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Abstract. Ellagic acid (EA) is present in various fruits and 
plants and has recently been found to possess anticarcinogenic 
effects. The objective of this study was to investigate the 
anti-glioblastoma effect of EA and its mechanisms in vitro and 
in vivo. We first studied the anticancer activity of EA in U87 and 
U118 human glioblastoma cell lines. The cell viability and cell 
proliferation were examined by Cell Counting Kit-8 (CCK-8) 
assay and 5-ethynyl-2'-deoxyuridine staining respectively. 
The cell cycle was detected with propidium iodide staining 
method by flow cytometry and the DNA damage of the cells 
caused by EA exposure was evaluated by detection of γ-H2AX 
foci. Then we examined the effect of EA on tumor growth 
in glioblastoma xenografted mice, and expression of Akt and 
Notch signaling and their target gene products were detected 
by immunohistochemistry and western blot analysis. As a 
result, we found that the cell viability and proliferation of glio-
blastoma cells treated with EA were significantly suppressed 
compared with the control; EA significantly increased the 
proportion of cells in the S phase accompanied by a decrease 
in the population in the G1 and G2/M phase in both cell lines. 
Meanwhile, the level of DNA damage in the EA-treated group 
was significantly higher than that of the control. Treatment of 
glioblastoma in xenografted mice by EA led to a significant 
suppression in tumor growth. EA upregulated the expression 

of E-cadherin and inhibited the expression of Snail, matrix 
metalloproteinase (MMP)-2 and MMP-9. EA also inhibited 
the expression of Bcl-2, cyclin D1, cyclin-dependent kinase 
(CDK)2 and CDK6 in U87 xenograft tissues. In addition, 
significant suppression of Akt and Notch was found in the 
xenografts of the tumor-bearing mice treated with EA. These 
data indicate that EA can suppress glioblastoma prolifera-
tion and invasion by inhibiting the Akt and Notch signaling 
pathways, which suggests that EA may be beneficial for the 
treatment of glioblastoma.

Introduction

Glioma is a common type of primary tumor in the central 
nervous system. It includes predominantly astrocytic, oligo-
dendroglial, ependymal, neuronal and mixed neuronal-glial 
tumors. As a grade IV glioma classified by the World Health 
Organization, glioblastoma multiforme is considered the most 
malignant and invasive subtype with a median survival time 
of 14.6 months even after a three-pronged approach comprised 
of surgical resection, radiation and chemotherapy (1). In 
fact, approximately 95% of patients suffering from glio-
blastoma succumb to this disease within 5 years after initial 
diagnosis (2). Therefore, seeking novel strategies to treat glio-
blastoma appears to be crucial.

In recent years, the use of phytochemicals as antitumor 
agents has received increasing attention. A number of 
plant-derived compounds such as puerarin, gingerol and silib-
inin have been reported to have anticarcinogenic effects (3-5). 
Ellagic acid (EA), as a type of natural dietary polyphenol 
compound, exists in several fruits and plants such as walnuts, 
blackberries, Pericarpium granati, cranberries, raspberries, 
strawberries and grapes (6). As a dimeric derivative of gallic 
acid, EA (its chemical structural formula is shown in Fig. 1A) 
has been found to have a variety of pharmacological properties, 
such as antioxidant, antifibrosis, chemoprevention and anticar-
cinogenic (7-9). The crude extract of EA from Pericarpium 
granati has been widely applied in cooking and clinically in 
traditional Chinese medicine for over two thousand years. The 
anticarcinogenic effect of EA has also been revealed in several 
types of tumors (10-15), while the effect of EA on glioblastoma 
has rarely been reported. Here, in the present study, we  aimed 
to observe the anti-glioblastoma effect of EA and investigate 
its molecular mechanisms in both glioblastoma cell lines and 
glioblastoma xenografts in Balb/c nude mice.
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The PI3K/Akt signaling pathway plays an important part 
in cell survival and proliferation, and it is usually activated 
eccentrically in the later stages of human glioblastoma. The 
dysregulation of the PI3K/Akt signaling axis, as well as PTEN, 
in both glioblastoma initiation and progression, has illustrated 
the signaling mechanisms which cause the development of 
glioblastoma. What is more, Guo et al revealed that resvera-
trol could suppress glioblastoma carcinogenesis in vitro and 
in vivo (16).

