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Twenty-eight rats were divided in four groups (n = 7) for 
each treatment. After intracranial implantation of RG2 
cells, animals were treated with TMZ (10  mg/Kg/200  μl 
of apple juice), PTx (2 μg/200 μl of saline solution), and 
TMZ + PTx. Animals without treatment were considered 
as control.
Results  We found an induction of apoptosis in around 
20  % of RG2 cells, in both single treatments and in 
their combination. Also, we determined the presence of 
autophagy vesicles, without any modifications in the cell 
cycle in the TMZ – PTx-treated groups. The survival analy-
ses showed an increase due to individual treatments; while 
in the group treated with the combination TMZ − PTx, this 
effect was enhanced.
Conclusion  We show that the concomitant use of per-
tussis toxin plus TMZ could represent an advantage to 
improve the glioma treatment.
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Introduction

Cancer is the most common cause of death in many coun-
tries. Worldwide, central nervous system (CNS) tumors 
are an important cause of morbidity and mortality. It was 
estimated that approximately 30  % of all primary and 
80 % of all malignant brain tumors are accounted for by 
the broad category of gliomas, while 54  % of all malig-
nant brain tumors are glioblastoma multiforme (GBM) 
and they occur at a rate of 3.2 per 100,000 person per year 
(National Cancer Institute 2011; Deorah et  al. 2006). At 
the Instituto Nacional de Neurología y Neurocirugía of 
Mexico, GBM represents 9 % of all brain tumors and the 
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45.7 % of primary gliomas (Velasquez-Perez and Jimenez-
Marcial 2003; Lopez-Gonzalez and Sotelo 2000). GBM 
comprises a heterogeneous group of neoplasms that differ 
in their location within the CNS, age and gender distri-
bution, growth potential, extent of invasiveness, morpho-
logical features, tendency for progression, and response to 
treatments.

Although several innovative therapies are being devel-
oped for GBM, the mainstays of conventional treatment 
combine surgical resection with radiation and an oral DNA 
alkylating agent, temozolomide (TMZ); the overall median 
survival does not extend beyond 14  months (Stupp et  al. 
2005, 2007; Buckner 2003). TMZ is considered as a stand-
ard chemotherapeutic regimen for the first-line treatment 
for malignant gliomas (Ryu et  al. 2012). TMZ exerts its 
cytotoxics effects mainly through the induction of apopto-
sis. It interferes with methylation process, and it is known 
that the persistence of some methylated guanine residues 
in DNA is necessary for the triggering of the programmed 
cell death process (Denny et al. 1994), However, TMZ does 
not exhibit uniform sensitivity to malignant gliomas, and 
its survival benefit remains unsatisfactory, mainly because 
the success of TMZ in GBM tumors appears to be limited 
by the occurrence of chemo resistance that allows glioma 
cells to escape from death signaling pathways (Carmo et al. 
2011; Ryu et al. 2012).

Due to a lack of response to treatment in gliomas, some 
of the current challenges may be overcome by the integra-
tion of novel study designs, the selective use of targeted 
agents depending on tumor molecular characteristics, and 
simultaneous inhibition of several survival cellular path-
ways. Pertussis toxin (PTx), an exotoxin produced by Bor-
detella pertussis, regulates the activation induced of apop-
totic cell death and autophagic process (Carracedo et  al. 
1995; Ogier-Denis and Codogno 2003). Previously, we 
reported the potential use of PTx as an immunomodulatory 
molecule on glial tumors induced by C6 glioma cells, dem-
onstrating the selective induction of apoptosis on Treg cells 
with decrements in C6 cell viability and the increment of 
apoptosis in glioma cells. Also, PTx had an effect blocking 
the migration of glioma invading macrophages (Orozco-
Morales et al. 2012). Therefore, the aim of this study was 
to determine the cytotoxic effect of PTx treatment in com-
bination with TMZ as adjuvant therapy both in vivo and in 
vitro assays in RG2 glioma model.

