibody (Millipore) was added at a dilution 
of 1:200 and incubated overnight at 4˚C. The cells were then 
washed 3 times with PBS before being incubated in the dark 
with a rhodamine-labeled secondary antibody (KPL) at a dilu-
tion of 1:100 in 1% goat serum albumin in PBS for 60 min. 
The secondary antibody solution was then aspirated and the 
cells were washed 4 times with PBS. The cells were then incu-
bated in the dark with 4',6-diamidino-2-phenylindole (1 µg/ml)  
in PBS for 5 min and coverslips were mounted with an antifade 
solution (Molecular Probes, Eugene, OR, USA). The slides 
were then examined on a Leica fluorescent microscope. Images 
were captured by a charge coupled device camera. For each 
treatment condition, γ-H2AX foci were counted in at least 
100 cells from randomly captured images.

Western blot analysis. The cells were washed twice with cold 
PBS and lysed on ice in RIPA buffer [1X PBS, 1% NP 40, 0.1% 
sodium dodecyl sulfate (SDS), 5 mM EDTA, 0.5% sodium 
deoxycholate and 1 mM sodium orthovanadate] with protease 
inhibitors and quantified by the BCA method (24). Nuclear and 
cytosolic extracts were prepared with a nuclear/cytosol frac-
tionation system according to the manufacturer's instructions. 
Equal amounts of protein (30-50 µg) were separated by SDS 
polyacrylamide gel electrophoresis, electrotransferred onto 
polyvinylidene fluoride membranes (Immobilon-P; Millipore) 
and blocked with 5% non-fat dry milk in Tris-buffered saline, 
pH 7.5 (100 mM NaCl, 50 mM Tris and 0.1% Tween-20). 
The membranes were immunoblotted overnight at 4˚C with 
anti-Ku70, anti-Ku86 and anti-RAD51 monoclonal antibodies 
(1:200; Santa Cruz Biotechnology, Inc.), and anti-β-actin 
monoclonal antibody (1:5,000; Sigma-Aldrich), followed by 
their respective horseradish peroxidase-conjugated secondary 
antibodies. Signals were detected by enhanced chemilumines-
cence. β-actin was used as the endogenous control.

Statistical analysis. The data are presented as the means ± SD 
and analyzed with Microsoft Excel analysis tools and SPSS 
statistics 17.0 software. All experiments were repeated inde-
pendently 3 times. The radiation dose survival curves were 
analyzed by weighted, stratified, linear regression. Differences 
between individual groups were analyzed by a paired t-test. 
P-values of <0.05 were considered to indicate statistically 
significant differences.

Results

Berberine sensitizes breast cancer cells to IR. In the MCF-7 
cell line (Fig. 1), clonogenic assay revealed that berberine 
pre-treatment (15 µM, 24 h) reduced the surviving fraction at 



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  30:  1166-1172,  2012  1168

2 Gy (SF2) of the irradiated cells from 31.2±0.8 to 20.5±3.9% 
in the cells treated with radiation alone. The combination 
treatment caused a reduction of approximately 30% in the 
SF2 (P=0.002). The data were further analyzed according 
to the linear quadratic model; the α and β components were 
0.552±0.050/Gy and -0.002±0.014/Gy2 for the cells treated 
radiation alone, and 0.758±0.104/Gy and -0.007±0.033/Gy2 for 
the cells treated with the combination treatment, respectively, 
leading to survival curves which were significantly different 
(P<0.001) as tested with the linear regression analysis. A 
similar response was observed in the other human breast 
cancer cell line, MDA-MB-468, with the SF2 being reduced 
to 20.1±0.6% when the irradiated cells were pre-treated with 
berberine at 15 µM for 24 h, in comparison with 33.1±3.1% 
for the cells treated with radiation alone (P<0.01). The α and β 
components were 0.538±0.058/Gy and -0.009±0.016/Gy2 for 
the radiation group, and 0.902±0.07/Gy and -0.034±0.021/Gy2 
for the combination treatment group, respectively. According 
to the linear regression analysis, a statistical difference between 
2 groups was obtained (P<0.001).

