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Abstract Gliomas are a malignant tumor group whose
patients have survival rates around 12 months. Among the
treatments are the alkylating agents as temozolomide
(TMZ), although gliomas have shown multiple resistance
mechanisms for chemotherapy. Guanosine (GUO) is an
endogenous nucleoside involved in extracellular signaling
that presents neuroprotective effects and also shows the effect
of inducing differentiation in cancer cells. The chemotherapy
allied to adjuvant drugs are being suggested as a novel
approach in gliomas treatment. In this way, this study evaluated
whether GUO presented cytotoxic effects on human glioma
cells as well as GUO effects in association with a classical
chemotherapeutic compound, TMZ. Classical parameters of
tumor aggressiveness, as alterations on cell viability, type of
cell death, migration, and parameters of glutamatergic transmis-
sion, were evaluated. GUO (500 and 1000 uM) decreases the
A172 glioma cell viability after 24, 48, or 72 h of treatment.
TMZ alone or GUO plus TMZ also reduced glioma cell
viability similarly. GUO combined with TMZ showed a poten-
tiation effect of increasing apoptosis in A172 glioma cells, and
a similar pattern was observed in reducing mitochondrial
membrane potential. GUO per se did not elevate the acidic
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vesicular organelles occurrence, but TMZ or GUO plus TMZ
increased this autophagy hallmark. GUO did not alter gluta-
mate transport per se, but it prevented TMZ-induced glutamate
release. GUO or TMZ did not alter glutamine synthetase
activity. Pharmacological blockade of glutamate receptors did
not change GUO effect on glioma viability. GUO cytotoxicity
was partially prevented by adenosine receptor (AR and A;4R)
ligands. These results point to a cytotoxic effect of GUO on
A172 glioma cells and suggest an anticancer effect of GUO as a
putative adjuvant treatment, whose mechanism needs to be
unraveled.
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Abbreviations

AR Adenosine A receptors

AsAR Adenosine A, receptors

AdoR Adenosine receptors

AMPAR o-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor

AVOs Acidic vesicular organelles

BK Large (big) conductance Ca**-activated
K* channels

CGS 4-[2-[[6-Amino-9-(N-ethyl-3-D-

21680 ribofuranuronamidosyl)-9H-purin-2-
ylJamino]ethyl]benzenepropanoic acid
hydrochloride

DIPY Dipyridamole

DL-TBOA DL-threo-(3-Benzyloxyaspartic acid

DNQX 6,7-Dinitroquinoxaline-2,3-dione

DPCPX Dipropylcyclopentylxanthine

EAAT Excitatory aminoacid transporters

ERK Extracellular signal-regulated kinase
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FBS Fetal bovine serum

FCCP Carbonyl cyanide p-trifluoromethoxy
phenylhydrazone

GAMS v-D-Glutamylaminomethylsulphonic acid

GluR Glutamate receptors

GUO Guanosine

KAR Kainate receptor

MAPK Mitogen-activated protein kinase

MCPG (RS)-a-Methyl-4-carboxyphenylglycine

mGIuR Metabotropic glutamate receptor

MK-801 Dizolcipine

MTT 3-(4,5-Diamethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

NF-xB nuclear factor-kappa B

NMDAR  N-methyl-D-aspartate receptor

PI3K Phosphoinositide 3-kinase

PKC Protein kinase C

ROS Reactive oxygen species

SAS Sulfasalazin

TMRE Tetramethylrhodamine ethyl ester

™Z Temozolomide

Xc system  Cystine-glutamate exchanger

ZM241385  4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3-
a][1,3,5]triazin-5-ylamino]ethyl)phenol

Introduction

Gliomas are considered the most aggressive type of brain
tumors. The origin of this type of cancer can be related to
changes in glial cells or their progenitors [1]. The most
common therapies involve surgical resection, chemotherapy,
and/or radiotherapy; however, the prognosis remains low and
the survival rates are around 12 to 15 months. The main
approach used as chemotherapy is the administration of
alkylating drugs that inhibit DNA replication and evoke the
activation of apoptosis cascades [2, 3]. Among the most
clinically used chemotherapeutic compounds is the temo-
zolomide (TMZ) that have been showing efficacy in early
diagnosed gliomas [4]. TMZ is an alquilant agent that is
absorbed and in physiological pH of blood circulation is
transformed to its active metabolite, 3-methyl-(trazen-1-
yl)imidazole-4-carboxamide (MTIC), which causes DNA
damage through DNA methylation and subsequent cell cycle
arrestment and cell death [5]. The enzyme N-alkypurine DNA
glycosylase (APGN) is able to repair this DNA methylation,
thus causing TMZ resistance in glioma cells [6]. This repair
mechanism allied to other resistance mechanisms are responsi-
ble for the low prognosis observed in gliomas [7] and point to
the urgency of developing additional or adjuvant therapies to
treat gliomas.

Allied to resistance mechanisms, putative changes in
the transmission system evoked by the main excitatory
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neurotransmitter, the amino acid glutamate, might occur
in glioma cells, thus favoring tumor growth. It has been
shown that there is increased glutamate release, through
cystine-glutamate exchanger (Xc system) activity and
decreased glutamate uptake through reduction of the
excitatory amino acid transporter (EAAT) expression in
glioma cells [8, 9]. Additionally, it has been shown that
glutamate receptor (GluR) antagonists may reduce the
proliferation and motility of cancer cells [10]. In this
context, the search for molecules that can modulate
glutamatergic transmission is considered an interesting
treatment strategy.