As a highly conserved pathway throughout evolution, 
the Notch signaling pathway plays a major role in tumor cell 
survival, differentiation, and proliferation (17). In malignant 
tumors, the Notch signaling pathway has been demonstrated 
to function with both oncogenic and anticarcinogenic effects 
according to different cell types (18). An increasing amount 
of evidence has shown the importance of the modified Notch 
signaling pathway in the growth, apoptosis and differentia-
tion in several malignant tumors including glioblastoma. The 
Notch1 signaling pathway plays critical roles in glioma forma-
tion by facilitating exocrine lineage development and neural 
progenitor cell self-renewal in in vivo experiments. Moreover, 
it has been confirmed that the Notch signaling pathway is 
upregulated in glioblastoma.

The cell cycle and apoptosis play an important part in 
tumorigenesis. B-cell lymphoma 2 (Bcl-2) family members 
play a dominant role in the process of cell apoptosis. During 
tumor growth, cell cycle progression is enhanced. Signaling 
pathways, to a certain extent, regulate cells to proliferate or 
remain quiescent, which may link cell environment informa-
tion to specific stages of the cell cycle. The combination of 
cyclin-dependent kinase (CDK) catalytic subunits and cyclin 
partners or CDK inhibitors could regulate the activity of 
CDK. As a result, cell proliferation is influenced by antipro-
liferative and mitogenic signals through ubiquitin-dependent 
degeneration of cyclins or CDK inhibitors and transcriptional 
regulation. Thus, identifying molecular targets to promote 
suppression of the the cell cycle in cancer cells may be an 
effective anticarcinogenic method.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM) 
and phosphate-buffered saline (PBS) were purchased from 
Genom Co., Ltd. (Hangzhou, China). Fetal bovine serum 
(FBS) was obtained from Tianhang Biotechnology Co., Ltd. 
(Deqing, China). EA was purchased from Cayman Chemical 
Co. (Ann Arbor, MI, USA). DMSo was acquired from 
MP Biomedicals (Solon, oH, USA). The Cell Counting Kit-8 
(CCK-8) was obtained from Dojindo China Co., ltd. (Beijing, 
China). The Cell-light EdU DNA cell proliferation kit was 
purchased from RiboBio Co., Ltd. (Guangzhou, China). A bicin-
choninic acid (BCA) kit for protein determination, a cell cycle 
and apoptosis analysis kit and Hoechst 33342 solution were 
obtained from Beyotime Institute of Biotechnology (Jiangsu, 
China). Antibodies against Bcl-2, cyclin D1, phosphorylated 
histone H2AX (γ-H2AX), proliferating cell nuclear antigen 
(PCNA), Ki67, CDK2, CDK6, E-cadherin, Akt, Snail, Notch1, 
matrix metalloproteinase (MMP)-2, β-actin and MMP-9 were 
obtained from Cell Signaling Technology, Inc. (Danvers, MA, 
USA). Alex Fluor 680/790 labeled goat anti-rabbit/mouse Igg 

was purchased from lI-CoR Biosciences (lincoln, NE, USA). 
Unless otherwise stated, all other materials were purchased 
from AntGene Biotechnology Co., Ltd. (Wuhan, China).

Cell lines and animals. The human glioblastoma U87 and 
U118 cell lines were obtained from the Shanghai Cell Bank, 
Chinese Academy of Sciences (Shanghai, China). Balb/c 
nude mice aged 5-6 weeks were purchased from the Hunan 
SJA Laboratory Animal Co., Ltd. (Changsha, China). All 
experimental procedures involving animals in our study were 
performed in accordance with the guidelines of the Animal 
Experiment Center of Wuhan University and approved by the 
Animal Care and Use Ethics Committee of Wuhan University. 
All experimental animals were housed in cages and main-
tained at a humidity of 50±5% and a temperature of 27±1˚C in 
a controlled animal facility under diurnal lighting conditions 
(12-h light/dark cycle) with free access to food and water.

