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Mifepristone as a Potential Therapy to Reduce Angiogenesis and P-Glycoprotein Associated With Glioblastoma Resistance to Temozolomide
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Glioblastoma, the most common primary central nervous system tumor, is characterized by extensive vascular neoformation and an area of necrosis generated by rapid proliferation. The standard treatment for this type of tumor is surgery followed by chemotherapy based on temozolomide and radiotherapy, resulting in poor patient survival. Glioblastoma is known for strong resistance to treatment, frequent recurrence and rapid progression. The aim of this study was to evaluate whether mifepristone, an antihormonal agent, can enhance the effect of temozolomide on C6 glioma cells orthotopically implanted in Wistar rats. The levels of the vascular endothelial growth factor (VEGF), and P-glycoprotein (P-gp) were examined, the former a promoter of angiogenesis that facilitates proliferation, and the latter an efflux pump transporter linked to drug resistance. After a 3-week treatment, the mifepristone/temozolomide regimen had decreased the level of VEGF and P-gp and significantly reduced tumor proliferation (detected by PET/CT images based on 18F-fluorothymidine uptake). Additionally, mifepristone proved to increase the intracerebral concentration of temozolomide. The lower level of O6-methylguanine-DNA-methyltransferase (MGMT) (related to DNA repair in tumors) previously reported for this combined treatment was herein confirmed. After the mifepristone/temozolomide treatment ended, however, the values of VEGF, P-gp, and MGMT increased and reached control levels by 14 weeks post-treatment. There was also tumor recurrence, as occurred when administering temozolomide alone. On the other hand, temozolomide led to 100% mortality within 26 days after beginning the drug treatment, while mifepristone/temozolomide enabled 70% survival 60–70 days and 30% survived over 100 days, suggesting that mifepristone could possibly act as a chemo-sensitizing agent for temozolomide.
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INTRODUCTION

Glioblastoma is the most frequent primary neoplasm of the central nervous system and the most aggressive brain tumor, with a life expectancy of 14–15 months post-diagnosis (1–3). It is characterized by uncontrolled cell proliferation, highly diffuse infiltration, resistance to apoptosis, robust angiogenesis, and DNA repair mechanisms contributing to drug resistance. The standard treatment for glioblastoma is surgery followed by chemotherapy based on temozolomide and radiotherapy, which leads to poor patient survival.

The growth of glioblastoma is associated with its capacity to maintain a balanced expression of proteins that control the cell cycle and allow for proliferation, motility and vascular neoformation. Furthermore, it is able to avoid recognition by the immune system. Reports in the Cancer Genome Atlas (TCGA) identify three main pathways participating in the pathogenesis of glioma: (RTK)/RAS/(PI3K), p53, and retinoblastoma (4).

A major factor in the strong resistance of tumors to temozolomide treatment is the overexpression of enzyme O6-methylguanine-DNA-methyltransferase (MGMT), which participates in the repair of temozolomide-induced DNA damage. Our group previously demonstrated that mifepristone enhances the temozolomide-induced decrease in orthotopic glioblastoma tumors by increasing apoptosis and reducing levels of MGMT (thus impeding repair of DNA damage) (5).

Among other pathways of glioma resistance to treatment described in the literature are those that contribute to angiogenesis, the formation of new blood vessels from a pre-existing vascular network. Several studies have correlated increased tumor vascularization with a lower rate of patient survival. Indeed, in the absence of angiogenesis, tumors cannot grow beyond a size of 1–2 mm3 (6). One of the main promoters of angiogenesis is hypoxia, which stimulates the synthesis of the most important mediator in angiogenesis, the vascular endothelial growth factor (VEGF). The receptors of VEGF are reported to be over-expressed in glioblastoma (7, 8). Among the strategies for inhibiting the expression of VEGF is the use of bevacizumab, a humanized monoclonal antibody. Two phase III studies on this drug have showed that the addition of bevacizumab to standard treatment (radiotherapy–temozolomide) for patients with newly diagnosed glioblastoma, was associated with a 4-month increase in progression-free survival without a significant effect on overall survival. Moreover, there was an increase in adverse events associated with bevacizumada (9, 10), emphasizing the need to seek new pharmacological strategies.

Another pathway involved in glioblastoma is related to the blood–brain barrier (BBB). Many promising chemotherapeutic agents have had great difficulty in overcoming the mechanisms of the BBB. On one hand, it is a physical barrier comprised of tight junctions between endothelial cells and a lack of fenestrae. In addition, it is an active efflux system that transports a wide range of antineoplastic drugs (e.g., temozolomide) out of the brain. The best known of these transporters is P-glycoprotein (P-gp), a membrane protein belonging to the superfamily of ATP-binding cassette (ABC) transporters. The blocking of these transport proteins might be useful in the treatment of glioblastoma (11–14).

