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Abstract. Glioblastoma (GBM), the most aggressive of 
primary brain tumors, determine short survival and poor 
quality of life. Therapies used for its treatment are not effec-
tive and chemotherapy failure is partially due to multidrug 
resistance (MDR) mechanisms present in the tumor cells. New 
therapeutic strategies are needed in order to improve survival 
in GBM. The present study investigated the activity of the 
pentacyclic triterpene pomolic acid (PA) in GBM. Pomolic 
acid decreased the viability and induced apoptosis of GBM 
cells as demonstrated by DNA fragmentation. It also induced 
uncoupling of mitochondria membrane potential and activa-
tion of caspase-3 and -9. Pomolic acid-induced apoptosis is 
dependent on reactive oxygen species (ROS) production as it is 
inhibited by anti-oxidant treatment. Pomolic acid also down-
modulated the activity of the multidrug resistance associated 
protein 1 (MRP1) and inhibited migration of GBM cells. 
These results show that PA acts on several pathways of GBM 
drug resistance and therefore may be of potential interest for 
the treatment of this tumor.

Introduction

Glioblastoma (GBM) is the most common and aggressive 
glioma, representing 50% of all gliomas and more than 40% 
of all central nervous system (CNS) tumors. The standard 
GBM treatment, which consists of surgical resection, radia-
tion and/or chemotherapy, is rarely curative. The location of 
GBM in the central nervous system and its characteristics of 
a diffuse pattern of growth (diffuse glioma) in the majority 

of adult patients prevent complete resection of the tumor, 
requiring additional therapy. Regardless of the initial response 
to radiation and chemotherapy, the tumor generally recurs 
within a year after these treatments (1). Tumor cell resistance 
to chemo-radiation contributes to the poor prognosis of the 
disease. Indeed, use of chemotherapeutic agents alone or in 
combination with radiotherapy is unable to improve signifi-
cantly the median survival time of GBM patients (2). Thus, 
changes in the outcome of GBM patients remain a challenge.

Several chemotherapeutic drugs act by inducing apoptosis 
of cancer cells. The apoptotic process is characterized by a 
series of morphological alterations and biochemical reac-
tions leading to DNA fragmentation and breakdown of the 
cell into apoptotic bodies. Activation of initiator caspases 
(caspase-8 and -9), triggered either by activation of death 
receptors on the plasma membrane (extrinsic pathway) or 
by stress signals/alterations of the mitochondrial membrane 
potential (intrinsic pathway), induces the activation of effector 
caspases (caspase-3, -6 and -7), the main executors of apop-
tosis (3). Additionally, chemotherapeutic drugs may also act 
by increasing the generation of reactive oxygen species (ROS) 
in the target cell. Since mitochondria are the main source of 
intracellular ROS it has been suggested that the elevated levels 
of ROS produced in response to stress signals/alterations of 
mitochondrial membrane potential are relevant for drug-
induced apoptosis (4).

Drug resistance remains the major cause of death of cancer 
patients. Among the several mechanisms used by cancer cells 
to escape death, great attention has been focused on the trans-
porter proteins of the ABC cassette family, such as ABCB1 
(P-glycoprotein), the ABCC (multidrug resistance-associated 
protein) family and ABCG2 (breast cancer resistance protein). 
These proteins, which actively remove drugs from cells 
decreasing their intracellular concentration and preventing 
death (5), are recognized as an important mechanism of chemo-
resistance in tumor cells, including GBM (6,7). Although all 
transporter proteins are present in glioblastoma, members of 
the MRP family seem to be important for GBM drug resis-
tance as their expression is correlated with a poor patient 
prognosis (8). Additionally, inhibition of MRP1 increases drug 
cytotoxicity in GBM (9-11).

Another important factor that contributes to death of GBM 
patients is the tumor invasiveness. Due to their rapid growth 
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and infiltrative characteristics, malignant gliomas are largely 
incurable even with a combination therapy of surgery, irradia-
tion and chemotherapy (12). Thus, in addition to its resistance 
to regular chemotherapics, the aggressive proliferation, vascu-
larization and diffuse invasiveness of GBM contribute to its 
poor prognosis (13). As the tumor infiltrating edges prevent the 
complete removal of the tumor, leading to recurrence, there is 
a great interest in therapies to inhibit tumor migration.

