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Abstract. β-elemene, a natural drug extracted from Curcuma 
wenyujin, strongly inhibits glioblastoma growth. However, 
the mechanism of β-elemene antitumor action remains 
unclear. Glia maturation factor β (GMFβ) regulates cellular 
growth, fission, differentiation and apoptosis. It has been 
reported that overexpression of GMFβ inhibits the growth of 
glioblastoma cells and decreases tumor volume. To illustrate 
the role of GMFβ in the anti-proliferative effect of β-elemene 
in glioblastoma, U87 cells were treated with β-elemene at 
various doses and for different periods of time, and levels of 
phospho-GMFβ (p-GMFβ) and total GMFβ were determined 
by immunoprecipitation and western blot analysis. Upon 
GMFβ silencing using RNA interference, the antitumor action 
of β-elemene was evaluated in a methyl thiazolyl tetrazolium 
assay and by semi-quantitative western blot analysis of 
MKK3/6 and p-MKK3/6 expression. Finally, chemosen-
sitization to cisplatin by β-elemene was examined using a 
cell counting array, and the cell growth inhibitory rate was 
calculated. The results showed that β-elemene inhibits U87 
cell viability through the activation of the GMFβ signaling 
pathway. Conversely, silencing the expression of GMFβ 
reversed the antitumor effect of β-elemene and impaired 
the phosphorylation of MKK3/6. Furthermore, β-elemene 
increased the sensitivity of U87 glioblastoma cells to the 
chemotherapeutic agent cisplatin. Taken together, these results 
suggest that activation of the GMFβ pathway mediates the 
antitumor effect of β-elemene in glioblastoma. GMFβ is a 
putative molecular target for glioblastoma therapy.

Introduction

Glioblastoma is the most common and most malignant type of 
primary brain tumor, accounting for approximately 52% of all 
primary intracranial tumors and 20% of all brain neoplasms. 
Glioblastoma is a lethal tumor that is characterized by diffuse 
infiltration into brain tissue and resistance to conventional 
anticancer therapies. Despite the use of aggressive surgery, 
radiation and chemotherapy, it is still difficult to effectively 
treat efficiently glioblastoma, and the life expectancy of 
patients with glioblastoma is only 10-14 months on average 
after diagnosis (1-5).

Elemene, a novel plant-derived anticancer medicine 
with low toxicity, is extracted from Curcuma wenyujin and 
exists as an essential oil mixture of β-, γ- and δ-elemenes 
(6). As the major active component, β-elemene (1-methyl-
1-ethenyl-2,4-isopto-penyl-cyclohexane; molecular formula 
C15H24, molecular weight 204.34) has strong anti-proliferative 
and pro-apoptotic effects on tumors in vitro and in vivo 
(7-10). Because of its antitumor capability, β-elemene has 
been used in the treatment of various types of cancers, 
such as glioblastoma, breast, liver, laryngeal, leukemia and 
ovarian (11-14). Our previous findings showed that β-elemene 
inhibits the proliferation of different glioblastoma cell lines, 
induces apoptosis in vitro, and diminishes tumor volume 
in glioblastoma-bearing nude mice (11,15-17). Furthermore, 
significant therapeutic effects of β-elemene were also observed 
in clinical treatment against glioblastoma (18). However, the 
anti-glioblastoma mechanism underlying β-elemene's action 
remains unclear.

