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Function of neuronal nitric oxide synthase enzyme in
temozolomide-induced damage of astrocytic tumor cells
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Abstract. Astrocytic tumors, including astrocytomas and
glioblastomas, are the most common type of primary brain
tumors. Treatment for glioblastomas includes radiotherapy,
chemotherapy with temozolomide (TMZ) and surgical abla-
tion. Despite certain therapeutic advances, the survival time of
patients is no longer than 12-14 months. Cancer cells overex-
press the neuronal isoform of nitric oxide synthase (nNOS). In
the present study, it was examined whether the nNOS enzyme
serves a role in the damage of astrocytoma (U251MG and
U138MG) and glioblastoma (U87MG) cells caused by TMZ.
First, TMZ (250 uM) triggered an increase in oxidative stress
at 2,48 and 72 h in the US7MG, U251MG and U138MG cell
lines, as revealed by 2',7'-dichlorofluorescin-diacetate assay.
The drug also reduced cell viability, as measured by MTT assay.
U87MG cells presented a more linear decline in cell viability
at time-points 2, 48 and 72 h, compared with the U251MG
and U138MG cell lines. The peak of oxidative stress occurred
at 48 h. To examine the role of NOS enzymes in the cell
damage caused by TMZ, N(w)-nitro-L-arginine methyl ester
(L-NAME) and 7-nitroindazole (7-NI) were used. L-NAME
increased the cell damage caused by TMZ while reducing the
oxidative stress at 48 h. The preferential nNOS inhibitor 7-NI
also improved the TMZ effects. It caused a 12.8% decrease
in the viability of TMZ-injured cells. Indeed, 7-NI was more
effective than L-NAME in restraining the increase in oxida-
tive stress triggered by TMZ. Silencing nNOS with a synthetic
small interfering (si)) RNA (siRNAnNOShum_4400) increased
by 20% the effects of 250 uM of TMZ on cell viability
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(P<0.05). Hoechst 33342 nuclear staining confirmed that nNOS
knock-down enhanced TMZ injury. In conclusion, our data
reveal that nNOS enzymes serve a role in the damage produced
by TMZ on astrocytoma and glioblastoma cells. RNA interfer-
ence with nNOS merits further studies in animal models to
disclose its potential use in brain tumor anticancer therapy.

Introduction

Glioblastoma multiforme (GBM) is the most aggressive
astrocytic brain tumor, with the highest degree of histological
abnormality (1,2). Patients with GBM are typically associated
with a poor prognosis, with a median survival of 12-14 months,
according to a statistical report of nervous system tumors
diagnosed in the United States between 2006 and 2010 (3.4).
Current therapy consists of maximal safe resection of the
tumor mass followed by radio- and chemotherapy (5). The drug
of choice is temozolomide (TMZ), but the treatment yields a
median survival benefit of only 2.5 months. In addition, tumor
recurrence and resistance to TMZ often occur (6,7).

Cancer cells commonly present an increased metabolic
activity, which results in oxidative stress (8,9). The precise
role of oxidative stress in tumor biology and its implication
in cancer therapy remains a complex matter. The excessive
levels of reactive oxygen species (ROS) may result in cell
damage and apoptosis (10). However, ROS production, which
includes nitric oxide (NO), may improve the survival, growth
and neoplastic phenotype of various cancer cells, including
astrocytic brain tumors (11,12).

The neuronal nitric oxide synthase (nNOS) enzyme
synthesizes the largest amount of NO in the body, exerting an
important role in homeostasis (13). However, nNOS and NO are
also involved in brain diseases and cancer pathogenesis (14,15).
In general, brain tumors and peritumoral areas express NOS,
which improves the blood supply required for cancer develop-
ment (16,17). NO formed by nNOS contributes to angiogenesis,
vasodilation and vascular permeability, thus serving a role in
tumor growing and malignancy (18). Also, the non-selective
NOS inhibitor N(w)-nitro-L-arginine methyl ester (L-NAME)
controlled brain tumor growth in a rat model (19).

