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Guanosine prevents nitroxidative stress and recovers
mitochondrial membrane potential disruption in hippocampal
slices subjected to oxygen/glucose deprivation
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Abstract Guanosine, the endogenous guanine nucleoside,
prevents cellular death induced by ischemic events and is a
promising neuroprotective agent. During an ischemic event,
nitric oxide has been reported to either cause or prevent cell
death. Our aim was to evaluate the neuroprotective effects of
guanosine against oxidative damage in hippocampal slices
subjected to an in vitro ischemia model, the oxygen/glucose
deprivation (OGD) protocol. We also assessed the participa-
tion of nitric oxide synthase (NOS) enzymes activity on the
neuroprotection promoted by guanosine. Here, we showed
that guanosine prevented the increase in ROS, nitric oxide,
and peroxynitrite production induced by OGD. Moreover,
guanosine prevented the loss of mitochondrial membrane po-
tential in hippocampal slices subjected to OGD. Guanosine
did not present an antioxidant effect per se. The protective
effects of guanosine were mimicked by inhibition of neuronal
NOS, but not of inducible NOS. The neuroprotective effect of
guanosine may involve activation of cellular mechanisms that
prevent the increase in nitric oxide production, possibly via
neuronal NOS.
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Abbreviations
1400 W N-(3-(Aminomethyl)benzyl)acetamidine
7-NI 7-nitroindazole
eNOS Endothelial nitric oxide synthase
GUO Guanosine
HBSS Hank’s balanced salt solution
iNOS Inducible nitric oxide synthase
KRB Krebs-Ringer bicarbonate buffer
L-NAME L-NG-nitro-L-arginine methyl ester
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
nNOS Neuronal nitric oxide synthase
OGD Oxygen/glucose deprivation
ONOO− Peroxynitrite
ROS reactive oxygen species

Introduction

Stroke as a result from cerebral ischemia (an obstruction of
blood flow causing an impairment of providing metabolic
substrates) can cause severe degeneration of central nervous
system (CNS) cells and consequent loss of brain functions [1].
Stroke is the third leading cause of death and a major cause of
long-lasting disability worldwide [2].

During cerebral ischemia, the excitatory amino acid gluta-
mate is released at high concentrations within the core of the
infarction area and in the penumbra tissue. In these areas, glu-
tamate promotes overactivation of its receptors, mainly the N-
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methyl-D-aspartate (NMDA) subtype, leading to ionic unbal-
ance, mitochondrial Ca2+ overload, inhibition of ATP produc-
tion, and breakdown of biomolecules [3]. Increased intracellu-
lar Ca2+ levels further promotes glutamate release and this
event amplifies the spread of neuronal excitotoxicity [4].

The degree of cell injury in ischemic events depends on the
time and intensity of blood flow obstruction. In this regard, the
most effective therapies are reperfusion strategies used to re-
establish tissue perfusion, in order to reduce neurological def-
icits and improve functional outcome [5]. However, reperfu-
sion of ischemic brain tissue can also have harmful conse-
quences, as it is characterized by the significant increase in
reactive oxygen species (ROS) and nitrogen reactive species
(RNS) levels, including nitric oxide (NO) [4, 6, 7].

NO is a physiological messenger in the CNS and is synthe-
sized by the nitric oxide synthases (NOS) from L-arginine,
forming L-citrulline and NO [8]. All brain cells are able to
synthesize NO, from different isoforms of NOS, following dif-
ferent types of stimulus. In neurons, NO is synthesized primar-
ily by the neuronal isoform of NOS (nNOS or NOS1), a Ca2+-
dependent and constitutively expressed enzyme. In glial cells,
NO is synthesized by a Ca2+-independent inducible NOS
(iNOS or NOS2), which is upregulated after the increase in
proinflammatory cytokines. In contrast, endothelial cells pro-
duce NO by a constitutive pathway via Ca2+-dependent activity
of endothelial NOS (eNOS or NOS3) [4, 9].