Glia maturation factor β (GMFβ, previously known as 
GMF) is a 17-kDa intracellular regulator of stress-related 
signal transduction and is expressed predominantly in astro-
cytes in the brain. GMFβ is necessary for the growth and 
maturation of glial cells and neurons (19,20). GMF was found 
to inhibit the growth of rat C6 and human HG-1 glioblastoma 
cells through G0/G1 cell cycle arrest in vitro, decrease 
tumor volume, and increase the number of cells expressing 
glial fibrillary acidic protein (GFAP, a marker for normal 
astrocytes) in the tumors of glioblastoma-bearing mice (21). 
Mitogen-activated protein kinase (MAPK) pathways, which 
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are characterized by MKKK-MKK-MAPK cascades, are 
important regulators of cellular responses to extracellular 
stimuli. Mitogen-activated protein kinase kinase-3 (MKK3) 
and -6 (MKK6) are two kinases that act upstream of p38 
MAPK, and they play important roles in the regulation of cell 
proliferation, differentiation and apoptosis by phosphorylating 
the conserved Thr-Gly-Tyr motif in the activation loop of p38 
(22,23). We previously found that β-elemene arrests U87 and 
C6 glioblastoma cells in G0/G1, inhibiting cell proliferation 
through the activation of MKK3/6-p38 and the down-regula-
tion of p-ERK1/2, BCL-2 and BCL-X/L (11,15,16,24). It has 
been reported that overexpression of GMF activates p38 and 
simultaneously inhibits the activity of ERK1/2 in C6 cells 
(25,26). Activation of p38 by GMFβ sensitizes U87 cells to 
cisplatin, indicating an important role of the GMFβ-MAPK 
signaling pathway in the treatment of glioblastoma (27). 
Therefore, it is essential to illustrate the role of GMFβ in the 
anticancer effects of β-elemene in glioblastoma.

In this study, we investigated the involvement of GMFβ 
in the anti-proliferative effects of β-elemene treatment. We 
found that β-elemene inhibited the proliferation of U87 glio-
blastoma cells through the activation of the GMFβ signaling 
pathway. In contrast, silencing the expression of GMFβ by 
transfecting siRNA into glioblastoma cells reversed the anti-
tumor effect of β-elemene and impaired the phosphorylation 
of MKK3/6. Furthermore, β-elemene treatment increased the 
sensitivity of U87 glioblastoma cells to the chemotherapeutic 
cisplatin. These results suggest that activation of the GMFβ 
pathway mediates the anticancer effect of β-elemene and 
point to GMFβ as a putative molecular target for glioblastoma 
therapy.

Materials and methods

Reagents, antibodies and cell culture. β-elemene (98% purity) 
was purchased from Jingang Pharmaceutical Co (Dalian, 
China). Cisplatin was from Hansen Pharmaceutical Co., Ltd. 
(Lianyungang, China). The antibodies against p-MKK3, 
p-MKK6, MKK6 and phospho-serine/threonine/tyrosine 
were from Abcam Inc (UK). The antibodies against MKK3, 
GMFβ and GAPDH were from Santa Cruz Biotechnology, Inc 
(Santa cruz, CA, USA). An immunoprecipitation kit (Direct 
IP kit, cat #26148) was provided by Pierce Chemical Co. 
(Rockford, IL, USA). Three siRNAs for GMFβ and a negative 
control siRNA were from Shanghai GenePharma Co., Ltd 
(Shanghai, China). A reverse transcription polymerase chain 
reaction (RT-PCR) kit was purchased from Takara Co., Ltd 
(Dalian, China). Lipofectamine 2000 transfection reagent was 
purchased from Invitrogen Corp. (USA). All other reagents, 
including methylthiazolyl tetrazolium (MTT), were from 
Sigma-Aldrich (USA). The rat C6 glioblastoma cell line and 
the human U87 glioblastoma cell line were obtained from 
Shanghai Cell Bank of Chinese Academy of Sciences, main-
tained in Dulbecco's modified Eagle's medium supplemented 
with 10% fetal calf serum, 50 IU/ml penicillin and 50 mg/ml 
streptomycin, and grown at 37˚C in a humidified atmosphere 
with 5% CO2.

Cell proliferation assay. Cell viability was evaluated using 
an MTT assay. Cells in exponential growth were cultured 

in 96-well culture plates and treated; 20 µl of 0.5 mg/ml 
MTT was then added to each well, and the mixture was 
incubated for 4 h at 37˚C. The culture medium was removed, 
and the MTT was thoroughly mixed with 200 µl of dimethyl 
sulfoxide to dissolve the formazan crystals. After the 96-well 
plate was agitated for 10 min at room temperature, the optical 
density (OD) of each well was measured at 550 nm using a 
spectrophotometric microplate reader (Bio-Tek, USA). Five 
replicate wells were used for each cell sample.

