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ABSTRACT

In this work, using a rat model combining ischemia and hypobaric hypoxia (IH), we evaluate the re-
lationships between the antioxidant melatonin and the cerebral nitric oxide/nitric oxide synthase (NO/
NOS) system seeking to ascertain whether melatonin exerts its antioxidant protective action by balancing
this key pathway, which is highly involved in the cerebral oxidative and nitrosative damage underlying
these pathologies.

The application of the IH model increases the expression of the three nitric oxide synthase (NOS)
isoforms, as well as nitrogen oxide (NOx) levels and nitrotyrosine (n-Tyr) impacts on the cerebral cortex.
However, melatonin administration before IH makes nNOS expression response earlier and stronger, but
diminishes iNOS and n-Tyr expression, while both eNOS and NOx remain unchanged. These results were
corroborated by nicotine adenine dinucleotide phosphate diaphorase (NADPH-d) staining, as indicative
of in situ NOS activity. In addition, the rats previously treated with melatonin exhibited a reduction in the
oxidative impact evaluated by thiobarbituric acid reactive substances (TBARS). Finally, IH also intensified
glial fibrillary acidic protein (GFAP) expression, reduced hypoxia-inducible factor-1alpha (HIF-1a), but
did not change nuclear factor kappa B (NF-kB); meanwhile, melatonin did not significantly affect any of
these patterns after the application of the [H model.

The antioxidant melatonin acts on the NO/NOS system after IH injury balancing the release of NO,
reducing peroxynitrite formation and protecting from nitrosative/oxidative damage. In addition, this
paper raises questions concerning the classical role of some controversial molecules such as NO, which
are of great consequence in the final fate of hypoxic neurons.

We conclude that melatonin protects the brain from hypoxic/ischemic-derived damage in the first
steps of the ischemic cascade, influencing the NO/NOS pathway and reducing oxidative and nitrosative
stress.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Abbreviations: C, control; CNS, central nervous system; eNOS, endothelial nitric

oxide synthase; GFAP, glial fibrillary acidic protein; HIF-1, hypoxia inducible factor
1; HRE, hypoxia-responsible element; IH, ischemia-hypoxia; IkB, nuclear factor
kappa B inhibitor; iNOS, inducible nitric oxide synthase; Mel, melatonin; NADPH-d,
NADPH-diaphorase; NF-kB, nuclear factor kappa B; NO, nitric oxide; NOS, nitric
oxide synthase; nNOS, neuronal nitric oxide synthase; NOx, nitrogen oxides; n-Tyr,
nitrotyrosine; ONOO™, peroxynitrite; PHDs, prolyl hydroxylases; pVHL, von Hippel-
Lindau protein; RNS, reactive nitrogen species; ROS, reactive oxygen species;
TBARS, thiobarbituric acid reactive substances; VEGF-A, vascular endothelial
growth factor A.
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Cerebral ischemic-hypoxic (IH) pathologies are among the
leading causes of death and long-term disability in Western
countries. The ischemic-hypoxic-insult itself, as well as the subse-
quent reoxygenation period, can lead to the generation of a great
amount of reactive nitrogen and oxygen species (RNS and ROS,
respectively). These free radicals affect many biological molecules,
triggering diverse cellular pathways that induce neurodegenerative
processes involving inflammation, glial reactivity and even
neuronal death [1].

Many studies have evidenced the implication of nitric oxide
(NO) in these IH processes within the Central Nervous System
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[2—6]. NO is produced by three different isoforms of nitric oxide
synthases (NOS), which convert L-arginine to L-citrulline with the
consequent release of NO: neuronal NOS (nNOS) and the endo-
thelial form (eNOS) are modulated by Ca®tactivated calmodulin
whereas the inducible isoform (iNOS) is calcium-independent.

The inflammatory processes that follow HI injury are closely
related to the NO/NOS system balance. Particularly, glial reactivity,
mediated by the glial fibrillary acidic protein (GFAP) in astrocytes
[7], has been associated with the excitoxicity by glutamate-NO-
cGMP pathway; this pathway leads to greater NO production and
other factors [8], that in turn can participate in the regulation of the
activity of the NOS isoforms during ischemia [9]. In this sense, the
release of inflammatory cytokines from astrocytes and other glial
cells may activate the nuclear factor kappa B/Inhibitor of kB (NF-«kB/
IkB) pathway in neurons, and thus the subsequent biosynthesis of
iNOS that produces high quantities of NO in an unregulated fashion
[3,10—12].

Moreover, NO can participate in the ischemic cascade through
the regulation of the hypoxia-inducible factor (HIF-1) via S-nitro-
sation of Cys 800 [13,14]; in addition, it promotes the accumulation
of functional HIF-1a in the cytoplasm [15,16] which in turn is
translocated to the nucleus inducing the expression of a battery of
genes, some closely related to the NO/NOS system and involved in
the hypoxic response, too [17].

In this sense, after hypoxia, nNOS seems to be the first isoform
involved in the neuronal damage [18,19], although more recent
researches have also showed that nNOS protects neurons from
ischemic damage [20]. There is greater agreement about the
neurotoxic role of iNOS in these pathologies, because this isoform
raises the levels of NO inducing IH damage [19]. Finally, eNOS
seems to exert a neuroprotective effect following brain ischemia
[21,22] although its role in this pathology has been questioned as
well [23].

When NO is produced in large amounts, it can react with su-
peroxide (03z), which is also severely produced under hypoxic
conditions. Both reactive species form the strong oxidant perox-
ynitrite (ONOO™) [24—26]. One of the most negative effects of
ONOO™ is the nitration of tyrosine residues of proteins (n-Tyr),
thereby altering protein structure and functionality, causing severe
damage to other molecules in the cell [27]. Therefore, the regula-
tory balance in the production of NO and its derived species de-
pends not only on the activity of the NOS isoforms but also on the
oxidative state of the cell, both determining the cell fate after IH
[28,29].