Nitric oxide (NO) can exert both protective and deleterious
effects, depending on its cellular source, NOS isoform, and the
temporal injury stage. Immediately after brain ischemia, NO re-
leased from eNOS is protective by promoting vasodilation and
inhibiting microvascular aggregation and adhesion. However,
the hyperactivation of NMDA receptors in postsynaptic neurons
produces excessive nNOS activity and subsequently inflamma-
tory reactions inducing iNOS expression at glial cells, allowing
massive and uncontrolled NO release that may be damaging for
the neighboring neurons [8]. Furthermore, the negative effects of
excessive NO generation are caused by the endogenous forma-
tion of the peroxynitrite anion (ONOO−) rather than NO itself
[10]. ONOO− is formed by the spontaneous reaction of NO with
superoxide anion (O2

−) [9].
An endogenous neuroprotective agent that had been consid-

ered as a putative anti-ischemic strategy is guanosine (GUO), the
guanine-derived nucleoside. GUO presents neuroprotective ef-
fect in in vivo and in vitro experimental models of brain diseases
associated with glutamatergic excitotoxicity [11, 12]. It was
showed that after focal stroke in rats, GUO levels are elevated
within 2 h and remain high for 7 days in the brain tissue [13]. In
oxygen/glucose deprivation (OGD) protocol, an in vitro model
for ischemia, we showed that GUO is protective by improving
extracellular glutamate uptake [14]. Moreover, GUO is effective
in reducing ROS production, iNOS expression and NF-kB acti-
vation, and preventing the loss of mitochondrial membrane po-
tential. Additionally, it decreased cells membrane permeability

and glutamate release, and recovered glutamine synthetase activ-
ity in slices subjected to OGD [12, 15].

In the present study, we examine further the mechanisms
involved in the neuroprotective effect of GUO in response to
OGD/reperfusion damage. Selective inhibition of different
NOS isoforms was used to investigate the participation of these
enzymes on GUO neuroprotective and antioxidant effects. We
also evaluated a putative antioxidant activity of GUO per se.

Materials and methods

Animals

Male adult Wistar rats (60–90 days post-natal) were obtained
from our local breeding colony and maintained on a 12 h
light–12 h dark schedule at 23 ± 1 °C, with food and water
ad libitum. The procedures used in the present study complied
with the guidelines on animal care of the UFSC Ethics
Committee on the Use of Animals (CEUA), which follows
the BPrinciples of laboratory animal care^ from NIH (2011).

Preparation and incubation of hippocampal slices

Rats were killed by decapitation, and hippocampiwere rapidly
removed and placed in an ice-cold Krebs-Ringer bicarbonate
buffer (KRB) of the following composition (in mM): 120
NaCl, 2 KCl, 10 MgSO4, 0.5 CaCl2, 1.18 KH2PO4, 26
NaHCO3, and 10 D-glucose. The buffer was bubbled with
95 % O2–5 % CO2 up to pH 7.4. Slices (400 μm) were pre-
pared using a Mcllwain Tissue Chopper, separated in KRB at
4 ° C and allowed to recover for 30min in KRB at 37 ° C [16].

Slices corresponding to the control group were incubated
throughout the experiment in KRB. Oxygen and glucose dep-
rivation (OGD) was induced by incubating slices for a 15-min
period in an OGD buffer with the following composition (in
mM): 1.3 CaCl2, 137NaCl, 5 KCl, 0.65MgSO4, 1.1 KH2PO4,
and 5 HEPES, where 10 mM D-glucose was replaced by
10 mM 2-deoxy-glucose [17], and the buffer was bubbled
with nitrogen throughout the incubation period [18]. After
the OGD period, slices returned to an oxygenated regular
KRB containing glucose for 2 h (reoxygenation period, that
mimics the reperfusion after ischemia). These experiments
were performed at 37 °C.

Slices treatment

When present, GUO (100 μM, Sigma-Aldrich®), N-3-
Aminomethyl-benzyl-acetamidine (1400 W) (100 μM, Sigma-
Aldrich®, iNOS inhibitor), 7-nitroindazole (7-NI) (50 μM,
Sigma-Aldrich®, nNOS inhibitor), or L-NG-nitro-L-arginine
methyl ester (L-NAME) (1 mM, Sigma-Aldrich®, non-
selective NOS inhibitor) were added in the reoxygenation period.
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When the treatment was realizedwith GUOplus NOS inhibitors,
the NOS inhibitors were pre-incubated for 15 min before adding
GUO and they were kept together during the 2 h of reoxygena-
tion. As a positive control for ROS production, we used hydro-
gen peroxide (H2O2, Vetec®). Hippocampal slices were incubat-
ed for 2 h with H2O2, at a concentration of 1 mM [19].