Bioactive products of natural origin constitute a source 
for new agents with pharmacological potential. Among these 
products, the pentacyclic triterpenes are emerging as a group 
of substances with many interesting biological effects (14). We 
focused on pomolic acid (PA), a pentacyclic triterpene isolated 
from a broad spectrum of plants that show several pharmaco-
logical activities (15-17). Pomolic acid inhibits breast cancer 
cell migration (18) and shows cytotoxicity towards different 
types of neoplastic cells such as leukemia (19,20), human 
gastric adenocarcinoma and uterine carcinoma and, murine 
melanoma (21), human breast cancer (22) and human ovarian 
adenocarcinoma (23). It is also active against leukemia multi-
drug resistance cell lines overexpressing P-glycoprotein (Pgp) 
or Bcl-2 (19,24). however, there are no reports on its activity 
towards glioblastoma (GBM), a very aggressive brain tumor. 
This study investigated the in vitro antitumoral activity of PA 
on human GBM cell lines and explored the mechanisms for 
its effectiveness. Pomolic acid activates apoptosis through the 
intrinsic pathway, with an important role of ROS production in 
the process. Moreover, PA down-modulates the activity of the 
transporter protein MRP1/ABCC1 and inhibits the migration 
of GBM cells, two important factors of tumor drug resistance 
and progression. These results together with previous studies 
show that PA is also able to act on different pathways of 
apoptosis resistance, support the potential usefulness of this 
triterpene for the development of novel therapies to treat 
patients with GBM and MDR tumors.

Materials and methods

Cells and reagents. human glioblastoma cell lines A172, u87 
and GBM-1, a cell line established from a GBM tumor biopsy 
(25) were grown in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% heat-inactivated fetal calf 
serum (fCS), 100 u/ml penicillin and 100 mg/ml streptomycin 
in disposable plastic bottles at 37˚C with 5% CO2. Cells were 
sub-cultured using trypsin-EDTA every 3-4 days.

3-(4,5dimethylthiozol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT), verapamil, penicillin, streptomycin, 
N-acetyl-L-cysteine (NAC), propidium iodide (PI), sodium 
fluoride (NaF), phenylmethylsulfonyl fluoride (PMSF), sodium 
orthovanadate, RIPA buffer, rhodamine 123 (Rho123) and 
fITC-labeled goat anti-rat IgG antibody were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). 5-carboxifluorescein 
diacetate (5-CfDA) and 2',7'-dichlorofluorescein diacetate 
(h2-DCfDA) were obtained from Calbiochem (San Diego, 
CA, uSA). DiOC6(3) was from Molecular Probes (Eugene, 
OR, uSA). Mk-571 and anti-MRP1 (MRPr1) were provided 
by Enzo Life Sciences, Inc., (farmingdale, NY, uSA). DMEM, 
fCS and trypsin-EDTA were from Gibco-BRL (Carlsbad, CA, 
uSA). Caspase-3 and -9 assay kits (CaspGLOW) were from 
Biovision, Inc., (Mountain view, CA, uSA). Pomolic acid 

(MW 472.71) obtained from BioBioPha Co., Ltd., (kunming, 
China) was dissolved in dimethyl sulfoxide (DMSO), stored at 
-20˚C and diluted in culture medium for use. 4',6-Diamidino-
2-phenylindole dihydrochloride (DAPI) was from Santa Cruz 
Biotechnology (Santa Cruz, CA, uSA).