According to the foregoing, avoiding the excessive production of
ROS would be a suitable strategy to decrease RNS and consequently,
to counteract IH-derived damage. In this sense, an appropriate
approach could involve pharmacological preconditioning through
the administration of natural antioxidants, such as melatonin, a
compound that protects tissues from oxidative stress neutralizing
ROS and RNS, among many other functions [30—32]. In fact, the
neuroprotective role of melatonin has been extensively demon-
strated in neurodegenerative diseases such as Parkinson, Alz-
heimer, epilepsy, and even in ischemic injury [31,33—36]. It is also
known that melatonin protects the ischemic brain against lipid
peroxidation [37], prevents neuronal death in a wide variety of
neurodegenerative models, and stimulates antioxidant enzymes
[38]. The ability of melatonin to induce an antioxidant cascade
enhances its efficiency against oxidative damage [39], although its
neuroprotective action, particularly in relation to the neutralization
of the RNS and its relationships with the NO/NOS system, is not yet
fully understood.

In summary, during IH, high amounts of ROS and RNS are pro-
duced, with a subsequent surge in the expression of nitrated pro-
teins and the induction of cell damage and apoptosis. Given the key

role of the NO/NOS system in these events, we hypothesize that
melatonin, a substance capable of reducing oxidative stress, could
exert its neuroprotective effect after IH, as least in part, by modu-
lating the NO/NOS system response. With this aim, we have
analyzed the following parameters in brain cortical samples of
Wistar rats submitted to an IH model with or without previous
melatonin administration: 1) NO/NOS system balance (nNOS,
eNOS, and iNOS expression; NADPH-diaphorase activity; and NOx
levels); 2) glial reactivity (GFAP expression); 3) oxidative and
nitrosative status of the tissue (TBARS determination and n-Tyr
expression); and 4) elements involved in the molecular response to
[H injury and highly related to the NO/NOS system (HIF-1a and NF-
kB).

2. Methods
2.1. Animals

The study was performed on 60 adult male Wistar rats provided
by Harlan Laboratories (Envigo) and weighing 350 g each, kept
under standard conditions of light and temperature and allowed ad
libitum access to food and water. The animals were assigned to six
different groups: 1) C: control; 2) Mel + C: control treated with
melatonin; 3) Oh: submitted to IH model and Oh of reoxygenation;
4) 0h + Mel: treated with melatonin, submitted to IH model and Oh
of reoxygenation; 5) 2h: submitted to IH model and 2h of reox-
ygenation; 6) 2h + Mel: treated with melatonin, submitted to IH
model and 2h of reoxygenation; for details see section 2.3. All
procedures were performed in accordance with the EU Directive
2010/63/EU (2010), reviewed by the Ethics Committee of the
Spanish Council for Scientific Research, approved by the Committee
of Bioethics of the University of Jaén (Spain), and comply with the
Uniform Requirements for manuscripts submitted to biomedical
journals.

2.2. Melatonin administration

Melatonin (100 mg/kg body weight, Sigma, St. Louis, USA)
diluted in saline and 2% methanol, Sigma, St. Louis, USA), or vehicle,
were injected i.p. always at 8.30 a.m., 1 h prior to the onset of IH.
The dose of melatonin (100 mg/kg body weight) was chosen ac-
cording to similar works where the same dose was used [40—42].

2.3. Cerebral ischemic-hypoxic (IH) model

The rats were anesthetized with ketamine (100 mg/kg body
weight, i.p.) and xylazine (5 mg/kg body weight, i.p.) 1h after
antioxidant administration (Mel groups). Cerebral ischemia was
induced by a modification of the Levine/Vannucci model, which
basically consists of unilateral common carotid artery occlusion
followed by a hypoxic stress for a predetermined time [43] and
which has been successfully applied both to neonatal [44,45] and
adult animals [46,47]. After isolation, ligation, and sectioning of left
common carotid artery, the animals recovered for 2h and were
submitted to hypobaric hypoxia (Fig. 1a). Body temperature was
monitored and maintained throughout all the procedures. The
sham animals submitted to surgery without vessel sectioning were
used as the control group. Hypoxia was induced by down-
regulating the environmental O, pressure to a final barometric
pressure of approximately 300 hPa inside a hypobaric chamber.
More specifically, hypobaric hypoxia was induced using a slight
modification of a previously published procedure [48,49]. Briefly,
the rats were placed in a hypobaric chamber in which the air
pressure was controlled by means of a continuous vacuum pump
and an adjustable inflow valve. The chamber was also provided
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Fig. 1. a) Schematic representation of the experimental model used in this study.
Briefly, melatonin was injected i.p. 1h prior to [H. Brain ischemia injury was induced by
permanent occlusion of the left common carotid artery. Two hours after recovery, the
rats were placed in a hypobaric chamber. Hypoxia was induced by down regulating the
environmental O, pressure to an approximate final barometric pressure of 300 hPa.
These conditions simulate an altitude of 9144 m (30,000 feet) and were maintained for
1h. The ascent/descent speed was kept below 300 m/min. After the period of hypoxia,
animals were killed immediately (Oh) or kept at atmospheric pressure for 2h. b)
Western blot analysis of fractin in brain cortex cytosolic extracts of control (C) and IH
(Oh, 2h) rats. The amount of protein load per lane was 20 pg. Total protein amount of
samples showed no differences between any experimental group and control; data
(mean + SEM) are expressed in mg/ml (C, 4.95 + 0.13; Oh, 5.01 + 0.12; 2h, 4.90 + 0.15).
Representative autoradiography of the corresponding fractin band is displayed in the
bottom panel. The results are average values of five experimental animals in each
group.

with a manometer to check the experimental altitude during the
process. The conditions, simulating an altitude of 9144 m (30,000
feet), were maintained for 1 h. Ascent and descent rates were kept
below 300 m/min (approximately 1000 feet/min). After the hypoxic
period, the return to normobaric normoxic conditions spanned
30 min. The animals were either killed immediately after the
hypobaric chamber was opened (Oh and Mel+0h groups) or kept at
atmospheric pressure under standard conditions of light and
temperature and allowed ad libitum access to food and water for 2h
and then killed (2h and Mel+2h groups) (Fig. 1a). Sham animals
kept in the chamber under normobaric normoxic conditions served
as controls (C and Mel + C groups). We have included the western
blot study of the expression of the marker of apoptosis-related
events fractin (Fig. 1b), which demonstrates apoptotic damage as
consequence of the IH model.