Cell culture and xenografted models. The U87 and U118 cell 
lines were grown and maintained in DMEM supplemented 
with 10% FBS and 1% antibiotic mixture (penicillin and 
streptomycin) in a constant temperature incubator set at 37˚C 
abounding with 5% CO2. The culture medium was changed 
every 3 days. The cells were trypsinized when they reached 
~90% confluency. In order to examine the anticarcinogenic 
potential of EA, a U87 Mg xenograft model was constructed. 
The cells were seeded in a cell culture dish and were tryp-
sinized when the cells reached a logarithmic growth period.
Then a cell suspension with serum-free medium at a density 
of 2x107 cells/ml was prepared. Subsequently, ~2x106 cells 
were injected subcutaneously into the flanks of Balb/c nude 
mice as approved in the protocol. The mice were randomly 
divided into two groups, each group containing 6 mice. 
The experimental group was treated with EA (40 µg/g body 
weight) through gavage, from Monday to Friday for 4 weeks, 
once daily. The control group was treated with normal saline 
by gavage in the same way. When the experiment finished, all 
mice were euthanized and tumor xenografts were dissected 
for final volume and wet weight and immunohistochemistry 
(IHC) and western blot analysis (WB) were performed.

Antitumor activity in vitro
CCK-8 test. The effect of EA on the cell viability of human 
glioblastoma U87 and U118 cells was assessed by CCK-8 assay. 
According to instructions, the cells were seeded in a 96-well 
plate at a density of 0.8x104 cells/well, incubated for 12 h and 
treated with various concentrations of EA (0-200 µM) for 24, 
48 and 72 h, separately. At designated time-points (24, 48 
and 72 h), 100 µl of EA-free medium containing 5 µl CCK-8 
solution was added into each well and incubation followed for 
1 h. Then the absorbance of the cells at 450 nm was detected 
on a Multiskan spectrum microplate spectrophotometer. The 
experiment was repeated for three wells in each group.

EdU staining. The procedure was performed following 
the product specifications. U87 and U118 cells were seeded 
in a 96-well plate and subsequently treated with or without 
EA for 48 h. All cells were exposed to 10 µM 5-ethynyl-2'-
deoxyuridine (EdU) for 12 h in an incubator at 37˚C and then 
washed for 5 min twice with PBS. After being fixed with 4% 
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paraformaldehyde for 30 min at room temperature, the cells 
were treated with 0.5% Triton X-100 for 10 min and rinsed 
with PBS for 5 min. Thenceforth, the cells were treated with 
100 µl of 1X Apollo® Reaction Cocktail for 30 min in the 
dark at room temperature. Then the cells were treated with 
0.5% Triton X-100 for 20 min and rinsed with PBS for 5 min. 
Subsequently, the cells were incubated for 30 min with 1X 
Hoechst 33342 in order to dye the cell nuclei. The images 
of EdU and Hoechst fluorescence in the cells were cap tured 
using an olympus fluorescence microscope (olympus, Tokyo, 
Japan). Five random fields of each well were observed. The 
number of EdU and Hoechst-positive cells were counted using 
ImageJ software and the EdU labeling index was calculated.

Cell cycle distribution is assessed by flow cytometry. The 
effect of EA on the glioblastoma cell cycle distribution was 
assessed using a cell cycle and apoptosis analysis kit following 
the manufacturer's instructions. In brief, the U87 and U118 cells 
were treated with or without EA for 48 h. Then ~1x106 cells 
were trypsinized, collected by centrifugation at 1,000 rpm for 
5 min and washed using ice cold PBS. After being fixed with 
ice cold 70% ethanol for 12 h at 4˚C, the cells were collected 
by centrifugation at 100 rpm for 5 min and then washed with 
ice cold PBS. Subsequently, 0.5 ml of propidium iodide (PI) 
staining solution was added and incubation followed at 37˚C in 
the dark for 30 min. The cell cycle distribution was analyzed 
on a flow cytometer (BD Biosciences, San Diego, CA, USA).

