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Abstract

Tamoxifen, a selective estrogen receptor modulator, is widely used in chemotherapy of estrogen 

receptor-positive breast cancer. Recent studies have indicated that tamoxifen might have potential 

chemotherapeutic effect on glioma. In the present study, we determined the chemotherapeutic 

action of tamoxifen on human glioma cell lines. Methylation of 06-methylguanine-DNA 

methyltransferase expression was identified in A172, U251 and BT325 glioma cell lines, but not 

U87 cell line. Consistently, A172, U251 and BT325 cell lines are resistant to temozolomide. 

Tamoxifen induced significant cytotoxic action in A172, U251, BT325, and U87 cell lines. 

Further Hoechst 33342 staining and apoptosis flow cytometric analysis demonstrated that 

tamoxifen induced apoptosis in BT325 cell line. Mitochondrial complex analysis indicated that 

tamoxifen, but not other estrogen receptor modulators, dose dependently inhibit complex I 

activity. In summary, our study suggests that tamoxifen might have chemotherapeutic effect on 

temozolomide resistant glioma through its direct action on mitochondrial complex I inhibition and 

could provide further evidence to support future clinical trial of tamoxifen for the treatment of 

glioblastoma.
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Introduction

Glioblastoma multiforme (GBM) are a class of tumor that develops from glial cells, which 

are the most common type of primary brain tumor and one of the most aggressive of all 

malignancies. The current standard therapy for GBM includes surgery, radiotherapy and 

chemotherapy with the alkylating agent temozolomide (TMZ) [1]. However, despite the 

current standard treatment regimen, the average survival expectancy is 14.6 months and the 

overall 5-year survival rate for GBM is 9.8% [2, 3]. Much of the TMZ resistance observed 

clinically is due to high expression of O6-methylguanine-DNA methyltransferase (MGMT), 

a DNA repair enzyme that removes the O6-alkylguanine and contributes to alkylating agent 

resistance in tumors [4, 5]. There are currently few alternate treatment options for patients 

with TMZ resistant gliomas and new treatments targeting TMZ-resistant tumors are thus 

desperately needed.

Tamoxifen is an estrogen receptor (ER) modulator commonly used for the treatment of ER-

positive breast cancer [6]. Because of its antitumor effects predominantly observed in 

patients with ER-positive tumors, it is generally accepted that the primary actions of 

tamoxifen are mediated through the inhibition of ER pathway. It has also been clear that 

tamoxifen has many other anti-tumor actions in addition to the ER pathway, including 

increase in calcium influx [7], activation of protein kinase C [8], TGF-β2 [9], bcl-2 [10] 

JNK-1 and caspase-3 signal pathways [11]. Given that tamoxifen has been extensively used 

as an anti-tumor drug without significant toxic side effects and that it can penetrate blood 

brain barrier, tamoxifen might be a potentially treatment for brain tumors. Indeed, tamoxifen 

has been shown to have potent anti-tumor activity in a variety of tumor types, including 

glioma [11-13]. However, the mechanism underlying the action of tamoxifen on glioma 

remains unclear.

In the current study, we evaluated the effect of tamoxifen on TMZ-resistant gliomas, which 

express high level of MGMT activity. We found that tamoxifen significantly inhibited the 

viability of TMZ-resistant human glioma cells, and induced apoptosis of glioma cells in 

vitro. We further identified that the actions of tamoxifen was mediated through inhibition of 

mitochondrial complexes I.

Materials and methods

Cell culture and reagents

The human glioma cell lines U87-MG, U251 and A172 used in this study were purchased 

from the American Type Culture Collection, BT325 was obtained by Beijing Neurosurgical 

Institute. Tamoxifen, 4-hydroxytamoxifen, ICI182,780, 1,3,5-Tris(4-hydroxyphenyl)-4-

propyl-1H-pyrazole (PPT, selective estrogen receptor α agonist), 2,3-bis(4-hydroxyphenyl) 

propionitrile (DPN, selective estrogen receptor β agonist), DMSO, TMZ, tamoxifen and 
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hoechest 33342 were purchase from Sigma (Sigma Aldrich, USA), Cell Counting Kit-8 

(CCK-8) (Dojindo, Japanese), Annexin V-FITC & PI apoptosis detection kit (Jiamei, 

Beijing, China), ZR Genomic DNA Kit, EZ DNA Methylation-Gold Ki, ZymoTaq DNA 

Polymerase and Human Methylated & Un-methylated DNA Set (ZYMO Research, USA), 

Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA).

