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Abstract. Estrogens exert multiple regulatory actions on 
cellular events in a variety of tissues including the brain. 
In the present study, the signaling mechanisms of the 
concentration‑dependent effects of 17-β-estradiol (estradiol) 
on glioblastoma cells were investigated. Cell viability was 
evaluated by the trypan blue exclusion assay. Cell growth and 
kinase activities were evaluated by immunocytochemistry 
and Western blotting. The results showed that high concentra-
tions of estradiol inhibit growth and induce apoptosis in C6 
rat glioma and T98G human glioblastoma cells. The blockade 
of the c-jun NH2-terminal kinase (JNK) signaling pathway 
prevented these effects of estradiol, indicating the critical role 
of the JNK/c-jun signaling cascade in glioblastoma cell growth 
inhibition and cell death in response to high concentrations of 
estradiol. Collectively, these findings highlight the potential 
of new discoveries in sensitizing estrogen-sensitive tumors to 
chemotherapeutic drugs, and may lead to the development of 
new JNK-based effective therapies.

Introduction

Glioblastomas are the most common and aggressive primary 
brain tumors in adults, with uncontrolled proliferation, inva-
siveness and resistance to conventional and novel therapeutic 
approaches  (1,2). Thus, new and effective treatments are 
required, particularly to overcome the drug resistance in these 
tumors (3).

Evidence suggests that estrogen affects glioblas-
toma cells, since certain glioblastomas express estrogen 
receptors (ERs)  (4,5). Furthermore, the ER-modulator 
tamoxifen has been shown to inhibit the growth of certain 
glioblastomas (6-8). In an earlier study, we showed that high 

concentrations of 17-β-estradiol (estradiol) induce apoptosis in 
the estrogen-dependent human breast cancer cell line MCF-7, 
but not in the ER-negative human breast cancer cell line 
MDA-MB 231, under low growth-stimulated conditions  (9). 
Given that estradiol may induce cell growth or cell death 
under differing conditions depending on the concentration 
of estradiol and the expression of ERs in the brain and other 
tissues (10-12), we analyzed the effects of high concentrations 
of estradiol in the rat glioma C6 and the human glioblastoma 
multiforme T98G cells.

In line with our previous study showing the ability of 
c-Jun N-terminal kinase (JNK) to mediate estradiol's anti-
proliferative and apoptotic effects in breast cancer cells  (9), 
we applied the same experimental paradigm and observed a 
dose-related effect of estradiol on glioblastoma cell survival. 
The aim was to investigate the signaling mechanisms of the 
concentration‑dependent effects of 17-β-estradiol on glioblas-
toma cells.

Materials and methods

Reagents. SP600125, PD98059 and SB203580 were purchased 
from Calbiochem (San Diego, CA, USA). Anti-phospho‑c-jun, 
anti-c-jun and anti-phospho-ERK1/2 antibodies were purchased 
from New England Biolabs (Ipswich, MA, USA). Anti-JNK1 
and anti‑rabbit alkaline phosphatase conjugated antibodies 
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). 
Anti-BrdU and anti-PCNA monoclonal antibodies were 
purchased from Zymed Laboratories, USA. Anti-rabbit and 
anti-mouse biotin conjugated antibodies, streptavidin, biotinyl-
ated horseradish peroxidase (HRP) and aminoethylcarbazole 
(AEC) were purchased from Dako (Denmark). Cell culture 
media were purchased from Gibco, and antibiotics and all the 
other reagents from Sigma Chemical Co (St. Louis, MO, USA).

Cell culture. C6 rat glioma and T98G glioblastoma cells 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA). Cells were maintained in Dulbecco's 
modified Eagle's medium/F12 medium supplemented with 
5% heat inactivated fetal bovine serum (FBS) and antibiotics 
(100 U/ml penicillin G, 100 µg/ml streptomycin) at 37˚C in 5% 
CO2 and 95% air in a humidified incubator. For experiments 
performed under low growth-stimulated conditions, cells were 
switched to 2% FBS‑containing medium (to limit exposure 
to exogenous estrogen) 8 h prior to the addition of drugs, and 
incubations continued as indicated for each experiment.
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Cell viability. Cells were treated as described and detached 
with 0.25% trypsin in Hank's balanced salt solution and 
counted in a hemocytometer. Cytotoxicity was determined 
with 0.2% trypan blue solution and the unstained viable cells 
were microscopically distinguished from the blue-stained 
damaged cells.