Histone H2AX antibody detects nuclear H2AX protein 
by immunofluorescent analysis. The U87 and U118 cell 
lines were trypsinized and seeded in 6-well culture plates 
on coverslips and incubated for 12 h and then treated with 
EA or without for 48 h. The cells growing on the cover slips 
were fixed in 4% formaldehyde in PBS for 30 min at room 
temperature. For detec tion of γ-H2AX foci, the coverslips 
were incubated with anti-γ-H2AX rabbit monoclonal anti-
body overnight at 4˚C. After being washed twice with PBS, 
the cells were incubated with fluorescein isothiocyanate-
labeled goat anti-rabbit secondary antibody for 1 h, then 
washed twice with PBS. The nuclei were counterstained with 
Hoechst 33342 in PBS for 30 min before coverslips were 
cov ered by anti-fade solution and finally observed under the 
olympus fluorescence microscope. It was surmised that the 
positive foci were those that were clear with easily diacritical 
dots of certain brightness.

Matrigel invasion assay. Transwell filters with 8-µm pores 
(BD Biosciences) were placed into 24-well culture plates. The 
bottom surface of the filters was coated with 50 µl of Matrigel 
diluted in PBS and dried at 37˚C for 1 h. The bottom surface 
of the filters was then washed with migration assay buffer 
(DMEM supplemented with 0.1% fatty-acid free bovine serum 
albumin). Approximately 500 µl of migration assay buffer was 
placed at the bottom of each filter, and 60,000 cells suspended 
in migration assay buffer were placed on top of the filters. 
Cells were allowed to adhere for 0.5 h before drug treatment. 
Cells were then allowed to migrate for an additional 23.5 h 
in the cell incubator. To stop migration, filters were fixed and 
stained with crystal violet. The top of the filters was wiped 
clean before imaging on an olympus fluorescence microscope. 

The cell invasion was quantified by counting the number of 
cells per field in five random fields.

Antitumor activity in vivo
IHC. Briefly, at the end of the animal experiment, xenograft 
tissues were collected and fixed with 10% formalin, then 
embedded in paraffin and sectioned. Antigens were retrieved 
using a routine antigen retrieval method and washed for 5 min 
twice with PBS. Ultra V Block was added to the tissues, 
incubated for 5 min at room temperature and washed twice 
again with PBS. Then, the sections were incubated with 
different primary antibodies (CDK6, PCNA, CDK2, Ki-67, 
MMP-9, MMP-2, Bcl-2, cyclin D1, Snail, Akt, Notch1 and 
E-cadherin) for 2 h at 37˚C in a humidified chamber. After 
being washed with PBS twice, a secondary antibody was 
added and the sections were incubated at room temperature 
for 0.5 h. Subsequently, each section was washed for 5 min 
with PBS thrice and alkaline phosphatase working solution 
was added to the sections followed by incubation for 20 min 
at 37˚C according to manufacturer's instructions. Finally, the 
sections were coverslipped and imaged.

WB. xenograft tissue lysates were subjected to SDS-PAgE, 
and then gels were blotted on polyvinylidene difluoride 
membranes (Millipore Corp., Billerica, MA, USA). The blots 
were blocked using TBS blocking solution containing 5% 
powdered milk at room temperature by shaking for 2 h and 
then the membranes were incubated with a primary antibody 
diluted according to instructions at 4˚C overnight on a shaking 
table. The next day, the membranes were washed with TBST 
three times and incubated with a secondary antibody solution 
which was horseradish peroxidase-conjugated Igg (1:5,000) 
at room temperature in the dark for 1 h. Subsequently, the 
membranes were washed with TBST three times. Finally, 
protein antibody complexes were measured by lI-CoR 
odyssey infrared imaging system (lI-CoR Biosciences).

Statistical analysis. The values are represented as the 
mean ± standard deviation for three independent experiments. 
The two-tailed Student's t-test was used to detect the signifi-
cance between two experimental groups, and significance 
in more than two groups was determined using one-way 
analysis of variance. GraphPad software (ver. 5.02; GraphPad 
Software, Inc., la Jolla, CA, USA) was used for all statistical 
analyses. Statistical significant differences were established 
when P<0.05.