The U87MG, U251, A172 and BT325 cells were grown in DMEM supplemented with 10% 

FBS, and 1% penicillin-streptomycin and incubated at 37 °C in a humidified 5% CO2 

incubator. Medium was changed 2-3 times/wk. Cells were observed with a phase-contrast 

microscope (Olympus).

Cell viability assay

Glioma tumor cell viability was evaluated by Cell Counting Kit-8 (CCK-8) assay. In brief, 

cells were seeded into 96-well plates at 5×104 cells/well and allowed to adhere for 24hr. 

Then culture media was removed and the test agents, tamoxifen (dissolved in ethanol or 

DMSO) and TMZ (dissolved in DMSO), were added to wells at indicated concentrations. 

Control cultures were treated with vehicle solution containing 0.5% ethanol or 0.1% DMSO, 

respectively. At 48 hr after treatment, 10 μl of CCK-8 was added to each well and the plates 

were incubated for additional 2 hr. Optical Density (OD) was measured at a wave length of 

450 nm on Multimode Plate Readers (Tecan, Switzerland). These values are represented as 

OD values in percentage change compared with the control.

Isolation of DNA and Methylation-specific PCR

The DNA was extracted using a ZR Genomic DNA Kit and then 1 μg of extracted DNA 

underwent bisulfite modification using an EZ DNA Methylation-Gold Kit™ according to 

the manufacturer's instructions. For PCR amplification, The methylation-specific PCR (MS-

PCR) was performed with primers specific for either methylated or modified unmethylated 

DNA (Table-1) [14]. The MS-PCR was performed on 1 ml of bisulfite-treated DNA under 

the following conditions: 95°C for 10 minutes; 35 cycles of 95°C for 30seconds, the 

annealing temperature 56.5°C for 30 seconds, and 72°C for 30 seconds; and a final 

extension of 5 minutes at 72°C. Human methylated DNA Set was used as a positive control 

for methylated and non-methylated alleles of MGMT. Ten microliters of each PCR product 

was directly loaded onto 10% polyacrylamide gels, stained with Good View™ Nucleic Acid 

Stain, and visualized under UV light and photographed by Bio-spectrum System (UVP, 

USA). A 100 bp DNA ladder was used for molecular size standards.

Apoptosis assay

Nuclear DNA was stained with Hoechst 33342 at a final concentration of 5 μg/ml. Cells 

were observed immediately with a fluorescence microscope (Carl Zeiss, Germany). For flow 

cytometry, cells were detached and labeled by Annexin V-FITC/PI apoptosis detection kit 

according to the manufacturer's instruction. Apoptotic and necrotic cells were quantified 

using a FACSCalibur cytometer (Becton Dickinson, USA) and analysis by the Cell Quest 

software. At least 10,000 cells were analyzed for each sample.
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Mitochondrial isolation and mitochondrial respiration chain activity assays

Male Sprague Dawley rats (adult, 300g) were purchase from Charles River. They were 

maintained under controlled light cycle (12 hr day / night) and humidity with free access to 

water and rodent chow. All procedures were approved by the Institutional Animal Care and 

Use Committee. The animals were euthanized and fresh rat heart was removed and placed in 

ice-cold mitochondrial isolation buffer containing 210 mM mannitol, 70 mM sucrose, 5 mM 

HEPES, and 1 mM EDTA, pH 7. The heart was homogenized immediately, and the 

mitochondrial fraction was isolated by differential centrifugation as described previously. 

Mitochondria were stored at −80 °C until subsequent analysis.