To date, the search for new treatments against glioblastoma has not improved the survival of patients. An attractive strategy is the repositioning of approved drugs for use in combination with standard therapy. One attractive candidate for repositioning is mifepristone, a synthetic steroid that serves as an abortifacient drug based on anti-progestational and anti-glucocorticoid action. Mifepristone reportedly has antiproliferative effects in breast (15, 16), cervix (17), endometrium (18), ovary (19), and prostate cancer (20), can cross the BBB, and provides palliative effects on brain tumors such as meningiomas (21) and glioblastoma (22). Additionally, it is considered safe (with few adverse effects) and has a low cost. Besides reducing levels of MGMT (5), mifepristone is reported to diminish the activity of P-gp in human leukemia cancer cells (23) and a gastric cancer cell line (24). However, whether or not mifepristone is an inhibitor of P-gp on glioma cells or in the efflux transport system mediated by P-gp in the BBB has not yet been established. Likewise, there are no reports, to our knowledge, on its effect on temozolomide treatment.

Mifepristone may serve as a chemo-sensitizing drug, considering the descriptions in the literature of its inhibition of multiple targets in cancer cells. The aim of the present study was to evaluate the capacity of a mifepristone/temozolomide treatment in an orthotopic rat model of glioblastoma to modulate angiogenesis, reduce P-gp levels in the glioma tumors and increase the intracerebral concentration of temozolomide. Since tumors initially sensitive to chemotherapy often develop resistance, tumor recurrence was monitored after the combined treatment ended. Finally, the MGMT level was quantified as a parameter of DNA repair in tumor cells.



MATERIALS AND METHODS


Drugs and Reagents

Mifepristone and temozolomide were provided by Sigma Chemical Co. (St. Louis, MO, United States). Dulbecco’s modified Eagle’s medium (DMEM), FBS (fetal bovine serum), and EDTA (Ethylenediaminetetracetic acid) were purchased from Gibco-BRL (Grand Island, NY, United States). LC-MS/MS grade methanol was acquired from J.T.Baker. Acetic acid was of analytical grade. High-quality water for the solutions was processed with a Milli-Q Reagent Water System (Continental Water Systems, El Paso, TX, United States). A stock solution of temozolomide was prepared in DMSO at a final concentration of 4% and mifepristone was reconstituted in polyethylene glycol/saline solution. All standard solutions were stored at −20°C until use.



Animals

Male Wistar rats (230–250 g) were obtained from the Faculty of Medicine of the UNAM, Mexico City, Mexico. The animals were kept in pathogen-free conditions on a 12–12 h light/dark cycle, with adequate temperature and humidity. All procedures for the care and handling of the animals were reviewed and approved by the Ethics Committee of the “Instituto Nacional de Cancerología” (INCan, Mexico City, Mexico), (Ref. No. 010/17/IBI-CEI/601/10), and were in accordance with the Mexican Federal Regulation for Animal Experimentation and Care (NOM-062-ZOO-1999, Ministry of Agriculture, Mexico).



Tumor Cell Implantation

The rat glioma C6 cell line was supplied by the American Type Culture Collection (ATCC, Rockville, United States). These cells were maintained under sterile conditions in DMEM medium (Gibco, Grand Island, NY, United States) supplemented with 5% fetal bovine serum and incubated at 37°C in a 5% CO2 atmosphere.

The effect of Mif/Tz on tumor growth was evaluated on C6 glioma cells orthotopically implanted in Wistar rats. Each animal was anesthetized with a combination of tiletamine hydrochloride (10 mg/kg) and acepromazine maleate (0.4 mg/kg) administered subcutaneously (sc), then placed in a stereotactic device for surgery. The tumor cell implantation was performed according to Llaguno et al. (5). Briefly, after fastening the head in the frame, a midline incision was made and bregma was identified. The skull was then drilled at the coordinates of 2.0 mm right from bregma and 6 mm deep (hippocampus). C6 cells were harvested, washed and diluted in DMEM to a concentration of 7.5 × 105 in a volume of 3 μL. Employing an infusion pump, these cells were slowly implanted at a depth of 6 mm from the dura mater. The sham group was surgically opened and instead of implanting cancer cells, culture medium was injected.



Treatments

At 2 weeks post-surgery, the rats were randomly divided into six groups: (A) negative control (without surgery and without treatment, (B) sham surgery (in the absence of glioma cells and drug treatments) and four groups with the surgical implantation of cancer cells: (C) without drug treatment (vehicle control), (D) temozolomide alone (Tz), (E) mifepristone alone (Mif), (F) mifepristone/temozolomide (Mif/Tz). Tz was administered at a dose of 5 mg/kg ip and Mif at a dose of 10 mg/kg sc. The drugs were given for five consecutive days (Monday–Friday) during 3 weeks.



Determination of Tumor Growth

Brain tumor proliferation was measured by capturing images with a microPET/CT scanner (Albira ARS, Oncovision, Spain) at 2, 5, 7, 9, and 14 weeks post-surgery. For this purpose, 300 μCi of 18F-fluorothymidine (18F-FLT) were administered into the caudal vein. Another method of tracking tumor growth was by monitoring animal weight. Rats were weighed three times/week throughout the experiment, recording the global survival of each group.



Histological Analysis

The rats were euthanized and perfused with saline solution followed by 4% paraformaldehyde. Brains were removed and immersed in 4% paraformaldehyde for 2 weeks. The brain tissue was embedded in paraffin and sliced into sections (2 mm thick) on the coronal plane for the subsequent analysis with Eosin and Hematoxylin (H&E) and microvessel density immunohistochemical was evaluated with CD31 marker (#77699, Cell Signalling Technology).