Immunocytochemistry. Cells grown on coverslips were incu-
bated with drugs as indicated. Coverslips were washed with 
phosphate-buffered saline (PBS) and fixed with methanol for 
5 min at -20˚C. To avoid non-specific immunostaining, cells 
were incubated with 3% bovine serum albumin (BSA) in PBS 
for 1 h at room temperature. Following PBS washes, primary 
antibodies specific to the indicated proteins were applied to 
coverslips overnight at 4˚C. Following washing with PBS, 
biotinylated secondary antibodies and HRP conjugated strep-
tavidin were applied. Sections were developed by using AEC 
as the substrate. Images were captured using an Olympus 
BX-50 brightfield microscope.

Cell lysis. Following treatment, cells grown in culture dishes 
were washed once with ice-cold PBS and lysed in a buffer 
containing 20  mM Tris-Cl (pH  7.4), 150  mM NaCl, 1  mM 
EDTA, 1% Triton X-100, 2  mM sodium orthovanadate, 
10 mM β-glycerophosphate, 10 mM NaF, 0.5 mM PMSF, 2 µg/
ml aprotinin and 2  µg/ml leupeptin. Insoluble material was 
removed by centrifugation at 13,000 x g for 10 min at 4˚C.

Western blot analysis. An equivalent volume of 2X SDS-sample 
buffer was added to cell lysates and boiled for 5  min. The 
supernatants were subjected to electrophoresis on SDS-PAGE 
gels and transferred to nitrocellulose membranes by using a 
Bio-Rad apparatus (Bio-Rad, Hercules, CA, USA). Membranes 
were blocked for 1 h at room temperature in PBS containing 3% 
non-fat dried milk and probed overnight at 4˚C with primary 
antibodies. The immobilized proteins were detected by using 
alkaline phosphatase conjugated secondary antibodies in PBS 
containing 3% milk. Following washing with PBS, bands were 
visualized by using BCIP/NBT as substrates.

Cell proliferation. Cell proliferation was determined using 
bromodeoxyuridine (BrdU) labeling and by detecting the 
expression of the proliferating cell nuclear antigen (PCNA) by 
an immunocytochemical method. In vivo labeling was carried 
out by administering 5-bromo-2'-deoxyuridine (1  mM) to 
50% confluent cells on coverslips for 1 h at 37˚C. Following 
PBS washes, coverslips were fixed with methanol for 5 min, 
and DNA was denatured by incubating slides with 2N HCl in 
H2O at 37˚C for 30 min. Following neutralization with 0.1 M 
boric acid (pH 8.5) for 10 min, cells were incubated for 1 h 
at 37˚C with a monoclonal anti-BrdU antibody, followed by 
detection using a streptavidin-biotin-peroxidase complex and 
staining with AEC. Images were captured using an Olympus 
BX-50 brightfield microscope.

Results

Estradiol decreased cell viability. The effect of estradiol on 
cell viability was tested in the rat and human glioblastoma cell 
lines, C6 and T98G, respectively, by the trypan blue exclusion 

assay. In the range of 0.1-25  µM, estradiol decreased cell 
viability in a concentration-dependent manner (approximate 
IC50: 3.5 µM in C6 and 3.8 µM in T98G cells) at 24 h under 
low growth-stimulated conditions (2% FBS) in vehicle‑treated 
control cells (Fig. 1). Estradiol was not cytotoxic in these cells 
under high growth-stimulated conditions (10% FBS) (data not 
shown).

Previously, we showed that the cytotoxic effect of estra-
diol on MCF-7 cells was mediated by the JNK signaling 
pathway  (9). The pharmacological inhibitors of MAPK 
signaling pathways, PD098059 (20  µM) and SB203580 
(20  µM), inhibitors of MEK1 and p38 kinase, respectively, 
did not affect estradiol-induced cell death (data not shown), 
excluding the role of the MEK1/Erk1/2 or p38 kinase 
pathways. On the other hand, blockade of JNK activity by 
20 µM of the selective inhibitor of JNK1/2/3, SP600125 (13), 
completely reversed cell death induced by higher concentra-
tions of estradiol under low growth-stimulated conditions 
(Fig.  1). These data indicated that the JNK pathway plays a 
significant role in estradiol-induced cell death in the two  
glioblastoma cell lines.