Berberine treatment causes cell cycle arrest. We performed flow 
cytometry analysis of the cells treated with 15 µM berberine 
or DMSO for 24 h by propidium iodide staining to evaluate 
the effect of berberine treatment on the cell cycle progression 
of human breast cancer cells. Berberine treatment induced an 
increase in the proportion of cells in the G1 phase (77.5±2.1 vs. 
57.1±0.5%) and a marked decrease in the proportion of cells in 
the S phase (21.3±1.2 vs. 40.0±1.9%) in comparison with the 
control MCF-7 cells (Fig. 2). The same results were observed 
in the MDA-MB-468 cells. The G0/G1 fraction of the cells 
treated with berberine increased from 55.4±1.5 to 69.5±2.9%, 
compared to the control cells, and the fraction of the cells 
treated with berberine in the S phase decreased to 14.4±1.0% 
in comparison with the control cells (34.1±0.9%). When the 
MCF-7 cells were exposed to 6 Gy irradiation alone for 8-24 h, 
a significant cell cycle arrest in the G2/M phase was observed, 
with a decrease in the percentage of cells in the G0/G1  
phase and S phase. Following pre-treatment with berberine, the 
radiation-induced G2/M phase arrest did not occur within 24 h 

after irradiation, with an increase in the percentage of cells in 
the G0/G1 phase compared with irradiation alone.

Berberine pre-treatment prolongs the persistence of DNA 
double-strand breaks (DSBs). H2AX, a variant of the core 
histone H2A family, contains a unique SQ motif within its 
C-terminal tail that is highly conserved from plants to humans, 
suggesting a crucial role of this variant throughout evolution. 
The phosphorylated form of H2AX was termed γ-H2AX, as 
it was first observed in cells exposed to γ-rays. The formation 
of γ-H2AX in response to DNA DSBs provides the basis for a 
sensitive assay for DNA damage. In the MCF-7 cells, we deter-
mined the levels of DSBs by immunofluorescence staining 
of γ-H2AX foci at different time-points (0, 0.5, 4 and 12 h) 
after exposure to X-rays. In the MCF-7 cells not pre-treated 
with berberine, the majority of the γ-H2AX foci cleared 4 h 
following exposure to 1.0 Gy of X-ray radiation (Fig. 3). By 
contrast, a delayed clearance of the X-ray-induced γ-H2AX foci 
was observed in the MCF-7 cells pre-treated with berberine 
(15 µM). These results indicate that berberine pre-treatment 
radiosensitizes the cancer cells via the impairment of the repair 
of X-ray-induced DSBs.

Berberine downregulates RAD51. DSBs are primarily 
repaired by 2 pathways. Ku70 and Ku86 are essential for non-
homologous end joining, whereas RAD51 is a central player 
in homologous recombination. We examined the expression 
of Ku70, Ku86 and RAD51 by western blot analysis to assess 
whether the levels of these 3 proteins were altered in human 
breast cancer cells pre-treated with berberine. As shown in 
Fig. 4, there were no obvious changes in the levels of Ku70 and 
Ku86, but the levels of RAD51 were significantly decreased 
in the MCF-7 and MDA-MB-468 cells treated with 15 µM 
berberine for 24-48 h. In the MCF-7 cells treated with 15 µM 
berberine for 24 h prior to 6 Gy irradiation at the indicated 
time-points (0, 2, 6 and 24 h), the levels of Ku70 and Ku86 
protein had no obvious change, but the level of RAD51 protein 
had decreased significantly. However, these changes were 
not observed in the cells treated with irradiation alone. In the 
MDA-MB-468 cells the same results were observed.

Figure 1. Survival curves of MCF-7 and MDA-MB-468 breast cancer cells after X-ray irradiation by clonogenic survival assay. Cells were exposed to berberine 
(15 µM) or the vehicle control (DMSO) for 24 h prior to irradiation and plated for the estimation of cell survival. Survival was expressed as the relative plating 
efficiencies of irradiated vs. control cells. Data points are the averages of 2 independent experiments each plated in triplicate. The difference in survival curves 
derived from clonogenic assay experiments was significantly different (P<0.01) as shown by linear regression analysis.
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Discussion

IR induces measurable arrests in the G1, S and G2 phases 
of the mammalian cell cycle, which allows for the repair of 
DNA damage in cells prior to DNA replication or mitosis. 
In this study, analyses of the treatment effects on the cell 
cycle revealed a significantly increased proportion of cells 
in G1 arrest, accompanied by a simultaneous decrease in the 

number of cells in the S phase following berberine treatment. 
The arrest in G1 in response to irradiation is thought to result 
from a signal transmitted via the p53 tumor suppressor protein 
in response to cellular damage, and the delay in progression 
through the S phase of the cell cycle is due to a reduction of the 
DNA synthesis rate (25). It has been established that the cancer 
cells are more radiosensitive in the G2/M phase, less sensitive 
in the G0/G1 phase, and least sensitive during the latter part 