2.4. Western blot analysis

After the corresponding reoxygenation times, the rats were
killed by cervical dislocation, and the brain cortices of 5 rats from
each group were dissected, rinsed in saline solution, frozen in liquid
nitrogen, and stored at —80 °C until analyzed. Tissues were ho-
mogenized in 1/3 (w/v) of 30 mM Tris—HCI, pH 7.4, containing
0.5 mM DTT, 1 mM EDTA, 1% SDS, and protease inhibitor cocktail
(Roche, Basel, Switzerland). The resulting homogenates were
centrifuged for 1h at 100,000xg. All the procedures were per-
formed at 4 °C. Protein concentrations in the supernatants were
determined by the Bradford method [50]. Equal amounts (20 pg) of
the denatured proteins were loaded per lane and separated on
NuPAGE® Novex 4—12% Bis-Tris Gels (Invitrogen, Carlsbad, USA) as
described by Laemmli [51]. Afterwards, proteins were transferred
to a PVDF membrane using the XCell SureLock™ Mini-Cell system
(Invitrogen, Carlsbad, CA, USA). The membranes were blocked with
2.5% powdered non-fat milk in 25 mM Tris-HCl, pH 7.6, 137 mM
NaCl, 2.6 mM KCl, and 0.1% Tween 20 and incubated overnight at
4 °C with diluted rabbit polyclonal antibodies: anti-fractin (1:1,500,
Chemicon Int., Temecula CA, USA), anti-nitrotyrosine (1:2,000, gift
from ]. Rodrigo of Instituto Cajal, Madrid, Spain), anti-nNOS
(1:3,000, gift from V. Riveros-Moreno of Welcome Research Labo-
ratories, Berkenhem, UK), and anti-GFAP (1:5,000, Dako, Glostrup,
Denmark); and with mouse monoclonal antiserum anti-eNOS
(1:800, Transduction, Lexington, KY, USA), and anti-iNOS (1:700,
Transduction, Lexington, KY, USA) in blocking solution. All the an-
tibodies used in this study have been previously tested by our
group and others, showing specificity for their respective antigens
[52,53]. Bound antibodies were revealed by means of an enhanced
chemiluminescence kit (Amersham ECL Prime Western blotting
detection reagent, GE Healthcare, Little Chalfont, UK) according to
the manufacturer's instructions. The amount of proteins in each
sample was quantified by densitometric scanning and expressed as
arbitrary units (AU). The main proteins that are routinely used as
loading control markers, f-actin, a-tubulin and GAPDH, were found
to be altered in this model of OD (preliminary results of proteomic
analysis not shown). Thus, we show the total protein data of the
samples, instead of a loading control, in order to clarify the differ-
ences found in the western blot of the proteins analyzed were really
due to abundance changes and not to variations in total protein
content among any experimental group or controls.

2.5. Production of NO

NO production was determined by tissue accumulation of nitrite
and nitrate in the brain cortex. Briefly, a portion of tissue from 5
animals of each group was homogenized in 3 vol (w/v) of PBS (pH
7.6) at 4 °C. Homogenates were then sonicated and centrifuged at
100,000xg for 60 min at 4 °C. The nitrate plus nitrite (NOx) was
determined in the supernatants using a colorimetric kit according
to the manufacturer's instructions (Nitrate/Nitrite colorimetric
Assay Kit. Cayman Chemical, Ann Arbor, MI, USA).

2.6. Histochemical procedure

Brain cortices from 5 rats per group were extracted and pro-
cessed as follows. Deeply anesthetized animals (100 mg/kg body
weight i.p. ketamine, and 5 mg/kg body weight i.p. xylazine) were
perfused through the left ventricle with 50 ml of carbogenated
0.01 M phosphate-buffered saline (PBS; pH 7.4), and then with
300 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB). The
brains were removed and then post-fixed for a further 4-h period in
the same fixative at room temperature. Samples were then cry-
oprotected by immersion overnight at 4 °C in 0.1 M PB containing
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30% sucrose. Afterwards, the brains were embedded in O.C.T me-
dium and frozen in 2-methylbutane pre-chilled in liquid nitrogen.
Serial rostrocaudal sections (40 um) were cut using a cryostat
(Cryocut 1800. Reichert Jung, Wetzlar, Germany). Free-floating
sections were incubated for 4h in PBS containing 0.1% Triton X-
100. After several washes in 0.1 M Tris-HCl, pH 7.4 buffer, the sec-
tions were incubated in the dark, for 45 min at 37 °C, in 0.1 M Tris-
HCl, pH 7.4, containing 1 mM B-NADPH and 2 mM NBT (in 70%
dimethylformamide). After being washed twice with 0.1 M Tris-
HCl, pH 74, the sections were quickly dehydrated in a graded
ethanol series, cleared, and mounted in DPX (Fluka, Madrid, Spain).

2.7. Thiobarbituric acid reactive substances (TBARS)

The measurement of TBARS is a good indicator of lipid peroxi-
dation, a major marker of oxidative stress [54]. TBARS were
determined spectrophotometrically following the manufacturer's
recommendations (OXI-TEK TBARS assay kit, Enzo Life Sciences,
Inc.,, Farmingdale, NY, USA). The lipid peroxidation level was
expressed as nmol of malondialdehyde (MDA) formed per ml.

2.8. HIF-1a and NF-«B

Both HIF-1¢. (10006910, Cayman Chemical, Ann Arbor, MI, USA)
and NF-kB (10007889, Cayman Chemical, Ann Arbor, MI, USA) de-
terminations were performed on nuclear extracts (10009277,
Cayman Chemical, Ann Arbor, MI, USA) following the manufac-
turer's recommendations. In short, Cayman's HIF-1o. and NF-«kB
(p65) transcription factor assays are non-radioactive, sensitive
method for detecting specific transcription factor DNA binding
activity in nuclear extracts. Specific double stranded DNA (dsDNA)
sequences containing the HIF-1a and NF-kB response elements are
immobilized to the wells of 96-well plates. HIF-1o. and NF-kB
contained in nuclear extracts, bind specifically to the response el-
ements. The HIF and NF-kB transcription factor complexes are
detected by addition of a specific primary antibody directed against
HIF-1a and NF-«B. A secondary antibody conjugated to HRP is
added to provide a sensitive colorimetric readout at 450 nm.