Results

Antitumor activity in vitro
EA inhibits the cell viability of U87 and U118 cell lines. 
As shown in Fig. 1B and C, EA markedly decreased the 
cell viability in the U87 and U118 cell lines in a time- and 
dose-dependent manner. After incubation for 48 h, the IC50 
values (concentration of the drug resulting in a 50% reduction 
in cell viability) of EA against the cell viability of U87 and 
U118 cell lines were 91.2 and 98.6 µM, respectively.

EA suppresses the proliferation of glioblastoma cells. In the 
EdU assay, a marked suppression of cell proliferation was 
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Figure 2. Ellagic acid (EA) suppresses cell proliferation in U87 and U118 cell lines. (A) Proliferating U87 and U118 cells treated with EA or without were 
labeled with EdU (red). The cell nuclei were dyed by Hoechst 33342 solution (blue). The images are the results observed under fluorescence microscopy (x400). 
(B) The percentage of EdU-positive cells treated with EA or without in U87 and U118 cells were compared.  *P<0.05 represents statistical significance.

Figure 3. Ellagic acid (EA) disturbs normal cell cycle progression in U87 and U118 cell lines. (A) The DNA content of cells in different phases of the cell cycle 
was determined using flow cytometry in the control and experimental group. (B) The percentages of U87 and U118 cells in different phases of the cell cycle 
were quantified after treatment with EA or without. Results are represented as the mean ± standard deviation.

Figure 1. (A) Chemical structure of ellagic acid (EA). (B) The cell viability of U87 and U118 cell lines treated with different concentrations of EA for 48 h. 
(C) The cell viability of U87 and U118 cells treated with 100 µM of EA at different time-periods. Values are represented as the mean ± standard deviation for 
three independent experiments.
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observed in both the U87 and U118 cell lines treated with 
100 µM of EA at 48 h (Fig. 2). More specifically, the number 
of cell nuclei with thymidine analog incorporated into newly 
synthesized DNA significantly decreased after treatment with 
EA. The percentage of stained nuclei in total cells treated with 
EA was lower than that noted in the control (P<0.05).

EA affects the cell cycle progression of glioblastoma cells. 
For the purpose of detecting the possible mechanisms of 
EA anti-proliferation, we evaluated the cell cycle distribu-
tion of both cell lines with or without EA by flow cytometry. 
As shown in Fig. 3, cultivating U87 and U118 cells with EA 
respectively for 48 h led to a 10.89 and 11.54% increase sepa-
rately in the percentage of cells in the S phase com pared with 
the control group, while accompanied by a persistent decrease 
in the per centage of cells in the G1 and G2/M phases, which 
revealed that EA could induce cell cycle arrest at the S phase 
in both glioblas toma cell lines.

EA leads to DNA damage in glioblastoma cells. As exhibited 
in Fig. 4, the double-strand breaks (DSBs) and consequent 
γ-H2AX foci spots induced by EA were significantly 
increased compared with the control group at 48 h. The 
results demonstrated that EA leads to the lethality of DSBs in 
glioblastoma cells.

EA inhibits the invasion of glioblastoma cells. As shown 
in Fig. 5, EA inhibited the cell invasion in U87 and U118 
cells [control (82±3), (97±6) vs. EA treatment (31±1), (50±4), 
P<0.05]. These results demonstrated that EA decreases glioma 
cell invasion.

Antitumor activity in vivo
EA suppresses the growth of U87 xenografted tumors in 
Balb/c nude mice. The influence of EA on the growth of glio-
blastoma U87 xenografted tumors in Balb/c nude mice was 
evaluated. We observed that EA suppressed the volume and 

Figure 5. Ellagic acid (EA) affects glioblastoma cell invasion. (A) Transmembrane U87 and U118 cells treated with EA or without for 24 h were stained with 
crystal violet (x400). (B) The number of U87 and U118 cells in the control and experimental group were quantified. Results are represented as the mean ± stan-
dard deviation. *P<0.05 indicates statistical significance.