Cell cytotoxicity assay. The MTT assay was used to measure 
the effect of pomolic acid (PA) on cell viability of glioblas-
toma cell lines. Cells were plated at a density of 1x104/well 
in 96-well plate overnight and then treated with medium or 
different concentrations of PA (7.5, 10.0, 12.5, 15.0, 17.5 or 
20.0 µg/ml equivalent to 15.86, 21.15, 26.44, 31.73, 37.02 or 
42.30 µM, respectively). DMSO at the higher concentration 
carried by PA, had no effect on cell viability. four hours before 
the end of the treatment, cells were incubated with MTT 
(2.5 mg/ml) and kept in the dark at 37˚C until the end of the 
treatment. The formazan produced by the reduction of MTT 
by viable cells was dissolved in DMSO, and the optical density 
was measured with an ELISA reader (BenchMark; Bio-Rad 
Laboratories, Hercules, CA, USA) at 570 nm (reference filter 
630 nm). Experiments were repeated at least three times. The 
results were expressed as percentage of the control, considered 
to be 100%.

DNA fragmentation assays. DNA fragmentation was evalu-
ated by cell cycle analysis using flow cytometry. Twenty-four 
hours after plating, the cells (5x104 cells/well) were treated 
with medium (control) or 15 µg/ml (31.73 µM) PA and incu-
bated for different times (1, 2, 4, 6, 8 or 24 h). Next, cells 
were harvested, resuspended in HFS, a hypotonic fluorescent 
solution (50 mg/ml PI and 0.1% Triton X-100 in 0.1% Na 
citrate buffer) for 1 h in the dark at 4˚C. The cell cycle was 
analyzed by flow cytometry (5,000 events, fL-2 channel) 
(fACSCalibur; Becton-Dickinson, San jose, CA, uSA) to 
determine the sub-G0/G1 DNA content. Sub-diploid popula-
tions were considered to be apoptotic. Data acquisition and 
analysis were controlled by CellQuest software, version 3.1f. 
The results are presented as representative histograms and as 
the mean ± SD of the percentage of the fragmented DNA.

Measurement of mitochondrial transmembrane potential. 
variations of mitochondrial membrane potential (MMP) 
were assessed using the fluorochrome DiOC6(3) (40 nM), a 
compound that accumulates in viable mitochondria due to 
its electro-chemical gradient and leaks in response to loss 
of transmembrane potential. Cells were plated and treated 
or not with 15 µg/ml (31.73 µM) PA for the same periods of 
time described for detection of apoptosis. Then, cells were 
harvested, resuspended in 200 µl DiOC6(3) for 30 min and 
analyzed by flow cytometry (10,000 events, FL-1 channel). 
The results represent the average ± SD of three experiments.

Caspase activation assay. Activation of caspase-3 and -9 
were assayed using CaspGLOW commercial kits according 
to the instructions of the manufacturer (Biovision). The 
CaspGLOW is a sensitive method used to detect activated 
caspases in apoptotic cells. In brief, cells (5x104/well) 
were incubated with medium (control) or with 15 µg/ml 
(31.73 µM) PA for 8 or 24 h before being harvested, centri-
fuged and suspended in the caspase assay solution. This 
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solution contained the caspase-3 inhibitor, DEvD-fMk, or 
caspase-9 inhibitor LEhD-fMk conjugated to fITC as a 
marker. These fITC conjugated molecules are cell perme-
able, non-toxic, and irreversibly bind to activated caspase-3 
or caspase-9 in apoptotic cells allowing for direct detection 
of activated caspases in apoptotic cells by flow cytometry. 
After 1 h of incubation (37˚C, 5% CO2), cells were washed 
twice with washing buffer, and the percentage of caspase-
activated cells was analyzed by flow cytometry (FL-1). The 
results are presented as representative histograms and as the 
mean of fluorescence intensity (MFI) ± SD.

Quantification of reactive oxygen species (ROS). ROS was 
determined by flow cytometry in cells treated with H2-DCfDA. 
GBM-1 cells seeded in 24-well plates (5x104 cells/well) were 
incubated with medium or 15 µg/ml (31.73 µM) PA for 1, 2, 
4, 6, 8 and 24 h. After the desired time, cells were harvested, 
washed with phosphate-buffered saline (PBS), ph 7.4, and 
re-suspended in 0.16 ml PBS containing 20 µM h2-DCfDA. 
After 15 min of incubation at 37˚C, the production of ROS 
was evaluated by flow cytometry (FL-1 channel). Estimates of 
ROS following drug treatment were determined by measuring 
the change in mean fluorescence intensity using only live cells, 
which was calculated by CellQuest software. for each sample, 
10,000 events were collected. To assess the role of ROS in PA 
cytotoxicity cells were treated for 24 h with media, pre-treated 
or not for 1 h with the ROS inhibitor N-acetyl-L-cysteine 
(NAC, 10 mM) and then incubated with 15 µg/ml (31.73 µM) 
PA. ROS production and DNA fragmentation were evaluated 
after 6 and 8 h, respectively.