2.9. Statistical analysis

All analyses were performed using the free-GNU R software, R
version 3.2.3 (R Foundation for Statistical Computing, http://www.
r-project.org/) with car, data.table, Hmisc, ggplot2, and sm libraries,
and Wilcox” Rallfun-v30.txt library (http://www-rcf.usc.edu/
~rwilcox/. Ask for the functions t1lwayv2, t2wayv2, mcp2atm, lin-
con, ESmainMCP, esImcp, and yuenv2). The results obtained through
experiments are summarized in a Box-Plot graph according to
robust statistics based on median, to which have been inserted a
crossbar with the trimmed mean + SEM. The first type of repre-
sentation allows to explore the statistical assumptions, while the
second type of graph allows the comparison of means, as would be
done with classical statistics, but based on robust alternative sta-
tistical (trimmed mean rather than the arithmetic mean). The Box-
Plot graph brings different properties of the data: A measure of
location. e.g.,, Median-contained within a measure of dispersion
(the hinge), the maximum dispersion range (the whiskers), and the
possible presence of outliers (the points exceeds whiskers). The
examination of experimental data (see Figs. 2, 3 and 5 to 8) shows
that variability is somewhat irregular across groups (e.g. more
evident in Fig. 7, where the sizes of the boxes are quite different);
that is, some data did not fulfill the homocedasticity assumption.
Furthermore, the presence of outliers (or observations that lies at
an abnormal distance from most data) is confirmed (e.g. at least
Figs. 2, 3b and 5, 7, 8a, and 8b reveal the presence of black points

Melatonin
e Non-treated
B Treated

Cc Oh 2h

Fig. 2. NOx determination. Comparison of NOx levels of control (C, Mel + C) and
experimental (Oh, Mel+0h, 2h, Mel+2h) rats arranged in a 2 Melatonin x 3 IH Between
Factorial Design. The results for 5 animals through 5 determinations from each group
are summarized in a Box-Plot graph according to robust statistics based on median, to
which a crossbar has been superimposed, showing the trimmed mean + SEM,
expressed as nmol/mg. The data exhibit some outliers (see the black points exceeding
whiskers). Only comparisons that are statistically meaningful according to the signif-
icance levels (*p < 0.01, **p < 0.01, or ***p < 0.001) are highlighted with asterisks.
Two-way Robust ANOVA [IH Model: Vy = 169.293, p < 0.001, Ef.Size = 0.729; Mela-
tonin: Vy = 0.154, p < 0.706, Ef.Size = 0.018; and interaction: Vy = 1.266, p < 0.601,
Ef.Size = 0.495] followed by Robust post hoc test of main effects [C-Oh: Ty (3.856) = -
10.441, p < 0.0005, EfSize = 0.950; C-2h: Tw (5.687) = -11.182, p < 0.0000,
Ef.Size = 0.946; Oh-2h: Ty (4.997) = -0.193, p < 0.8548, Ef.Size = 0.291].

beyond the fences). Consequently, hereinafter we opted for robust
statistical analysis, in order to protect the findings against such
problems [55].

The six groups of rats were arranged in a 2 Melatonin (Treated
vs. Non-treated) x 3 IH (Control vs. Oh vs. 2h) Between Factorial
Design, to analyze the independent effect of IH Model or Melatonin,
compared to the combined effect (or interaction) between the two
manipulations. In all analyses, we first tested IH by melatonin in-
teractions. If there was a significant interaction, we tested for
simple effects of IH on each individual melatonin-treated group
using post hoc multiple comparison tests that control for Type I
error. When there was no significant interaction, we conducted post
hoc tests for the main effects of the IH model. Finally, in all these
analytical steps, we added the estimated effect size from Robust
Wilcox [55] “Explanatory Measures”. Statistical significance was set
at p < 0.05. Robust analyses of variance on trimmed means (V)
were conducted by using the method described by Wilcox [55],
based on the generalization of Algina and Olejnik [56] from the
Johansen [57] matrix algebra of factorial designs. Robust contrasts
were conducted by a t-test trimmed variant (Tyw), based on Yuen-
Welch sequentially rejective post hoc test (see Ref. [55] for details).