Evaluation of cell viability

Cell viability was determined through the ability of cells to
reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Sigma-Aldrich®) as previously described
[20]. After the reoxygenation period, hippocampal slices were
incubated with MTT (0.5 mg/mL) in KRB for 20 min at
37 °C. The tetrazolium ring of MTT can be cleaved by active
dehydrogenases to produce a precipitated formazan. The pre-
cipitated formazan was solubilized with 200 μL of dimethyl
sulfoxide (DMSO), and the optical density quantified spectro-
photometrically at a wavelength of 550 nm was considered as
a parameter of cellular viability.

Propidium iodide staining

Cell damage was assessed by using the uptake of the fluores-
cent exclusion dye propidium iodide (PI) (Sigma-Aldrich®),
which is a polar compound that enters only dead or dying cells
with damaged membranes. Once inside the cells, PI com-
plexes with DNA and emits an intense red fluorescent [21].
After the reoxygenation period, hippocampal slices were in-
cubated with 7 μg/mL of PI for 30 min at 37 °C. PI fluores-
cence was measured in a fluorescence microplate reader. Peak
excitation and emission wavelengths for IP occur at 535 and
617 nm, respectively [22].

Measurement of reactive oxygen and nitrogen species

To measure cellular reactive oxygen and nitrogen species pro-
duction, the molecular probe 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) (Sigma-Aldrich®) was used. After the
reoxygenation period, hippocampal slices were loaded with
80 μM of DCFH-DA for 30 min at 37 °C. DCFH-DA is
deacetylated by intracellular esterases to form non-
fluorescent form 2′,7′-dichlorodihydrofluorescein (DCFH),
which is rapidly oxidized by reactive oxygen and/or nitrogen
species present in samples, producing the highly fluorescent
compound desterified 2′,7′-dichlorofluorescein (DCF). Peak
excitation and emission wavelengths for DCF occur at 480
and 525 nm, respectively [23].

Measurement of nitric oxide production

NO production in hippocampal slices was estimated from the
increase in the fluorescence intensity of the NO-sensitive dye

4,5-diaminofluorescein diacetate (DAF-2 DA) (Sigma-
Aldrich®). Hippocampal slices were loaded with 10 μM of
DAF-2 DA for 60 min at 37 °C, during the reoxygenation
period. DAF-2 DA is taken up by cells where it is esterified
by intracellular esterases to form the relatively non-fluorescent
compound 4,5-diaminofluorescein (DAF-2). In the presence
of O2, NO combines with DAF-2 to form the highly fluores-
cent triazolofluorescein (DAF-2T). Peak excitation and emis-
sion wavelengths for DAF-2T occur at 485 and 515 nm, re-
spectively [24]. As a positive control for this assay, we used S-
nitroso-N-acetyl-DL-penicillamine (SNAP, Sigma-Aldrich®),
a nitric oxide donor. Hippocampal slices were incubated for
2 h with SNAP, at a concentration of 1 mM [25].

Measurement of peroxynitrite production

Dihydrorhodamine-123 (DHR-123) (Sigma-Aldrich®) oxida-
tion was used to evaluate peroxynitrite (ONOO−) production
in the hippocampal slices. Non-fluorescent DHR 123 is oxi-
dized to rhodamine 123, a fluorescent lipophilic cationic dye
in the presence of ONOO−. After the reoxygenation period,
hippocampal slices were loaded with 15 μM of DHR 123 for
30min at 37 °C. Peak excitation and emission wavelengths for
rhodamine 123 occur at 485 and 525 nm, respectively [26].

Evaluation of in vitro scavenger activity by guanosine

Measurement of a putative GUO scavenger activity against
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma-Aldrich®)
radical was performed in accordance with the procedure de-
scribed previously [27]. DPPH solution (500 μM) was added
to a medium containing different concentrations of the GUO
(10, 100, 500, or 1000 μM) and incubated at room tempera-
ture for 30 min. The decrease in the absorbance measured at
518 nm depicted the scavenger activity of drugs against DPPH
radical [28]. Ascorbic acid (10 μM) was used as a positive
control of scavenger activity.

Nitric oxide scavenging activity by GUO was determined
using the Griess reagent (Sigma-Aldrich®) [29]. Sodium ni-
troprusside (SNP, 5 mM) (Sigma-Aldrich®) was incubated at
25 °C with different concentrations of GUO (10, 100, 500, or
1000 μM). After 2 h, 500 μL of incubation solution was
mixed with 500 μL of the Griess reagent. The absorbance
was measured at 550 nm [28]. The values were compared with
the control to determine the percentage of inhibition of the
nitrite (NO2

−) reaction with the Griess reagent, which gave
an index for the NO scavenger activity.