Figure 2. Flow cytometric analysis of cell cycle distribution. MCF-7 and MDA-MB-468 cells were treated with berberine (15 µM) and stained with propidium 
iodide for flow cytometric analysis. MCF-7 cells treated with a combination of berberine and irradiation (6 Gy) or irradiation alone were harvested for the 
indicated times (0, 8 and 12 h) and and stained with propidium iodide for flow cytometric analysis to measure DNA content. The peaks corresponding to the 
G1/G0 and G2/M phases of the cell cycle are shown as indicated. Percentages of cells in the G0/G1 phase, the S phase, and the G2/M phase were determined 
by CellQuest analysis software on the basis of DNA content of the histogram.
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Figure 3. Berberine pre-treatment led to a prolonged persistence of IR-induced γ-H2AX foci. MCF-7 cells growing on coverslips in 6-well plates were exposed 
to berberine (15 µM) for 24 h, irradiated (1.0 Gy), and fixed at the specified time-points for immunofluorescence analysis of nuclear γ-H2AX foci.

Figure 4. Western blot analysis for the RAD51, Ku70 and Ku86 proteins. MCF-7 and MDA-MB-468 cells were treated with berberine for 24-48 h at 15 µM. The 
levels of RAD51 protein had decreased. MCF-7 and MDA-MB-468 cells treated with 15 µM berberine for 24 h before 6 Gy irradiation, or irradiation alone, 
were harvested for the indicated times (0, 2, 6 and 24 h), then the protein levels of RAD51, Ku70 and Ku86 were detected at the indicated time-points (0, 2, 6 
and 24 h). Immunoblot analysis was conducted with anti-RAD51, Ku70 and Ku86 antibodies.
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of the S phase (26). Thus, we postulated that the decreased 
percentage of cells in the S phase prior to irradiation may 
result in the observed decrease in the surviving fraction that 
was observed in the combination treatment group.

In addition, we observed a radiation-induced G2/M arrest 
in the MCF-7 cells treated with RT alone; however, in the cells 
treated with radiation and berberine, the radiation-induced 
G2/M arrest did not occur at the indicated time-points. Two 
molecularly distinct G2/M checkpoints were identified. The 
first of these G2/M checkpoints occurs early after IR and is 
ATM-dependent and dose-independent, and represents the 
failure of cells in the G2 phase at the time of irradiation to prog-
ress into mitosis. By contrast, G2/M accumulation, begins to be 
measurable only several hours after IR, is ATM-independent, 
and represents the accumulation of cells in the earlier phases of 
the cell cycle at the time of exposure to radiation (27). Studies 
using caffeine have provided further evidence to support 
the role of the G2 delay in irradiated cell survival. Caffeine 
reduces or abolishes the radiation-induced G2 delay and 
renders cells more sensitive to irradiation (28). The reduction of 
radiation-induced G2/M delay may also contribute to the radio-
sensitizating effects of berberine on MCF-7 and MDA-MB-468 
cells observed in this study.

In mammalian cells, there are 2 major DSB repair path-
ways: homologous recombination and non-homologous DNA 
end-joining  (29,30). Ku70 and Ku86 are essential for the 
former, whereas RAD51 is a central player in the latter. As 
shown by western blot analysis, the level of the RAD51 protein 
decreased significantly in the MCF-7 and MDA-MB-468 cells 
following berberine administration for 24 or 48 h at 15 µM; 
however, the levels of the Ku70 and Ku86 proteins did not 
change significantly compared with the controls when the cells 
were treated with berberine. In the berberine-treated cells, the 
levels of RAD51 decreased continuously compared with those 
in the cells treated with RT alone at 3 time-points after irradia-
tion treatment, in the 2 breast cancer cell lines. Inhibitors of 
homologous recombination proteins may be used in combina-
tion with RT or chemotherapy to sensitize the cells (31-34). 
Mao et al (29) revealed that compared with normal mammary 
epithelial cells, the efficiency of homologous recombination 
is significantly elevated in breast cancer cell lines, including 
MCF-7 and MDA-MB-468 cells, and suggested that the inhibi-
tion of homologous recombination has a selective effect against 
breast tumor cells.

In conclusion, in this study, we demonstrate that berberine 
increases the radiosensitivity of MCF-7 and MDA-MB-468 
cells. Berberine sensitizes human breast cancer cells to IR 
by inducing cell cycle arrest, and the downregulation of the 
homologous recombination repair protein, RAD51. Berberine 
may be a promising radiosensitizer for the treatment of breast 
cancer.