In summary, oxidative stress is a biochemical change
that affects tumor growth and cancer cells' response to
antineoplastic drugs. Identifying molecules that regulate
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oxidative stress in TMZ-injured tumor cells will enrich our
knowledge on tumor biology and responses to anticancer
therapy. The present study evaluated whether NOS enzymes
serve a role in the damage caused by TMZ on astrocytic tumor
cells. First, the effects of TMZ (250 #M) on oxidative stress and
cell viability were examined. These effects were evaluated in
astrocytoma (U251MG and U138MG) and glioblastoma (ATCC
U87MGQG) cell lines at 2,48 and 72 h. Then, it was investigated
whether NOS enzymes would affect the cell damage caused by
TMZ. For that purpose, L-NAME (a nonspecific NOS inhibitor)
and 7-NI (an nNOS inhibitor) were used (20,21). Finally, the
strategy of RNAi was applied to explore the involvement of the
nNOS enzyme in such cell responses.

Materials and methods

Cell culture. The human likely glioblastoma cell line U§7MG
[ATCC® HTB14™; American Type Culture Collection (ATCC),
Manassas, VA, USA], named ATCC U87MG for simplicity,
and the astrocytoma cell lines U251MG (European Collection
of Authenticated Cell Cultures, Salisbury, UK) and U138MG
(ATCC® HTB-16™), were maintained in Dulbecco's modified
Eagle's medium (DMEM)/F12 (Gibco; Thermo Fisher Scientific,
Inc., Waltham,M A, USA) supplemented with 10% (v/v) heat-inac-
tivated fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.), 1% GlutaMAX™ (Gibco; Thermo Fisher Scientific, Inc.),
1% penicillin/streptomycin solution and 250 ng/ml amphotericin
B (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). The
cells were seeded into 25 cm? culture flasks and maintained at
37°C in a humidified atmosphere with 5% CO,.

Determination of cell viability. Cells were seeded in 96-well
plates at a concentration of 0.5x10* cells/well. The cells were
incubated with 200 yM of L-NAME (Sigma-Aldrich; Merck
KGaA) or 100 uM of 7-nitroindazole (7-NI; Sigma-Aldrich;
Merck KGaA) 1 h prior to the addition of 250 M of TMZ (Orion
Corporation, Espoo, Finland). After 2,48, or 72 h, cell viability
was measured by a quantitative colorimetric assay with MTT,
which reveals the mitochondrial activity of living cells. Briefly,
50 pl of the MTT-labeling reagent (0.5 mg/ml) were added to
each well, and the plate was incubated for an additional 3-h
period. The insoluble formazan was dissolved with dimethyl
sulfoxide, and MTT reduction was measured at 595 nm in an
absorbance plate reader (SpectraMax® M2; Molecular Devices,
LLC, Sunnyvale, CA, USA). Experiments were carried out in
triplicate in 8 independent assays. Control cells without treat-
ment were considered to exhibit 100% viability.

ROS test. The 2',7'-dichlorofluorescein-diacetate (DCFH-DA)
(Sigma-Aldrich) assay was used to measure ROS produc-
tion. Briefly, cells were seeded in 96-well plates at a density
of 0.5x10* cells/well. After 24 h, cells received L-NAME
or 7-NI 1 h before TMZ (250 uM) exposition for 2, 48 or
72 h. Subsequently, the medium was removed, and the cells
were incubated with DCFH-DA at a final concentration of
20 uM in DMEM/F12 for 30 min at 37°C, and next washed
with Dulbecco's PBS. DCFH-DA levels were measured in
a microplate reader (SpectraMax® M2; Molecular Devices,
LLC) with excitation and emission wavelengths set at 485 and
535 nm, respectively.
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Synthetic siRNAs. The present study used a previously
described siRNA named siRNAnNOShum_4400, which
targets an nNOS mRNA sequence identified by the BIOPREDsi
algorithm (22,23). This sequence is present in exon 28 of all
nNOS splicing variants o, p and y (5-GCGAACGTACGA
AGTGACCAA-3'"; nt 4,898-4,918; NM_000620.2) (23).
siRNAnNOShum_4400 was synthesized by Qiagen, Inc. as
double-stranded RNA sequence with 21 nt. The present study
also used the AllStars® Negative Control siRNA (Qiagen, Inc.).