Guanosine (GUO) is an endogenous guanine-derived
nucleoside involved in extracellular signaling that pre-
sents the ability to modulate glutamatergic system activity
[11, 12]. In this regard, GUO exerts neuroprotective
effects against glutamate-induced cell damage or ische-
mia, through activation of intracellular signaling pathways
related to cell survival as the phosphoinositide 3-kinase
(PI3K) and mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) [13, 14]. GUO also
modulates glutamate transporter activity, by preventing
the decrease in glutamate uptake and the increased gluta-
mate release on in vitro models of ischemia [14-17]. A
selective receptorial protein to GUO has been suggested,
although it has not yet been cloned (for a review see
[12]). However, the neuroprotective effect of GUO seems
to involve the modulation of adenosine receptors (AdoR)
[14] and/or the activation of the large (big) conductance
Ca’*-activated K* channels (BK) [15]. Additionally, the
neuroprotective effect of GUO is related to the nuclear
factor-kappa B (NF-«kB) inhibition and antioxidant and
anti-inflammatory effects [17, 18]. There are few studies
regarding GUO effects in cancer. A study of an anticancer
effect of a purine nucleoside analog, sulfinosine (an oxidized
form of 6-thioguanosine), demonstrates an induction of
caspase-dependent apoptotic cell death and autophagy in
glioma cells. Additionally, sulfinosine increases the reac-
tive oxygen species (ROS) and diminishes the antioxidant
peptide glutathione levels [19]. In cancer cells, the induc-
tion of differentiation is also related to impairment in
malignancy. It has been shown that GUO induces mela-
noma cell differentiation through protein kinase C (PKC)/
ERK pathway, increasing dendritogenesis and melanogen-
esis and decreasing cell motility [20].

The study of drug combination approach that may enhance
the anticancer potential of drugs with different mechanisms of
action, improving the survival rates and elucidating better
strategies in cancer therapy, is very important. Therefore, this
study is testing if GUO shows the potential cytotoxic effect
comparing it to TMZ effect, besides analyzing GUO and TMZ
combination effects on classical parameters of tumor
aggressiveness.
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Material and methods

Cell culture The glioma cell line A172 (the cell line was kind
gift from Dr. G. Lenz from Federal University of Rio Grande
do Sul, RS, Brazil) was cultured in Dulbecco’s modified
Eagle’s medium and nutrient mixture F12 (DMEM-F12,
Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS; Cultilab), in 25-cm? culture flasks, at
37 °C humidified atmosphere of 5% CO,, as previously
reported [21]. For the biochemical analysis, when reached
confluence, A172 cells were trypsinized (Trypsin/EDTA,
0.05%; Gibco) and plated in 24- or 96-well plates (3.5 x 10°
or 0.5 x 10°, respectively).

Cell treatment A172 cells were plated in 24- or 96-well
plates. After confluence, the cells were treated with guanosine
(GUO 50-1000 uM in time-course/concentration curves, or
500 uM for other analyses) (Sigma) or TMZ (500 puM)
(Tocris) for 48 h. In order to assess GUO mechanism of action,
adenosine and glutamate receptor agonists and antagonists,
purine nucleosides, and glutamate transporter inhibitors were
incubated 30 min before GUO and maintained during 48 h
treatment. Drugs used were as follows: the adenosine-
metabolizing enzyme, adenosine deaminase (ADA—O0.5 U/
mL); the equilibrative purine nucleoside transporter inhibitor,
dipyridamole (DIPY—10 puM); the broad-spectrum inhibitor
of excitatory amino acid transporters (EAATS), DL-threo-[3-
benzyloxyaspartic acid (DL-TBOA—100 uM); the Xc™ sys-
tem inhibitor, sulfasalazin (SAS—300 uM); the glutamate
receptor sub-types a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR) and kainate re-
ceptor (KAR) antagonist, 6,7-dinitroquinoxaline-2,3-dione
(DNQX—1 uM); the glutamate subtype N-methyl-D-aspar-
tate receptor (NMDAR) antagonist, dizocilpine (MK-801—
1 uM); KAR antagonist, y-D-glutamylaminomethylsulphonic
acid (GAMS—1 uM); metabotropic glutamate receptor
(mGluR) antagonist, (RS)-o-methyl-4-carboxyphenylglycine
(MCPG—10 uM); adenosine A; receptor (A;R) antagonist,
dipropylcyclopentylxanthine (DPCPX—100 M); adenosine
A, a receptor (As5R) inverse agonist, 4-(2-[7-amino-2-(2-
furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-
ylamino]ethyl)phenol (ZM241385—50 nM); and A, AR ago-
nist, 4-[2-[[6-amino-9-(N-ethyl-3-D-ribofuranuronamidosyl)-
9H-purin-2-yl]amino]ethyl]benzenepropanoic acid hydro-
chloride (CGS 21680—30 nM). During treatment, cells were
incubated in serum-free DMEM-F12, including control
groups (CT). Biochemical analyses were carried out after
elapsed time of treatment.

Viability analysis Cell viability was evaluated through cells’
capacity to reduce 3-(4,5-diamethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) as previously described [22].
In this assay, viable cells convert water-soluble yellow MTT

to water-insoluble blue MTT formazan. Thus, MTT formazan
production, identified by optical density, is assumed to be
proportional to the number of viable cells. Cells were incubat-
ed with MTT (0.2 mg/mL) in PBS for 2 h at 37 °C. The
formazan produced was solubilized by replacing the medium
with 100 puL of dimethyl sulfoxide (DMSO), resulting in a
colored compound from which optical density was measured
in an ELISA reader (550 nm).