Materials and methods

Reagents

Temozolomide (TMZ, 3,4-dihydro-3-methyl-4-oxoimidazo 
[5,1-d]-as-tetrazine-8-carboxamide) was purchased from 

Sigma-Aldrich. It was dissolved in DMSO (Sigma Chemi-
cal Co., St. Louis, MO, USA) for assays. Acridine orange 
was obtained from Polysciences (Warrington, PA, USA). 
Lyophilized powder of PTx was purchased from Sigma-
Aldrich (Sigma Chemical Co., St. Louis, MO, USA), and it 
was dissolved in saline solution.

Cell culture

Tumor cell line RG2 was purchased from ATCC (Ameri-
can Tissue Culture Collection, Rockville, MD, USA). Cells 
were cultured under sterile conditions at 37 °C in a humid 
environment with 5  % of CO2 in Dulbecco’s modified 
Eagle’s medium (DMEM, GIBCO BRL, Grand Island, NY, 
USA) supplemented with 10 % fetal bovine serum (GIBCO 
BRL), 4 mM glutamine, 100 U/ml penicillin, and 100 mg/
ml streptomycin. Cultures were regularly checked and split 
when the cell confluence reached 85 %.

In vitro assays

Cells were seeded at a density of 3  ×  105 cells/well in 
6-well Costar plates precoated with poly-l-lysine (5 μg/ml) 
and incubated overnight at 37 °C. After exposure to DMSO 
(1 μl/ml) for control group, TMZ (100 μM), PTx (20 ng/
ml), or TMZ + PTx for 48 h, the cells were trypsinized and 
collected for apoptosis detection (Annexin V/7AAD), LC3 
detection by immunofluorescence, immunoblotting, cell 
cycle, and acridine orange vesicles analysis. The number 
of living cells was estimated by trypan blue exclusion. To 
inhibit autophagy, we used 3-methyladenine (3-MA), an 
inhibitor of phosphatidylinositol 3-kinase (PI3K), which 
inhibits autophagic sequestration (Kabeya et al. 2000; Miz-
ushima et al. 2001; Kim and Klionsky 2000). According to 
this, experimental groups were previously exposed for 24 h 
to DMSO 1 μl/ml (Control), TMZ (100 μM), PTx (20 and 
200 ng/ml), or TMZ + PTx, respectively, as previously was 
described, and then, 1.0 mM of 3-MA was added for addi-
tional 48 h. Cells were monitored under light microscope 
and later examined by immunofluorescence to detect LC3 
protein.

Detection of acidic vesicular organelles

Autophagy is characterized by the formation and promo-
tion of acidic vesicular organelles (AVOs) (Kanzawa et al. 
2003a). We take advantage of the lysosomotropic agent 
acridine orange that moves freely across biological mem-
branes when it is uncharged. Its protonated form accumu-
lates in acidic cell compartments, where it forms aggregates 
that fluorescence bright red (Paglin et  al. 2001; Kanzawa 
et al. 2003b). Flow cytometry with acridine orange staining 
was employed to detect and quantify the AVOs. In acridine 
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orange-stained cells, the cytoplasm and nucleus fluoresce 
bright green and dim red, respectively, whereas acidic com-
partments fluoresce bright red, as it is described elsewhere 
(Kanzawa et  al. 2003a). Therefore, we could measure a 
change in the intensity of the red fluorescence to represent 
the percentage of their cellular acidic compartment. After 
treatment with TMZ alone or TMZ combined with PTx, 
1 × 105 cells were collected in phenol red-free RPMI 1640 
medium. The green (FL-1) and red (FL-3) fluorescence of 
acridine orange was measured with a flow cytometer using 
the CellQuest software (Becton–Dickinson, San Jose, CA, 
USA). The sum of the upper-left and the upper-right quad-
rants of the dot plot was used to represent the percentage of 
autophagy. These assays were done by triplicate.