3. Results
3.1. NO/NOS system

To ascertain melatonin treatment-related features of NO pro-
duction and accumulation in the brain cortex, we made tissue
measurements of total nitrogen oxides (NOx) on denatured ho-
mogenates from melatonin-treated and non-treated rats submitted
to IH. The results for the NOx levels were significantly higher as a
consequence of IH, independently of the administration of mela-
tonin (Fig. 2). Hence, there were significant post hoc differences
between C-0h (p < 0.001) and C-2h (p < 0.001) but not between Oh
and 2h (p > 0.05) in both treated and non-treated animals.
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Fig. 3. Western blot analysis of a) nNOS, b) eNOS and c) iNOS in brain cortex cytosolic extracts of control (C, Mel + C) and experimental (Oh, Mel+-0h, 2h, Mel+2h) rats arranged in a
2 Melatonin x 3 IH Between Factorial Design. The amount of protein loaded per lane was 20 pg. Total protein amount of samples showed no differences between any experimental
group and control; data (mean + SEM) are expressed in mg/ml (C, 4.95 + 0.13; Mel + C, 5.03 + 0.14; Oh, 5.01 + 0.12; Mel+0h, 4.87 + 0.07; 2h, 4.90 + 0.15; Mel+2h, 4.79 + 0.11).
Representative autoradiographies of the corresponding nNOS, eNOS and iNOS bands are displayed in the bottom panels. The results for 5 animals from each group are summarized
in a Box-Plot graph according to robust statistics based on median, to which a crossbar has been superimposed, showing the trimmed mean + SEM, expressed as arbitrary units of
integrated optical density (IOD). The data exhibit some outliers (see the black points exceeding whiskers in 3b). Only comparisons that are statistically meaningful according to the
significance levels (*p < 0.01, **p < 0.01, or **p < 0.001) are highlighted with asterisks. Two-way Robust ANOVA of nNOS [IH Model: V\y = 164.541, p < 0.001, Ef.Size = 0.640;
Melatonin: Vy = 64.942, p < 0.001, Ef.Size = 0.689; interaction: Vy = 33.096; p < 0.001; Ef.Size = 0.777] was followed by Robust post hoc test of simple effects [For the IH levels in
No treated Melatonin Group, between C-0Oh: Ty, (3.999) = 0.572, p = 0.5982, Ef.Size = 0.350; C-2h: Ty (3.974) = 7.327, p < 0.0019, Ef.Size = 0.989; and Oh-2h: Ty (3.983) = 7.984,
p < 0.0014, Ef.Size = 0.981. In Melatonin Treated Group, between C-Oh: Ty (3.69) = 6.683, p < 0.0035, Ef.Size = 0.974; C-2h: Ty (2.89) = 11.384, p < 0.0017, Ef.Size = 0.912; and Oh-
2h: Tw (2.508) = 1.002, p < 0.4031, Ef.Size = 0.521]. Two-way Robust ANOVA of eNOS [IH Model: V\y = 1201.442, p < 0.001, Ef.Size = 0.940; Melatonin: V\y = 1.009, p < 0.341,
Ef.Size = 0.064; interaction: Vy = 0.217, p < 0.909, Ef.Size = 0.203] was followed by Robust post hoc test of main effects [C-Oh: Ty (6.491) = 11.199, p < 0.000, Ef.Size = 0.965; C-2h:
Tw (6.349) = -17.68, p < 0.000, Ef.Size = 0.937, and Oh-2h: Ty (4.676) = -33.655, p < 0.000, Ef.Size = 0.919]. Two-way Robust ANOVA of iNOS [IH Model: Vi = 6.190, p < 0.122,
Ef.Size = 0.115; Melatonin: Vy = 374.382, p < 0.001, Ef.Size = 0.958, and interaction: V\y = 83.763, p < 0.001, Ef.Size = 0.814] was followed by Robust post hoc test of simple effects
[For the IH levels in No Melatonin treated Group, between C-Oh: Ty (3.240) = 5.828, p < 0.0081, Ef.Size = 0.982; C-2h: Ty (3.864) = 8.342, p < 0.0013, Ef.Size = 0.961; and Oh-2h:
Tw (2.9) = 0.346, p < 0.7532, EfSize = 0.232. In Melatonin Treated Group, between C-Oh: Tw (2.662) = 5.546, p < 0.0157, EfSize = 0.976; C-2h: Tw (3.993) = 3.459, p < 0.0259,
Ef.Size = 0.885; and Oh-2h: Ty (2.611) = 0.891, p < 0.4473, Ef.Size = 0.422].

To study the expression patterns of the NOS isoforms in the
brain cortex of the rats submitted to our experimental model of IH,
we performed a western blot analysis using nNOS, eNOS, and iNOS
antibodies in rat-brain cortical samples (Fig. 3a, b and c). After the
densitometry and analysis of the resulting bands, melatonin treated
animals showed a spike in nNOS expression immediately after IH;
thus, we found significant post hoc differences between C-Oh
(p < 0.01) and C-2h (p < 0.01), but not between Oh and 2h
(p > 0.05). By contrast, non-treated rats showed a later response,
peaking later after IH (2h), and thus we found non-significant post
hoc differences between C-0h (p > 0.0.05) but significant differ-
ences between C-2h (p < 0.01) and between Oh and 2h, (p < 0.01)

(Fig. 3a).

After IH, eNOS expression decreased in melatonin-treated and
non-treated animals, reaching significant post hoc differences be-
tween C-Oh in both groups (p < 0.001). However, after 2h of
reoxygenation, eNOS expression increased both in treated and non-
treated animals, showing significant post hoc differences between
C-2h (p < 0.001) as well as between Oh and 2h (p < 0.001) (Fig. 3b).

iNOS expression showed contrasting patterns in melatonin-
treated compared to non-treated rats. Thus, animals without
melatonin underwent an increase after [H (Oh, 2h), with significant
post hoc differences between C-Oh (p < 0.01) and C-2h (p < 0.01)
but not between Oh and 2h (p > 0.05). Meanwhile, animals treated
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with melatonin showed reduced iNOS expression, with significant
post hoc differences between C-0Oh (p < 0.05) and C-2h (p < 0.05)
but not between Oh and 2h, (p > 0.05) (Fig. 3c). Therefore, mela-
tonin causes nNOS expression to be earlier and stronger but di-
minishes iNOS expressions after HI.

3.2. NADPH-diaphorase activity

After treatment with aldehydes, only NOS-related NADPH-
diaphorase (NADPH-d) activity remains, so that NADPH-
d histochemical staining is normally used as a complementary
method for the indirect demonstration of NOS activity by light
microscopy [58—60].

NADPH-d staining was clearly visualized both in the endothe-
lium of blood vessels and in neurons. As can be seen, immediately
after IH (both Oh and Mel+0h groups) no staining was detected in
the vascular endothelium, being restricted to the neuronal soma
and more intense in the melatonin treated animals (Mel+0h
group). After the reoxygenation period the staining kept patent in
neurons but reached the highest intensity at endothelial level in
both groups (2h; Mel+2h) (Fig. 4a and b).

3.3. n-Tyr

Protein nitration is not an unspecific but rather a selective
process that affects specific proteins, altering their activities. In this
sense, tyrosine nitration has been considered to be a marker of
protein degradation [61]. The western blot analysis of protein
nitration detected six n-Tyr-immunoreactive (n-Tyr-IR) bands.

These bands corresponded to proteins with molecular weights of
45, 42, 35, 30, 25, and 20 kDa (Fig. 5). Nevertheless, in the densi-
tometric quantification, the total sum of nitrated proteins was
considered. The Wilcox Robust ANOVAs showed that, in the
absence of melatonin, protein nitration levels augmented pro-
gressively after IH at both initial reoxygenation times, showing
significant post hoc differences between C-Oh (p < 0.01) and C-2h
(p < 0.05) but not between Oh and 2h (p > 0.05), whereas the
melatonin-treated rats showed lower basal levels of protein nitra-
tion than non-treated animals at all IH levels; in fact, a significant
main effect of melatonin was detected in the Robust ANOVA
(p < 0.001) (Fig. 5). Thus, melatonin diminished the expression of
n-Tyr after HHIL.