The Trypan blue exclusion assay was also applied [23].
After time treatment, cells were stained with Trypan blue
and counted in a hemocytometer. The percentage of viable
cells was calculated as percent of viable cells = (number of
viable cells/number of total cells) x 100.

The CellTiter-Glo® Luminescent Cell Viability assay was
also used to access the cell viability. ATP quantification was
assayed as an indicator of metabolically active cells.
According to the manufacturer’s recommendations, the cells
were maintained at room temperature for 30 min. Briefly, the
CellTiter-Glo® reagents were added and the plate incubated
on an orbital shaker for 2 min. The luminescent signal was
stabilized for 10 min at room temperature and the total lumi-
nescence recorded.

Wound healing assay In order to analyze changes in cell
migration, the wound healing assay was carried out according
to previous studies [20, 24]. Briefly, cells were plated in 6-well
plates; after 24 h, a Pippete-200 tip was used to scrap the dish
surface to generate the “wound” and the medium was replaced
by FBS-free medium containing drugs. Phase contrast images
were obtained using a x10 objective lens in an inverted mi-
croscope at 0, 24, and 48 h. To each experiment, a scratch was
carried out in five replicates and the experiment was repeated
three times. The gap width was calculated by 10 measure-
ments from each scratch to obtain the width average. Each
measurement was taken from the left edge to the right edge
of the scratch, going from the top to the bottom of the image
using Image J software. The average of the width was
expressed in arbitrary units.

Acridine orange staining To identify the presence of acidic
vesicular organelles (AVOs), cells were plated in 24-well
dishes. After 24 h, the cells were treated. Elapsed 48 h of
treatment, the cells were washed with PBS and incubated with
acridine orange (Sigma) 10 pg/mL for 10 min at room tem-
perature. Then, the solution was replaced by PBS and the cells
were analyzed under an inverted fluorescence microscope
(Zeiss Axiovert 40 CFL, capture system AxioCamMRc).
Depending on their acidity, the autophagic lysosomes appear
as orange/red AVOs, while cytoplasm and nuclei are green.
The analyses were carried out using a 490-nm band-pass blue
excitation and a 515-nm-long pass barrier filters. In order to
quantify AVO presence, cells were counted through flow cy-
tometry. After treatment, cells were PBS washed and
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incubated with acridine orange 1 pg/mL for 15 min. Then, the
cells were trypsinized, centrifuged at 220 x g, and resuspend-
ed in 500 uL of PBS-EDTA—0.2 uM. The cells were sorted
by FACSCanto II flow cytometer and result processed on
Flowing Software 2.

Apoptosis and necrosis analysis To analyze the effect of
ATOR and TMZ on apoptosis or necrosis levels in glioma cells,
the Annexin V FITC assay kit (Millipore) was used in flow
cytometry. The kit detects the phosphatidylserine exposure on
the outer layer of the cell membrane. Annexin V FITC conju-
gated binds to phosphatidylserine exposed in apoptotic cells.
Propidium iodide binds to DNA in cells with compromised cell
membrane indicating necrotic cells. After treatment, 1 x 10°
cells were trypsinized, centrifuged at 1500 rpm, and washed
in cold PBS, then resuspended in 200 uL of binding buffer.
The cells were stained with FITC-conjugated Annexin V and
propidium iodide reagent in concentrations and time rec-
ommended by the manufacturer. The cells were sorted by
FACSCanto II flow cytometer and result processed on
Flowing Software 2.

Measurement of mitochondrial membrane potential After
treatment, the cells were loaded with the mitochondrial selec-
tive fluorescent dye, tetramethylrhodamine ethyl ester (TMRE,
100 nM) for 30 min at 37 °C [25], for analyzing the mitochon-
drial membrane potential after the incubation with GUO and
TMZ. Fluorescence was measured using wavelengths of exci-
tation and emission of 550 and 590 nm, respectively. Carbonyl
cyanide p-trifluoromethoxy phenylhydrazone (FCCP), a mito-
chondrial uncoupler, was used as positive control to fluores-
cence emission.

Glutamine synthetase activity The assay of the glutamine
synthetase enzyme activity has been adapted from Shapiro
[26] as Vandresen-Filho et al. [27]. For evaluating drug effects
on glutamine synthetase activity in human glioma cell A172
after treatment, the cells were harvested and washed in PBS.
Then, the cells were incubated for 15 min in 200 puL of
imidazole-HCI buffer (80 mM, pH 7.0) and homogenized.
The assay mixture contained 80 mM imidazole-HCI buffer,
30 mM glutamine, 3 mM MnCl,, 30 mM hydroxylamine-
HCI, 20 mM sodium arsenate, 0.4 mM ADP, and 50 uL of
the cells homogenate. The reaction was stopped after 30 min
at 37 °C through the addition of 100 puL of a mixture contain-
ing 4/1/0.5/6.5 (v/v/viv) of 10% (w/v) ferric chloride, 24% (w/
v) trichloroacetic acid, 6 M HCl, and water. The reaction prod-
uct, y-glutamylhydroxamate, was measured at 540 nm using a
microplate reader and converted to the amount of product
formed through comparison with a standard curve. The
enzyme activity was expressed as a percentage of control.
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L-[>H]Glutamate transport To analyze this parameter, cells
were concomitantly plated for transport assays and cell
counting, for experiment normalization. After drug incuba-
tion, the culture medium was removed and the cells were
incubated in Hanks buffer saline solution (HBSS—composi-
tion in millimolar: 1.3 CaCl,, 137 NaCl, 5 KCl, 0.65 MgSOQy,,
0.3 Na,HPO,, 1.1 KH,PO,, 2 glucose, and 5 HEPES)
(pH 7.2) for 15 min at 37 °C. Excitatory amino acid release
was assessed by adding 0.33 pCi/mL of L-[>H]glutamate
(American Radiolabeled Chemicals—ARC), plus L-glutamate
to reach a final concentration of 100 UM and incubated
for 7 min. The reaction was stopped with three ice-cold
HBSS washes. Cells were incubated in HBSS for 15 min
in 300 puL at 37 °C, and the medium was collected to
measure L-[>H]glutamate release. The cells were lysed in
the NaOH 0.1 N/SDS 0.1% solution overnight, and the
L-[*H]glutamate content was used to assess the neuro-
transmitter uptake, determined through scintillation
counting [28]. Cells that were concomitantly plated were
counted in hemocytometer, and experiment was normal-
ized as femtomole of glutamate per number of viable cells
after treatment.