Cell transfection. Transfections of three different lineages
(ATCC U87MG, U251MG and U138MG) with siRNAn-
NOShum_4400 were carried out with Lipofectamine® 2000
Transfection Reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) and Opti-MEM® (Gibco; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. The effect of
siRNAnNOShum_4400 on nNOS mRNA content was deter-
mined by RT-qPCR as described below. The present study also
evaluated the effect of siIRNAnNOShum_4400 on the viability
of ATCC US7MG cells injured by TMZ. To investigate this,
following siRNA transfection, the medium was exchanged
for DMEM/F12 (Thermo Fisher Scientific, Inc.), followed by
the addition of TMZ at 250 or 500 yM. After 48 h of incuba-
tion at 37°C, cell viability was determined by MTT assay as
described above. Glioblastoma cells without any treatment
comprised the mock control group.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). First, total RNA was extracted with the RNeasy®
Mini kit (Qiagen GmbH, Hilden, Germany) following the
manufacturer's protocol, and quantified by fluorometry
(Qubit® 2.0 Fluorometer Firmware 3.11; Thermo Fisher
Scientific, Inc.). The purity was considered acceptable for
RNA/protein ratios above 1.8. RNA integrity was analyzed
by 1% agarose gel electrophoresis using ethidium bromide
(Invitrogen™; Thermo Fisher Scientific, Inc.). Complementary
(c)DNA synthesis was performed from 500 ng total RNA
using random primers (SuperScript® First-Strand Synthesis
System for RT-PCR; Invitrogen; Thermo Fisher Scientific,
Inc.). RT-qPCR was carried out in a 7500 Fast Real-Time
PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The forward and reverse primers for nNOS were 5'-GGT
GGAGATCAATATCGCGGTT-3' and 5-CCGGCAGCGGTA
CTCATTCT-3', respectively (24). For the housekeeping gene,
the GC-rich promoter binding protein 1 primers 5-TCACTT
GAGGCAGAACACAGA-3' and 5'-AGCACATGTTTCATC
ATTTTCAC-3' were used (25). Amplification products were
detected via intercalation of the fluorescent dye SYBR® Green
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Briefly,
10 ul reaction mixture contained 5.0 ul Fast SYBR® Green
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc.), 2.0 ul cDNA (diluted 1:10), as previously described (23),
and 0.4 pul each sense and antisense primer (10 pmol/ul).
The PCR program included an initial denaturation at 95°C
for 5 min, followed by 40 cycles of amplification (95°C for
1 min and 60°C for 1 min). Each experiment was carried out
in triplicate, and the assay included non-template negative RT
controls. The 224%4 relative quantification method was used
to express the RNA interference (RNAi) effects on nNOS
mRNA content (26).
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Figure 1. TMZ reduces the viability of the (A) American Type Culture
Collection US7MG, (B) U251MG and (C) U138MG cell lines, and increases
their oxidative stress. Experiments were carried out in triplicate in eight
independent assays. Circles and squares represent mean values + standard
error of the mean regarding MTT and DCFH assay results, respectively, at
each time-point. Cells were injured by TMZ (250 uM) for 2,48 or 72 h. TMZ
affected cell viability and the production of ROS, as determined by MTT and
DCFH assays, respectively. From 2 to 48 h post-TMZ, all cell lines exhibited
a significant reduction in cell viability along with an increase in oxidative
stress response. Asterisks represent statistically significant differences
("P<0.05, one-way analysis of variance followed by Tukey's post hoc test).
TMZ, temozolomide; DCFH, 2'7'-dichlorofluorescein.

Nuclear staining with Hoechst 33342. Hoechst 33342
(Sigma-Aldrich; Merck KGaA) staining was used to detect
injured cells. Cells were cultured in 24-well plates and trans-
fected with siRNAnNOShum_4400 as above described. After
24 h, cells received TMZ for 48 h. Injured and non-transfected
cell groups were also included as positive controls. Briefly, the
cells were fixed in 4.0% paraformaldehyde for 10 min prior to
staining with Hoechst 33342 (5.0 ug/ml/well) in the dark for
10 min at room temperature. Subsequently, the coverslips were
washed twice with PBS, air-dried, mounted onto glass slides
and observed under a fluorescence microscope (TCS SP5;
Leica Microsystems, GmbH, Wetzlar, Germany). The nuclear
condensation, fragmentation and bright staining of damaged
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cells were identified by intense local staining in the nucleus, in
contrast to the diffused staining of DNA in healthy cells (27).

Statistical analysis. SPSS version 17 (SPSS, Inc., Chicago, IL,
USA) was used to analyze the data. All results were expressed
as means + standard error of the mean. One-way analysis of
variance with Tukey's post hoc test was applied to evaluate
inter-group results. Differences between paired groups were
analyzed by the Student's t-test. P<0.05 was considered to
indicate a statistically significant difference.