Molecular Analysis

At the end of the study, the rats were sacrificed and the tumor was removed. The brain tissue was homogenized with a lysis buffer containing protease inhibitors (Cat. 78440; Thermo Scientist, TM). The samples were centrifuged at 10,000 g at 4°C and the supernatant was recovered. The proteins were quantified with the BCA (bicinchoninic acid) assay and separated by electrophoresis on 4–20% gradient gel (Mini-Protean TGX 456-1094, Bio-Rad Laboratories, Inc, United States). Colored markers (Bio-Rad, CA, United States) were included to establish size. For each sample, 40 g of protein were used. Following the transfer of the proteins onto PVDF membranes (Amersham, United Kingdom), the latter were blocked for 2 h at room temperature with 5% non-fat dry milk. The antibodies employed were anti-MGMT (sc-166528, 1:1000, Santa Cruz Biotechnology, TX, United States), P-gp (12683, 1:500, Cell Signalling Technology) and β-actin (sc-69879, 1:1000; Santa Cruz Biotechnology, TX, United States). After washing, the membranes were incubated with IRDye® 800 CW goat anti-mouse or IRDye® 680RD goat anti-rabbit secondary antibodies (1:15000; LI-COR, Inc.) for 1 h. The membranes were scanned on an Odyssey Imaging System and their intensity of fluorescence was measured with Image Studio software. In each figure, representative blot images were selected from the same gel. For the evaluation of angiogenesis, the relative concentration of VEGF was assessed with an Elisa kit according to the manufacturer’s instructions (human VEGF, ENZ-KIT156-0001, Enzo Life Sciences, Inc).



Determination of Temozolomide in Rat Brain Tissue

Male Wistar rats (200–230 g) were divided into groups for two drug treatments (n = 6 each): (1) Tz (30 mg/kg, ip) and (2) Mif/Tz (60 mg/kg, sc, and 30 mg/kg, ip, respectively). For the second group, mifepristone was administered 2 h before temozolomide. In both groups, rats were euthanized 45 min after Tz was given. The tissues were weighed and kept at −70°C to await use.

The concentration of temozolomide was ascertained by chromatography on an LC-MS system (Agilent Agilent Technologies, Infinity 1260) with an autosampler temperature of 4°C. The separation was carried out at 25°C on an Agilent Zorbax SB-C18 column (1.8 μm, 2.1 mm × 50 mm) utilising a linear elution with (A) water (containing 0.5% acetic acid and 10 mM ammonium acetate) and (B) methanol as the mobile phase (10/90). The flow rate was set at 0.3 ml/min with an injection volume of 5 μl.

Mass spectrometry was performed on an Agilent QQQ Detector (Agilent Technologies, Infinity 1260) in the positive ESI mode with nitrogen as the solvent. The capillary voltage was 3.0 kV and the dissolvation temperature 350°C. Quantification was achieved by using multiple reactions monitoring of the transitions of m/z 195.10–137.95 for temozolomide, and m/z 181.10–124.0 for theophylline as the internal standard.

Individual stock solutions of temozolomide (1 mg/ml) and theophylline (1 mg/ml) were prepared in separate volumetric flasks and dissolved in acid methanol (acetic acid 0.5% and methanol v/v, 20/80) for temozolomide and pure methanol for theophylline. Intermediate and final working solutions containing temozolomide were prepared in acid methanol and theophylline solutions were prepared in water. Calibration standards were prepared at following concentrations: 50, 100, 500, 1000, 2000, and 5000 ng/ml.

The internal standard solution (1000 ng/ml in water) was added to small slices of the brain (400 mg; 50 μl 1 M HCL and temozolomide working solutions for the calibration standards). The slices were individually homogenized before adding ethyl acetate and mixing for 5 min. The samples were centrifuged at 14000 rpm for 15 min at 4°C. The supernatant was transferred to an Eppendorf tube, ethyl acetate was added, and centrifugation was performed at 14,000 rpm. The supernatant was transferred to an Eppendorf tube and evaporated to dryness under a stream of nitrogen at 24°C. Afterward, 200 μl of acid methanol was added to the dry residue and injected into the chromatographic system.



Statistical Analysis

Data are expressed as the mean ± SD. Statistical significance was determined with one-way analysis of variance (ANOVA) on SPSS Base 20.0 software (SPSS Inc, Chicago, IL, United States). When necessary, the comparison of means was Bonferroni adjusted. In all cases, significance was considered at p < 0.05.



RESULTS


Animal Body Weight

During the first 2 weeks post-implantation of C6 cells, all animals continued to gain weight. Subsequently, the negative control and sham group gained weight while the untreated, Tz and Mif groups rapidly lost weight, similar to data previously reported by our group (5). The rats in the Mif/Tz group maintained their weight throughout the experiment (Figure 1).
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FIGURE 1. Tumor growth in the orthotopic rat model of glioma was evaluated by comparing animals weight between groups: negative control ([image: image]) and sham surgery ([image: image]); and in four groups with implanted glioma cancer cells, one without drug treatment ([image: image]) and the other given temozolomide only (Tz) ([image: image]), mifepristone only (Mif) ([image: image]), and mifepristone/temozolomide (Mif/Tz) ([image: image]). Each point of the graphic represents the mean ± SEM of six animals. *Significant difference (p < 0.05) between Mif/Tz and sham.