Figure 4. Ellagic acid (EA) induces DNA damage in glioblastoma cells. The U87 and U118 cells treated with EA or without for 48 h were stained with γ-H2AX 
antibody (green). The cell nuclei were dyed with Hoechst 33342 solution (blue) followed by immunofluorescence (x400).
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size of the tumors (Fig. 6A, C and D), while the body weight of 
the tumor-bearing mice seemed not to be affected (Fig. 6B). 
In addition, we observed that there were no differences in the 
liver, kidney, intestine and brain of the tumor-bearing mice 
compared with the control group (data not shown). Thus, it 
was demonstrated that EA is a safe, nontoxic natural dietary 
product. Furthermore, we detected the influence of EA on 
xenograft cell proliferation by IHC and WB. As a result, we 

found that EA inhibited xenograft cell proliferation compared 
with the control group through the suppression of PCNA and 
Ki67 (Fig. 7).

EA regulates cell cycle-related proteins and members of the 
Bcl-2 family in xenograft tissues. Cell cycle-related and Bcl-2 
member proteins largely determine the survival of cells (19). 
In this study, the influence of EA on the protein expression 

Figure 6. Ellagic acid (EA) inhibits the growth of U87 xenografted tumors in Balb/c nude mice. (A) Approximately 2x106 U87 cells were subcutaneously 
implanted into the flanks of Balb/c nude mice. Then the mice were randomly divided into two groups, each group containing 6 mice. xenograft tumor volumes 
of the experimental and control group were measured weekly. (B) The body weight of tumor-bearing mice was recorded once per week. (C) Images of the 
xenografts after isolation of the control and EA-treated mice. (D) The tumor volumes of the xenografts from the experimental and control group were quanti-
fied. Results are represented as the mean ± standard deviation. *P<0.05 indicates statistical significance.

Figure 7. (A) Expression of proliferating cell nuclear antigen (PCNA), Ki67, Akt and Notch1 in xenografts derived from the experimental and control group 
was evaluated using immunohistochemistry. (B-D) The protein expression levels of PCNA, Ki67, Akt and Notch1 in xenografts derived from the experimental 
and control group were detected by western blot analysis. The β-actin antibody was used as a loading control. Results are represented as the mean ± standard 
deviation. *P<0.05 indicates statistical significance.
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of cell cycle-related proteins and Bcl-2 family members from 
xenograft tissues was detected by IHC and WB. As a result, we 
found that EA suppressed the expression of Bcl-2 accompanied 
by the suppression of the protein expression of cyclin D1, 
CDK2 and CDK6 cell cycle-related proteins in the xenograft 

tissues (Fig. 8). Thus, it was revealed that EA regulates the cell 
cycle in U87 xenografted tumors.

EA suppresses epithelial-mesenchymal transition in xeno-
graft tissues. During tumor cell invasion and metastasis, 

Figure 8. (A) Expression of B-cell lymphoma 2 (Bcl-2), cyclin D1, cyclin-dependent kinase (CDK)2, and CDK6 in xenografts derived from the experimental 
and control group was detected by immunohistochemistry. (B and C) The protein expression levels of Bcl-2, cyclin D1, CDK2, and CDK6 were detected by 
western blot analysis. The β-actin antibody was used as a loading control. Results are represented as the mean ± standard deviation. *P<0.05 indicates statistical 
significance.

Figure 9. (A) The expression of E-cadherin, Snail, matrix metalloproteinase (MMP)-2 and MMP-9 in xenografts derived from the experimental and control 
group was detected by immunohistochemistry. (B and C) The protein expression level of E-cadherin, Snail, MMP-2 and MMP-9 in xenografts derived from 
the experimental and control group was detected by western blot analysis. The β-actin antibody was used as a loading control. Results were represented as 
mean±standard deviations. *P<0.05 indicates statistical significance.
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epithelial-mesenchymal transition (EMT) involved in embry-
onic development is usually activated (20). The process of 
EMT inhibits the expression of E-cadherin, while it induces 
and enhances the expression of transcription factors such 
as Snail and the expression of MMPs (21-24). In this study, 
the influence of EA on the protein expression of invasion 
was detected by IHC and WB. As a result, we found that EA 
upregulated the protein expression level of E-cadherin, while 
it suppressed the protein expression levels of Snail, MMP-2 
and MMP-9 in xenograft tissues (Fig. 9). Thus, it was revealed 
that EA suppresses glioblastoma invasion by regulating the 
expression of EMT-associated transcription factors and 
MMPs.