Acknowledgements

This study was supported by grants from the National Natural 
Science Foundation of China (No. 81072150 and 81172529). 
We thank Professor Changshun Shao (Institute of Molecular 
Medicine and Genetics and Key Laboratory of Experimental 
Teratology, Shandong University School of Medicine, China) 
for providing a critical evaluation of our study.

References

  1.	 Yip CH, Smith RA, Anderson BO, et al: Guideline implementa-
tion for breast healthcare in low- and middle-income countries: 
early detection resource allocation. Cancer 113: 2244-2256, 
2008.

  2.	Igene H: Global health inequalities and breast cancer: an 
impending public health problem for developing countries. 
Breast J 14: 428-434, 2008.

  3.	 Jemal A, Siegel R, Xu J and Ward E: Cancer statistics, 2010. CA 
Cancer J Clin 60: 277-300, 2010.

  4.	Early Breast Cancer Trialists' Collaborative Group (EBCTCG): 
Effects of chemotherapy and hormonal therapy for early breast 
cancer on recurrence and 15-year survival: an overview of the 
randomised trials. Lancet 365: 1687-1717, 2005.

  5.	 Jemal A, Center MM, DeSantis C and Ward EM: Global patterns 
of cancer incidence and mortality rates and trends. Cancer 
Epidemiol Biomarkers Prev 19: 1893-1907, 2010.

  6.	Yamamoto K, Takase H, Abe K, Saito Y and Suzuki  A: 
Pharmacological studies on antidiarrheal effects of a prepara-
tion containing berberine and geranii herba. Nihon Yakurigaku 
Zasshi 101: 169-175, 1993 (In Japanese).

  7.	 Huang WM, Wu ZD and Gan YQ: Effects of berberine on 
ischemic ventricular arrhythmia. Zhonghua Xin Xue Guan Bing 
Za Zhi 17: 300-301, 319, 1989 (In Chinese).

  8.	Takase H, Yamamoto K, Ito K and Yumioka E: Pharmacological 
studies on antidiarrheal effects of berberine and geranii herba. 
Nihon Yakurigaku Zasshi 102: 101-112, 1993 (In Japanese).

  9.	 Sanders MM, Liu AA, Li TK, et al: Selective cytotoxicity of 
topoisomerase-directed protoberberines against glioblastoma 
cells. Biochem Pharmacol 56: 1157-1166, 1998.

10.	 Lin CC, Yang JS, Chen JT, et al: Berberine induces apoptosis in 
human HSC-3 oral cancer cells via simultaneous activation of the 
death receptor-mediated and mitochondrial pathway. Anticancer 
Res 27: 3371-3378, 2007.

11.	 Hwang JM, Kuo HC, Tseng TH, Liu JY and Chu CY: Berberine 
induces apoptosis through a mitochondria/caspases pathway in 
human hepatoma cells. Arch Toxicol 80: 62-73, 2006.

12.	Lin JP, Yang JS, Lee JH, Hsieh WT and Chung JG: Berberine 
induces cell cycle arrest and apoptosis in human gastric carcinoma 
SNU-5 cell line. World J Gastroenterol 12: 21-28, 2006.

13.	 Mantena SK, Sharma SD and Katiyar SK: Berberine, a natural 
product, induces G1-phase cell cycle arrest and caspase-3-depen-
dent apoptosis in human prostate carcinoma cells. Mol Cancer 
Ther 5: 296-308, 2006.

14.	 Liu Z, Liu Q, Xu B, et al: Berberine induces p53-dependent 
cell cycle arrest and apoptosis of human osteosarcoma cells by 
inflicting DNA damage. Mutat Res 662: 75-83, 2009.

15.	 Tang J, Feng Y, Tsao S, Wang N, Curtain R and Wang Y: Berberine 
and Coptidis rhizoma as novel antineoplastic agents: a review of 
traditional use and biomedical investigations. J Ethnopharmacol 
126: 5-17, 2009.

16.	 Lee CH, Chen JC, Hsiang CY, Wu SL, Wu HC and Ho TY: 
Berberine suppresses inflammatory agents-induced inter-
leukin‑1beta and tumor necrosis factor-alpha productions via the 
inhibition of IkappaB degradation in human lung cells. Pharmacol 
Res 56: 193-201, 2007.