Protein measurement Protein content was evaluated by
using the method of Lowry [29], and bovine serum albumin
(Sigma) was used as a standard.

Statistical analysis Data were analyzed by one-way analysis
of variance (ANOVA) when treated groups were compared to
the control group only, or two-way ANOVA when the com-
parisons assessed different times and concentration groups
and followed by Student-Newman-Keuls test. The software
used were GraphPad Prism 4.0 for one-way analysis or
Statistica 7.0 for two-way analysis, considering significance
level p < 0.05.

Results
Cellular viability evaluations

Firstly, GUO time-course and concentration curves were car-
ried out in order to evaluate the nucleoside effect on A172
glioma cell growing curve. The A172 cells were treated with
GUO in a concentration range from 50 to 1000 uM for 24, 48,
or 72 h, and cell viability was assessed by the MTT assay
(Fig. 1a). GUO concentrations of 50 or 100 did not alter
glioma cell growing curve. GUO 500 or 1000 decreased
A172 cell viability. This pattern of reduction of cell viability
was observed also at 48 and 72 h. Therefore, to the subsequent
experiments, the concentration of 500 puM GUO at 48 h of
treatment was used (Fig. 1b).
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Fig. 1 GUO time-course and concentration-response curves on
Al172 glioma cells. a GUO time-course (24, 48, and 72 h, hs)
and concentration curve (50, 100, 500, and 1000 puM) was
performed in A172 glioma cells to assess cellular viability
during A172 glioma cell growing curve. b Al172 cells were
treated with GUO (50 to 1000 uM) for 48 h, and the viability
was assessed. Data expressed as optical density (O.D.) at 540 nm
in a and as a percentage related to the control group (dotted line)
in b. n = 6 of independent experiments for a and b separately.
*p < 0.05 compared to the control group

An evaluation of TMZ effect and its association with GUO
was carried out in order to compare the effects of these drugs
and analyze a possible interaction on cytotoxicity to glioma
cells (Fig. 2). Two hundred micromolar TMZ was initially
tested to study TMZ effect on A172 cell viability; however,
it did not change the glioma cell viability (data not shown).
The A172 cells were then treated for 48 h with GUO
(500 uM), TMZ (500 uM), or both drugs co-incubated and
tested in three different viability methods. In MTT assay,
GUO or TMZ treatments showed a similar effect, reducing
glioma viability to 49 and 51%, respectively. Similarly, the
combined treatment of TMZ and GUO reduced cell viability
to 42% and no significant difference was observed among
treated groups (Fig. 2a). The Trypan Blue exclusion assay, a
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Fig.2 GUO and TMZ effects on A172 glioma cell viability. a A172
glioma cells viability assessed by MTT reduction assay after 48 h of
GUO (500 uM), TMZ (500 uM), or drug combination treatment. b
Cell viability assessed through direct cell counting using Trypan
exclusion assay. A172 glioma cells were treated with GUO
(500 uM), TMZ (500 uM), or both for 48 h. Values expressed as
viable cells, being control group around 90% of viable cells. ¢ A172
cell viability assessed by an ATP-based assay in cells treated with
GUO (500 uM), TMZ (500 uM), or both treatments for 48 h. Data
expressed as a percentage related to the control group that was
considered as 100% (a, b, and ¢) and expressed as a dotted line.
n = 5 of independent experiments for a and n = 3 of independent
experiments for b and ¢.*p < 0.05 compared to the control group,
#p < 0.05 compared to the GUO group, and §p < 0.05 compared to
the TMZ group in a, b, and ¢

cell counting-based method, was also applied. The percent-
ages of viable cells were 66, 38, and 64% to GUO, TMZ,
and GUO + TMZ, respectively, being TMZ treatment sig-
nificantly lower than GUO or GUO + TMZ (Fig. 2b). Cell
viability was also assessed through ATP level measure-
ment. GUO, TMZ, or the drug combination showed a
decrease in cell viability of 56, 55, and 54% respectively,
with no statistical difference among treatments (Fig. 2c).
In this way, GUO, TMZ, or GUO + TMZ decreased A172
glioma cell viability similarly, although a higher reduction
in cell number was observed in TMZ group than to GUO
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or GUO + TMZ. No synergistic effect was observed in the
combined treatment.