Measurement of mitochondrial membrane potential

After the reoxygenation period, hippocampal slices were load-
ed with the mitochondrial selective dye fluorescent
tetramethylrhodamine ethyl ester (TMRE, 100 nM) (Sigma-
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Aldrich®) for 30 min at 37 ° C. TMRE is a cationic lipophilic
dye that accumulates in the negatively charged mitochondrial
matrix according to the Nernst equation potential [30]. Peak
excitation and emission wavelengths for TMRE occur at 550
and 590 nm, respectively [31].

To interpret the results obtained with the TMRE probe, we
use the protonophore carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, Sigma-Aldrich®) at a concentration
of 10 μM. FCCP has the capacity to depolarize the mitochon-
dria [32].

Statistical analysis

For statistical analysis, we used the software GraphPad Prism
5.0®. Results are expressed as means + standard deviation
(SD) of percentages related to control groups. Statistical sig-
nificance was determined using one-way ANOVA followed
by Tukey’s post hoc test for comparisons among multiple

groups. Statistical differences were accepted at P < 0.05. For
the linear correlation analysis, we used the software GraphPad
Prism 5.0®.

Results

Guanosine prevents increased NO and ONOO−

production in rat hippocampal slices subjected to OGD

We previously showed that in hippocampal slices subjected to
OGD occurs an excessive ROS production, which is
prevented by GUO [33]. We found that hippocampal slices
subjected to OGD also presented an increase in NO produc-
tion, as measured by an increase in the fluorescence emission
from DAF-2-DA (Fig. 1a). SNAP (1 mM) used as a positive
control for this assay also showed increased fluorescence in-
tensity (224 ± 16 % related to the control; not shown).

Fig. 1 Effects of guanosine on NO (a) and ONOO− (b) production in
hippocampal slices subjected to OGD/reoxygenation and evaluation of
antioxidant properties of guanosine on DPPH radical reduction (c) and
NO radicals scavenging (d). Slices were incubated for 15min in ischemic
buffer and reoxygenated for 2 h. Guanosine (GUO, 100 μM) was added
during the reoxygenation period and NO (a) and ONOO− (b) production
were measured by incubation with fluorescent probes, as described in the
BMaterials and methods^ section. A concentration curve of GUO (10 μM

to 1 mM) was used to assess the putative antioxidants properties of
guanosine. Results are expressed as percentage of increase of relative
fluorescence units (RFU) (a and b), absorbance of DPPH radical (c),
and as percentage of inhibition of NO radicals (d) in relation to the
control values, which were 24.56 ± 0.3 μM to nitrite absorbance (d).
Data correspond to means + SD of five experiments performed in
triplicates. *P < 0.05 as compared to the control group. #P < 0.05 as
compared to the OGD-control group (ANOVA followed by Tukey’s test)
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As GUO is capable to prevent the increased ROS and NO
production in hippocampal slices subjected to OGD, we ana-
lyzed the RNS production measured by ONOO− levels in rat
hippocampal slices subjected to OGD. A significant increase
in ONOO− levels was observed in hippocampal slices subject-
ed to OGD and GUO was capable to prevent the enhanced
ONOO− levels (Fig. 1b). We are here firstly showing that
GUO decreased the generation of NO and ROS (mainly O2

−

and H2O2) and the consequent production of ONOO− in hip-
pocampal slices subjected to OGD.

Evaluation of putative antioxidant properties of guanosine

Considering that GUO prevented the increase in ROS, NO,
and ONOO− levels caused by OGD, we analyzed whether
GUO presents antioxidant properties per se. As expected, in-
cubation of DPPH radical with ascorbic acid (used as a posi-
tive control) resulted in a marked decrease in the absorbance
values emitted by DPPH, confirming the antioxidant proper-
ties of ascorbic acid. However, when incubated with GUO, no
reduction in DPPH absorbance was observed, indicating that
GUO does not present antioxidant properties per se (Fig. 1c).
We then evaluated whether guanosine presents NO

scavenging activity. Evaluation of inhibition of NO radicals
formation showed that guanosine has a small, but significant
NO scavenging activity (less than 10 % at the concentration
used to afford neuroprotection, 100 μM) (Fig. 1d).