Activity and expression of MDR transporter proteins. The 
functional activity of ABC proteins was determined based 
on the intracellular accumulation of specific substrates. For 
each experiment, GBM-1 cells (1x105/well) were seeded 
into 24-well plates and pre-incubated for 24 h at 37˚C/5% 
CO2 to allow stabilization of the culture. Platted cells 
were then incubated for 30 min with substrates specific for 
Pgp (200 ng/ml rhodamine 123), MRP1 (5 µM CfDA) or 
BCRP (3 µM mitoxantrone) in presence of medium or the 
conventional inhibitor of these proteins, verapamil (50 µM), 
Mk571 (50 µM) and fumitremogin C (10 µM), respectively. 
Next, cells were washed in PBS, harvested and intracellular 
fluorescence was evaluated in a fACSCalibur, Beckton-
Dickinson cytometer (10,000 events; channels fL-1 or fL-3). 
The mean fluorescence intensity (MFI) associated with intra-
cellular fluorescence which reflects the transporter activity of 
the proteins, was used to quantify their activity. The results 
are presented as the mean ± SD of arbitrary units of mean 
fluorescence intensity.

To assess the effect of PA on MRP1 activity, platted cells 
were incubated for 30 min with medium (autofluorescence) or 
with 5 µM CfDA in the presence of medium, MRP1 inhibitor 
(50 µM Mk-571) or the desired concentrations of PA (5, 7.5, 
10. 12.5 or 15 µg/ml correspondent to 10.57, 15.86, 21.15, 
26.44 or 31.73 µM). After harvesting, cells were analyzed 
as described above. CFDA (5-carboxyfluorescein diacetate), 
a non-fluorescent molecule that is converted into fluorescent 
carboxy-fluorescein (CF) by intracellular esterases, was used. 
Several studies have shown that cells exhibiting high levels 

of the MRP1 protein actively exclude carboxy-fluorescein 
(Cf); Cf can therefore be used as an indicator of MRP1 pump 
activity.

Expression of MRP1 protein was analyzed by flow 
cytometry. Cells were harvested, permeabilized with fACS 
lysing solution for 30 min and incubated for 10 min with a 
blocking solution (PBS with 5% BfS). The cells were then 
centrifuged (1,400 rpm/5 min) and resuspended in PBS solu-
tion with an anti-MRP1 antibody (1:20 dilution) for 60 min 
at room temperature. After two washes with PBS, the cells 
were incubated with a fITC-labeled goat anti-rat IgG antibody 
(1:1,000) from Sigma-Aldrich for 30 min. After washing with 
PBS, the cells were resuspended in PBS, and their fluorescence 
was evaluated by flow cytometry (FACSCalibur; Beckton-
Dickinson cytometer, fL-1). The results are presented as 
representative histograms or mean ± SD of arbitrary units of 
mean fluorescence intensity.

Wound healing assay. GBM-1 cells were seeded in a 24-well 
tissue culture plate and grown to 90% confluence. After 
removing the medium, a scratch was made in the middle 
of the well with a P200 pipette tip. Subsequently, the debris 
was washed with PBS and new media was added to the wells 
containing 5.0 or 7.5 µg/ml equivalent to 10.57 or 15.86 µM  
PA. Wound closure was monitored and photographed at 0 
and 24 h under the inverted microscope. In order to quantify 
the migrated cells, pictures of the initial wounded mono-
layers were compared with the corresponding pictures of 
cells at the end of the incubation. Artificial lines fitting the 
cutting edges were drawn on pictures of the original wounds 
and overlaid on the pictures of cultures after incubation. 
Cells that had migrated across the white area were counted 
in random fields from each triplicate treatment. Results were 
expressed as mean ± SD from four individual experiments.