Histological and Immunohistochemical Analysis

In the histological examination, applying H&E stain, we observed typical characteristics of glioblastoma in without treatment group, as hypercellularity, infiltration of tumor cells and mitosis. The tissue of the animals treated with Tz or Mif showed lesser hypercellularity and mitosis; however, the effect was more evident at 5 weeks post-surgery (at the end of the 3-weeks drug treatment period) with a considerable decrease infiltration of tumoral cells and inflammation cells, as well as the absence of pseudopalisading necrosis (Figure 2). These results are consistent with previously reported.
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FIGURE 2. Hematoxylin and eosin (H&E) staining analysis of glioma tissue. Hyperbasophilic cells (black arrow), hyperchromatics cells (red arrow), vessel proliferation (arrowhead), mitosis (blue arrow). The images are representative of three animals per treatment Scale bars = 50 μm.




Expression of VEGF

At the end of 3 weeks drug treatment the rats were sacrificed to evaluated CD31 marker and VEGF expression. Vascular density was determined by CD31 marker, we observed that Mif and Tz decrease the vascular density compared to without treatment group; however, this decrease was greater in Mif/Tz group, these results were corroborated with the quantification of VEGF (Figure 3A). VEGF expression is closely related to angiogenesis. Compared to the sham group, the untreated animals with implanted cancer cells displayed a significantly higher level of VEGF. Compared to the latter group, the level of VEGF declined (but not significantly) in animals receiving either Tz or Mif, and was significantly lower in the Mif/Tz group (Figure 3B).


[image: image]

FIGURE 3. (A) Immunohistochemical staining of CD31 marker. Vessel density was assessed by immunostaining for CD31 positive glioma cell nuclei in rats implanted with glioma. The images are representative of three animals per treatment. Scale bar 50 μm. (B) Expression of VEGF at the end of the 3-week drug treatment, showing a significantly lower level in the mifepristone/temozolomide (Mif/Tz)-treated group versus the untreated (W/T) group, both with implanted cancer cells. Data are expressed as the mean ± SD from eight independent experiments. *Significant difference (p < 0.05) between the Mif/Tz and W/T group.




Expression of P-gp

Western blot data and band intensity analysis revealed that the protein expression of P-gp (Figure 4) was downregulated at the end of the 3-week drug treatment (5 weeks post-surgery) in the Mif rats compared to the Tz and untreated groups. On the other hand, the Mif/Tz regimen caused an even greater reduction in this protein.
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FIGURE 4. The quantification of P-gp levels at the end of the 3-week drug treatment evidenced a significant downregulation in the rats given mifepristone (Mif) or mifepristone/temozolomide (Mif/Tz) compared to those receiving no drug treatment (W/T) or temozolomide (Tz). (A) Representative Western blot; h.e., high exposure; l.e., low exposure. (B) densitometric analysis of the P-gp protein. Data are expressed as the mean ± SD from three independent experiments. *Significant difference (p < 0.05).




Accumulation of Temozolomide in Brain Tissue

The accumulation of temozolomide in brain tissue was determined by LC-MS analysis after treatment with Mif/Tz or Tz (Figure 5). Typical chromatograms obtained after the extraction of temozolomide in brain tissue from the groups of Tz and Mif/Tz are shown in Figure 5A. A significant two-fold greater intracerebral level of temozolomide was found in the brain tissue of the Mif/Tz versus Tz group (14820 ± 3852 vs 7136 ± 981 ng/g brain tissue); Figure 5B; p < 0.05.
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FIGURE 5. (A) Based on typical chromatograms of temozolomide in brain tissue, there was a significantly higher concentration of temozolomide (Tz) in rats given a pre-treatment of 60 mg/kg of mifepristone (Mif) followed by 30 mg/kg of Tz (red line) than in animals receiving only 30 mg/kg of Tz (green line). (B) Bar graph illustration of the Tz uptake in rat brain tissue (n = 6 ± SD). *Significant difference (p < 0.05).




Therapeutic Effect of Mifepristone/Temozolomide on Tumor Size

PET/CT scans were performed at 5, 7, 9, and 14 weeks post-implantation of tumor cells (the Mif/Tz treatments were given during week 2–5). In the images, the presence of red reflects the 18F-FLT uptake and thus the relative size of the tumor. The 18F-FLT uptake was higher at 5 weeks (3-week drug treatment). By 7 weeks post-surgery (2 weeks after the end of drug treatment), the 18F-FLT uptake had dropped drastically. At 9 weeks, however, 18F-FLT uptake appeared again, and can be observed at about the similar level at 14 weeks (Figure 6A). This suggests a tumor cell growth again at 9 weeks, indicating a possible tumor recurrence that remains stable at 14 weeks post-surgery. The 18F-FLT uptake was also measured as total lesion proliferation (TLP). At 7 weeks post-surgery a significant decrease of TLP was observed. Moreover, at 9 and 14 weeks post-surgery (4 and 9 weeks after the end of drug treatment), the TLP increased again (Figure 6B). The average survival time for rats was similar in the untreated, Tz or Mif groups, being 25–35 days. Contrarily, 70% of the Mif/Tz animals survived 60–70 days and approximately 30% survived over 100 days (Figure 6C).
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FIGURE 6. Proliferative activity in the orthotopic model of glioma evaluated by PET/CT images showing tumor uptake of 18F-FLT. (A) The images reveal the relative tumor size at 5, 7, 9, and 14 weeks post-surgery. Drug treatments were given from weeks 2–5. (B) The activity proliferative of tumors measured as total proliferation (TLP). (C) Survival analysis for 100 days after tumor cells implantation.