Cell migration analysis

To evaluate the effects of GUO and TMZ on A172 migration
capacity, a wound healing assay was carried out, with drug
treatment alone or combined (Fig. 3a, b). The distance
between the edges of the gap was measured soon after the
cells were scratched and 24 and 48 h after scratching. At the
0-h time point, there was no difference among the groups.
After 24 h, GUO (500 uM) or TMZ (500 uM) alone did not
show any difference in cell migration; however, GUO plus
TMZ inhibited the cell migration significantly related to the
control group at this same time point. At the last time point,
48 h, GUO did not alter the migration. TMZ reduced migra-
tion alone or in combination with GUO in a similar way. Thus,
at 24 h evaluation, the combined treatment (GUO + TMZ)
reduced cell migration. At 48 h evaluation, TMZ or GUO +
TMZ decreased cell migration. GUO treatment alone had no
effect on A172 glioma cell migration.

Fig. 3 GUO and TMZ effects on a
A172 glioma cell migration. After
confluence, cells were treated
(GUO—500 uM; TMZ—

500 uM; GUO 500 uM + TMZ
500 uM), the scratch assay was
performed, and the cells
photographed subsequently after
24 and 48 h. a Illustrative images
from cells subjected to the 24
scratched protocol and evaluated
after 0, 24, and 48 h, scale bar—
200 pm. b Gap width was
quantified as arbitrary units of
pixel number on Image J
Software. n = 3 of independent
experiments. *p < 0.05 compared
to the same time control group

48|

Acidic vesicular organelle assay

Acridine orange is a cell-permeant cationic fluorescent
dye which indicates the acidic vesicular organelle (AVO)
presence. AVOs are considered as an indicative of autoph-
agy since the autophagosomes and autophagolysosomes
are acidic organelles. In this way, the AVO presence after
GUO, TMZ, and GUO + TMZ for 48 h was measured
(Fig. 4a—c). Representative photomicrographs show AVO
presence and changes in cell number following GUO or
TMZ treatment (Fig. 4a). Figure 4b shows representative
dot plots obtained through flow cytometry. GUO did not
significantly increase the AVO staining in glioma cells.
TMZ or TMZ + GUO groups showed an increase, being the
percentage of events around 24% for both (Fig. 4c).
Therefore, TMZ or GUO + TMZ increased autophagy simi-
larly, with no synergistic effect in combined treatment.

Apoptosis and necrosis analysis

Regarding the type of cell death caused by GUO or TMZ,
apoptotic and necrotic cell death in cells treated with GUO,
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Fig. 4 GUO and TMZ effects on autophagy in A172 glioma cells.
After confluence, A172 cells were treated (GUO—500 uM; TMZ—
500 uM; GUO 500 uM + TMZ 500 uM). After 48 h of treatment,
the cells were washed and stained with acridine orange and
photographed. a Representative images of acridine orange staining
in AVOs, scale bar—80 um. b Dot plot of AVO presence counting
in a flow cytometer. ¢ Quantification of AVO presence counting in a
flow cytometer. A.O. acridine orange, AVOs acidic vesicular
organelles. n = 5 independent experiments. *p < 0.05 compared to
the control group

TMZ, or both drugs combined was analyzed, after 48 h of
treatment. GUO or TMZ alone did not significantly alter the
number of apoptotic cells. GUO + TMZ treatment increased
the labeling of apoptotic cells (Figs. 5a, b), suggesting an
improvement in antitumor effect in this type of programmed
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Fig. 5 GUO and/or TMZ effects on apoptosis levels in A172 glioma
cells. After confluence, A172 cells were treated with GUO 500 puM,
TMZ 500 uM, or with the drug combination. After 48 h, cells were
detached, washed and stained with Annexin V and/or propidium iodide,
and counted in a flow cytometer. a [llustrative dot plots of flow cytometry.
b Quantification of flow cytometer cells sorted. ¢ Mitochondrial
membrane potential (AWm) was assessed and quantified. P/ propidium
iodide. n = 5 of independent experiments for b and ¢. *p < 0.05 compared
to the control group

cell death. Regarding the necrotic cell death, there were no
significant changes in glioma cells treated with GUO, TMZ,
or both compounds (Fig. 5b).
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Mitochondrial membrane potential evaluation

Mitochondrial dysfunctions have been shown to participate of
apoptosis cascade. In this way, we studied GUO, TMZ, or
drug combination on mitochondrial membrane potential
(A¥m) maintenance. GUO or TMZ alone did not show any
effect. Nevertheless, GUO + TMZ-combined treatment de-
creased the A¥m in approximately 23% (Fig. 5¢). FCCP
(10 uM), a mitochondrial uncoupler, decreased 38% the
AWm (data not shown). These data corroborate with the in-
creased apoptotic levels observed with GUO + TMZ treat-
ment. In this way, GUO or TMZ was not able to change
apoptosis levels and A¥m. However, GUO + TMZ-
combined treatment increased apoptosis and decreased mito-
chondrial membrane potential.

Analysis of glutamatergic transmission involvement

As glioma cells are supposed to release a large amount of
glutamate and there is evidence showing GUO is able to mod-
ulate glutamate transport, A172 glioma cells treated with
GUO and/or TMZ were assayed for glutamate uptake and
release evaluation. GUO did not significantly change glutamate
uptake (Fig. 6a) or release (Fig. 6b). There was a tendency of
increasing glutamate uptake induced by TMZ and GUO +
TMZ treatment, although no statistical significance was
reached (Fig. 6a). However, TMZ significantly increased
glutamate release whereas co-incubation with GUO prevented
this effect (Fig. 6b).

The activity of the enzyme responsible for converting
glutamate to glutamine, glutamine synthetase (GS), was also
assessed in cells treated with GUO, TMZ, or both compounds
combined. However, no changes in GS activity were observed
in glioma cells treated with GUO, TMZ, or the combination of
both drugs (Fig. 6¢).