Statistical analysis. All data reported here are expressed as the 
mean ± SD from three independent experiments. A significant 
difference from the respective control for each experimental 
test condition was assessed by one-way analysis of variance 
(ANOvA) using GraphPad Prism 4.0 software. values of 
P<0.05 were considered statistically significant.

Results

Pomolic acid induces apoptosis of GBM cells. We used MTT 
assay to evaluate the effects of pomolic acid (PA; fig. 1A) on 
the viability of the GBM cell lines u87, A172 and GBM-1. 
Cells were treated with different concentrations of the trit-
erpene for 24 or 48 h. PA inhibits cell viability of all GBM 
cell lines dose- and time-dependently (fig. 1B-D). After 24-h 
treatment, the IC50 for u87, A172 and GBM-1 was 11.09±1.075, 
8.82±0.205 and 9.72±0.8294 µg/ml, respectively. At this 
incubation time, 15 µg/ml PA decreases the viability of the 
cells in 70-90%, indicating the high antineoplastic potential 
of this compound. As the activity of PA on these cells was 
quite similar, IC50 varying from 8.8 to 11.0 µg/ml after 24-h 
treatment, the next experiments were performed on the 
GBM-1 cell line. This cell line was recently established from 
a GBM biopsy (25) and can better reproduce glioblastoma 
characteristics.
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Next, we investigated if the cytotoxic activity of PA would 
be mediated by induction of apoptosis. In order to test that, 
GBM-1 cells were treated with 15.0 µg/ml PA for different 
time intervals (1, 2, 4, 6, 8 or 24 h) and the percentage of hypo-
diploid nuclei in the subG1 peak of the cell cycle, indicative 
of apoptosis, was determined. PA induced a time-dependent 
increase in DNA fragmentation. After 8-h treatment, this effect 
is ~50% (fig. 2A). Caspase-3 activation is a characteristic 
of the apoptosis process. To confirm that cell death is being 
achieved by induction of apoptosis, activation of caspase-3 
was assessed. Cells were treated with PA for 8 and 24 h and 
analyzed by the CaspGLOW assay. Results in fig. 2D show a 
time-dependent activation of caspase-3.

Since several drugs induce apoptosis through activation 
of the intrinsic pathway, the involvement of this pathway in 
PA-induced cell death was analyzed. GBM-1 cells treated in 
the same conditions used to measure DNA fragmentation were 
incubated with the fluorescent dye DiOC6(3) and alterations 
of the transmembrane potential (PTP) were evaluated by 
cytometry. Pomolic acid induces a time-dependent decrease 
in mitochondria membrane potential (fig. 2B) suggesting 
that the apoptotic process is mediated by activation of the 
intrinsic pathway. To reinforce these observations, activation 
of caspase-9 was assessed. for this, cells were treated with PA 
for 8 and 24 h and analyzed by the CaspGLOW assay. Results 
in fig. 2C show a time-dependent activation of caspase-9, 
confirming that PA induces apoptosis of GBM cells by the 
activation of the intrinsic pathway.

We then investigated if the oxidative stress, resulting 
from alterations of the mitochondria membrane perme-
ability, was involved in PA-induced apoptotic death. for this, 

DNA fragmentation and ROS production were measured in 
cells incubated with PA for different times. Observation that 
DNA fragmentation starts when production of ROS reach a 
peak (6 h) suggests its involvement on PA-induced apoptosis 
(fig. 3A). To further analyze this possibility, cells were pre-
incubated for 1 h with the anti-oxidant NAC then treated with 
PA and the production of ROS and DNA fragmentation was 
evaluated. Pre-treatment with NAC inhibits both, the produc-
tion of ROS (fig. 3B) and the fragmentation of DNA (fig. 3C); 
reinforcing the role of ROS in PA-induced apoptosis.