Histological Examination During Tumor Recurrence

Within the pathological characteristics of glioblastoma are an increase of necrosis, mitosis, and pleomorphism as well as a vascularity proliferation. As shown in Figure 7, these characteristics decreased with the treatment of Mif/Tz (5 weeks), in the 7 weeks groups (2 weeks after the end of treatment) we observed some hyperchromatic cells and a decrease of hypercellularity; however, at 9 and 14 weeks pseudopalisading, necrosis, mitotic activity and vascular proliferation increased. A close correlation was observed with the molecular images of the same groups.
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FIGURE 7. Hematoxylin and eosin (H&E) staining analysis of glioma tissue. The images are representative of three animals per treatment. Hyperbasophilic cells (black arrow), Hyperchromatics cells (red arrow), vessel proliferation (arrowhead), mitosis (blue arrow). Scale bars = 50 μm.




Effect of Mifepristone/Temozolomide on VEGF During Tumor Recurrence

The brain tissue was processed for immunohistochemical assays with CD31 marker. At 5-weeks, Mif/Tz group showed a decrease in vessel density compared to without treatment group; however, there is an increase in positive cells at 9 and 14 weeks post-surgery (4 and 9 weeks after the end of drug treatment), interestingly, the density of positive cells was less compared to the group without treatment (Figure 8A). The VEGF levels at the end of the 3-week Mif/Tz treatment (at 5 weeks post-surgery) was significantly lower than that found in the untreated group and the same as that of the sham animals. However, this reduced level in the Mif/Tz group was reversed after drug treatment ended, during tumor recurrence at 9 and 14 weeks post-surgery (4 and 9 weeks after the end of drug treatment), this parameter increased in the Mif/Tz group, being similar to the value of the untreated group (Figure 8B).
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FIGURE 8. Effect of mifepristone/temozolomide on VEGF during tumor recurrence. (A) Immunohistochemical stainings with CD31 marker. Vessel density was assessed by immunostaining for CD31 positive glioma cell nuclei in rats implanted with glioma. The images are representative of three animals per treatment. Scale bar 50 μm. (B) Expression of VEGF in the sham-operated rats, implant-operated animals with no drug treatment (W/T), and at 5, 9 and 14 weeks post-surgery (the mifepristone/temozolomide (Mif/Tz) treatment were given only during weeks 2–5). Compared to the W/T rats, the Mif/Tz animals showed a lower level of VEGF at 5 weeks and a similar level at the time of tumour recurrence, at 9 and 14 weeks post-surgery. Data are expressed as the mean ± SD from five independent experiments. * Significant difference (p < 0.05) between the Mif/Tz and W/T group.




Effect of Mifepristone/Temozolomide on P-gp Levels During Tumor Recurrence

Evaluation of the expression of P-gp by Western blot at the end of the 3-week drug treatment period (at 5 weeks post-surgery) showed a significantly lower level for Mif/Tz-treated versus untreated rats (Figure 9). This reduced level in the Mif/Tz group was reversed after drug treatment ended, gradually rising until reaching the level of the untreated group at 14 weeks.
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FIGURE 9. (A) Comparison of the levels of P-gp (determined by Western Blot) in the sham-operated rats and two groups of implant-operated animals: one with no drug treatment (W/T) and the other given mifepristone/temozolomide (Mif/Tz) at 5 weeks post-surgery (corresponding to the end of the 3-week drug treatment), and 9, 14 weeks (corresponding to 4 and 9 weeks after the end of drug treatment), h.e., high exposure; l.e., low exposure. (B) The densitometer analysis (n = 3). Data represent the mean ± SD of three independent experiments. *Significant difference (p < 0.05) between the Mif/Tz rats at 5 and 14 weeks.




Effect of Mifepristone/Temozolomide on the Level of MGMT During Tumor Recurrence

At 5 weeks post-surgery, the expression of MGMT was lower in healthy sham rats compared to the untreated animals with implanted cancer cells. This point in time corresponds to the end of the drug treatments, at which time the combination regimen of mifepristone/temozolomide produced a significant decrease in the level of MGMT, in agreement with a our previous report (5). This effect was reversed at weeks 9 and 14, corresponding to the time of tumor recurrence (Figure 10).
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FIGURE 10. (A) Comparison of the level of the DNA repair enzyme, MGMT, determined by Western blot in the sham-operated rats and two groups of implant-operated animals: one with no drug treatment (W/T) and the other given mifepristone/temozolomide (Mif/Tz) at 5 weeks post-surgery (corresponding to the end of the 3-week drug treatment) and 9 and 14 weeks after surgery. A lower level of MGMT was found in the Mif/Tz versus W/T group at 5 weeks post-surgery, an effect that was gradually reversed. (B) Densitometer analysis (n = 3). Data is expressed as the mean ± SD of three independent experiment. * Significant difference (p < 0.05).