Western blot assay. Cells were lysed in RIPA buffer [50 mM 
Tris-HCl (pH 7.4), 1.0% NP-40, 0.25% Na-deoxycholate, 
1 mM EDTA, 150 mM NaCl, 1 mM aprotinin, 1 mg/ml PMSF, 
1 µg/ml pepstatin and 1 µg/ml leupeptin]. The total protein 
concentration in the cellular extracts was measured using 
the BCA assay kit from Keygen Biotech. Co., Ltd (Nanjing, 
China). After being separated in 13% sodium dodecyl sulfate 
polyacrylamide gels (SDS-PAGE), the proteins were trans-
ferred to nitrocellulose filter membranes (Bio-Rad, USA). 
Membranes were blocked with 5% BSA in Tris-buffered 
saline with Tween-20 at room temperature for 2 h and probed 
with various primary antibodies at 4˚C overnight, followed by 
incubation in horseradish peroxidase-conjugated secondary 
antibodies at 37˚C for 2 h. Membranes were exposed to ECL 
(Amersham, Sweden), and fluorescence was detected by 
exposing the membrane to X-ray film. The resulting blots 
were scanned using Image Quant 5.2 software (Amersham).

Immunoprecipitation. Immunoprecipitation was performed 
using a Direct IP kit from Pierce. This IP kit can be used 
to chemically cross-link the primary antibody to avoid 
interference with the antibody light and heavy chain bands 
during western blot analysis. According to the manufacturer's 
instructions, 10 µg of primary antibody against human GMFβ 
was chemically immobilized onto the coupling resin. Total 
protein samples were added to the antibody-coupled resin in 
the spin column and gently rotated at 4˚C overnight to allow 
binding of the antigen to the immobilized antibody. The 
sample was washed with IP lysis/wash buffer and conditioning 
buffer (provided in the IP kit). GMFβ protein was completely 
eluted with elution buffer and collected for further western 
blot analysis.

RNA silencing. Cells were plated at a density of 4x105 cells per 
well in 6-well plates or 4x103 cells per well in 96-well plates 
and then cultured for 24 h. siRNA oligonucleotides were 
transfected into glioblastoma cells with Lipofectamine 2000 
according to the manufacturer's instructions. After 24 h, cells 
were treated with β-elemene for 24 h. Total protein or RNA 
was extracted from these cells for further western blot analysis 
or RT-PCR analysis. An MTT assay was performed to deter-
mine cell viability. All siRNAs were obtained from Shanghai 
GenePharma Co., Ltd., and the specific sequences used were 
as follows: human GMFβ (accession no. NM_004124.2) 
siRNA-1, sense 5'-GCUUCAUUGUGUAUAGUUATT-3' 
and anti-sense 5'-UAACUAUACACAAUGAAGCTT-3'; 
siRNA-2, sense 5'-CAUUGUGUAUAGUUAUAAATT-3' 
and anti-sense 5'-UUUAUAACUAUACACAAUGTT-3'; 
siRNA-3, sense 5'-GGUGGGUUGUAAUAAUCAATT-3' 
and anti-sense 5'-UUGAUUAUUACAACCCACCTT-3'. 
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Negat ive cont rol ol igonucleot ide sequences: sense 
5'-UUCUCCGAACGUGUCAGGUTT-3' and anti-sense 
5'-ACGUGACACGUUCGGAGAATT-3'. A Blast search of 
the NCBI database was performed to ensure that the selected 
GMFβ siRNA sequences targeted only the GMFβ gene. The 
efficiency of RNA interference was determined by western 
blot analysis and RT-PCT analysis.