A possible involvement of glutamate (excitatory amino
acids) transporters (EAAT) in GUO effects was also investi-
gated through pharmacological intervention and evaluation of
glioma cell viability. Taking GUO effect on cell viability into
consideration and preventing the increase of glutamate release
caused by TMZ, glutamate transporter blockers were incubated
for 30 min before GUO. Sulfasalazin (SAS, 300 uM), a Xc
system inhibitor, or DL-TBOA (100 uM), a non-transportable
broad-spectrum glutamate transporters inhibitor, was tested.
None of the blockers altered GUO effect, suggesting GUO
did not decrease cell viability through glutamate transporter
modulation (Fig. 7a).

The ionotropic glutamate receptors (iGluRs) and the
metabotropic glutamate receptors (mGluRs) contribution to
GUO cytotoxicity to glioma cells were also evaluated. The
NMDAR antagonist MK-801 (1 uM) did not change glioma
cell viability. Preincubation of MK-801 did not prevent the
reduction in cell viability observed with GUO (Fig. 7b).
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After confluence, A172 glioma cells were treated with GUO 500 pM,
TMZ 500 uM, or both during 48 h and then evaluated the levels of a
glutamate uptake into A172 cells and b glutamate release from A172
cells. The glutamate content was normalized to viable cell number. ¢
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from the culture bottles and washed and the GS activity was measured.
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compared to the control group and #p < 0.05 compared to TMZ group

DNQX (1 uM), a non-selective AMPA and kainate (KA)
receptor antagonist also, did not change glioma viability
alone, neither co-incubated with GUO (Fig. 7b). A selective
KA receptor antagonist, GAMS (1 uM), and a non-selective
metabotropic glutamate receptors antagonist, MCPG
(10 uM), were also tested (Fig. 7c). None of the antagonists
altered GUO effect on decreasing cell viability, discarding the
participation of glutamate receptors on GUO effect.

Evaluation of adenosinergic system involvement

As the nucleoside adenosine regulates glutamatergic transmis-
sion and transport, and protective effects of GUO were
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Fig. 7 Evaluation of glutamate transporters and receptors involvement
on GUO induced cytotoxic effect in A172 glioma cells. After confluence,
A172 glioma cells were pre-treated with glutamate transporter inhibitors
or glutamate receptor antagonists then incubated with GUO for 48 h and
cell viability was assayed via MTT reduction method. a SAS (300 uM) or
DL-TBOA (100 M) were used to analyze glutamate transporters or Xc
system involvement on GUO cytotoxic effect. b MK801 (1 uM) or
DNQX (1 uM) were used to analyze NMDA or AMPA receptor
participation on GUO cytotoxic effect. ¢ GAMS (1 uM) or MCPG
(10 uM) were used to analyze kainate or metabotropic glutamate
receptor interaction on GUO cytotoxic effect. Data expressed as a
percentage related to the control group that was considered as 100%
and expressed as a dotted line. n = 6 of independent experiments for a,
b, and ¢ separately. *p < 0.05 compared to the control group

abolished by modulating adenosine receptors (mainly AR
and A,sR), the involvement of adenosinergic system on
GUO effect over A172 cells was also evaluated. The purine
nucleoside transport inhibitor, dipyridamole (DIPY, 10 uM),
has no effect on cell viability. DIPY did not abolish GUO
effect, pointing to an extracellular effect of GUO (Fig. 8a).

In order to evaluate a dependence of GUO effect on extracel-
lular endogenous adenosine levels, cell viability was assessed
in the presence of the metabolizing adenosine enzyme, aden-
osine deaminase (ADA, 0.5 U/mL). ADA per se increased
A172 cell viability as compared to control cells. The cytotoxic
effect of GUO was partially prevented in the presence of ADA
(Fig. 8a).

Concerning to assess a putative effect of GUO on modu-
lating adenosine receptor (AdoR) activity, AdoR ligands were
incubated in the presence or absence of GUO and cell viability
was evaluated. Adenosine, at the same GUO concentration
used (500 pM), did not modify glioma cell viability alone,
but it prevented GUO cytotoxicity. The AR full agonist
(CGS 21680, 30 nM) or the A,,R inverse agonist also did
not change glioma cell viability per se. CGS 21680 (A;aR
agonist) or ZM241385 (A,4R inverse agonist) partially
prevented GUO effect (Fig. 8b), indicating an AR involve-
ment on GUO cytotoxicity to glioma cells.

The involvement of adenosine A receptor (A;R) on GUO
cytotoxic effect was also evaluated by using an AR antago-
nist, DPCPX (100 nM). DPCPX alone did not change glioma
cell viability. However, this AR antagonist also partially
prevented GUO effect on reducing glioma cells viability
(Fig. 8c). Considering the partial effect observed with both
synthetic AdoR ligands, an association of these compounds on
GUO effect was assessed. The incubation of A;R antagonist,
DPCPX, plus A,AR inverse agonist, ZM241385, promoted a
slight reduction in glioma cell viability (Fig. 8c). In the presence
of DPCPX, ZM241385, or DPCPX + ZM241385, GUO still
presented a partial cytotoxic effect (Fig. 8c). However, the co-
incubation of the A;R antagonist (DPCPX) plus the AR full
agonist (CGS21680) did not alter glioma cell viability per se,
and it did not interfere with GUO cytotoxic effect, pointing to a
GUO effect of modulating adenosine A;-A, receptor interac-
tion (Fig. 9).