LC3 and Beclin immunofluorescence staining

The microtubule-associated protein 1 light-chain 3 (LC3) 
is essential for amino-acid starvation-induced autophagy, 
and it is associated with the autophagosome membrane 
(Kabeya et al. 2000) (Munafo and Colombo 2001). Tumor 
cells were cultured on chamber slide dishes (BD Bio-
sciences, Bedford, MA, USA). Once the treatments previ-
ously mentioned were assayed, cells were fixed in 4 % par-
aformaldehyde, blocked with 3 % normal goat serum, and 
then incubated in 1 % BSA/10 % normal goat serum/0.3 M 
glycine in 0.1  % PBS-Tween for 1  h to permeabilize the 
cells and to block non-specific protein–protein interactions. 
After that, cells were incubated either with the goat poly-
clonal anti-LC3A/B or with the rabbit polyclonal anti-Bec-
lin 1 antibody (abcam, Cambridge, UK) for 30 min. Then, 
cells were washed twice with PBS and incubated by addi-
tional 30 min in darkness with an anti-goat IgG antibody or 
anti-rabbit IgG antibody (abcam, Cambridge, UK), washed 
again with PBS, and finally mounted with mounting fluid. 
Images were obtained on a Leica microscope.

Apoptosis detection with Annexin V assay and PI double 
stain

After the experimental treatments described above were 
administered, cells were rinsed with PBS and resuspended 
in 1 ml of filtered PBS and adjusted to a final concentra-
tion of 1 × 106 cells/ml. Cell suspensions were incubated 
with APC-labeled Annexin V (Annexin V Apoptosis Detec-
tion Kit I, BD Pharmingen) and propidium iodide (PI) in 
100 μl of binding buffer. After gently vortexing, cells were 
incubated for 15 min at room temperature in darkness and 
400 μl of binding buffer was added and analyzed by flow 
cytometry within 1  h after treatments. A total of 10,000 
events were evaluated. Data were collected on a FACSCali-
bur instrument (BD Biosciences). Cell QuestPro and Flow 
Jo ver. 7.6.1 software were used for data analysis.

The dot plot of the four quadrants in the figures was used 
to distinguish the normal (annexin V−/PI−), early apop-
totic (annexin V+/PI−), late apoptotic (annexin V+/PI+), 
and necrotic (annexin V−/PI+) cells (Pietra et al. 2001).

Determination of cell cycle

The cell distribution in the cell cycle was determined by 
flow cytometry using PI staining. After experimental treat-
ments, 1 × 106 cells were rinsed with PBS, collected, fixed 
in cold 70 % ethanol, and stored at −20 °C until analysis. 
Cells were washed with PBS, centrifuged and resuspended 
in permeabilization buffer (0.2 M Na2HPO4, 0.1 M acetic 
acid), and incubated 30 min at 37 °C. Then, cells were cen-
trifugated and resuspended in RNase (100 μg/ml) and PI 
(25 μg ml−1). Cells were incubated in the dark for 30 min 
at room temperature. Cell cycle was determined on a FAC-
SCalibur Flow cytometer FL-4 (Becton–Dickinson, USA). 
Measurements were obtained at 488 nm gating out doublets 
and clumps for each sample. A total of 10,000 events were 
evaluated. Cell QuestPro and Flow Jo ver. 7.6.1 software 
were used for data analysis.

Immunoblotting

Cells were disrupted with lysis buffer (25  mM Hepes, 
1.5  % Triton X-100, 0.1  % SDS, 0.5  M NaCl, 5  mM 
EDTA, and 0.1  mM sodium deoxycholate) containing a 
protease inhibitor cocktail (Wang et al. 2008). Total cellu-
lar extracts were analyzed using the Bio-Rad protein assay 
dye reagent, and an equal amount of proteins from each 
group was separated using SDS–PAGE, followed by trans-
fer to PVDF membranes. Membranes were incubated with 
5 % skim milk solution (blocking solution) for 1 h and then 
incubated with the goat polyclonal anti-LC3A/B (abcam, 
Cambridge, UK) at 4 °C for 16 h. Membranes were probed 
with the appropriate HRP-conjugated secondary antibodies 
for 1 h at room temperature. The immunoreactive proteins 
were detected using enhanced chemiluminescence reagent 
(SuperSignal West Pico chemiluminescence substrate; 
Pierce Biotechnology) and then exposed to X-ray film 
(FujiFilmCorp.).