17.	 Thirupurasundari CJ, Padmini R and Devaraj SN: Effect of 
berberine on the antioxidant status, ultrastructural modifications 
and protein bound carbohydrates in azoxymethane-induced 
colon cancer in rats. Chem Biol Interact 177: 190-195, 2009.

18.	 Kim S, Choi JH, Kim JB, et al: Berberine suppresses TNF-alpha-
induced MMP-9 and cell invasion through inhibition of AP-1 
activity in MDA-MB-231 human breast cancer cells. Molecules 
13: 2975-2985, 2008.

19.	 Peng PL, Kuo WH, Tseng HC and Chou FP: Synergistic tumor-
killing effect of radiation and berberine combined treatment 
in lung cancer: the contribution of autophagic cell death. Int J 
Radiat Oncol Biol Phys 70: 529-542, 2008.

20.	Liu Q, Jiang H, Liu Z, et al: Berberine radiosensitizes human 
esophageal cancer cells by downregulating homologous recom-
bination repair protein RAD51. PLoS One 6: e23427, 2011.

21.	 Liu Y, Yu H, Zhang C, et al: Protective effects of berberine 
on radiation-induced lung injury via intercellular adhesion 
molecular-1 and transforming growth factor-beta-1 in patients 
with lung cancer. Eur J Cancer 44: 2425-2432, 2008.

22.	Li GH, Zhang YP, Tang JL, et al: Effects of berberine against 
radiation-induced intestinal injury in mice. Int J Radiat Oncol 
Biol Phys 77: 1536-1544, 2010.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  30:  1166-1172,  2012  1172

23.	Franken NA, Rodermond HM, Stap J, Haveman J and van Bree C: 
Clonogenic assay of cells in vitro. Nat Protoc 1: 2315-2319, 2006.

24.	Li X, Kong X, Huo Q, et al: Metadherin enhances the invasive-
ness of breast cancer cells by inducing epithelial to mesenchymal 
transition. Cancer Sci 102: 1151-1157, 2011.

25.	Bernhard EJ, Maity A, Muschel RJ and McKenna WG: Effects 
of ionizing radiation on cell cycle progression. A review. Radiat 
Environ Biophys 34: 79-83, 1995.

26.	Pawlik TM and Keyomarsi K: Role of cell cycle in mediating 
sensitivity to radiotherapy. Int J Radiat Oncol Biol Phys 59: 
928-942, 2004.

27.	 Xu B, Kim ST, Lim DS and Kastan MB: Two molecularly 
distinct G(2)/M checkpoints are induced by ionizing irradiation. 
Mol Cell Biol 22: 1049-1059, 2002.

28.	Busse PM, Bose SK, Jones RW and Tolmach LJ: The action of 
caffeine on X-irradiated HeLa cells. III. Enhancement of X-ray-
induced killing during G2 arrest. Radiat Res 76: 292-307, 1978.

29.	 Mao Z, Jiang Y, Liu X, Seluanov A and Gorbunova V: DNA 
repair by homologous recombination, but not by nonhomologous 
end joining, is elevated in breast cancer cells. Neoplasia 11: 
683-691, 2009.

30.	Helleday T, Lo J, van Gent DC and Engelward BP: DNA double-
strand break repair: from mechanistic understanding to cancer 
treatment. DNA Repair (Amst) 6: 923-935, 2007.

31.	 Collis SJ, Tighe A, Scott SD, Roberts SA, Hendry JH and 
Margison GP: Ribozyme minigene-mediated RAD51 down-
regulation increases radiosensitivity of human prostate cancer 
cells. Nucleic Acids Res 29: 1534-1538, 2001.

32.	Ohnishi T, Taki T, Hiraga S, Arita N and Morita T: In vitro and 
in vivo potentiation of radiosensitivity of malignant gliomas by 
antisense inhibition of the RAD51 gene. Biochem Biophys Res 
Commun 245: 319-324, 1998.

33.	 Russell JS, Brady K, Burgan WE, et al: Gleevec-mediated 
inhibition of Rad51 expression and enhancement of tumor cell 
radiosensitivity. Cancer Res 63: 7377-7383, 2003.

34.	Tsai MS, Kuo YH, Chiu YF, Su YC and Lin YW: Down-regulation 
of Rad51 expression overcomes drug resistance to gemcitabine in 
human non-small-cell lung cancer cells. J Pharmacol Exp Ther 
335: 830-840, 2010.

https://www.spandidos-publications.com/10.3892/ijmm.2012.1095
https://www.spandidos-publications.com/10.3892/ijmm.2012.1095