Effects of NOS isoforms inhibition on cellular viability
and cell membrane permeability of hippocampal slices

GUO treatment prevented iNOS expression in hippocampal
slices subjected to OGD and to an in vitro glutamate challenge
[33, 34]. Here, we used NOS activity inhibitors to understand
the involvement of the NOS isoforms in the mechanism of
OGD-induced cell damage and in the neuroprotective effect
of GUO. The non-selective NOS inhibitor L-NAME (1 mM),
the selective iNOS inhibitor 1400 W (50 μM), and the selec-
tive nNOS inhibitor 7-NI (100 μM) were used [10, 35].

GUO prevented cell viability decrease in hippocampal
slices subjected to OGD, similarly to L-NAME (Fig. 2a).
However, simultaneous incubation of L-NAME + GUO
inhibited the recovery in cellular viability induced by GUO
or L-NAME alone (Fig. 2a). Incubation of 1400Wor 7-NI did
not recover cellular viability in hippocampal slices subjected
to OGD, but simultaneous incubation with 1400 W + 7-NI

Fig. 2 Evaluation of effects of
NOS enzymes inhibition on cell
viability of hippocampal slices
subjected to OGD/reoxygenation.
Slices were incubated for 15 min
in ischemic buffer and
reoxygenated for 2 h (OGD).
Guanosine (GUO, 100 μM) was
added during the reoxygenation
period in the presence or not of L-
NAME (1 mM, a), 1400 W
(50 μM, b), 7-NI (100 μM, c), or
1400 W+ 7-NI (d). Data are
expressed as percentage of the
control group and correspond to
the means + SD of five
experiments performed in
triplicates. *P < 0.05 as compared
to the control group; #P < 0.05 as
compared to the OGD-control
group (ANOVA followed by
Tukey’s test)
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was protective (Fig. 2d). iNOS or nNOS inhibitors did not
interfere on GUO effect of recovering cellular viability
(Fig. 2b–d).

PI staining in hippocampal slices subjected to OGD was
used to assess an increase in cell membrane permeability.
Hippocampal slices subjected to OGD presented an increased
PI incorporation. Incubation with GUO, L-NAME (Fig. 3a),
1400 W (Fig. 3b), 7-NI (Fig. 3c), or 1400 W+ 7-NI (Fig. 3d)
prevented PI staining. Co-incubation of NOS inhibitors and
GUO did not significantly modify GUO effect in preventing
cell damage (Fig. 3).

Effects of NOS isoforms on ROS production
in hippocampal slices

Incubation with L-NAME prevented ROS production in hip-
pocampal slices subjected to OGD (Fig. 4a). However, incu-
bation with 1400 W or 7-NI was not able to prevent the in-
crease of ROS production in hippocampal slices submitted to
OGD (Fig. 4b, c). Interestingly, the simultaneous incubation
of 1400 W+ 7-NI prevented the increase in ROS production
caused by OGD (Fig. 4d). We observed that incubation of L-
NAME + GUO, 1400 W + GUO, or 7-NI + GUO did not

interfere with the GUO effect of preventing the increase in
ROS production induced by OGD (Fig. 4a–c). These results
demonstrated that total NOS inhibition prevented ROS pro-
duction as well as GUO treatment alone, but simultaneous
inhibition of different NOS isoforms plus GUO did not pre-
sented any additional effect in the prevention of ROS levels
increase caused by OGD.

Effect of NOS isoforms inhibition on NO production
in hippocampal slices

Hippocampal slices subjected to OGD and incubated with L-
NAME presented a decrease in NO production (Fig. 5a).
However, incubation of hippocampal slices with 1400 W
was unable to prevent the increase in NO, whereas incubation
with 7-NI was capable to attenuate the increase in NO synthe-
sis in hippocampal slices subjected to OGD (Fig. 5b, c). These
results suggest that the nNOS isoform is more effective than
the iNOS isoform in preventing oxidative damage in hippo-
campal slices subject to in vitro ischemia. Yet, co-incubation
of 1400 W+ 7-NI prevented NO production in hippocampal
slices subjected to OGD (Fig. 5d). Co-incubation of GUO and