Animal care

Twenty-eight Wistar male rats (weight of 180  g) were 
housed in plastic containers, kept at room temperature at 
23  °C and artificial lighting of 24  h cycles consisting in 
12 h light/12 h dark. Rats were fed with pellets (Laboratory 
Rodent Diet Harlan) and water ad libitum. All experiments 
were reviewed and approved by the Research and Experi-
mental Animal Care Committees of the Instituto Nacional 
de Neurología y Neurocirugía de México.
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In vivo treatment

Before intracranial implantation, RG2 cells were briefly 
trypsinized to detach them from culture bottles, centri-
fuged and resuspended in the corresponding medium. The 
cell suspensions were regularly shaken to avoid cell sedi-
mentation and kept in a sterile vial at 4 °C until stereotactic 
implantation.

Orthotopic glioma model

For the rat RG2 glioma cell implantation model, Fis-
cher 344 male rats (Bioinvert, Mexico City), 3-months-
old (n  =  28), were fed ad libitum. The cell implantation 

procedure was conducted based on the method developed 
by Kobayashi et al. (1980). Briefly, each animal was anes-
thetized (ketamine—40–90 mg/Kg intraperitoneally admin-
istered plus xylazine 5–10 mg/Kg subcutaneously adminis-
tered) and immobilized on a stereotaxic unit (Stoelting Co., 
Wood Dale, IL). After disinfection and incision of the skin 
of the head with a scalpel, a hole was drilled through the 
skull 2 mm lateral and 2 mm anterior to the bregma, on the 
right-hand side of the skull. 1 × 106 rat glioma cells sus-
pended in 10 μl of saline solution were injected at 3 mm in 
depth from the dura at a rate of 2 μl/min, using a 25-gauge 
Hamilton needle mounted on a 25-μl Hamilton glass 
syringe (Hamilton, Reno, NV). A waiting time of 2  min 
was implemented following injection.

Fig. 1   TMZ or PTx effect on apoptosis induction in malignant RG2 
glioma cells. Tumor cells were seeded at 3 × 105 cells per well (1 ml) 
in 6-well flat-bottomed plates and incubated overnight at 37 °C. After 
exposure to TMZ (100  mM), PTx (20  ng/ml) for 3  days, the cells 
were trypsinized, and the number of viable cells, necrotic, and apop-
totic cells was determined by flow cytometry. Results showed the 

mean ± SD of three independent experiments. a Representative dot 
plots of apoptosis induction by TMZ, PTX, or TMZ + PTx. b Repre-
sentative percentages of viability (b1), early apoptosis (b2), necrotic 
cells (b3), and late apoptosis (b4) from RG2 cells treated with TMZ, 
PTx, or TMZ + PTx
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After implant, animals were divided into four groups 
(n = 7 each), according to the treatment: the first group (con-
trol) was untreated, the second group (TMZ) was treated 
with temozolomide (10  mg/Kg in 200  μl of apple juice) 
administered by oral route for 5 days, the third group (PTx) 
was treated with 2 μg of PTx dissolved in 200 μl of saline 
solution 2 days after implant and 1 μg of PTx 4 days after 
implant, and the fourth group (TMZ + PTx) was treated with 
the combination of TMZ and PTx as previously mentioned.

Statistical analyses

For descriptive purpose, continuous variables were sum-
marized as arithmetic means and standard deviations (SD). 
One-way analysis of variance and post hoc (Tukey) test 
were conducted. Statistical significance was determined 
with p < 0.05 in a two-sided test. Cumulative survival was 
determined from day of implantation until the rats showed 
disabling alterations, until death or the last day of follow-
up, respectively. Data were analyzed by the Kaplan–Meier 
test. SPSS software package V 18.0 for Windows (SPSS 
Inc., Chicago, IL) was employed for data analysis.