RNA extraction and RT-PCR. Total RNA was isolated 
from glioblastoma cells by a routine method using Trizol 
reagent (Invitrogen, USA). The quality of RNA samples 
was checked with the DU 640 nucleic acid and protein 
analyzer (Beckman Coulter, USA). The RT-PCR assay 
was performed with an RT-PCR kit (Takara) according 
to the manufacturer's instructions. The specific primers 
for human GMFβ and GAPDH were designed using the 
software Primer Premier 5.0 and synthesized by Takara 
Co., Ltd. The sequences of the primers were as follows: 
GMFβ: forward, 5'-AGAAACGAACAACGCTGCTA-3' 
and reverse, 5'-AATCTAACTCCCGACCTT-3'. GAPDH: 
forward, 5'-AACGGATTTGGTCGTATTG-3' and reverse, 
5'-GCTCCTGGAAGATGGTGAT-3'. PCR products were 
separated on a 1% agarose gel and stained with ethidium 
bromide.

Statistical analysis. Values are shown as means ± standard 
deviation (SD) of at least three independent experiments. 
Statistical analysis was performed using the Student's 
t-test. Differences between groups were identified as statisti-
cally significant at p<0.05 and highly significant at p<0.01. 
Statistical analysis was performed using SPSS software 
(SPSS, Inc., USA).

Results

β-elemene inhibits growth of both human U87 and rat C6 
glioblastoma cells in a dose- and time-dependent manner. 
To evaluate the anticancer effects of β-elemene, human U87 
and rat C6 glioblastoma cells were treated with β-elemene 
at different drug doses or for different time periods. Cell 

viability was determined using an MTT assay. We found 
that the viability of cells treated with β-elemene decreased 
with increasing drug dose (Fig. 1A) and treatment time 
(Fig. 1B). These results suggest that the proliferation of 
glioblastoma cells was inhibited by β-elemene dose- and 
time-dependently. 

β-elemene increases phosphorylation of GMFβ in human 
glioblastoma cells. To investigate the role of GMFβ in the 
anti-glioblastoma effect of β-elemene, we examined the levels 
of total GMFβ and p-GMFβ in β-elemene-treated U87 cells. 
Due to the lack of a commercially available primary antibody 
against p-GMFβ, total GMFβ was isolated from cell extracts 
by immunoprecipitation with an antibody against GMFβ 
and separated by SDS-PAGE in equal protein loading quan-
tity. p-GMFβ and total GMFβ levels were then determined 
respectively by western blot analysis using antibodies against 
phospho-serine/threonine/tyrosine and GMFβ. The results of 
the western blot analysis were semi-quantitatively estimated 
using Gel-Pro Analyzer 4.0 software, and the expression 
levels of p-GMFβ and total GMFβ are illustrated in Fig. 2C 
and D. The results showed that total GMFβ expression was 
not affected by treatment with β-elemene at various concen-
trations for 24 h (Fig. 2A and C). However, phosphorylation 
of GMFβ increased significantly upon treatment with 60 µg/
ml β-elemene for 24 h (Fig. 2B and D). The results of this 
study suggest that β-elemene treatment increases the levels 
of p-GMFβ (but not total GMFβ) (p<0.01) in concert with its 
ability to inhibit proliferation of U87 cells.

Treatment with GMFβ siRNA-1 results in optimal silencing 
of the expression of GMFβ. Three siRNAs (siRNA-1, -2 and 
-3) were designed to silence the expression of GMFβ in U87 
glioblastoma cells. These three siRNAs were transfected into 
U87 cells at 53 nM for 24 h; siRNA-1 was considered the 
most efficient. To find the optimal interference conditions, 
various doses of siRNA-1 were transfected into U87 cells 
for various durations. RT-PCR and western blot assays were 
performed to determine the interference efficiency. Our 
results showed that GMFβ siRNA-1 silenced the expression 

Figure 1. β-elemene inhibits U87 and C6 cell proliferation dose- and time-dependently. (A) U87 and C6 cells were treated with β-elemene at various doses 
(0, 20, 40, 60, and 80 µg/ml) for 24 h, and cell viability was measured using an MTT assay. (B) U87 and C6 cells were treated with β-elemene at a concentra-
tion of 60 µg/ml for various times (0, 12, 24, 36, and 48 h), and an MTT assay was performed to determine cell viability. The viability of cells treated with 
β-elemene decreased with increasing drug dose or treatment time. All values are shown as means ± SD.
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of GMFβ more efficiently than the other siRNAs (Fig. 3A). 
Transfection with 53 nM siRNA-1 for 24 h significantly 
decreased GMFβ expression, and this interference lasted at 

least 72 h (Fig. 3B and C). This study indicates that treatment 
with 53 nM siRNA-1 for 24 h was the optimal condition for 
GMFβ silencing.