3.4. GFAP

We analyzed the expression of the glial fibrillary acidic protein
(GFAP) as a marker of glial reactivity [62] by western blot. Now, the
Robust ANOVA showed significant differences only by the effect of
the IH model (p < 0.001), while melatonin treatment did not in-
fluence this pattern (p > 0.05) or the interaction (p > 0.05). Spe-
cifically, our data for both non-treated and melatonin-treated
animals indicated an increase in GFAP expression after [H, showing
significant post hoc differences between all IH levels: C-Oh
(p < 0.001), C-2h (p < 0.001) and Oh-2h (p < 0.05) (Fig. 6). Hence,
melatonin did not influence the GFAP expression after HHIL

Fig. 4. Microphotographs of NADPH-diaphorase activity in rostrocaudal brain slices of control (C, Mel + C) and experimental (Oh, Mel+0h, 2h, Mel+-2h) rats. a) Non-treated animals.
b) Treated animals. Regardless of melatonin administration, NADPH-d staining in control animals (C, Mel + C) was detected both in the endothelium of blood vessels and in
neuronal soma. However, the endothelial staining faded almost completely immediately after OD (Oh, Mel+0h), whereas the cellular immunostaining was restricted to scarce
neuronal soma in non-treated animals (Oh), but maintained or even increased in treated animals (Mel+0h). A strong mark in blood vessels after 2h of reoxygenation was observed
independently of melatonin administration (2h, Mel+2h). On the other hand, a persistence of neuron staining after 2h of reoxygenation was detected in non-treated animals (2h),
although increased NADPH-diaphorase neuron staining was detected in treated animals (Mel+2h). Arrows: cell soma. Asterisks: blood vessels. Scale bars: Microphotographs on the

left, 100 um; microphotographs on the right, 20 pm.
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Fig. 5. Nitrated proteins study. Comparison of western blot analysis data of
nitrotyrosine-modified proteins in brain-cortex cytosolic extracts of control (C,
Mel + C) and experimental (Oh, Mel+0h, 2h, Mel+2h) rats arranged in a 2 Melatonin x
3 IH Between Factorial Design. The amount of protein load per lane was 20 pg. Total
protein amount of samples showed no differences between any experimental group
and control; data (mean + SEM) are expressed in mg/ml (C, 4.95 + 0.13; Mel + C,
5.03 + 0.14; Oh, 5.01 + 0.12; Mel+0h, 4.87 + 0.07; 2h, 4.90 + 0.15; Mel+2h, 479 + 0.11).
Representative autoradiography of the corresponding n-Tyr bands is displayed in the
bottom panel. The results for 5 animals from each group are summarized in a Box-Plot
graph according to robust statistics based on median, to which a crossbar has been
superimposed, showing the trimmed mean + SEM, expressed as arbitrary units of
integrated optical density (I0D). The data exhibit some outliers (see the black points
exceeding whiskers). Only comparisons that are statistically meaningful according to
the significance levels (*p < 0.01, **p < 0.01, or ***p < 0.001) are highlighted with
asterisks. Two-way Robust ANOVA [IH Model: Vi = 31.957, p < 0.002, Ef.Size = 0.470;
Melatonin: Vi = 30.362, p < 0.001, Ef.Size = 0.838; and interaction: Vyy = 5.749,
p < 0.156; Ef.Size = 0.764] followed by Robust post hoc test of main effects [C-Oh: Ty
(3.949) = -4.695, p < 0.0096, EfSize = 0.744; C-2h: Ty (3.234) = -3.495, p < 0.0352,
Ef.Size = 0.503; Oh-2h: Ty (5.266) = -0.113, p < 0.9139, EfSize = 0.162].

3.5. TBARS

Regarding TBARS measures, the Wilcox Robust ANOVA showed
that melatonin interacts significantly with the IH model. Specif-
ically, the results using the TBARS assay showed a higher degree of
lipid peroxidation after the ischemic damage in the non-treated
animals. Thus, TBARS showed an increase after IH at Oh with sig-
nificant post hoc differences between C-Oh (p < 0.001) and C-2h
(p < 0.05) but not between Oh and 2h (p > 0.05). The administration
of melatonin maintained lower TBARS levels although it did not
initially alter the rate of lipid peroxidation compared to basal levels,
since an increase was seen at Oh, reaching significance between C-
Oh (p < 0.05). However, values dropped to basal levels at 2h and, in
fact, there were no significant differences between C-2h, (p > 0.05)
in the melatonin-treated animals (Fig. 7). Thus, as shown, mela-
tonin protects the brain cortex from oxidation after IH.

3.6. NF-«B and HIF-1«a

Both the treated and non-treated groups presented similar
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Fig. 6. Western blot analysis of GFAP in brain cortex cytosolic extracts of control (C,
Mel + C) and experimental (Oh, Mel+0h, 2h, Mel+2h) rats arranged in a 2 Melatonin x
3 IH Between Factorial Design. The amount of protein load per lane was 20 pg. Total
protein amount of samples showed no differences between any experimental group
and control; data (mean + SEM) are expressed in mg/ml (C, 4.95 + 0.13; Mel + C,
5.03 + 0.14; Oh, 5.01 + 0.12; Mel+0h, 4.87 + 0.07; 2h, 4.90 + 0.15; Mel+2h, 4.79 + 0.11).
Representative autoradiography of the corresponding GFAP band is displayed in the
bottom panel. The results for 5 animals from each group are summarized in a Box-Plot
graph according to robust statistics based on median, to which a crossbar has been
superimposed, showing the trimmed mean + SEM, expressed as arbitrary units of
integrated optical density (IOD). Only comparisons that are statistically meaningful
according to the significance levels (*p < 0.01, **p < 0.01, or ***p < 0.001) are high-
lighted with asterisks. Two-way Robust ANOVA [IH Model: Vy = 94.381, p < 0.001,
Ef.Size = 0.890; Melatonin: Vy = 2.643, p < 0.147, Ef.Size = 0.208; and interaction:
Vw = 1.384, p < 0.566, Ef.Size = 0.376] followed by Robust post hoc test of main effects
[C-Oh: Tw (6.76) = -8.089, p < 0.0001, EfSize = 0.963; C-2h: Ty (4.832) = -8.375,
p < 0.0005, Ef.Size = 0.972; and Oh-2h: Ty (3.828) = -3.35, p < 0.0306, Ef.Size = 0.735].

expression of NF-kB. However, despite the rise in NF-«B levels in
the reoxygenation, after IH none of the variables analyzed reached
the criterion for statistical significance: IH model (p < 0.157),
melatonin treatment (p < 0.186), or interaction between IH and
melatonin treatment (p < 0.893) (Fig. 8a).