Results

TMZ affects astrocytoma and glioblastoma cell viability,
and increases oxidative stress. All cell lines exposed to TMZ
(250 uM) presented a decreased cell viability with higher
levels of ROS. These effects varied in intensity according to
the time points and cell lines studied. As shown in Fig. 1A,
TMZ caused a progressive decline in cell viability at 2, 48 and
72 h in the ATCC U87MG cell line. The values varied from
92% (2 h) to 52% (72 h), and they were significantly different
between 2,48 and 72 h time points. The cells produced ROS at
increased levels, reaching the maximum peak at 48 h (P<0.05).
TMZ also affected cell viability and oxidative stress in astro-
cytoma cells. On U251MG cells, TMZ caused the highest cell
damage at 48 h (Fig. 1B). Compared with ATCC U87MG and
U138MG cell lines, the differences in cell viability among time
points 2,48 and 72 h were small (84-88%) and not statistically
significant, as determined by the MTT assay. The highest
oxidative stress response in U251MG cells was observed at
72 h post-TMZ. Finally, TMZ caused a progressive reduction
in U138MG cell viability, with a parallel increase in ROS
production (P<0.05; Fig. 1C). These two effects peaked at 72 h
post-TMZ.

nNOS-targeted siRNA reduces nNOS mRNA content in
astrocytoma and glioblastoma cell lines. The present study
evaluated whether the enzyme nNOS could be silenced
by RNAIi. For that purpose, the effect of a previously
described siRNAnNOShum_4400 (37.5 nM) on nNOS
mRNA content was examined at 24 h after transfection.
All transfected cell lines (i.e. ATCC U87MG, U251MG and
U138MG) presented their nNOS mRNA content reduced
to ~50% at 24 h (Fig. 2). This strategy used to suppress
nNOS expression was additionally employed in the present
study to examine the role of this enzyme in TMZ-injured
glioblastoma cells.

Effects of NOS inhibitors on the viability and oxidative stress
of ATCC U87MG cells exposed to TMZ for 48 h. Inhibiting
NOS enzymes causes effects on TMZ cell damage at 48 h. As
shown in Fig. 3A, L-NAME and 7-NI decreased the viability
of TMZ-damaged cells by 9.6 and 12.8%, respectively
(P<0.05), compared to TMZ 250 group. In parallel, these
inhibitors also hampered the increase in ROS production
caused by TMZ (P<0.05; Fig. 3B), compared to TMZ 250
group. As noted, 7-NT was more effective than L-NAME in
improving the effects of TMZ, as well as in controlling the
oxidative stress response. These data highlight a relevant role
for nNOS in the actions of TMZ against glioblastoma cells.
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Figure 2. Effects of siRNAnNOShum_4400 on the nNOS mRNA content of
American Type Culture Collection U§7MG, U251MG and U138MG cells.
Cells were transfected with siRNAnNOShum_4400 (37.5 nM) mixed with
Lipofectamine® 2000 Transfection Reagent for 24 h. Reverse transcrip-
tion-quantitative polymerase chain reaction results are presented as relative
expression to the scramble control group (2°449). Bars represent the fold
changes in nNOS mRNA levels relative to the scramble control group, which
was arbitrarily assigned the value of 1. siRNAnNOShum_4400 reduced the
content of nNOS mRNA in astrocytoma and glioblastoma cells. siRNA,
small interfering RNA; nNOS, neuronal nitric oxide synthase.

nNOS-targeted siRNA potentiates the effects of TMZ.
nNOS enzyme was knocked-down by using siRNAn-
NOShum_4400, which was transfected 24 h before TMZ cell
damage. This siRNA alone caused no significant changes in
cell viability. However, siRNA-transfected cells were more
susceptible to the effects of TMZ at 48 h. They presented an
additional 20% decrease in cell viability compared with that
of the injured mock-transfected group (70 vs. 50%, respec-
tively; P<0.05) (Fig. 4A). Cells damaged by a higher TMZ
concentration (500 xM) also presented the same response
(44 vs. 26%, respectively; P<0.05) (Fig. 4B).

nNOS-targeted siRNA increases the damage of cells caused by
TMZ. The present study conducted a Hoechst 33342 analysis
of TMZ-injured cells. It was observed that TMZ (250 pM)
alone caused a marked damage on ATCC U887MG cells, as
shown by the typical nuclear Hoechst staining (Fig. 5A).
Silencing the nNOS enzyme with siRNAnNOShum_4400
caused no increase in cell apoptosis. However, cells with
silenced nNOS were more susceptible to TMZ injury than
control cells. As shown in Fig. 5B, the damage caused by
TMZ was significantly higher in the group transfected with
nNOS-targeted siRNA compared with the TMZ (250 M)
alone (P<0.05).