Figure 2. β-elemene increases the phosphorylation of GMFβ in human glioblastoma cells. U87 cells were treated with β-elemene at various drug concentra-
tions for 24 h, and total protein was extracted for western blot analysis and immunoprecipitation assays. (A) Total GMFβ expression was detected by western 
blot analysis using an antibody against GMFβ and was not affected by treatment with β-elemene at different concentrations for 24 h. (B) Total GMFβ was 
isolated from cell extracts by immunoprecipitation with an antibody against GMFβ and separated by SDS-PAGE in equal protein loading quantity. p-GMFβ 
and total GMFβ levels were then determined respectively by western blot analysis using antibodies against phospho-serine/threonine/tyrosine and GMFβ. 
(C) The results of A were semi-quantitatively estimated using Gel-Pro Analyzer 4.0 software. (D) The results of B were semi-quantitatively estimated and 
are illustrated in the histogram. These results indicate that β-elemene increases the expression of p-GMFβ (but not total GMFβ) (p<0.01) in concert with its 
ability to inhibit proliferation of U87 cells. Values are shown as means ± SD (**p<0.01).

Figure 3. Treatment with GMFβ siRNA-1 results in optimal silencing of the expression of GMFβ. (A) siRNA-1, -2 and -3 were transfected into U87 cells 
at 53 nM for 24 h, and the mRNA level of GMFβ was determined by RT-PCR. The expression of GMFβ was inhibited more efficiently by siRNA-1 than 
by siRNA-2 or -3. (B) siRNA-1 was transfected into U87 cells at various doses for different durations. RT-PCR assays were performed to determine the 
interference efficiency. Transfection with 53 nM siRNA-1 for 24 h significantly decreased the mRNA expression of GMFβ, and this interference efficiency 
lasted at least 72 h. (C) The interference efficiency was further verified by western blot analysis. The protein expression of GMFβ was efficiently inhibited by 
treatment with siRNA-1 at 53 nM for 24 h. These results indicated that treatment with 53 nM siRNA-1 for 24 h was the most effective method to silence the 
expression of GMFβ. The results are representative of three independent experiments.
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Down-regulation of GMFβ by siRNA-1 blocks the anti-
proliferative effect of β-elemene in vitro. To confirm a role 
for GMFβ activation in the antitumor effect of β-elemene, 
GMFβ expression was silenced by transfection of siRNA-1 
into U87 cells for 24 h. After treatment with β-elemene for 
24 h at 60 µg/ml, U87 cell viability was measured in an MTT 
assay. We found that cell viability in the ‘GMFβ siRNA-1 
+ β-elemene’ group was higher than that in the ‘Control 
siRNA + β-elemene’ group (Fig. 4, p<0.01). The results of our 
research suggest that down-regulation of GMFβ by siRNA-1 
blocked the anti-proliferative effect of β-elemene in vitro.

Depletion of GMFβ attenuates the stimulation of MKK3/6 by 
β-elemene. We previously reported that β-elemene inhibited 
the proliferation of U87 cells and caused cell-cycle arrest 
in G0/G1 via increased phosphorylation of both MKK3/6 
and p38. To investigate the relationship between GMFβ and 
the MKK3/6-p38 pathway in the anti-proliferative effect of 
β-elemene, U87 cells were treated with 53 nM GMFβ siRNA-1 
for 24 h to down-regulate the expression of GMFβ expression. 
The cells were treated with 60 µg/ml β-elemene for 24 h, and 
the expression levels of p-MKK3/6 and total MKK3/6 were 
examined by western blot analysis with specific antibodies 
(Fig. 5A). The results were semi-quantitatively estimated 
using Gel-Pro Analyzer 4.0 software, and the changes in 
the levels of p-MKK3/6 and total MKK3/6 are illustrated 
in Fig. 5B. The results showed that p-MKK3/6 levels were 
lower in the GMFβ siRNA-1 group than in the control group 
(p<0.01). Depletion of GMFβ attenuated the stimulatory effect 
of β-elemene on the MKK3/6 pathway. Taken together, our 
findings indicate that activation of the GMFβ-MKK3/6-p38 
signaling pathway underlay the anti-proliferative effect of 
β-elemene in glioblastoma.