Results

Cell viability and apoptosis induction in malignant RG2 
glioma cell line

Figure 1a shows representative dot plots from cells treated 
with TMZ, PTx, and TMZ  +  PTx, respectively. The 

cytotoxicity effect of TMZ, PTx, or TMZ + PTx on RG2 
glioma cell was determined by flow cytometric analysis 
assays to determine cell viability. After 48  h of exposure 
to treatments, a significant decrease in cell viability was 
observed in groups treated with TMZ (82.2 ± 0.91), PTx 
(83.1 ± 0.06), and TMZ + PTx (80.2 ± 0.65) compared to 
control group (96.2 ± 0.55) (p < 0.001). Figure 1b1.

The degree of early and late apoptosis of glioma cells 
induced by TMZ, PTx, or TMZ +  PTx was analyzed by 
FACS. The early apoptotic fraction in cells treated with 
TMZ (14.2 ± 1.05), PTx (12.9 ± 0.03), and TMZ + PTx 
(13.6 ± 0.95) was significantly higher than in control group 
(2.8 ± 0.15) (p < 0.001) after 48 h. Regarding late apop-
tosis induced in cells by the treatments, there were signifi-
cant differences in TMZ (3.2 ±  0.21), PTx (3.2 ±  0.32), 
and TMZ  +  PTx (5.5  ±  1.11) groups compared to con-
trol group (0.81 ±  0.44) (p =  0.007 and p  <  0.001). See 
Fig. 1b2, b3. We did not find differences between groups in 
the percentage of necrotic cells (p = 0.795). See Fig. 1b4. 
These results indicate that the observed cytotoxicity of 
TMZ or PTx is not due to necrosis induction.

Effect of TMZ, PTx, and TMZ + PTx treatments on cell 
cycle

To address more information whether the antiproliferative 
effects of TMZ, PTx, or their combination with malignant 
glioma are associated with cell cycle regulation, cell cycle 
analysis was carried out in RG2 cells treated with TMZ, 
PTx, or TMZ  +  PTx by DNA flow cytometric analysis. 
The TMZ treatment (100 mM, 48 h), PTx (20 ng/ml), and 

Fig. 2   Autophagy induction 
by TMZ, PTx, or TMZ + PTx 
in RG2 cells. Tumor cells were 
cultured on the chamber slide 
dish and incubated overnight at 
37 °C. After exposure to TMZ 
(100 mM), PTx (20 ng/ml) for 
3 days, cells were fixed and 
stained with the goat polyclonal 
anti-LC3A/B (a) or rabbit poly-
clonal anti-Beclin 1 antibody 
(b). Representative images of 
punctuate signal of a LC3 or 
b Beclin 1 in PTx, TMZ, or 
TMZ + PTx-treated RG2 cells 
were seen after treatment with 
TMZ (100 mM), PTx (20 ng/
ml), or TMZ + PTx for 72 h. 
Cells were examined by fluo-
rescence microscopy. c Western 
blot analysis of LC3 I and II 
expression in RG2 cells after 
72 h of treatment with TMZ 
(100 mM), PTx (20 ng/ml), or 
TMZ + PTx
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TMZ + PTx did not produce any influence in the induction 
of cell cycle in RG2 malignant glioma when treatments 
were administrated (data not shown).