DISCUSSION

Although there have been advances in the treatments of some cancers, the molecules recently developed for glioblastoma therapy have shown little success in improving patient prognosis and survival. Glioblastoma is currently treated with surgery followed by chemotherapy with temozolomide and radiotherapy, resulting in a post-diagnostic median survival time of only 1-2 years. Among the main problems in glioblastoma treatment are rapid proliferation, the limited capacity of drugs to cross the BBB, and other mechanisms related to the resistance of cancer cells to chemotherapy. Thus, new strategies are necessary (1).

It has reported that the antitumor activity of temozolomide is schedule-dependent, with multiple administrations being more effective than a single treatment. In clinical use, the recommended dose of temozolomide is 75 mg/m2, daily until with a maximum of 49 doses and in the dose of maintenance of 200 mg/m2 given for five consecutive days every 28-day cycle (5/28 days) (9, 10).

The scheme of drug treatments used presently is similar to that used in patients. In our study, temozolomide was administered for only three weeks because it is the average survival time of the rats with the individual treatments.

The dose of temozolomide was calculated based on several reports in the literature and in our previous work. The doses of temozolomide used in the present work is compared to metronomic doses of 2 mg/kg every day for 16 days reported by Kim et al. (25), the authors observed a significant effect on the tumor volume and microvessel density. Moreover there were no signs of toxicity with drug administration, such as body weight loss. Other study also showed similar results using temozolomide at dose of 5 mg/kg/day (26), showing a significant decrease on tumor growth. These results correlate with our previous findings where we used temozolomide 5 mg/kg/day × 21 days, there was a significant decrease on tumor growth measured as the proliferative activity in tumors (5).

In the case of mifepristone, we used a total dose of 150 mg/kg (10mg/kg × 5 days/3 weeks) in rats according with our previous report (5), On the other hand, several reports support that using low dose of the drugs it is more probably to find a synergistic effect when the drugs are combined. This is important in cancer because many studies looking for a synergistic effect more than an additive effect due to the side effects of chemotherapy.

The antihormonal agent mifepristone has been investigated in regard to different types of cancer, both hormone- and non-hormone-dependent (27). Mifepristone acts as an antagonist of progestins, glucocorticoids and androgens through the respective receptors. It reportedly inhibits cell growth in non-hormone-dependent cancer cells, such as MDA-MB-321 (breast cancer) (28) and LNCaP (prostate cancer) (29), which are negative for progesterone, estrogen and androgen receptors.

Previous studies in our laboratory demonstrated the chemo-sensitizing effect of mifepristone in combination with temozolomide in a xenograft and an orthotopic glioma model (5, 30). The current study evaluated two possible molecular mechanisms in this chemo-sensitizing effect: the inhibition of VEGF and CD31 marker to reduce angiogenesis and of P-gp to facilitate the capacity of temozolomide to cross the BBB (Figure 11).
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FIGURE 11. Schematic portrayal of the possible mechanisms of the combination mifepristone/temozolomide treatment that improved the effect found with temozolomide alone. The mechanisms studied were: (1) the inhibition of angiogenesis, measured as reduced levels of VEGF; (2) the attenuation of DNA repair, evaluated as a decrease in MGMT; and (3) the increased capacity of temozolomide to pass through the BBB, assessed as a lower P-gp level and a higher concentration of temozolomide in brain cells. As described in a previous report by our group (5), mifepristone diminishes the level of anti-apoptotic protein Bcl-2 and impedes endothelial cell survival in tumors. This may be the mechanism by which mifepristone/temozolomide herein lowered the level of VEGF. The treatment with mifepristone or temozolomide alone decreased the levels of VEGF to a lesser extent, perhaps by the blockade of autocrine VEGF signaling through specific down-regulation of NRP-1. Additionally, a decline in the expression P-gp was found when administering mifepristone/temozolomide. Thus, this combination treatment may allow for an enhanced intratumoral concentration of temozolomide and contribute to greater tumor cell death. The latter was evidenced by lower tumor proliferation during the drug treatment period. As can be appreciated, mifepristone appears to sensitize glioblastoma cells to the effects of temozolomide.


A significant difference in weight was observed between the animals administered mifepristone/temozolomide and those given temozolomide only, mifepristone only, or without treatment animals. This result could be due to the decrease in tumor growth as was observed in the previous reports (5). Typical features of glioblastoma were seen in the H&E images shown; in the group without treatment, there was an increase in hypercellularity and vascular proliferation, which was diminished with the Mif/Tz treatment. A mechanism that has been little explored in cancer-induced weight loss is the modification of metabolic changes involved in cachexia. Cachexia is a complex metabolic disorder that impacts about 80% of patients with advanced cancers (31). Griffith et al. (32) reported body weight loss in glioma patients (32), studies on cachexia symptoms induced by glioblastoma have rarely been reported; Recently Cui et al. (33) demonstrated cachexia manifestations in an orthotopic glioma murine model (33); however, is necessary a metabolic pathway analysis during glioma cachexia. It has been reported that mifepristone impact in cancer cachexia by blocking the interaction of cortisol and induction of zinc-alpha2-glycoprotein (ZAG) expression in adipose tissue (34). On the other hand, cachexia is characterized by systemic inflammation and it has been reported that mifepristone reduced the expression of nuclear transcription factors, including NF-kB (35), a central mediator of pro-inflammatory gene induction. With these antecedents, it is interesting to investigate, in the future, the possible modulation of cachexia by mifepristone/temozolomide treatment.