All mitochondrial activity assays were performed according to previous publications with 

minimal modifications: complex I, Complex I-III, Complex II, Complex III, and II-III. All 

assays used a similar master mix that contained potassium phosphate pH 7.4 (50 mM), BSA 

(2.5 mg/ml), MgCl2 (5 mM), and KCN (2 mM). Various inhibitors or substrates, including 

rotenone (6 μM), antimycin (2 μM), NADH (150 μM), CoQ1 60 μM, cyt c (50 μM), 

succinate (8 mM), and DBH2 (100 μM) were tested. Complex I activity was monitored by 

adding NADH to the mix with or without rotenone/antimycin. The final data were 

normalized to blank values at time zero. The reaction was monitored in a kinetic 

spectrophotometer at 340 nm. Complex I activity was measured in arbitrary units and 

normalized to control levels for statistical analysis. Isolated mitochondria equivalent to 

40-200 μg mitochondrial protein was used for each assay. For complex I-III activity, the 

reaction was initiated with the addition of NADH, cyt c was used as final substrate and its 

reduction was monitored at 550 nm. For assay of complex II-III activity, succinate was 

added instead of NADH, and the electron transfer to cytochrome c was performed according 

to previous publications.

Statistical analysis

All data are presented as mean ± SEM. Statistical analysis was evaluated using the Student's 

two-tailed t-test and where appropriate ANOVA was used. A p value ≤ 0.05 was considered 

to denote statistical significance.

Results

Methylation status of the MGMT promoter region in human glioma cell lines and their 
response to TMZ treatment

Methylation of the CpG islands in gene promoter region is correlated with transcriptional 

silencing. MGMT promoter methylation is the key mechanism of MGMT gene silencing and 

predicts a favorable TMZ chemotherapy outcome in GBM patients. To confirm the 

methylation status of the MGMT promoter, DNA was isolated from A172, BT325, U251 

and U87MG cells and MGMT methylation was determined by MS-PCR. Methylated DNA 

was only observed in the promoter region of U87-MG cell line, but not A172, U251, and 

BT325 (Figure 1A). We further determined the chemotherapeutic effect of TMZ on A172, 

BT325, U251 and U87-MG cells. No chemotherapeutic action of TMZ was observed in 

A172 and BT325 cells with concentrations up to 40 μM (p>0.05, Figure 1B). A mild but 

significant reduction of cell viability in U251 cells was observed when treated with TMZ at 
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40 μM, but not at lower concentrations. On the other hand, chemotherapeutic effect of TMZ 

was observed in U87-MG cells at the concentrations of 4 and 40 μM (p < 0.05, Figure 1B). 

The therapeutic action of TMZ on U87MG cells is consistent with its MGMT methylation, 

which contribute to the MGMT silencing and TMZ sensitivity.

Chemotherapeutic effect of tamoxifen on TMZ-resistant glioma cells

We determined whether tamoxifen has chemotherapeutic effect on TMZ-resistant glioma 

cells. After 48 hr treatment, tamoxifen significantly decreased cell viability of BT325, A172, 

U251 and U87-MG cell lines with an IC50 at 12.87 μM, 16.99 μM, 32.05 μM, and 53.85 

μM, respectively (Figure 2). We further investigated the pro-apoptotic action of tamoxifen in 

TMZ-resistance glioma cells. Hoechst 33342 staining indicated that tamoxifen induced 

DNA fragmentation in BT325 cells at the concentration of 15 μM (Figure 3A). Consistently, 

flow cytometry analysis demonstrated that tamoxifen (15 μM) significantly increased the 

number of BT325 cells undergoing early apoptosis (Annexin V+/PI-) (Figure 3B).

Tamoxifen inhibits mitochondrial electron transfer chain activities

We determined the effects of tamoxifen on mitochondrial electron transfer chain activities 

using mitochondria isolated from rat hearts. Tamoxifen inhibited overall complex I-III 

activity in a dose dependent manner (Figure 4A). While no significant effects of tamoxifen 

on complex II-III activity was observed (Figure 4B). Further analysis demonstrated that 

tamoxifen dose dependently inhibited mitochondrial complex I activity (Figure 5A, B). No 

inhibitory action of mitochondrial complex I was observed in other estrogen receptor 

modulators including ICI, DPN, PPT, and 4-OH tamoxifen (Figure 5C, D, E, F).