Fig. 3 Evaluation of effects of
NOS enzymes inhibition on
cellular membrane damage
measured by PI incorporation.
Slices were incubated for 15 min
in ischemic buffer and
reoxygenated for 2 h (OGD).
Guanosine (GUO, 100 μM) was
added during the reoxygenation
period in the presence or not of L-
NAME (1 mM, a), 1400 W
(50 μM, b), 7-NI (100 μM, c), or
1400 W+ 7-NI (d). Data are
expressed as percentage of the
control group and correspond to
the means + SD of five
experiments performed in
triplicates. *P < 0.05 as compared
to the control group; #P < 0.05
represents different mean
compared to the OGD-control
group (ANOVA followed by
Tukey’s test)
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Fig. 4 Evaluation of effects of
NOS enzymes inhibition on DCF
fluorescence in hippocampal
slices subjected to OGD/
reperfusion. Slices were
incubated for 15 min in ischemic
buffer and reoxygenated for 2 h
(OGD). Guanosine (GUO,
100 μM) was added during the
reoxygenation period in the
presence or not of L-NAME
(1 mM, a), 1400W (50 μM, b), 7-
NI (100 μM, c), or 1400W+ 7-NI
(d). Data are expressed as
percentage of increase of relative
fluorescence units (RFU) related
to the control group and
correspond to the means + SD of
six experiments performed in
triplicates. *P < 0.05 as compared
to the control group; #P < 0.05 as
compared to the OGD-control
group (ANOVA followed by
Tukey’s test)

Fig. 5 Evaluation of effects of
NOS enzymes inhibition on NO
production in hippocampal slices
subjected to OGD/reoxygenation.
Slices were incubated for 15 min
in ischemic buffer and
reoxygenated for 2 h (OGD).
Guanosine (GUO, 100 μM) was
added during the reoxygenation
period in the presence or not of L-
NAME (1 mM, a), 1400 W
(50 μM, b), 7-NI (100 μM, c), or
1400 W+ 7-NI (d). Data are
expressed as percentage of
increase of relative fluorescence
units (RFU) related to the control
group and correspond to the
means + SD of five experiments
performed in triplicates. *P < 0.05
as compared to the control group;
#P < 0.05 as compared to the
OGD-control group (ANOVA
followed by Tukey’s test)
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the inhibitors of NOS enzymes did not potentiated the GUO
effect alone in reducing NO production.

Effects of NOS isoforms inhibition on ONOO− production
in hippocampal slices

Measurement of ONOO− levels in rat hippocampal slices
subjected to OGD were also evaluated in the presence of
NOS inhibitors. Similarly to the observed in NO levels
measurement, hippocampal slices subjected to OGD and
incubated with GUO or L-NAME presented a decrease in
ONOO− production (Fig. 6a). Incubation of hippocampal
slices with 1400 W was unable to prevent the increase in
ONOO−, whereas incubation with 7-NI attenuated the
increase in ONOO− production in hippocampal slices
subjected to OGD (Fig. 6b, c). Co-incubation of
1400 W + 7-NI prevented ONOO− production. Again,
the neuroprotective effect of GUO in preventing the in-
crease in ONOO− production is maintained when co-
incubated with 1400 W or 7-NI (Fig. 6). Considering
ONOO− production showed similar results as observed
to NO production, we evaluated if ONOO− synthesis
has a positive correlation with NO synthesis. A linear
correlation analysis revealed a correlation of R2 = 0.9309

(data not shown). This data indicates that ONOO− synthesis
correlates directly with the NO synthesis.

Effects of NOS isoforms inhibition on mitochondrial
membrane potential in hippocampal slices

We also previously showed that hippocampal slices sub-
jected to OGD presented a loss in mitochondrial mem-
brane potential (ΔΨmit) [33]. Hippocampal slices incu-
bated with the protonophore FCCP (10 μM for 2 h)
showed a decrease in the fluorescence emission from
TMRE (37 ± 8 %) indicating a depolarization of the mi-
tochondrial membrane, similar from observed to slices
subjected to OGD. GUO was able to prevent the loss of
the mitochondrial membrane potential in hippocampal
slices subjected to OGD (Fig. 7).

Incubation of hippocampal slices with the non-selective
NOS inhibitor, L-NAME, prevented the mitochondrial mem-
brane depolarization (Fig. 7a). The selective iNOS (1400 W)
or nNOS (7-NI) inhibitors per se did not recover the mito-
chondrial membrane potential (Fig. 7b, c), although co-
incubation with 1400 W + 7-NI showed a recovery of the
mitochondrial membrane potential (Fig. 7d). Again, the pres-
ence of NOS inhibitors did not interfere with the GUO effect

Fig. 6 Evaluation of effects of
NOS enzymes inhibition on
ONOO− production in
hippocampal slices subjected to
OGD/reoxygenation. Slices were
incubated for 15 min in ischemic
buffer and reoxygenated for 2 h
(OGD). Guanosine (GUO,
100 μM) was added during the
reoxygenation period in the
presence or not of L-NAME
(1 mM, a), 1400W (50 μM, b), 7-
NI (100 μM, c), or 1400W+ 7-NI
(d). Data are expressed as
percentage of increase of relative
fluorescence units (RFU) related
to the control group and
correspond to the means + SD of
five experiments performed in
triplicates. *P < 0.05 as compared
to the control group; #P < 0.05 as
compared to the OGD-control
group (ANOVA followed by
Tukey’s test)
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of preventing the loss of mitochondrial membrane potential in
hippocampal slices subjected to OGD (Fig. 7).