Estradiol inhibited cell growth. We tested whether estra-
diol affects cell growth in C6 and T98G cells under low 
growth‑stimulated conditions, where it exerts its cytotoxic 
effect. Although low nanomolar concentrations of estradiol 
were found to be ineffective, whereas high concentrations of 
estradiol induced growth arrest and cell death in C6 and T98G 
cells. We also showed that suppression of the activation of 
JNKs completely eliminates estradiol-induced apoptosis and 
growth inhibition, suggesting a role for JNKs in estradiol-
induced cytotoxicity in glioblastoma cells. Treatment with 
estradiol (0.1-25  µM) dose-dependently inhibited the prolif-
eration of C6 and T98G cells within 18 h as detected by BrdU 
incorporation and PCNA expression assays (Fig.  2). Similar 
concentrations of estradiol did not show any inhibition of 
proliferation of C6 and T98G cells under growth-stimulated 
conditions (10% FBS) (data not shown). Treatment with  

Figure 1. Estradiol induced cytotoxicity in C6 and T98G cells. Cells were 
pretreated with JNK inhibitor, SP600125 (20 µM) or vehicle (control) 
under low growth-stimulated conditions for 30 min prior to treatment with 
increasing concentrations of estradiol for 24 h. Viable cells were detected 
by the trypan blue exclusion assay. Data points are an average of the results 
obtained from three separate experiments.
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estradiol (20 µM) for 18 h resulted in almost total reduction 
in the proliferation of C6 and T98G cells as compared with 
levels in vehicle-treated control cells under low growth-
stimulated conditions, as shown by BrdU incorporation and 
PCNA expression assays (Fig. 2). When cells were pretreated 
with 20 µM JNK inhibitor SP600125, the growth inhibitory 
effect of estradiol was completely blocked. However, the 
MAPK inhibitors PD98059 and SB203580 were not effective 
on cell growth in the presence or absence of estradiol, similar 
to their lack of effect on cell death (data not shown). These 
data suggest that high concentrations of estradiol inhibit the 
cell growth of C6 and T98G cells via JNK activation.

Estradiol induced JNK activation. Since SP600125, a selec-
tive inhibitor for JNKs, alleviated the growth inhibitory and 
apoptotic effects of high concentrations of estradiol, we exam-
ined the activity of JNKs in the estradiol-treated glioblastoma 
cell lines C6 and T98G, by measuring the level of endogenous 
phosphorylated c-jun by immunocytochemistry (Fig. 3A) and 
Western blotting (Fig.  3B). Exposure to estradiol (20  µM) 
for 18 h in low growth-stimulated media increased the level 
of phosphorylated c-jun at Ser 73 in C6 and T98G cells as 
shown by staining in the nuclei (Fig. 3A). We then performed 
Western blot analysis of C6 and T98G cell extracts to further 
examine the phosphorylated c-jun levels in response to estra-
diol treatment. Cell extracts were prepared and subjected to 
Western blotting with an antibody that recognizes phosphory-
lated c-jun at Ser 73 and junD at Ser 100. Consistent with the 
immunocytochemical data presented in Fig. 3A, the phosphor-
ylation of c-jun increased following 18 h of estradiol (20 µM) 
treatment in C6 and T98G cells under low growth‑stimulated 
conditions (Fig.  3B). The pretreatment of the cells with 
SP600125 (20  µM) completely eliminated the phosphoryla-
tion of c-jun by estradiol in immunocytochemistry (Fig. 3A) 
and Western blot (Fig. 3B) assays. We also performed Western 
blotting with a native antibody reactive with JNK1, JNK2 and 
JNK3, and found that the level of endogenous JNK isoforms 
remained constant with these treatments (Fig.  3B). These 

studies suggest that induction of cell death and growth inhibi-
tion by high concentrations of estradiol in glioblastoma cells 
is mediated by JNK activation.

Discussion

We have previously shown that high concentrations of estradiol, 
under low growth-stimulated conditions, inhibit cell prolifera-
tion and increase apoptosis in ER-positive breast cancer cells 
through the sustained activation of the JNK pathway  (9), 
underlying the basis for the antitumor effects of high-dose 
estrogen therapy in postmenopausal women approximately 40 
years ago (12). Recently, high concentrations of estradiol were 
shown to trigger apoptosis in adrenal carcinoma cells  (14), 
indicating that the mechanisms of these cytotoxic effects of 
estradiol remain to be further elucidated.

Glioblastomas are the most aggressive type of brain tumors, 
with a poor prognosis and a limited response to chemotherapy 
and other therapeutic strategies (1,2). Failure of therapy arises 
from the resistance of tumor cells to therapy-induced apop-
tosis  (3); therefore, new drugs targeting alternative pathways 
are required.

In the present study, estradiol was found to induce 
apoptosis and suppress cell growth in a concentration- and time‑ 
dependent manner in C6 glioma and T98G glioblastoma cells. 
Both of these cells express ERs (4,5), suggesting that estradiol 
may affect glioblastoma cells by regulating the ER-mediated 
transcription of genes involved in cell survival and death.