Concerning HIF-1a levels, the Robust ANOVA showed that the
only significant effect was due to IH (p < 0.001), but not to mela-
tonin treatment (p > 0.05), or the interaction between both IH and
melatonin (p > 0.05). Thus, our results showed, either in the ani-
mals treated with melatonin or in the non-treated individuals, the
same pattern characterized by a decrease in the HIF-1a expression
in the reoxygenation period; hence, significant post hoc differences
were seen among all IH levels in both non-treated and treated
animals: C-Oh (p < 0.05), C-2h (p < 0.001), and Oh-2h (p < 0.001)
(Fig. 8b).

Therefore, melatonin treatment does not alter the expression
pattern of both transcriptions factors after IH. In fact, our IH model
did not affect NF-kB and diminished HIF-1a nuclear expressions.

4. Discussion

A balanced NO/NOS system is crucial to maintain neuronal
functionality avoiding oxidative/nitrosative damage caused by
illnesses like IH and other cerebral pathologies [63]. The
administration of melatonin, a potent antioxidant that is able
to reduce the infarct volume after a rat model of stroke
[64,65], may alleviate the neurotoxic effect of the NO
reducing peroxynitrite formation and nitrosative damage [64].
Nevertheless, the mechanisms by which melatonin balances
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Fig. 7. TBARS study. Influence of IH on lipid peroxidation in brain cortex extracts of
control (C, Mel + C) and experimental (Oh, Mel+0h, 2h, Mel+2h) rats arranged in a 2
Melatonin x 3 [H Between Factorial Design. The results for 5 animals from each group
through three independent experiments are summarized in a Box-Plot graph accord-
ing to robust statistics based on median, to which a crossbar has been superimposed,
showing the trimmed mean + SEM, expressed as nmol of malondialdehyde (MDA)
formed per ml. The data exhibit some outliers (see the black points exceeding whis-
kers). Only comparisons that are statistically meaningful according to the significance
levels (*p < 0.01, **p < 0.01, or ***p < 0.001) are highlighted with asterisks. Two-way
Robust ANOVA [IH Model: Vyy = 74.605, p < 0.001, EfSize = 0.457; Melatonin:
Vw = 113.907, p < 0.001, Ef.Size = 0.911; and interaction: Vy = 13.002, p < 0.032,
Ef.Size = 0.971] followed by Robust post hoc test of simple effects [For the IH levels in
No Melatonin Group, between C-0h: Ty (3.996) = 8.773, p < 0.0009, Ef.Size = 0.971; C-
2h: Ty (2.465) = 4.158, p < 0.0367, Ef.Size = 0.975; and Oh-2h: Ty (2.439) = 0.188,
p < 0.8652, EfSize = 0.164. In Melatonin Treated Group, between C-Oh: Ty
(3.076) = 4.032, p < 0.0262, EfSize = 0.841; C-2h: Tw (2.152) = 0.500, p < 0.6637,
EfSize = 0419, and between Oh and 2h: Ty (2.513) = 7.089, p < 0.0101,
Ef.Size = 0.949].

the NO/NOS pathway are still not completely understood.

Our results indicate that melatonin positively alters the NO/NOS
pathway induced by the IH model, but in different ways through
the four different interrelated systems studied (NO/NOS system
itself, glial reactivity, oxidative/nitrosative status of the tissue, and
indirect network pathways). The study includes a robust statistical
analysis; hence, the six groups of rats (C, Mel + C, Oh, Mel+O0h, 2h,
and Mel+2h) were arranged into a 2 melatonin (Treated vs. Non-
treated) x 3 IH (Control vs. Oh vs. 2h) Between Factorial Design,
which makes it possible to analyze the independent effect of IH
model or melatonin treatment, compared to the combined effect
(or interaction) between the two manipulations. With this pre-
liminary assumption, we discussed our results in order to deter-
mine how melatonin interferes in the 4 interrelated systems of the
NO/NOS pathway of ischemic cascade included in our study.

As previously stated, ischemic-hypoxic pathologies trigger a
sequence of molecular events in which free radicals of oxygen and
nitrogen play an important role [12,66]. In this sense, our model of
IH provokes a strong imbalance of the NO/NOS system in the ce-
rebral cortex, prompting a general overexpression of the three NOS
isoforms as well as of NOx and n-Tyr levels after 2h of reoxygena-
tion. In addition, we detected increases in oxidative impacts
(measured as TBARS), in reactive gliosis (as augmented GFAP
expression) and changes in nuclear HIF-1 expression. Melatonin
treatment induced a stronger and more rapid response of nNOS
expression after IH, which reached significance at Oh of reoxyge-
nation in relation to non-treated animals. While iNOS levels rose
after IH at Oh and 2h, melatonin significantly depressed its
expression at both reoxygenation times. Regarding eNOS, its levels
fell dramatically immediately after IH independently of melatonin
administration, but rose after longer reoxygenation periods both in
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Fig. 8. a) NF-kB and b) HIF-1a determinations. Comparison of NF-kB and HIF-1a
expression in brain cortex nuclear extracts of control (C, Mel + C) and experimental
(Oh, Mel+0h, 2h, Mel+2h) rats arranged in a 2 Melatonin x 3 IH Between Factorial
Design. The results, which are mean values of 3 independent experiments for 5 ani-
mals from each group, are summarized in a Box-Plot graph according to robust sta-
tistics based on median, to which a crossbar has been superimposed, showing the
trimmed mean + SEM, expressed in arbitrary units. The data exhibit some outliers (see
the black points exceeding whiskers). Only comparisons that are statistically mean-
ingful according to the significance levels (*p < 0.01, **p < 0.01, or ***p < 0.001) are
highlighted with asterisks. Two-way Robust ANOVA of NF-kB [IH Model: Vy, = 5.747,
p < 0.157, EfSize = 0.566; Melatonin: Vy, = 2.145, p < 0.186, EfSize = 0.43; and
interaction: Vyy = 0.266, p < 0.893, Ef.Size = 0.267]. Two-way Robust ANOVA of HIF-1a.
[IH Model: Vy = 87.73, p < 0.001, Ef.Size = 0.907; Melatonin: Vy, = 0.963, p < 0.355,
Ef.Size = 0.127; and interaction: Vyw= V=1.949, p < 0.452, Ef.Size = 0.428] was fol-
lowed by Robust post hoc test of main effects [C-Oh: Tw (6.736) = 2.425, p < 0.0471,
Ef.Size = 0.869; C-2h: Ty (4.715) = 7.368, p < 0.0009, Ef.Size = 0.948, and between Oh
and 2h: Tw (5.559) = 6.708, p < 0.0007, Ef.Size = 0.904].