Treatment with β-elemene sensitizes U87 glioblastoma cells 
to cisplatin-induced cytotoxicity. As previously reported, 
attenuation of the activity of the GMFβ-p38 pathway 
mediated the resistance of U87 glioblastoma cells to cisplatin-
induced cytotoxicity (27). To confirm whether treatment with 
β-elemene sensitizes glioblastoma cells to cisplatin, U87 
cells were plated at a density of 4x105 cells per well in 6-well 
plates and cultured for 24 h. Cells were organized into the 
following four groups: control group (untreated, Fig. 6Aa), 
β-elemene group (treated with 60 µg/ml β-elemene for 24 h, 
Fig. 6Ab), cisplatin group (treated with 20 µg/ml cisplatin for 
24 h, Fig. 6Ac) and combination group (treated with 20 µg/ml 
cisplatin and 60 µg/ml β-elemene for 24 h, Fig. 6Ad). After 
treatment with the drugs, cell numbers were measured by cell 

Figure 4. Depletion of GMFβ by siRNA-1 blocks the anti-proliferative effect 
of β-elemene. The expression of GMFβ was down-regulated by the transfec-
tion of siRNA-1 into U87 cells for 24 h. After treatment with 60 µg/ml 
β-elemene for 24 h, U87 cell viability was determined using an MTT assay. 
The results showed that cell viability was higher in the ‘GMFβ siRNA-1 + 
β-elemene’ group than in the ‘Control siRNA + β-elemene’ group (p<0.01). 
Values are shown as means ± SD (**p<0.01).

Figure 5. Silencing of the expression of GMFβ decreased the stimulatory action of β-elemene on the MKK3/6 pathway. (A) GMFβ siRNA-1 53 nM was 
transfected into U87 cells for 24 h to inhibit GMFβ expression. U87 cells were treated with β-elemene at 60 µg/ml for 24 h, and the levels of p-MKK3/6 and 
total MKK3/6 were detected by western blot analysis with specific antibodies. (B) Gel-Pro Analyzer 4.0 software was used to semi-quantitatively analyze 
these bands, and changes in the levels of p-MKK3/6 and total MKK3/6 are illustrated. p-MKK3/6 levels were lower in the GMFβ siRNA-1 group than in the 
control group (p<0.01). The results are representative of three independent experiments. Values are shown as means ± SD (**p<0.01).
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counting (Beckman). The cell growth inhibitory rate (GIR) 
was calculated according to the following formula: GIR = 
[(number of cells in the control group - number of cells in the 
treated group)/(number of cells in the control group)] x 100%. 
The cell GIRs of the three treated groups are illustrated in 
Fig. 6B. The results showed that the GIR in the combination 
group was higher than that in both the cisplatin (p<0.01) and 
β-elemene (p<0.01) groups; moreover, the effect of combina-
tion treatment was higher than the putative additive effect of 

cisplatin and β-elemene treatments. These findings suggest 
that β-elemene increases the sensitivity of U87 glioblastoma 
cells to cisplatin-induced cytotoxicity.