Estradiol, the predominant form of estrogen, mediates 
its effects via the activation of intracellular signaling path-
ways on neurons and glial cells  (15,16). Estradiol also exerts 
non‑genomic rapid actions via a direct interaction of estradiol 
with plasma-associated ERs and the activation of second 
messenger pathways  (17,18). The late and sustained effects of 
estradiol described in this study suggest that non‑genomic rapid 
actions of estradiol are not involved.

We further showed that JNK is activated following treat-
ment with estradiol, which is accompanied by an increase 

Figure 2. Estradiol inhibited cell proliferation in C6 and T98G cells. Cells were pretreated with SP600125 (20 µM) or vehicle (control) for 30 min, and 
incubated for 18 h in the presence or absence of estradiol (20 µM) under low growth-stimulated conditions. BrdU incorporation in C6 cells (upper panel) and 
PCNA expression analysis in T98G cells (lower panel) were carried out. Images were captured using a brightfield microscope at a magnification of x600. 
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in c-Jun S63/73 phosphorylation leading to the well-known 
increased activity of the c-Jun transactivation domain. These 
results suggest that the apoptotic death of glioblastoma cells 
induced by estradiol requires JNK signaling, but whether 
c-Jun or another transcription factor is a critical JNK effector 
in this response remains to be clarified.

JNKs belong to the superfamily of mitogen-activated 
protein kinases and are encoded by three genes (JNK1, JNK2 
and JNK3), which are differentially spliced to a total of 
10 isoforms (19). A combined siRNA knockdown of the three 
JNK genes provides substantial neuroprotection, whereas 
silencing of the individual JNKs does not protect, suggesting 
that any one of the three JNKs is capable of mediating 
apoptosis (20). This observation may explain the reason for 
the knockdown of JNK1 using siRNA failing to protect the 
glioblastoma cells from the apoptotic effect of estradiol in our 

experiments (data not shown). However, the pharmacological 
inhibition of the three JNK isoforms by SP600125 resulted in 
marked protection from the cytotoxic action of estradiol.

The role of JNKs in cancer is indicated by their ability 
to cause tumor suppression and induce apoptosis in response 
to certain anti-cancer drugs  (21-24). However, this increased 
responsiveness to chemotherapeutics is attenuated in advanced 
tumors, where JNK signaling is impaired, rendering the cells 
refractory to chemotherapy  (22-24). Recently, it has been 
reported that MEKK1 is one of the 50 genes containing 
somatic missense and nonsense mutations in various 
tumors (25), and MEKK1 is required for JNK activation and 
induction of apoptosis by drugs causing cytoskeletal disrup-
tion, indicating the importance of the MEKK1/JNK-dependent 
apoptotic pathway in carcinogenesis (26). Therefore, due to the 
acquired resistance to chemotherapeutic drugs, investigation 

Figure 3. Estradiol induced JNK activation. (A) Immunocytochemical analysis showing c-jun phosphorylation (p-c-Jun) in C6 cells (upper panel) and in T98G 
cells (lower panel) pretreated with 20 µM SP600125 or vehicle (control) for 30 min, and incubated with 20 µM estradiol for 18 h under low growth‑stimulated 
conditions. Phosphorylation of c-jun was visualized by anti-phosphorylated-c-jun antibody. Cells were visualized by using biotinylated secondary antibody, 
streptavidin/HRP and AEC chromogen. Images were captured using a brightfield microscope at a magnification of x600. (B) Western blot analysis for the 
level of phosphorylated c-Jun (p-c-Jun) in C6 cells (right panel) and in T98G cells (left panel) pretreated with 20 µM SP600125 or vehicle (control) for 30 min, 
and incubated with 20 µM estradiol, for 18 h under low growth-stimulated conditions. Cell lysates were separated by 10% SDS‑PAGE, and Western blotted 
with polyclonal antibody against the phosphorylated form of c-jun (upper panels). The corresponding native proteins of JNKs from the same lysates were 
blotted in separate membranes and shown in the lower panels. The blots were then visualized by using alkaline phosphatase conjugated secondary antibodies 
and BCIP/NBT as substrates.
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of new targets with the potential for discovering new cancer-
specific treatments is increasingly significant.

Consistent with our previous findings in breast cancer 
cells  (9), in this study we provide new evidence that JNK 
activation in response to high concentrations of estradiol plays 
a proapoptotic role in glioblastoma cells via growth inhibi-
tion and subsequent cell death of estrogen-depleted cells. In 
conclusion, new therapies that up-regulate JNK activity may 
prove efficacious in overcoming drug resistance in glioblas-
tomas and other ER-positive tumors.
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