Pomolic acid downmodulates activity of MRP1. ABC 
transporters are involved in the acquisition of the multidrug-
resistance (MDR) phenotype in cancer cells (5). The expression 
and activity of these transporters contribute to drug resis-
tance in GBM cells (6). The expression of ABC transporter 
proteins in GBM cells led us to probe if they were involved in 
PA-induced cell death. Initially, we investigate if these proteins 
were functional in GBM-1 cells. Pgp and ABCG2 inhibitors 
were unable to block the transport of a fluorescent probe in 
GBM-1 cells (fig. 4A and C) while changes were observed 
when cells were incubated with an MRP1 inhibitor (fig. 4B). 
These data demonstrated that MRP1 is active in GBM-1 cells, 
while Pgp and ABCG2 are not.

Due to the important role played by MRP1 in GBM 
resistance (9,11), we then investigated the effects of PA on the 
activity of this protein. for this, MRP1 activity was analyzed 
in the presence or absence of different concentrations of 
PA (5.0.7.5, 10.0, 12.5 and 15.0 µg/ml). The results show 
that PA down-modulates MRP1 activity dose-dependently. 
Additionally, we observed that PA (15 µg/ml) inhibits MRP1 

figure 1. Pomolic acid inhibits the viability of GBM cells. (A) Chemical structure of pomolic acid (PA). (B-D) Cell viability. Cells were incubated for 24 or 
48 h with the indicated concentration of PA then viability was determined by MTT as described in Materials and methods. Results express the mean ± SE of 
three independent experiments performed in triplicate.
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figure 2. PA induces apoptosis of GBM-1 cells. Cells were incubated with 15 µg/ml PA for the indicated periods and analyzed as described in Materials and 
methods. (A) For determination of DNA fragmentation treated cells were ressuspended in HFS buffer and the percentage of apoptotic cells were quantified 
by cytometry. Left panel, representative histograms and right panel, percentage of cells with fragmented DNA. (B) for determination of the mitochondrial 
transmembrane potential (MTP) treated cells were incubated with DiOC6(3) and analyzed by flow cytometry. Left panel, representative histograms and 
right panel, percentage of loss of membrane potential. (C and D) Determination of caspase-9 and -3 activation was performed by flow cytometry using the 
CaspGLOW kit in cells treated with PA for 8 or 24 h. Left panels, representative histograms and right panels, percentage of cells with activated caspase. Results 
of all experiments represent mean ± SE of three experiments. *P<0.005 and ***P<0.0001.
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activity in a similar way as the commercial inhibitor Mk571 
(fig. 5A). Assessment of effects of PA treatment in MRP1 
expression revealed that down-modulation of MRP1 activity is 
not due to inhibition of protein expression (fig. 5B).

Pomolic acid inhibits migration of GBM cells. Glioblastomas 
are highly invasive tumors. Tumor cell migration and diffuse 
infiltration into brain parenchyma are known mechanisms of 
tumor recurrence (13). To further explore the potential of PA 
as a tool to treat GBM, we used wound healing assay to inves-
tigate the effect of this triterpene on the migration of GBM-1 
cells. The treatment of glioblastoma cells with low concentra-
tions of PA (5.0 or 7.5 µg/ml) for 24 h significantly inhibited 
migration (fig. 6).

Discussion

Malignant central nervous system neoplasms, particularly 
GBMs, are included among the most lethal and intractable 
human tumors defying all current therapeutic modalities and 
presenting a poor patient prognosis. Almost all GBM patients 
undergo tumor recurrence and only a small percentage of the 
patients survived 2 years after the treatment. The standard 
GBM treatment, which consists of surgical resection, radiation 
and/or chemotherapy, is rarely curative. The diffuse growth 
pattern of GBM prevents complete resection of the tumor, 
requiring additional therapy. Moreover, tumor cell resistance 
to chemo-radiation contributes to the poor prognosis of the 
disease (1,2). Thus, despite the massive research efforts, the 