Discussion

Glioblastoma is the most common and most deadly form of 
brain cancer. Despite improvements in therapy, the prog-
nosis for patients with glioblastoma remains dismal. Most 

Figure 6. Treatment with β-elemene increases the sensitivity of U87 cells to cisplatin-induced cytotoxicity. (A) U87 cells were plated at a density of 
4x105 cells per well in 6-well plates and cultured for 24 h. The following four groups were tested: control group (untreated, a), β-elemene group (treated 
with 60 µg/ml β-elemene for 24 h, b), cisplatin group (treated with 20 µg/ml cisplatin for 24 h, c) and combination group (treated with 20 µg/ml cisplatin 
and 60 µg/ml β-elemene for 24 h, d). Cell numbers were measured by cell counting. The cell growth inhibitory rate (GIR) was calculated according to the 
following formula: GIR = [(number of cells in the control group - number of cells in the treated group)/(number of cells in the control group)] x 100%. (B) The 
GIRs of the three drug-treated groups are illustrated in the histogram. The results showed that the GIR in the combination group was higher than that in the 
individual cisplatin (p<0.01) and β-elemene (p<0.01) groups; moreover, the effect of combination treatment was higher than the putative additive effect of cis-
platin and β-elemene treatments. These findings suggest that β-elemene increases the sensitivity of U87 glioblastoma cells to cisplatin-induced cytotoxicity. 
Values are shown as means ± SD (**p<0.01).

Figure 7. Molecular mechanisms underlying the antitumor effects of β-elemene in glioblastoma. β-elemene decreases glioblastoma cell viability and reduces 
tumor volume by inhibiting cell proliferation, promoting apoptosis and causing cell cycle arrest. Our findings showed that β-elemene treatment results in 
these effects via GMFβ-dependent activation of the MKK3/6-p38 pathway and inhibition of the ERK1/2-BCL-2, BCL-X/L pathway. Furthermore, the activa-
tion of MKK3 and MKK6 is mutually compensatory in this process.
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chemotherapy-based treatments of glioblastoma have proved 
disappointing because of frequent drug resistance and various 
severe side effects. The plant-derived, non-cytotoxic, natural 
product, β-elemene, has been confirmed as having antitumor 
activity in vitro and in vivo against various types of tumors 
such as liver cancer, breast carcinoma, leukemia, laryngeal 
cancer and ovarian cancer. The anticancer effect of β-elemene 
is usually mediated by induction of apoptosis, cell cycle 
arrest and the inhibition of proliferation; many signaling 
pathways may be involved in these processes. β-elemene 
arrests non-small cell lung cancer cells in the G2-M phase of 
the cell cycle and induces apoptotic cell death (8). Elemene 
also inhibits the growth of HEp-2 laryngeal cancer cells and 
induces apoptosis along with a decrease in the expression of 
eIFs (4E, 4G), bFGF and VEGF (13). β-elemene decreases 
the protein expression of BCL-2, increases cytochrome c 
release, and activates PARP and caspases-3, -7, -9 and -10 in 
prostate cancer cells. In addition, the percentage of prostate 
cancer cells in apoptosis is increased by β-elemene treatment 
dose- and time-dependently (14). Studies have found that 
β-elemene showed strong antitumor activity in glioblastoma 
cell lines from the human and rat, glioblastoma-bearing nude 
mice and patients with glioblastoma (11,15-18). However, lack 
of a defined molecular mechanism for the antitumor action 
of β-elemene hinders its application in clinical treatment of 
glioblastoma.