Discussion

Purine nucleosides have been identified as neuroprotective
agents [36]. Here, we confirm and extend the knowledge re-
lated to the mechanisms involved in the neuroprotective ef-
fects of guanosine (GUO) in neurotoxicity and neurodegener-
ative rodent models [5, 12, 33, 37–39]. In previous studies
from our group, the neuroprotective effect of GUOwas shown
in hippocampal slices subjected to the OGD/reoxygenation
protocol. GUO prevents the decrease in cell viability, by in-
creasing glutamate uptake and glutamine synthetase activity,
decreasing glutamate release, ROS production and inflamma-
tory mediators expression, including reduction of iNOS ex-
pression [14, 15, 33, 40]. The exact interaction site of GUO in
cellular membranes is still unknown, although it has been
suggested [41, 42]. GUO effects over adenosinergic system
are controversial [43], but we have shown that neuroprotective
effects of GUO depend on adenosine receptors modulation
[33] and on activation of a calcium-dependent potassium
channel [14]. It has also recently been shown that GUO may
regulate the extracellular disposition of adenosine in some cell
types by an unknown mechanism, but this effect seems not to

occur in neuronal cells [44]. Therefore, this putative
guanosine-adenosine interaction in the brain must be further
characterized.

In the present study, we showed that GUO provides neuro-
protection to hippocampal slices subjected to OGD also by
reducing cell membrane permeability; attenuating the increase
in ROS, NO, and ONOO− production; and preventing the loss
of mitochondrial membrane potential. These protective effects
were also observed by inhibiting NOS isoforms activity, indi-
cating the neuroprotective effect of guanosine also involves
modulation of NOS activity.

The high rate of oxidative metabolism during cerebral is-
chemia leads to an overproduction of free radicals. This pro-
cess triggers many cellular events that result in damage to
macromolecules and subsequent activation of signaling path-
ways leading to cell death [6]. Therefore, we investigated
whether GUO has antioxidant activity per se, since our and
other laboratories have shown that neuroprotection promoted
byGUO is related to the modulation of oxidative stress caused
by ischemic damage [45, 46]. However, our results showed
that this nucleoside cannot reduce the DPPH radical. On the
other hand, for the first time, we are showing that guanosine
presents a small capacity to scavenge NO molecules besides
preventing the increase in NO production. In the concentration
used to afford neuroprotection (100 μM), GUO has an effect
of 8 % of NO scavenger, which may not be the main

Fig. 7 Evaluation of effects of
NOS enzymes inhibition on the
mitochondrial membrane
potential (ΔΨmit) in hippocampal
slices subjected to OGD/
reoxygenation. Slices were
incubated for 15 min in ischemic
buffer and reoxygenated for 2 h
(OGD). Guanosine (GUO,
100 μM) was added during the
reoxygenation period in the
presence or not of L-NAME
(1 mM, a), 1400W (50 μM, b), 7-
NI (100 μM, c), or 1400W+ 7-NI
(50 μM; 100 μM, respectively,
d). Data are expressed as
percentage of increase of relative
fluorescence units (RFU) related to
the control group and correspond
to the means + SD of five
experiments performed in
triplicates. *P < 0.05 as compared
to the control group; #P < 0.05 as
compared to the OGD-control
group (ANOVA followed by
Tukey’s test)
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mechanism of its neuroprotective effect, although it might
contribute to it.

NO is one of the ubiquitous biological mediators in mam-
malian cells. In low concentrations, this radical induces phys-
iological effects such as vascular relaxation, inhibition of
platelet aggregation, and cell proliferation [8]. In the brain,
NO has also been associatedwith synaptic plasticity; however,
a full understanding of its role in the CNS is not yet elucidated
[47]. However, the increase in NO level leads to pathophysi-
ological effects to cell, such as DNA damage, protein nitra-
tion, and ONOO− production [48, 49]. By evaluating the role
of NOS enzymes, we found that non-selective inhibition of
NOS isoforms with L-NAME provides cellular protection to
the hippocampal slices subjected to OGD. However, the se-
lective inhibition of iNOS or nNOS did not provide cellular
protection.