Discussion

Gliomas are a harmful cancer type that exhibit a typical
malignant and resistant phenotype, and currently available
therapies present several adverse effects and low responsive-
ness. Therefore, studies concerning adjuvant drugs that may
improve the chemotherapy effects over gliomas and decrease
the adverse side effects of chemotherapy treatment only are
highly desirable [30, 31]. Guanosine is an endogenous non-
toxic nucleoside that has been evinced as a neuroprotective
agent [11, 12]. In this study, the cytotoxic effect of GUO was
compared to the known chemotherapic agent TMZ, as well as
their combination, on classical parameters related to glioma
malignancy.

The antitumoral effect of GUO was already described to
Ehrlich carcinoma, in a study where animals were treated for
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Fig. 8 GUO exerts cytotoxicity on A172 glioma cells via adenosine
receptor interaction. After confluence, A172 glioma cells were pre-
treated with transporter inhibitors or receptor ligands and then incubated
with GUO for 48 h and cell viability was assayed via MTT reduction
method. a DIPY (10 uM) was used to analyze nucleoside transport
involvement on GUO effect. ADA (0.5 U/mL) was used to metabolize
endogenous adenosine. b Adenosine (500 uM)—AdoR full agonist, CGS
21680 (30 nM)—A4R full agonist, and ZM241385 (50 nM)—A,aR
inverse agonist were used to evaluate AdoR and A,4R participation on

10 days with 15 mg/kg/day GUO and it caused a 30%
reduction of tumor weight [32]. The association of GUO with
acriflavine treatment in vivo demonstrated and enhanced
acriflavine antitumoral effect, by decreasing 96% of tumor
weight [32]. In the BI6F10 melanoma cell line, GUO treat-
ment (500, 1000, or 2000 uM) diminished cell growth after
48 h [20]. And, in leukemia and mastocytoma models, the co-
administration of GUO and 5’-deoxy-5-fluorouridine, a che-
motherapeutic compound used in solid tumors treatment,
showed an improvement of the chemotherapeutic antitumoral
effect [33]. Therefore, GUO and GUO plus chemotherapeutic
agent treatment have been already evaluated. In this study, we
are showing that association of GUO with the alkylating agent
TMZ potentiates the apoptotic process in A172 glioma cell
line. For the best of our knowledge, it is the first demonstration
of a beneficial effect of GUO in a glioma cell line.

In A172 glioma cell line, GUO diminished cell viability in
concentrations (500 and 1000 pM) that were previously
shown not to be toxic to native brain tissue (0.1-10 mM)
[34]. GUO or TMZ alone promoted a decrease in A172 cell
viability, and the drug combination does not improve this
effect. However, TMZ plus GUO prevented the migration of
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participation on GUO effect. DPCPX (100 nM) + ZM241385 (50 nM)
were co-incubated to study A;R-A;5R interaction in GUO cytotoxic
effect. d DPCPX (100 nM) + CGS 21680 (30 nM) were co-incubated
to study A;R inactivation and A,sR activation, and receptors interaction
in GUO cytotoxic effect. Data expressed as a percentage related to the
control group that was considered as 100% and expressed as a dotted line.
n = 6 of independent experiments for a, b, ¢, and d separately. *p < 0.05
compared to the control group and #p < 0.05 compared to GUO group

glioma cells after 24 h of treatment, indicating an improve-
ment in the antitumor effect with this drug association. Tumor
cell migration capacity is directly related to the malignancy
and the metastasis process. GUO had also been shown to
induce melanoma cells to a less malignant feature through
inhibition of proliferation and migration [20]. Recently, a pu-
rine analog, sulfinosine, has been shown to promote cancer
cell death through the induction of apoptosis by activation of
caspase-3 [19]. Acute promyelocytic leukemia exposition to
GUO causes cell death with classical biochemical changes
indicative of apoptosis, such as caspase-3 activation and poly-
ADP-ribose polymerase (PARP) cleavage, an enzyme involved
in DNA repair [35]. However, GUO treatment in melanoma
cells shows that there are no changes in phosphatidylserine
exposure related to the control group [20]. Furthermore, in
human hepatoma, GUO treatment does not change features
related to apoptosis, as soluble Fas ligand (a protein of tumor
necrosis factor family) content and caspase-3 activity [36]. Our
results also showed no effect on apoptosis activation in glioma
cells treated with GUO or TMZ alone. However, the combi-
nation of TMZ and GUO increases apoptosis and promotes
dissipation of the AUm as observed with the uncoupler
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TMZ

Apoptosis

Fig. 9 Schematic overview of GUO and GUO plus TMZ association
effects on A172 glioma cells. GUO shows cytotoxic effect to glioma
cells via adenosine receptor (A;R and A,sR) interaction, but its
cytotoxic effect does not depend on glutamate receptors (GluR) or
glutamate (excitatory amino acids) transporter (EAAT) interaction.
GUO plus TMZ treatment promoted a decreased mitochondrial

agent FCCP. These data suggest that the compound asso-
ciation may alter mitochondrial functionality and facilitate
apoptosis, which improves the cytotoxic effect [37].

Autophagy is a normal process related to the self-renewal
capacity of cells for the removal of damaged proteins and
organelles through the lysosomal action, and apoptosis may
be induced by upstream signaling and this way occurs in com-
bination with autophagy [19, 38]. The purine sulfinosine in-
creases autophagy events in U87 human glioma cells [19]. In
this context, TMZ is able to induce autophagy in glioma cells
and the inhibition of the lysosomes acidification, through
bafilomycin treatment, actives apoptosis via caspase-3 activa-
tion [39]. In this study, GUO demonstrated no effect on the
AVO presence, suggesting its cytotoxic effect may not be
related to autophagy. TMZ increased autophagy occurrence
significantly as well as the association with GUO.