Induction of autophagy in RG2 glioma cells

Is well know that radiation or chemotherapeutic agents such 
as tamoxifen, arsenic trioxide or TMZ induce autophagy, 
but not apoptosis in several cancer cells including malig-
nant glioma cells (Kanzawa et al. 2004). To evaluate whether 
TMZ, PTx, or their combination induced morphologi-
cal alterations compatible with autophagy, RG2 malignant 
glioma cells were exposed to TMZ (100 mM), PTx (20 ng/
ml), or TMZ + PTx for 3 days. After that, chamber slides 
were stained with LC3 and Beclin, and the morphological 
changes were analyzed by microscopy. As shown in Fig. 2a, 
b, numerous autophagy vacuoles LC3 and Beclin 1 were 
observed in all the treatments. To determine autophagy activ-
ity, the expression of LC3 I and II (one of the autophagosome 
membrane proteins) was analyzed by Western blot (Fig. 2c). 
An increase in the amounts in both LC3-I and II was found 
in groups treated with TMZ, PTx, and TMZ + PTx. Simi-
larly, up-regulated autophagy-related protein Beclin 1 was 
increased in groups that received these treatments (Fig. 2b).

Development of acidic vesicular organelles (AVOs) in RG2 
glioma cells

To detect and quantify the development of AVOs, we per-
formed a flow cytometric analysis to determine whether 
TMZ, PTx, and TMZ + PTx could induce changes in frac-
tional volume and/or acidity of AVOs. TMZ (7.0 ±  2.5), 
PTx (11.0 ± 6.5), and TMZ + PTx (49.0 ± 9.54) increased 
the strength of the bright red fluorescence (y-axis) in RG2 
glioma cells from control (4.0 ± 1.30) after 48 h of treat-
ment (Fig. 3b p < 0.05), respectively. These results could 
be attributable to the development of AVOs associated with 
autophagy.

Morphological changes and autophagy induction in RG2 
cells

To reveal whether the observed cell damage was a cause 
or consequence of autophagy, the autophagy inhibitor, 
3-methyladenine (3-MA, 1.0  mM), was administrated in 
RG2 cells treated with TMZ (100  mM), PTx (20  ng/ml), 
PTx (200  ng/ml), TMZ (100  mM) +  PTx (20  ng/ml), or 
TMZ (100 mM) + PTx (200 ng/ml) after 24, 48, and 72 h 
of exposure.

After 24  h of exposure to treatments, some cells show 
vacuoles mainly in the groups treated with PTx (20 and 
200  ng/ml) or in combination with TMZ (Fig.  4a). How-
ever, after 48 h of treatment, the number of cells showing 

autophagy membranes was increased, while the number 
of cells that maintain integrity in their membranes was 
reduced after addition 3-MA, an inhibitor of phosphati-
dylinositol-3 kinase (PI3K), which is known to inhibit 
autophagy sequestration (Fig. 4b). After 72 h of addition of 
3MA, cells were stained with an anti-LC3 antibody, and we 
found that the treatment with TMZ, PTx, or TMZ + PTx 
diminished significantly the number of viable cells indicat-
ing an autophagy process stage (Fig. 4c).

TMZ + PTx increased survival in rats bearing intracerebral 
RG2 glioma

In rats bearing intracranial RG2 glioma tumors, the mean 
survival period determined was estimated from 19 to 

Fig. 3   Development of AVOs in TMZ, PTx, or TMZ + PTx-treated 
RG2 cells. Detection of green and red fluorescence in acridine 
orange-stained cells using FACS analysis (a). FL1-H indicates green 
color intensity, while FL3-H shows red color intensity. Graph shows 
the percentage of AVOs induction ± SD. Data shown are representa-
tive of three independent experiments. b For cell cycle analysis, 
malignant glioma cells treated with TMZ, PTx, or TMZ +  PTx for 
3  days were collected and stained with propidium iodide and ana-
lyzed in the FACSCalibur. The percentage of cells in different phases 
of the cell cycle was determined by using Flow jo Software version
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21  days for the untreated group. A slight increase in the 
mean survival period was observed in the groups treated 
with TMZ (25 days p = 0.05) and PTx (28 days p = 0.048), 
but in the TMZ + PTx group, a synergistic effect was seen 
in the survival curve (31 days p = 0.014), suggesting that 
the combination of TMZ + PTx is effective for rat survival 
(Fig. 5).