EA inhibits the Akt and Notch pathways. The PI3K/Akt 
and Notch signaling pathways play an important role in cell 
survival, proliferation and progression. In this study, the 
influence of EA on the protein expression levels of Akt and 
Notch in xenograft tissues was determined by IHC and WB. 
As a result, we found that EA regulates U87 xenograft growth 
by inhibiting the Akt and Notch signaling pathways (Fig. 7).

Discussion

Glioblastoma is still a lethal human malignant tumor with 
limited progress in its treatment (25). Since EA was extracted 
from various plants hundreds of years ago, researchers have 
been increasingly attracted by its pharmacological proper-
ties (26). Several studies have shown that EA plays a significant 
role in the inhibition of cell proliferation and invasion in tumor 
cells. In the present study, we treated human glioblastoma U87 
and U118 cells with EA. The results demonstrated that EA 
exhibited an inhibitory effect on cell viability, proliferation 
and invasion of human glioblastoma cells. Previous studies 
have illustrated that cell cycle arrest is associated with the 
inhibition of tumor cell proliferation. Many chemical reagents 
lead to cell DNA damage that inhibit cell proliferation. The 
DSBs induced by chemical reagents or ionizing radiation 
rapidly recruits a large amount of phosphorylated histone 
H2AX named γ-H2AX, which exerts an essential role in 
DNA DSB repair (27). In a set of experiments, we observed 
cell cycle redistribution in both U87 Mg and U118 Mg cells. 
Simultaneously, the increased γ-H2AX foci spots in the exper-
imental group at 48 h showed that EA led to DNA damage and 
DSBs. Consequently, the cell cycle arrest and DNA damage 
induced by EA may contribute to those inhibitory results.

The Akt signaling pathway plays a major role in the 
suppression of cell apoptosis and facilitation of cell survival 
in malignant tumor cells (28). Akt signaling promotes cell 
survival by direct or indirect interaction with proteins linked 
with proliferation and apoptosis, such as anti-apoptotic 
factor Bcl-2 and cell cycle-associated protein cyclin D1. 
Furthermore, we found that EA inhibited glioblastoma U87 
xenografted tumor growth which was involved in the inhibi-
tion of the Akt and Notch signaling pathways. The Akt and 
Notch signaling pathways play an important role in tumor 
carcinogenesis. Recently, the use of inhibitors of PI3K/Akt 
to treat cancer patients clinically is being assessed and more 
and more researchers are beginning to pay close attention 
to the therapeutic strategies in the suppression of PI3K/Akt 

activity. In this study, we found that EA suppressed tumor cell 
proliferation through the inhibition of the activation of Akt in 
human glioblastoma U87 xenografted tissues.

With activation of γ-secretase constitutively, aberrant 
Notch signaling plays a critical role in the initiation and 
progression of malignant tumors, and the inhibitors of this 
signaling pathway are presently being studied in clinical trials. 
A previous study showed that inhibition of Notch expression 
could decrease PI3K/Akt activity, which displays its anti-
proliferative effects from another point of view (29). Thus, 
suppression of the Notch signaling pathway alone or in combi-
nation with PI3K/Akt may be conducive to obtain maximum 
therapeutic effects. In this study, we found that EA inhibited 
tumor growth through the suppression of the Notch1 and Akt 
signaling pathways.

It is widely known that tumor cells undergoing EMT 
may exhibit the increase of specific secretion factors, such 
as cytokines, growth factors and chemokines, which could 
be beneficial for tumor progression (30). As a family of 
zinc-dependent proteases, MMPs are in a position to degrade 
the components of ECM, which promotes tumor invasion. In 
the present study, we observed that EA suppresses glioblas-
toma cell invasion in the Matrigel invasion assay, furthermore, 
EA inhibited glioblastoma invasion in the U87 xenografted 
model by inducing E-cadherin and suppressing the expression 
of transcription factors such as Snail, MMP-2 and MMP-9. 
All these findings reveal that EA suppresses metastasis in 
glioblastoma.

In conclusion, the suppression of the Akt and Notch path-
ways by EA may act together to inhibit glioblastoma growth, 
which suggests that EA, as a nontoxic compound, may possibly 
be employed for the treatment of glioblastoma in the future.
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