It has been shown that neuroprotective effects of GUO
depend on glutamatergic system modulation, through increas-
ing glutamate uptake or decreasing glutamate release, that
may be responsible for increasing glutamine synthetase (GS)
activity [13, 14, 16, 18, 40, 41]. Despite all of this evidence,
we did not observe GUO effects on glutamate uptake, release,
or GS activity, an enzyme that had been considered as a neg-
ative growth regulator in glioma cells [42]. Additionally, the
pharmacological blockade of glutamate receptors or trans-
porters did not interfere with the cytotoxic effect of GUO.
However, TMZ increased glutamate release from glioma cells

Cytoxicity

A172glioma cell

membrane potential (AWm) and increased apoptosis. TMZ induces an
increase in glutamate release, an effect that is prevented by co-treatment
with GUO. Additional mechanisms of GUO plus TMZ cytotoxic effects
on glioma cells remain to be identified. This figure was produced using
Servier Medical Art (http://www.servier.com)

and the co-incubation with GUO prevented this increase. It is
well described that the high extracellular glutamate levels re-
leased by glioma cells can lead to excitotoxic neuronal death
and improve tumor viability, progression, and aggressiveness
[43]. In this sense, the increase in glutamate release could be a
possible aggravating factor of TMZ side effects, if it occurs
in vivo. In this way, the prevention of glutamate release
observed during the combined treatment with GUO may be
a desirable effect to efficient glioma treatment.

It is already described that alterations in glutamate trans-
mission may not explain all the complexity of glioma devel-
opment, thus the purinergic signaling could also interfere with
glioma progress [44]. AdoR activation has been shown to
promote apoptosis in colorectal cancer cells, carcinoma, and
osteosarcoma [45]. Several effects of GUO may be dependent
on AdoR interaction, mainly AR and A, AR (for a review, see
[12]), and our group showed that the neuroprotective
effect of GUO is abolished by AR antagonist and A,sR
agonist [14, 46], suggesting GUO effects over AdoR may
rely on AdoR forming oligomers, a receptorial organization
not yet evaluated in glioma cells. Additionally, it was showed
that GUO may release adenosine from astrocytes [47]. More
recently, it is suggested that GUO increases extracellular aden-
osine disposition in vascular and endothelial cell cultures [48].
However, this effect was not showed in neural cells and the
mechanism is not completely understood, although it seems
not to be dependent on nucleoside transporters and adenosine-
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metabolizing enzyme inhibition [48, 49]. Thus, it is still not
clear whether GUO effects depend on increasing adenosine
levels or may be due to a direct modulation on AdoR. Through
extracellular endogenous adenosine removal with ADA, we
showed that GUO cytotoxic effect was partially reduced (and
not fully, if one expected GUO effect would rely only on
adenosine release). Surprisingly, adenosine alone (in a high
concentration, probably activating A,,R) has no cytotoxic
effect, as observed to the A, AR full agonist (CGS21680) and
also to AR inverse agonist (ZM241385), which blocks the
constitutive activity of A,sR in the absence of ligands (basal
activity). Thus, it seems GUO effect depends on A,5R
modulation, although the site of interaction and the exact
modulatory effect of GUO at A,,R are not known yet.
However, it is still puzzling why adenosine has no cytotoxic
effect on A172 glioma cells if GUO cytotoxic effect is partial-
ly abolished by AdoR ligands. Regarding ADA effect per se
observed in our study, one might suggest that adenosine
deamination, and then inosine formation, would be a mecha-
nism for maintenance of glioma viability. Alternatively, these
purine nucleosides may compete to each other for AdoR mod-
ulation. This is a possibility that needs further investigation.

When evaluating putative GUO interaction with AdoR,
here, we showed that the blockade of AR (with DPCPX),
or the reduction of the constitutive activity of A,,R (with
ZM241385), and additionally, the activation of A;4R (with
CGS21680) interfere with cytotoxic GUO effect. AjR and
A, AR blockade per se decreased glioma cell viability, and
AR blockade concomitantly with A,sR activation did not
interfere with GUO effect. Taken together, these data suggest
that GUO regulates AdoR interaction, probably by modulat-
ing an interaction between A R and A,AR, and the down-
stream signaling over glioma cell viability, with a mechanism
that needs further investigation.

The activation of AdoR has shown dual effects on cell
survival and death cascades. AR activation inhibits prolifera-
tion in human metastatic cell line, and A, 4R activation promotes
human melanoma cell death [50, 51]. AdoR activation also has
been shown to sensitize glioma cells to chemotherapic cytotoxic
effects [52, 53]. In this way, it has been already described that
AdoR activation is capable of modulating apoptotic pathways in
colorectal cancer, hepatocellular carcinoma, osteosarcoma, and
lung cancer, for example, increasing BAX and BAD levels,
promoting alteration in mitochondrial membrane potential and
increasing the efflux of cytochrome C and triggering apoptosis
[45]. There is also a well-known TMZ effect inducing endoplas-
mic reticulum stress, increasing caspase-3 activation [54]. Taken
together, the AdoR modulation by GUO and TMZ toxicity
could lead to an increase in apoptosis levels.

In conclusion, we hereby demonstrated the effects of GUO
and TMZ causing cytotoxicity in human A172 glioma cells.
The combination of the compounds induces an alteration in
mitochondrial membrane potential and triggers an increase in
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apoptosis. GUO effects may involve the modulation of AdoR
interaction, although the exact mechanisms of GUO cytotoxic
effect on glioma cells must be better understood, in order to be
considered as an adjuvant treatment.
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