Discussion

Gliomas account for more than 50% of all brain tumors and are by far the most common 

primary brain tumors in adults. Malignant gliomas are associated with dismal prognoses due 

to their ability to infiltrate diffusely into normal brain parenchyma. Glioblastoma multiform 

(GBM) is the most aggressive of all malignancies and comprises of approximately half of all 

gliomas. For high- as well as low-grade gliomas, there is a clear reduction of the 

perioperative morbidity and mortality over the last 30 years due to the benefit of the current 

strategy for diagnosis (MRI) and treatment of gliomas (surgery, chemotherapy, 

radiotherapy) [1]. Nevertheless, the overall prognosis for patients with GBM has not 

changed from the 1970s until today.

TMZ is an imidazole chemotherapy tetrazine derivative of second-generation alkylating 

agent, which can lead to the covalent DNA strand cross-linking [15]. TMZ can be 

completely absorbed after oral administration and has become the first-line chemotherapy 

for gliomas, especially GBM or anaplastic tumor astrocytoma. However, the efficiency of 

TMZ on glioma was less than 45% due to MGMT conferred TMZ resistance [16]. 

Tamoxifen is a selective estrogen receptor modulator, which can be absorbed from 

gastrointestinal tract and cross blood-brain barrier with low side effects [17]. Tamoxifen was 

firstly clinically used as a therapeutic drug since 1969, and has become a standard treatment 

of estrogen receptor-positive breast cancer and endometrial cancer (6). In addition, 
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chemotherapeutic action of tamoxifen has been tested in other cancers including glioma. 

Early clinical studies have indicated that tamoxifen might have effect in glioma [18]. In the 

current study, we determined the chemotherapeutic action of tamoxifen in TMZ resistant 

glioma cell lines. We first tested the effects of TMZ on U87-MG, U251, A172, and BT325 

glioma cell lines, and found that U251, A172, and BT325 cell lines was not sensitive to 

TMZ. Methylation of MGMT promoter has been indicated as a common marker for 

predicting chemotherapy and prognosis of TMZ on glioma patient [19-21]. Consistently, 

U251, A172, and BT325 have unmethylated MGMT promoter, which rend them to TMZ 

resistance. We further determined the chemotherapeutic action of TAM on U87-MG, U251, 

A172, and BT325 glioma cell lines. We found that tamoxifen induces cytotoxicity in both 

TMZ sensitive and insensitive glioma cell lines. Interestingly, tamoxifen seems even have 

higher efficacy in TMZ insensitive glioma cells than TMZ sensitive glioma cells. Notably, 

our study indicated that chemotherapeutic effect of TAM was superior to TMZ on glioma. 

The peak plasma concentration of TMZ [22] and TAM [23] can be reached to 4 μM and 3.2 

μM. We comparative analysis the effect of 10 times peak plasma concentrations of TMZ (40 

μM) and TAM (30 μM) on each glioma cell lines. At 40 μM concentration, TMZ decreased 

U87-MG cell viability to about 70%. While, tamoxifen reduced cell viability of all glioma 

cell lines to 20% in TMZ insensitive glioma cell lines.

Because its antitumor effect has been predominantly observed in patients with ER-positive 

tumors, it is generally accepted that the primary actions of tamoxifen are mediated through 

inhibition of ER pathway. However, ER-independent actions of tamoxifen have also been 

identified, including increase in reactive oxygen species production, caspase activation, 

increase in calcium influx, and activation of protein kinase C, TGF-β, and JNK-1 and 

caspase-3 signal pathway [7-9, 11]. In addition, direct actions of tamoxifen on mitochondrial 

function have been identified in isolated rat live mitochondria, MCF-7, and HeLa cells [24, 

25]. Our study demonstrated that tamoxifen directly inhibit mitochondrial respiratory chain 

complex I. We speculated that the inhibitory action of tamoxifen on mitochondrial complex 

I contribute its pro-apoptotic action in glioma cells independent to TMZ sensitivity. Our 

study warrant further studies to determine the mechanism underlying the inhibitory action of 

tamoxifen on mitochondrial complex I which might provide additional insight for the 

application of tamoxifen in glioma patients.