figure 3. PA-induced cell death is mediated by ROS. (A) ROS production and DNA fragmentation. for measurement of ROS and DNA fragmentation GBM-1 
cells treated with 15 µg/ml PA for the indicated time were incubated with h2-DCFDA or HFS buffer and the intracellular fluorescence (ROS) and percentage 
of apoptotic cells were evaluated by flow cytometry as described in Materials and methods. ROS production was expressed in arbitrary units (a.u.) of mean 
fluorescence intensity (MIF) and DNA fragmentation in percentage of apoptotic cells (B and C). For evaluation of the effects of NAC on PA-induced ROS and 
DNA fragmentation cells were pre-treated for 1 h with 10 mM NAC and then incubated with 15 µg/ml PA for 6 and 8 h, respectively. Left panel, representative 
histograms and right panel, ROS production and DNA fragmentation. ***MIF values significantly different (P<0.001) from control (0 h) or different from 
AP+NAC treatment compared with PA alone.
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outcome of these tumors remain dismal stressing the need for 
new drugs or strategies able to improve the patient survival.

In the last few years, natural products have been recog-
nized as an important source of novel antineoplastic drugs. 
Accumulating evidence on the antitumor activity of triter-
penes supports these materials as one of these drug sources 
(14,26,28). however, although the antitumoral activities of 
pomolic acid (fig. 1A) against different cancer cell lines have 
been described (19,21-23), there is no previous information on 
its effect on GBM cell lines. Data presented in the present study 
(fig. 1B-D) show that PA has a potent antitumoral activity 
against GBM cell lines (u87, A172 and GBM-1) decreasing 
their viability up to 70-90% after 24-h treatment.

The apoptotic cell death program is compromised in 
GBM, leading to a survival advantage of the tumor cells. 
Alterations of pathways that control apoptosis make GBM 
virtually resistant to apoptotic stimuli. Results showing that 
PA induces apoptosis by activation of the intrinsic/mito-
chondrial pathway are in agreement with previous literature 
data showing that PA induced uncoupling of mitochondria 
membrane potential (20) and apoptosis of different tumor 
cell lines (19,23,29). Accumulating data from several reports 
described the susceptibility of tumor cells to increased oxida-
tive stress (30,31) and showed ROS as an important mediator 
of the cytotoxic activity of several drugs (4). The present 
study demonstrates that treatment with PA doubles the level 

Figure 4. Functional activity of ABC transporters. (A-C) Platted cells were incubated with substrates specific for Pgp (200 ng/ml rhodamine 123), MRP1 
(5 µM CfDA) or BCRP (3 µM mitoxantrone) in presence of medium or the conventional inhibitor of these proteins verapamil (50 µM), Mk571 (50 µM) and 
fumitremorgin C (10 µM), respectively. Intracellular fluorescence was evaluated by flow cytometry. Left panels, representative histograms and right panels, 
arbitrary units (a.u.) of mean fluorescence intensity (MIF). Results present mean ± SD of three experiments.



GuIMARãES et al:  POMOLIC ACID INDuCES DEATh Of GLIOBLASTOMA CELLS2532

of ROS in the GBM cells. Addition of NAC inhibits both 
ROS and DNA fragmentation (fig. 3B and C) demonstrating 
the dependence of PA-induced cell death on ROS production. 
Moreover, as GBM resistance to temozolomide (TMz) has 
been associated with increased mitochondria coupling and 
reduction of ROS production (32), it is possible that a pro-
oxidant therapy may also work as an anti-MDR strategy to 
evercome drug-resistance in GBM.

Extrusion of drugs by plasma membrane transporters 
of the ABC family of proteins is a well recognized mecha-
nism of chemoresistance (5). In gliomas, expression of these 
proteins has been correlated with the tumor grade, being 
higher in GBMs (33). Increased expression of ATP-dependent 
drug efflux pumps was observed after chemotherapy (34) in 
glioma cancer stem cells (CSC) from GBM patients (35) and 
have been associated with TMz resistance (36,37). Thus, 
drug resistance mediated by these proteins, decreases the 
efficacy of treatment, favoring the maintenance of a residual 
disease from which the tumor grows. Amongst the ABC 
proteins, members of the MRP family seem to be particularly 
important for GBM drug resistance as expression of these 
proteins increase in high-grade gliomas (9,33), in recurrent 
GBM (12), and correlate with poor patient prognosis (8,9). In 
the present study, we show that PA induces apoptosis of GBM 
cell lines expressing an active MRP1/ABCC1 (fig. 4B) and 
down-modulates the activity of this protein without altering 
its expression (fig. 5A and B). These results support previous 
literature data showing that inhibition of MRP1 activity 
chemosensitize GBM cells leading to increased drug cytotox-
icity (13,38,39). Previous results from our group demonstrated 
that PA is effective against cancer MDR cells whose resis-