GMFβ is an intracellular protein that is primarily local-
ized in the mammalian central nervous system and plays an 
important role in regulating the growth and development of 
glial cells and neurons. GMF is found to mediate apoptosis in 
glioblastoma cells as well as the development of inflammation 
(28-30). Studies have suggested that GMF interacts with ADF/
cofilin to promote the remodeling and/or disassembly of brain 
cortical actin structures (31). GMF inhibits the proliferation of 
rat C6 and human HG-1 glioblastoma cells and restores contact 
inhibition (21). The overexpression of GMF in N18 neuroblas-
toma cells increases caspase-3 activity and causes cytotoxicity 
and loss of cell viability (32). The overexpression of GMF 
in astrocytes causes an inflammatory response through the 
activation of the GMF-p38/NF-κB/GM-CSF/TNF-α, IL-1β 
and IL-6 signaling pathways (19). p38, ERK1/2 and JNK are 
the centers of three major MAPK pathways (12-16). ERK1/2 
is an upstream activator of the proto-oncogene BCL-2 and 
BCL-X/L and is thought to be linked to cell proliferation and 
tumor development (33). MKK3 and MKK6 are two kinases 
that act upstream of p38 MAPK. After activation by MKK 
kinases such as TAK1, ASK1 and MLKs (21,22), MKK3/6 
can affect the activity of MSK1, IL-12, NF-κB, MCL-1 
and p53 by the phosphorylation of p38 MAPK (34-38). 
MKK3/6-p38 activation negatively regulates proliferation via 
attenuation of the promoter activity of cyclin D1, increasing 
the percentage of cells in G0/G1 phase of the cell cycle, 
while MKK1-ERK1/2 activation has the opposite effect (39). 
MKK3/6 also mediates the antitumor effects of various drugs, 
such as isoflavone derivatives, sodium butyrate, TNF-α and 
gemcitabine (40-43). Studies have shown that overexpression 
of GMF can simultaneously activate p38 and inhibit the 
activity of ERK1/2 (25,26). GMF can be phosphorylated at 
threonine 26 and serine 82 by PKA, at serine 71 by PKC, at 
threonine 26 by p90 ribosomal S6 kinase and at serine 52 by 

casein kinase II. The phosphorylation of various sites on GMF 
may explain its opposing effects on p38 and ERK1/2 (44). 
Our previous research found that β-elemene arrested C6 and 
U87 glioblastoma cells in the G0/G1 phase of the cell cycle 
and inhibited cell proliferation by activating MKK3/6-p38 
and decreasing the expression of p-ERK1/2, BCL-2 and 
BCL-X/L; the JNK pathway was not involved in this effect 
(11,16,24). The present study revealed that β-elemene inhibits 
the proliferation of glioblastoma cells through the activation of 
the GMFβ signaling pathway. Furthermore, a down-regulation 
of GMFβ expression by RNA interference decreased the 
phosphorylation of MKK3 and MKK6 and reversed the 
anti-glioblastoma effect of β-elemene. In combination with 
our previous findings, these results suggest that β-elemene 
inhibits the proliferation of human glioblastoma cells, induces 
apoptosis and causes cell cycle arrest via a GMFβ-dependent 
activation of the MKK3/6-p38 pathway as well as an inhibi-
tion of the ERK1/2-BCL-2, BCL-X/L pathway. Furthermore, 
the activation of MKK3 and MKK6 is mutually compensatory 
in this process (Fig. 7).

Cisplatin is a highly efficient chemotherapeutic that is used 
to clinically treat many malignant solid tumors. However, 
U87 glioblastoma cells are quite resistant to cisplatin since 
signaling through the GMFβ-p38 pathway is attenuated in 
these cells (27). Therefore, we examined the sensitivity of 
β-elemene-treated U87 cells to cisplatin-induced cytotoxicity. 
The results of the present study indicate that β-elemene 
and cisplatin have synergistic inhibitory effects on cell 
growth. We suggest that the enhancement of cisplatin's 
efficacy by β-elemene is related to the activation of the 
GMFβ-MKK3/6-p38 signaling pathway. In addition, the 
chemosensitizing effect of β-elemene has been confirmed 
in prostate carcinoma cells and human non-small cell lung 
cancer cells and has been correlated with activation of many 
members of the caspase family and suppression of the BCL-2, 
BCL-X/L or IAP proto-oncogene (45,46). Similarly, the 
synergistic anticancer effect of β-elemene and cisplatin was 
observed in human laryngeal carcinoma-bearing nude mice 
and in ovarian carcinoma cells (9,47). As a promising chemo-
sensitizer or adjuvant, β-elemene is worthy of further study, 
which may lead to the development of a therapeutic regimen 
combining β-elemene with cisplatin or other chemotherapeu-
tics in the treatment of malignant tumors.

In conclusion, we propose that activation of GMFβ, an 
upstream activator of MKK3/6, mediates the antitumor effects 
of β-elemene. GMFβ is a putative target for molecular therapy 
and combination chemotherapy in glioblastoma.
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