The tumor microenvironment is known to play a key role in resistance to treatment. In particular, a hypoxic microenvironment is closely related to chemo- and radio-resistance by modulating different mechanisms including angiogenesis (36). Glioma tumors are known to elevate levels of VEGF and its corresponding receptor, the activation of which is related to angiogenesis. Without angiogenesis, tumor growth would be severely limited.

Due to the importance of VEGF in the physiopathology of glioblastoma, one of the strategies to improve patient survival is to diminish its expression. Unfortunately, this strategy has not yet been fruitful. In the current effort, we observed that there was an additive effect by temozolamide and mifepristone in the inhibition of VEGF levels, the Mif/Tz rats exhibited a lower expression of VEGF compared to the other animals with implanted cancer cells, including the untreated, Tz and Mif groups. This results correlated with immunohistochemical studies with CD31 marker, vessel density was decreased in Tz and Mif groups; however, a lower vessel density was observed in Mif/Tz group. Hence, the combined treatment may contribute to an effective strategy for overcoming the resistance of glioblastoma tumors. It is known that the endothelial cells in the vascular bed of tumor are more susceptible to chemotherapeutic agents than resting endothelium, because they have significantly higher proliferation rates than the normal endothelium in the rest of the body. In addition metronomic chemotherapy, which is the continuous administration of the chemotherapeutic agent at a low dose, it exposes endothelial cells in tumor beds to drugs, inducing angiogenesis and apoptosis in endothelial cells before tumor cells (25). Therefore, it is possible that an additive apoptotic effect of Mif/Tz on vascular endothelial cells contribute to antitumor efficacy of the combined drugs.

On the other hand, recently it has been described that temozolomide is able to decrease the expression of VEGF levels at therapeutic or higher doses on U87 glioblastoma cells (37). The authors demonstrated that temozolomide added at doses below its therapeutic dose is not able to induce apoptosis in cells. But it is capable of inducing apoptosis when was introduced in therapeutic dose or above. In our work, the consecutive doses of Mif/Tz administered to the animals could lead to a cumulative dose reaching therapeutic doses that may contribute to an additive effect in the reduction of VEGF levels.

Hernandez-Hernandez et al. described a progesterone-induced increase in the expression of VEGF in the astrocytoma U373 cell line, and a mifepristone-induced reversal of the increase by recruitment of the steroid receptor coactivator (SRC-1) (38). Another possible mechanism leading to a lower level of VEGF is through the regulation of Bcl-2, a protein family composed of cell death regulators. It has been implicated in the differentiation of several cell types, including neuronal, epithelial and hematopoietic cells, as well as in the survival of endothelial cells (39). Karl et al. described pro-angiogenic activity by Bcl-2 based on its ability to activate the NF-κB signaling pathway and elicit expression of the pro-angiogenic CXCL8 and CXCL1 chemokines in endothelial cells (40). According to a previous report by our group, mifepristone reduces Bcl-2 expression in glioma cells (5). Therefore, the diminished VEGF level observed herein could possibly be related to a decrease in Bcl-2 induced by mifepristone.

The BBB, on the other hand, has been the greatest problem for many promising drugs developed to treat glioblastoma. The brain microvascular endothelium is peculiar, characterized by a lack of fenestrations and adherens junctions and by the presence of drug efflux transporters, such as P-glycoprotein (P-gp, Abcb1), the multidrug resistance proteins (MRPs, Abcc1) and breast cancer resistance protein (BCRP, Abcg2) (41). Several researches have focused on the role of inhibition of drug efflux transporters to improve chemotherapy response. P-glycoprotein is the best-characterized molecule of the class of efflux pump transporters, forming part of the BBB by removing drugs from the brain. This protein is expressed by endothelial cells in both healthy brain tissue and gliomas, and a key role has been attribute to it in the chemoresistance of several types of tumors (e.g., gliomas) (42). Consequently, it probably contributes to a low concentration of temozolomide in glioma tumor cells.

The present study found a significant drop in the level of P-gp in the Mif/Tz group. A decrease the levels of P-gp in patients should be able to enhance the intracellular distribution of temozolomide in brain tissue and trigger greater tumor cell death. Various transcription factors (in addition to transcriptional/translational regulation) are involved in regulation of efflux pump transporters (43). This protein is known to be regulated by a nuclear receptor, the pregnane X receptor (PXR) (44–46), which mediates the activation of several genes by xenobiotics, including several ABC transporters. Although the PXR promoter has not yet been characterized, dexamethasone is reported to boost PXR mRNA levels in primary cultures of human hepatocytes and rat hepatoma H4IIE cells, an effect blocked by mifepristone, suggesting that the GR pathway is involved in the regulation of these transporters (47, 48).

On an other hand it has been reported that glioblastoma is characterized by aberrant activation of inflammatory responses; von Wedel-Parlow et al., reported that the pro-inflammatory cytokines interleukin-1 (IL-1b) and tumor necrosis factor-a (TNF-alpha) affect the expression of cerebral ABC-transporters in primary endothelial cells, the anti-inflammatory glucocorticoid hydrocortisone leads to a induction of Abcg2 (BCRP) and Abcc1 (MRP) mRNA in microvascular endothelial cells whereas Abcb1 (P-gp)gene expression is down-regulated (49). It has been reported that mifepristone decreased the levels of of TNF-alpha in rats exposed to Paraquat (50), and in endometrial epithelial and stromal cells reduced the secretion of IL-6 and TNF-alpha (51). However, more research is necessary to better understand the regulation and the role of mifepristone in efflux pump transporters.