Discussion

Growing evidence has implicated NOS enzymes in the biology
of tumor cells (28-30). The present study examined whether
the nNOS enzyme affects astrocytoma and glioblastoma
cell responses to TMZ cell damage. TMZ acts by forming
O%-methylguanine nt, which mispairs with thymine during
DNA replication. In consequence, the drug causes cell cycle
arrest in G,/M phase in astrocytic tumor cells, which finally
induces cell death (31). TMZ also reduces the membrane
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potential of the mitochondrion, releases cytochrome ¢ from
this organelle, and increases activated caspases 3 and 9
cell content (32). Oliva et al (2011) suggested that U251MG
cells demonstrated an increase in ROS production at 2 and
4 h post-TMZ (33), which indicated that oxidative stress
contributed to the TMZ effects on astrocytoma tumor cells, as
confirmed by a protective effect obtained with the antioxidant
N-acetylcysteine. Indeed, TMZ at 300 #M caused a 10-fold
increase in ROS levels in TMZ-sensitive U251MG cells, but
no effect occurred on resistant cells (33). The present study
used TMZ at 250 uM. The drug increased oxidative stress in
ATCC U87MG, U251MG and U138MG cells. The peak of
ROS concentration occurred at 48 or 72 h, according to each
cell line (Fig. 1). Corroborating previous studies, cell groups
with increased levels of ROS exhibited a lower cell viability
than those with reduced ROS levels (33,34).

In a recent study from 2016, Allen et al (32) compared the
original U87MG cell line first identified at Uppsala University
with the commercial US7MG cell line used in the present study
(ATCC® HTB14™). Genotyping results based on short tandem
repeat (STR) analysis revealed that the ATCC and Uppsala
U87MG cells lines are from distinct origins (32). However, the
STR profiling from the ATCC U87MG cell line is identical to
that previously published by Bady et al in 2012 and the CLS
Cell Line Services (35,36). In addition, the commercial ATCC
U87MG cell line was identified as a cell line of central nervous
system (CNS) tumor origin (Allen er al 2016), by comparing
the transcriptional profiles of ATCC U87MG with those
of 1,036 cell lines regarding 18 different tissue derivation
lineages of the Cancer Cell Line Encyclopedia (CCLE) (37).
In summary, ATCC U887MG can be classified as a bonafide
human glioblastoma cell line (35).

The World Health Organization recently updated the classi-
fication of tumors of the CNS, including molecular parameters
in addition to conventional histology (38). With this regard,
all three lineages used in the present study are classified as
astrocytic tumor cells, termed astrocytoma (U251MG and
U138MGQG) or glioblastoma (ATCC U87MG). Glioblastoma
is the most malignant astrocytic tumor (grade IV), with the
following histopathology features: Cellular polymorphism,
nuclear atypia, high mitotic activity, increased abnormal
growth of blood vessels around the tumor, vascular thrombosis,
microvascular proliferation and necrosis (1,2,39).

Although no animal model perfectly represents all
aspects of human glioblastomas, the model of choice must
mimic the features of the disease under investigation (40,41).
The lineage used in our study, i.e. ATCC U87MG, exhibits
numerous aspects of this primary brain tumor in rodent
models. Intracerebral implantation of ATCC US87MG cells
in nude mice resulted in the growth of tumors whose volume
increased by ~50 mm? in 39 days, presenting an infiltrative
pattern with a marked neovascularization and large necrotic
center areas (42,43), which indicates that the model has
‘face’ validity. The ATCC U87MG cell line has also been
used for refining diagnostic techniques on histopathology
and imaging of glioblastoma tumors (44-46). Regarding the
‘predictive’ validity of the model, ATCC U87MG tumors
can be treated with TMZ, the drug of choice for GBM,
which was employed in the present study (47,48). Besides
TMZ, the ATCC U87MG cell line has also been used for