figure 5. Effects of PA on MRP1 activity and expression. (A) MRP1 activity. Cells were incubated with CfDA C or CfDA plus PA (5, 7.5, 10. 12.5 or 15 µg/ml) 
or MK571 (50 µM) and intracellular fluorescence was determined by flow cytometry. (B) MRP1 expression. Cells were treated with medium C, 5.0 or 7.5 µg/
ml PA for 24 h, treated with monoclonal antibodies specific for MRP1, FITC-labelled secondary antibodies, then fluorescence was evaluated by cytometry as 
described in Materials and methods. Left panel, representative histogram and right panel, arbitrary units (a.u.) of mean fluorescence intensity (MIF). Results 
present mean ± SD of three experiments.

Figure 6. PA inhibits GBM-1 cell migration. Confluent cells were scraped 
with P200 pipette tip, treated with medium, 5.0 or 7.5 µg/ml PA for 24 h and 
their migration was evaluated by microscopy as described in Materials and 
methods. upper panel, representative micrographs of cell migration (wound 
scratch). Lower panel, quantification of cells on scratch. Data are presented 
as mean ± SD of three independent experiments. **P<0.01 and ***P<0.001 
represent significant difference between PA-treated groups and the control.
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tance mechanism is mediated by overexpression of the MDR 
protein Pgp/ABCB1 (19) and cells expressing, simultaneously, 
different MDR mechanisms (29). Thus, the ability of PA to 
overcome resistance mediated by different ABC transporters 
may be useful for GBM control and also to other tumor types 
expressing this family of transporters.

however, in addition to drug resistance mechanisms, 
the high invasive nature of glioblastoma cells has also been 
indicated as an important factor to the failure of current thera-
peutic approaches (13) and as a result, to tumor recurrence. 
Thus, identifying new agents that target migration and inva-
sion processes can be of great importance for the prognosis of 
GBM. Cell invasion is a complex process with multiple biologic 
features (40), in which cell migration is one of the first steps. 
Results in the present study showing that PA dose-dependently 
decreased GBM cell invasiveness indicate a possible role for 
this triterpene in reducing recurrence and metastasis. Indeed 
an inhibitory effect of PA on breast cancer cell migration was 
also reported (18).

Despite the advances on GBM therapy there is still an 
urgent need for treatments that are more effective and able 
to bypass the tumor mechanisms of drug resistance. Natural 
products are emerging as an important source of new potential 
candidates for the treatment or as adjuvant therapy for glio-
blastoma (41-44). In GBM, natural triterpenes were shown to 
induce cell arrest and/or apoptosis both in vitro (45,46) and 
in vivo (47), to inhibit migration and invasion (48) and to 
attenuate TMz resistance (49). Results presented in this study 
show that the pentacyclic triterpene pomolic acid (PA) is cyto-
toxic to GBM cell lines and that this effect is associated with 
induction of apoptosis, uncoupling of mitochondria potential, 
increase in ROS production and modulation of MDR pump, 
MRP1/ABCC1 activity. The mechanism of PA drug action 
appears to be a combination of increased redox mediated 
cytotoxicity and modulation of MDR mechanisms. The ability 
of PA to cross the blood-brain-barrier was not investigated; 
however, since PA is able to bypass resistance mechanisms 
mediated by Pgp (19) and down-modulates MRP1 activity, 
this possibility cannot be discarded yet. Together, the results 
present herein and in other studies (19,24,29), showing that 
PA bypass different mechanisms of cell death resistance and 
inhibits tumor cell migration, demonstrate the potential of this 
compound to control tumor progression. They also call atten-
tion to PA as a possible new strategy to improve cancer therapy 
protocols for GBM.
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