Discussion

Despite the multimodality treatments available, the progno-
sis of malignant glioma remains poor. Currently, TMZ is 
considered the most effective drug in the treatment for glio-
mas; however, its efficacy is often limited by tumor recur-
rence and the development of resistance to TMZ. Due to an 
unsatisfactory response of conventional treatment against 
gliomas, we tested a PTx treatment alone or in combination 
with the clinical alkylating agent, TMZ. Our results showed 
that the viability of RG2 cells was diminished in the groups 
treated with TMZ or PTx alone and also when these drugs 
were combined. However, when we analyzed the induction 

of apoptosis, we observed around 20 % of apoptotic cells 
in the groups treated with TMZ and PTx and we did not 
find any changes in the cell cycle arrest. These data agree 
with others previously reported by Sato et al. (2009) who 
did not observe significant changes in either apoptosis or 
cell cycle kinetics in treated glioma (T98G) cells. Simi-
larly, Carmo et  al. (2011) found that the expression of 
LC3, the autophagy-associated protein, was increased and 
only a reduced percentage of cells underwent apoptosis 
in TMZ-treated U-118 glioma cells. Conversely, Hirose 
et  al. reported that in TMZ-treated glioma cells, the drug 
induced a cell cycle arrest in G2/M and a low level of apop-
tosis as compared with lymphoid cells. Other studies have 
proposed that the induction of G2/M arrest of malignant 
glioma cells occurs in a dose-dependent manner (Kanzawa 
et  al. 2004; Hirose et  al. 2001). We observed that TMZ 
decreased the level of apoptosis and also elicited the induc-
tion of the cell cycle by TMZ, which could be associated 
with the activity of O6-methylguanine-DNA methyltrans-
ferase (MGMT) and Pi3 K/Akt. It is known that the hyper-
methylation of the MGMT promoter reduces the ability to 
TMZ to induce apoptosis. Furthermore, an active state of 

Fig. 4   Kinetics of autophagy 
induction. Kinetics of cell 
damage induced by TMZ, PTx 
(20, 200 ng/ml), TMZ + PTx 
(20 ng/ml), or TMZ + PTx 
(200 ng/ml) treatment after 
24 h (a). The same treatments 
were tested with or without 
3MA after 48 h (b) and 72 h 
(c). Images were taken in bright 
field and lather by fluorescence 
microscopy at 72 h posttreat-
ment (d). Nuclei were counter-
stained with propidium iodide 
(red), and LC3 antibody was 
used to show cells expressing 
LC3 aggregation after treatment 
(green). 3MA was used to 
inhibit autophagy
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Pi3 K/Akt overcomes the G2 checkpoint, thereby avoiding 
the effect of TMZ (Carmo et al. 2011; Law 2005; Meloche 
and Pouyssegur 2007; Tran et al. 2001). Similarly, we pre-
viously reported that PTx treatment is capable to decrease 
the cell viability and induce around 25 % of apoptosis in 
the glioma C6 model (Orozco-Morales et al. 2012).

Regarding to the low level of induction of apoptosis, we 
determined whether the observed autophagy was induced 
in RG2 cell after treatment with TMZ and PTx; therefore, 
we analyzed the level of expression of LC3 I, II, Beclin 
1, and the formation and promotion of AVOs after 3MA 
addition. We found that TMZ and PTx treatments elicited 
autophagic cell death characterized by the high level of 
autophagic protein Beclin-1 and a cellular redistribution 
of the marker LC3. Notoriously, this effect was increased 
when TMZ  +  PTx was combined in the treatment. Fur-
thermore, after 3MA was added, we found a decrease in 
the number of autophagic vesicles and the formation of 
autophagosome, in the groups treated with TMZ, PTx, and 
TMZ + PTx. The mechanisms of action of TMZ and the 
pathways involved in the escape of glioma cells from death 
have not yet been completely elucidated. However, it has 