ONCOLOGY LETTERS 15: 4891-4899, 2018 4895

L-NAME or MTT or
T-MI ROS
=24h -1h 485h post-TAE
TMZ
oh
A B "
120 % [
f ] w00 * *
= * |
- T
E @
] e
=3
il ]
o 2
E “ S
£
o E .
® a -
e
=] oo e
-
.
o
Control TMZ 250 L-NAME TN Control TMZ 250 L-NAME NI
+ TMZ 250 + TMZ 250 +TM Z250 + TMZ 250

Figure 3. Effects of NOS inhibition on American Type Culture Collection U§7MG cells exposed to TMZ for 48 h. Cell viability and ROS production were
measured by MTT and DCFH-DA assays, respectively. Bars express mean + standard error of the mean regarding the results of MTT or DCFH-DA assays.
Experiments were carried out in triplicate in eight independent assays. A schematic representation of the experimental procedure is included. Briefly, either
L-NAME or 7-NI was added to cell preparations 1 h before TMZ treatment. Next, the cells received TMZ (250 #M) at the time-point O h. The cells were then
incubated for an additional period of 48 h, prior to being subjected to the MTT and DCFH-DA assays. Pretreatment with L-NAME (200 xM) or 7-NI (100 zzM)
in cells injured by TMZ (A) reduced their viability and (B) decreased ROS production. Asterisks represent statistically significant differences (‘P<0.05,
one-way analysis of variance followed by Tukeys post hoc test). NOS, nitric oxide synthase; ROS, reactive oxygen species; TMZ, temozolomide; DCFH-DA,
2'7'-dichlorofluorescein-diacetate; L-NAME, N(w)-nitro-L-arginine methyl ester; 7-NI, 7-nitroindazole.
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pre-clinical testing of different therapeutic agents against a glioblastoma model with invasiveness, tumor-induced
glioblastoma (49-53). In summary, the scientific data avail-  necrosis and vascular alterations that mimics human glio-
able suggest that the ATCC U87MG cell lineage provides  blastomas, indicating that it is a useful experimental model
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error of the mean regarding Hoechst 33342 nuclear staining results. Experiments were carried out in triplicate in 8-12 independent assays. Briefly, the injury was
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a typical nuclear staining in damaged cells, which was reinforced by pretreatment with siRNAnNOShum_4400. Magnification, x20. (B) Quantification of
nuclear Hoechst 33342 staining. ("P<0.05, one-way analysis of variance followed by Tukey's post hoc test). siRNA, small interfering RNA; nNOS, neuronal

nitric oxide synthase; hum, human; TMZ, temozolomide.

for studies on tumor biology and therapeutics. Thus, the
genetic differences between the ATCC U87MG cell line and
the original Uppsala U87MG lineage are unlikely to affect
the conclusions of the present study.

The gas NO contributes to oxidative stress in astrocytic
tumors (11). NO is often referred to as a toxic and reactive
molecule. However, it inhibits the apoptosis of cells associ-
ated with caspase 3-like enzymes via S-nitrosylation or cyclic
guanosine monophosphate-dependent pathways (54). At mM
concentrations, it also inhibits catalase and cytochrome
P-450 enzymes (55). NO is released during the synthesis of
L-citrulline, which is catalyzed by NOS enzymes (12). This
gaseous molecule will form two metabolites: Nitrite and
nitrate (13). Nitrite damages DNA strands, leading to various
biochemical features observed in cancer cells such as changes
in p53 activity and epidermal growth factor signaling (56-58).
The increased NOS activity reported in glioma cells also
contributes to oxidative stress (11). Similarly, inhibiting
NOS enzymes by L-NAME resulted in a lower nitrite
concentration in rat glioma tumor tissues with a decrease
in tumor volume, which reinforces the benefits of reducing
NOS activity in glioma cells (19,59). No previous study,
however, has addressed the involvement of NOS enzymes
in the damage of astrocytic tumor cells cells (astrocytoma
and glioblastoma) caused by TMZ. In the present study, cells
were pretreated with L-NAME to evaluate the effects of this

drug on oxidative stress and viability. It was observed that
NOS enzymes affect both responses. L-NAME sensitized
ATCC USTMG cells to 250 uM of TMZ. The viability of
glioblastoma cells and their oxidative stress levels were
decreased at 48 h. Altogether, these data reveal that NOS
enzymes contribute to oxidative stress in glioblastoma cells
injured by TMZ. It is possible to speculate that inhibition of
NOS enzymes during TMZ cell damage may converge to the
same apoptotic pathway described above, thus improving the
damage of glioblastoma cells.