Other strategy to improve treatment response is blocking the drug efflux transporters. Gooijer et al., reported an accumulation about 1.5 fold more of temozolomide in the brain by P-gp and BCRP inhibitors (52). These drug efflux transporters might be possible target of mifepristone to improve the efficacy of temozolomide against glioblastoma.

In the current contribution, the participation of mifepristone in the inhibition of drug efflux transporters was explored indirectly by evaluating the intracerebral concentration of temozolomide, representing a direct and indirect approach, respectively. The Mif/Tz rats exhibited a significantly lower level of P-gp and an increased intracerebral concentration of temozolomide compared to the Tz group. These results are consistent with the findings published by various authors. Mifepristone inhibits the activity of P-gp in a gastric cell line SGC7901/VCR (37) and in KG1a leukemia cells (23), enhances doxorubicin cellular accumulation in resistant human K562 leukemia cells (53), and increases the concentration of cisplatin in the tumors of mice given a combined cisplatin/mifepristone treatment (54). Hence, the blocking of drug efflux transporters by mifepristone could possibly increase the intracellular bioavailability of temozolomide in brain and tumor cells of patients, which should improve the therapeutic response.

Other drug efflux transporters that plays an important role in treatment resistance is MRP and blocking it could be an important strategy, it has been reported that mifepristone exhibited selective MRP1 inhibition (55). Hence, the blocking of drug efflux transporters by mifepristone could possibly increase the concentration of temozolomide in brain and consequently tumor cells can increase the disposition to drug.

In the second part of the present investigation, tumor growth after of the mifepristone/temozolomide treatment was monitored with a microPET/CT scanner measuring 18F-FLT uptake (Figure 6). There was a remarkable decrease at 7 week post-implantation with molecular imaging showing no proliferative activity. Afterward, new proliferation was observed at 9 week post-surgery, indicating tumor relapse. Nevertheless, the animals maintained a constant body weight and the proliferative activity did not rise by the next measurement at 14 weeks. The H&E images shown in the group at 7 weeks, there was a decrease in hypercellularity and vascular proliferation. However, after the end of the drug treatment, an infiltration of neoplastic cells with a hyperchromatic nucleus was observed again, in addition to an increase in the mitotic index and pseudopalisading. Despite being observed again these typical features of glioblastoma, which are associated with a poor prognosis, the animals survided longer. These results were corroborated with molecular images where it was observed tumor recurrence at week 9. Moreover, 70% of rats given mifepristone/temozolomide survived 60–70 days and approximately 30% survived over 100 days. In glioblastoma patients, a relapsed tumor inevitably causes 100% mortality.

Another molecular mechanism explored presently was the effect of the Mif/Tz treatment on MGMT, which is related to DNA repair in tumor cells. Glioblastoma stem cells are reported to express high levels of MGMT (56) and P-gp, in both cases generating more resistance to temozolomide, and therefore a greater probability of tumor relapse (57). Several studies have suggested that stem cells may be responsible for resistance and recurrence in glioblastoma. In such a case, a challenge in the treatment of glioblastoma would be the removal not only of the tumor cells, but also the glioblastoma stem cells.

O6-methylguanine-DNA-methyltransferase was found to significantly decrease by the end of the 3-week Mif/Tz treatment, thus confirming a previous finding by our group. Indeed, MGMT followed the same pattern as VEGF and P-gp. All three parameters were found to decrease during the Mif/Tz treatment, and then increase afterward. Within 14 weeks, all three of these molecules reached levels similar to the control group. In our study drug treatment were given only by 3 weeks; we did not observed adverse effects associated with the administration of mifepristone. The decrease of weight gain in the animals was due to implantation of tumor cells. In according to the literature, several clinical studies of mifepristone in patients with breast cancer (58), meningioma (59), and non-small cell lung cancer (60) have demonstrated that mifepristone has tolerable side effect, including nausea, lethargy, anorexia, fatigue, and hot flashes; even when mifepristone has been taken daily for long periods of time, it has mild adverse effects; therefore, the long-term administration of mifepristone may be feasible and well tolerated; we proposed in the near future to test this possibility and to evaluate whether mifepristone offers greater benefits during tumor recurrence. According to the current results, mifepristone could possibly contribute to the modulation of tumor relapse in glioblastoma by decreasing the levels of VEGF, MGMT, and P-gp. Further research is needed to explore other mechanisms of drug resistance of glioblastoma tumors.



CONCLUSION

Mifepristone herein improved the effect of temozolomide. The mifepristone/temozolomide combination produced a sharply lower expression of VEGF, CD31, P-gp, and MGMT compared to the other groups with implanted cancer cells, including the untreated animals and those given mifepristone or temozolomide alone. Moreover, the combination treatment increased the intracerebral concentration of temozolomide and diminished tumor proliferation. The present results strongly suggest that mifepristone could serve as part of a strategy to overcome the resistance of glioblastoma tumors to temozolomide. Future research is required to determine whether the mifepristone/temozolomide regimen can regulate glioma stem cells and inhibit the mechanisms related to tumor relapse.
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