been proposed that TMZ is able to induce autophagy which 
can be either survival promoting or death inducing depend-
ing on the cellular context (Kanzawa et al. 2003b; Thorburn 
2008). In the context of brain tumors, cytoplasmic levels 
of the protein BECLIN1 and its mRNA were found to be 
lower in GBMs compared to lower-grade astrocytomas as 
well as in normal brain tissue (Miracco et al. 2007). Addi-
tionally, high cytoplasmic levels of the protein BECLIN1 
have been found to show a positive correlation with the 
survival and the performance status of patients, whereas a 
low expression of BECLIN1 correlates with an increase in 
cell proliferation and a decrease in apoptosis (Huang et al. 
2010). Interestingly, high levels of expression of LC3 have 
been associated with improved survival in GBM patients 
with poor performance scores, whereas in patients with 
normal performance scores, low levels of expression of 
LC3 correlate with better survival rates (Aoki et al. 2008). 
It has been described that low levels of BECLIN1 and 
LC3B-II proteins have been found in higher grade astro-
cytomas (Huang et al. 2010), suggesting that a decrease in 
autophagic activity may drive the progression of astrocytic 
tumors.

Fig. 4   continued



299J Cancer Res Clin Oncol (2014) 140:291–301	

1 3

Subsequently, we perform an in vivo study in order 
to determine whether the treatments for TMZ, PTx, or 
TMZ + PTx could increase the survival of rats implanted 
intracranially with RG2 glioma cells (Fig. 5). Our results 
demonstrated a significant increase in survival when ani-
mals were treated both with TMZ and PTx. However, 
the combined treatment with TMZ + PTx increased two 
times more the survival registered compared when the 
treatments were administered individually. Our group 
previously demonstrated that the treatment with PTx 
alone reduces the subcutaneous glioma size until 80  % 
compared to the control group. Furthermore, we demon-
strated that PTx was capable to induce selectively apop-
tosis of Treg cells, and it elicited a decrease in the num-
ber of tumor-invading macrophages (Orozco-Morales 
et  al. 2012). It is possible that the dual effect observed 
for PTx over the modulation of immune response and 
autophagy induction produces an increase in the survival 
of rats intracranially implanted with RG2 glioma cells. 
We attribute this effect to the immunomodulation pro-
duced by PTx plus the cytotoxic effect and autophagy 
induction by TMZ. Additionally, PTx exerts pleiotropic 
effects on the immune system, and it plays an impor-
tant role in the activation of toll-like receptor 4 (TLR4). 
Recently, it was shown that TLR 4 acts as an environmen-
tal sensor for autophagy, and recent data have revealed 
that the regulation of TLR4 in several glioma cell lines 
plays an important role in the autophagy response, tumor 

progression, and chemoresistance (Sarrazy et al. 2011; Yu 
et al. 2012; Tewari et al. 2012; Waltz et al. 2011; Xu et al. 
2007; Magaña et al. 2012). It is possible that PTx caused 
irreversibly autophagy activating the cell death by TLR4, 
increasing the efficacy given by TMZ, which may be a 
pivotal mechanism in mediating Pi3  K/Akt and ERK1/2 
MAP kinase signaling pathways (Ogier-Denis and 
Codogno 2003; Marino and Lopez-Otin 2004; Fu et  al. 
2010; Thorburn 2008; Katayama et  al. 2007). Further-
more, PTx is frequently used in immunological studies to 
enhance the onset of autoimmune disease in experimen-
tal animals (Locht et al. 2011). PTx-induced permeability 
of cerebral endothelial barriers is mediated through the 
PKC and PI3-kinase pathways, and it is abrogated by high 
cAMP levels (Bruckener et al. 2003). Therefore, it is pos-
sible that the multiple effects of the PTx over the immune 
system, autophagy induction and blood brain barrier per-
meabilization with consequent increase in the amount of 
TMZ inside the brain tumor, could warrant the use of PTx 
in combination with the actual regimen of chemotherapy.

In conclusion, the concomitant treatment with TMZ and 
PTx induced autophagy in vitro and increased the survival 
in RG2 glioma model studied here.
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