In summary, the current study demonstrated that tamoxifen exert chemotherapeutic effect in 

both TMZ sensitive and insensitive glioma cell lines superior to TMZ. Our study indicated 

that the direct mitochondrial complex I inhibition might underlie the pro-apoptoitc action of 

tamoxifen in glioma cells. Given that tamoxifen does not have significant overlapping 

toxicities with most other chemotherapy [26], tamoxifen might be an alternative combined 

chemotherapy for GBM. Indeed, combinatorial administration of tamoxifen and TMZ 

appeared to be well-tolerated and potentially effective in increasing the efficacy of dose-

dense TMZ schedule as a second-line therapeutic strategy [27]. Although the translational 

significance of the current study is limited by the lack of in vivo human GBM xenograft 

study, our results provided further evidence to support future in vivo studies and clinical 

trials of tamoxifen for the treatment of GBM.
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Figure 1. 
A. MS-PCR analysis depicts the methylation status of the MGMT promoter in A172, U251, 

BT325 and U87-MG glioma cells. Methylated DNA was only observed in U87-MG cell 

line. MGMT unmethylated: 93 bp; MGMT methylated: 8l bp; U: unmethylated; M: 

methylated; PM: Positive control of methylated PCR reaction; PU: Positive control of 

unmethylated PCR reaction; N: Negative control; MM: molecular marker. B. 
Chemotherapeutic effect of temozolomide (TMZ) on cell viability of human glioma cell 

lines U87-MG, U251, A172 and BT325. Glioma cell lines were treated with TMZ at 0.4, 4, 

40 μM, or vehicle controls (0.1% DMSO), and the cell viability was determined by CCK-8 

assay. Depicted are mean ± S.E.M, n=10, *p<0.05 vs vehicle control.
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Figure 2. 
Chemotherapeutic effect of tamoxifen (TAM) on cell viability in human glioma cell lines 

BT-325 (A), A172 (B), U251 (C) and U87-MG (D). Glioma cell lines were treated with 

TAM at increasing concentrations or vehicle and the cell viability was determined by 

CCK-8 assay. Depicted are mean ± S.E.M, n=10, * p<0.05 vs control, ** p < 0.01 vs 

control.
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Figure 3. 
TAM induces apoptosis in BT-325 glioma cells. BT-325 glioma cells were treated with 

TAM (15 μM) for 48 hr. After treatment, cells were subjected to Hoechst 33342 staining (A) 

or Annexin V-FITC/propidium iodide staining followed by flow cytometric analysis (B). 

Data are means±S.E.M., *p < 0.05 vs control.
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Figure 4. 
Effect of TAM on the activity of Complex I-III and II-III. TAM reduced overall complex I-

III activity in a dose dependent manner (A), but had no significant effects on complex II-III 

activity (B).

He et al. Page 12

Anticancer Drugs. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. 
Effect of TAM and other SERM on mitochondrial complex I activity. Tamoxifen dose-

dependently inhibits of complex I activity (A, B). None mitochondrial complex I inhibitory 

action was found in other tested selective estrogen receptor modulators ICI, DPN, PPT and 

4-OH tamoxifen (C, D, E, F). Data are means±S.E.M. of value.
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Table 1
Primers for un-methylated MGMT and methylated MGMT MS-PCR

un-methylated MGMT
sence TTTGTGTTTTGATGTTTGTAGGTTTTTGT

antisence AACTCCACACACTCTTCCAAAAACAAAACA

methylated MGMT
sence TTTCGACGTTCGTAGGTTTTCGC

antisence GCACTCTTCCGAAAACGAAACG
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Table 2
Analysis and comparison of the effects of 10-fold peak plasma concentrations of drugs on 
cell viability

Cell lines TMZ (10PPC) TAM (10PPC)

U87-MG 69.58% 57.11%

U251 90.00% 53.06%

A172 92.55% 20.56%

BT325 93.45% 20.11%
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