Previous studies have shown that the activation of the en-
dothelial NOS (eNOS) isoform has protective effects [50, 51].
In agreement, the use of a selective inhibitor for the eNOS
isoform resulted in an increased infarct size, suggesting that
inhibition of this isoform caused changes in hemodynamic
and platelet functions, which culminated in cell damage [7,
49]. On the other hand, activation of iNOS and nNOS iso-
forms correlates with pathophysiological effects. In a middle
cerebral artery occlusion model, a minor ischemic area in
nNOS knockout mice was observed [52]. However, another
study showed that an increased number of nNOS immunore-
active neurons is associated with a mild damage and function-
al recovery after the ischemic event [53]. Thus, we decided to
inhibit the iNOS and nNOS isoforms activity and observed
that simultaneous inhibition of these enzymes prevented cell
damage to hippocampal slices, confirming that these isoforms
contribute to the pathophysiological events that occur during
an ischemic episode.

The cellular signaling pathways that lead to increase of free
radical synthesis include hyperactivation of NOS enzymes
and increase in NO production [19]. Here, we found that si-
multaneous inhibition of iNOS and nNOS isoforms prevented
the increase in ROS, NO, ONOO−, and loss of mitochondrial
membrane potential. These effects were also observed when
hippocampal slices were incubated with L-NAME or GUO.
These results indicate that iNOS and nNOS isoforms activa-
tion could lead to an increase in ROS synthesis, and suggest
that GUO may act through pathways that modulate the activ-
ity of these enzymes.

Regarding NO and ONOO− production, a prevention was
observed only when the nNOS isoform is inhibited, either by
its selective inhibitor 7-NI or by the non-selective inhibitor L-
NAME. The use of a selective inhibitor for the iNOS isoform,
1400W, did not decrease NO andONOO− levels, althoughwe
previously showed GUO was able to decrease the expression
of the iNOS isoform induced by OGD [33]. The future eval-
uation of the expression of the nNOS isoform in ischemic

situations and protection by GUO can help to understand the
protective mechanisms promoted by GUO. Taken together,
these results suggest that not only the iNOS isoform is acti-
vated in an ischemic event, but also the nNOS isoform.
Additionally, these results suggest that inhibition of NO and
ONOO− synthesis may be a cell neuroprotective pathway also
induced by GUO.

NO andONOO− can easily diffuse through cell membranes
due to their high solubility and therefore can reach targets far
from their production site [4, 9]. ONOO− is implicated in
damage to several cellular components, including the irrevers-
ible inhibition of mitochondrial electron transfer chain,
blocking ATP synthesis, inducing nitration and/or oxidation
of lipids, DNA, and mitochondrial and cellular proteins [1, 7].
In this sense, evidence suggests that disruption of mitochon-
drial bioenergetics and dynamics have a critical role in the
pathogenesis of neurological diseases and stroke [54].
Mitochondrial injury affects the maintenance of mitochondrial
membrane potential [4]. Indeed, we observed a loss of mito-
chondrial membrane potential in hippocampal slices subjected
to OGD. Interestingly, treatment with GUO, L-NAME, or
1400 W plus 7-NI was able to reverse the loss of mitochon-
drial membrane potential, pointing to a role of NOS isoforms
in the maintenance of mitochondrial dynamics.

Our results show that iNOS and nNOS isoforms contribute
significantly to the ROS, NO, and ONOO− production. By
inhibiting these enzymes with 1400 W or 7-NI, respectively,
or with L-NAME, we observed a significant cellular protec-
tion and a decrease in ROS, NO, and ONOO− synthesis and
prevention of mitochondrial membrane potential loss, a pro-
tective mechanism that is shared by GUO. Particularly, we
suggest that NO and ONOO− production are more responsive
to nNOS inhibition than eNOS or iNOS in this in vitro ische-
mia model in hippocampal slices.

Guanosine plays a significant role in the defense mecha-
nisms against cerebral ischemia by inducing key cellular func-
tions in this injury situation, as K+ channels activation [14],
glutamate uptake increase, reduction of inflammatory media-
tors expression [15, 33], and, as firstly shown in this study,
reduction of NO and ONOO− production similarly to NOS
inhibitors. Although the exact mechanism exerted by GUO
on the NO production system is still not completely under-
stood, we reinforce the hypothesis that GUO could be used to
devise new strategies for stroke treatment.
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