nNOS is highly expressed in astrocytic tumors. The expres-
sion of nNOS occurs in both the tumor and peritumoral areas of
brain tumors (16). Indeed, tumors with high histological grades
also present increased levels of nNOS expression (18,60).
Although these findings suggest a possible role for nNOS in
gliomagenesis, no previous study has addressed its involvement
in astrocytic tumor cells injured by TMZ. The present study
evaluated the effects of the nNOS inhibitor 7-NI and a synthetic
siRNA targeting nNOS. At 48 h, 7-NI decreased the viability of
ATCC USTMG cells, restraining their oxidative stress response
to 250 uM of TMZ (Fig. 3). The role of the nNOS enzyme in
glioblastoma cell responses to TMZ was confirmed by RNAi
experiments. ATCC U887MG cells subjected to nNOS silencing
for 24 h were more vulnerable to TMZ compared to cells
exposed to TMZ alone. They exhibited a decreased viability
with an increased rate of injury (Figs. 4 and 5). The results from
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nNOS knock-down experiments reinforce those obtained with
the nNOS inhibitor 7-NI, suggesting that this enzyme serves at
least a partial role in glioblastoma cell defenses against TMZ.

Understanding the biology of astrocytic cells is a chal-
lenging effort for studies that use animal models of brain
tumors (61-63). Beyond modeling tumor pathogenesis, the
results from animal models have also identified potential targets
for glioma chemotherapy (64-67). The present study revealed
that suppressing the nNOS enzyme improves the effects
of TMZ on glioblastoma cells. siRNAs designed to silence
other enzymes also increase TMZ injury in astrocytic cells,
as observed for DNA methyltransferases and kinases (68-70).
RNAIi with non-enzymatic targets was also observed to be
valuable in sensitizing cells to TMZ: In a previous study, it was
noted that silencing the voltage-gated potassium channel Eagl
makes glioblastoma cells more vulnerable to TMZ (71). The
same effect occurred for drug resistance proteins, heat-shock
proteins 90, 27 and 72, and other targets involved in cell
signaling (72-77).

The studies mentioned above stand that siRNAs hold
the potential to be RNAi-based drugs associated with TMZ.
However, exploitation of RNAI in the clinic will depend on
improvements in oligonucleotides chemical structure for
stability (phosphorothioated backbones that avoid ribonuclease
attack) and specificity (i.e. locked nucleic acids), as well as the
development of novel carriers for siRNA delivery (78). The
oligonucleotide siRNAnNOShum_4400 used in the present
study has no phosphorothioate backbones and locked nucleic
acids (23). Thus, we recommend adopting these chemical
changes in future studies with nNOS-targeted siRNAs for
improvements in the specificity and duration of silencing
effects.

A significant limitation to treat brain tumors is the location
where such tumors grow, i.e. the CNS, since the blood-brain
barrier offers an obstacle for drug distribution (79). The
introduction of siRNAs directly into brain tumor tissues
by the convection-enhanced delivery (CED) technique is a
viable alternative to circumvent this obstacle (80). Combining
CED with the use of nanoparticles for carrying siRNAs is a
promising strategy to treat glioma tumors by RNAi (81-83).
Finally, a sustained delivery of siRNAs implanted in tumor
tissues would be of value to control aggressive cancer types. In
a previous study, biodegradable poly (lactic-co-glycolic acid)
devices implanted into pancreatic tumors provided a 4-month
delivery of siRNAs with significant antitumor results (84).
Implantation of such delivery system following brain tumors
ablation would be a promising strategy to prevent tumor
recurrence.

Regarding clinical trials, at least ten RNAi-based drugs are
currently in phase II and will become approved treatments in
the following years (78). Of these, three clinical trials address
cancer diseases, including pancreatic tumors, hepatocel-
lular carcinomas and neuroendocrine tumors (78). It may be
possible that certain RNAi-based drugs successfully tested in
animal models of brain tumors could be evaluated in clinical
trials.

To conclude, the present study revealed a new target for
RNAI, the nNOS enzyme, which also improved the anticancer
effects of TMZ on glioblastoma cells. The synthetic duplex
for silencing nNOS, siRNAnNOShum_4400, merits further
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studies to explore its potential use for brain tumor anticancer
therapy.
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