the melatonin-treated and non-treated rats. Finally, NOx levels
remained elevated after 2h of reoxygenation, whereas protein
nitration dramatically diminished after the treatment with mela-
tonin. These data suggest that the levels of NOx observed after 2h of
reoxygenation in melatonin-treated animals could be consequence
of the contribution of nNOS or eNOS, but not to iNOS, which would
be the main factor responsible for the extremely high levels of
protein nitration (2h) in the non-treated animals. Accordingly,
NADPH-diaphorase results showed no endothelial staining at Oh
but a strong mark in blood vessels after 2h of reoxygenation in both
melatonin treated and no treated groups. In relation to neuron
staining, which is illustrative of nNOS activity, given that iNOS can
also be induced after hypoxia in these cells [12], we could speculate
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that after melatonin treatment both nNOS and iNOS isoforms can
balance the NO production in neurons, being the first upregulated
and the second one downregulated.

On the other hand, these results also suggest that the effect of
the overproduction of NO derived from nNOS in ischemia, which
has been associated with neurotoxicity [67,68] would be arguable,
since this NO-nNOS-derived has also been reported to be respon-
sible for the neuroprotective ischemic post-conditioning in a model
of brain ischemia [20]. Moreover, this viewpoint is shared by other
authors [69,70], indeed suggesting a complex regulation of the
neuronal isoform, in which the role of antioxidants, like melatonin,
could be crucial. In this sense, an inhibitory effect of melatonin over
nNOS has been proposed, related to its binding to Ca®>*-CaM [71].
Our results, like those reported by Huang and colaborators [36] in a
hypobaric-hypoxic model, showed a faster increase in nNOS
expression after melatonin treatment. In addition, melatonin does
not reduce NADPHd neuronal staining, which remains intense after
IH and reoxygenation. All these results highlight the complexity of
the mechanisms involved in NO production, casting broader in-
formation on the role of melatonin as regulator of nNOS activity
[72]. Therefore, the NO produced by nNOS could have a different
fate after melatonin administration, as this antioxidant regulates
NO production, whereas it lowers the levels of superoxide, thus
avoiding the formation of peroxynitrite. The behavior of nNOS after
melatonin treatment would also contribute to the remarkable
reduction in n-Tyr expression observed in all experimental groups
when compared to the corresponding situations in the absence of
antioxidant.

iNOS expression is increased in several ischemic-brain models
[73], as our results also document. In fact, an excessive formation of
NO by iNOS may lead to peroxynitrite-induced injury [74] and may
also cause cell damage through direct inhibition of mitochondrial
respiratory-chain enzymes [75]. Melatonin repressed iNOS upre-
gulation, preventing peroxynitrite damage; accordingly, during
MCAO-induced brain injury, melatonin downregulated iNOS and
prevented cell death [64]. Similar iNOS results were reported after
melatonin administration in a model of hypobaric hypoxia [36].

Classically, eNOS has been described as the main agent
responsible for the increased vasodilation under ischemic/hypoxic
conditions [2]. In this sense, most authors describe NO production
from eNOS as preventive of brain damage since it inhibits platelet
aggregation and neuronal apoptosis and promotes collateral cir-
culation, vasodilation, and angiogenesis [21,22]. Nevertheless, it has
been also established that the formation of ONOO™ in response to
stress signals requires the upstream activation of eNOS [23,76]. In
addition, excessive production of NO by eNOS can be harmful, as it
can lead to the development of vasogenic edema and secondary
brain damage [77]. Moreover, new evidence indicates that oxida-
tive injury can induce endothelial cell damage [78| and up-
regulation of eNOS expression in cerebral blood vessels [79]. Our
results show a decline in eNOS expression immediately after [H but
a surge after 2h of reoxygenation, regardless of the administration
of melatonin. Sivakumar and collaborators [80] reported a signifi-
cant increase in eNOS expression by western blot 3h after hypoxic
exposure, whereas other authors have demonstrated that perma-
nent ischemia induces aberrant expression of eNOS [23]. Thus,
according to the bibliography, the pathological relevance of eNOS
up-regulation in some phases of ischemia remains unclear [23]. Our
results show a decline in eNOS expression immediately after IH, but
a surge after 2h of reoxygenation, regardless of the administration
of melatonin. In this sense, after the administration of melatonin,
controversial results also appear in the literature: it has been re-
ported that melatonin can raise the levels of eNOS protein in a
model of chronic intermittent hypoxia [81], but on the other hand,
melatonin can depress these levels in a model of hypobaric hypoxia

[36]. Hence, it seems evident that the response of this isoform
strongly depends on the hypoxic model applied in each case.

According to the above, the effect of melatonin on the NO/NOS
system after IH would be due to downregulation of iNOS expression
and to inhibition of nNOS activity, whose expression could be
initially upregulated. Meanwhile, eNOS keeps its high levels after
reoxygenation, maintaining the necessary vasodilatation. This re-
sults partially agree with others who reported nNOS and eNOS
activation and iNOS inhibition as the main effects of melatonin on
the NO/NOS pathway in a rat model of stroke [64].

The intermediate filaments are important in the response
against cellular stress induced by glucose and oxygen deprivation
[82]. Thus, astrogliosis represents greater neuroprotection, repair,
and trophic supply to damaged neurons, among other benefits; the
overall result of this phenomenon should be beneficial for the IH
and its suppression would exacerbate tissue damage [83]. Two
distinctive features of glial reactivity are hypertrophy of astrocytic
processes and increased expression of intermediate filaments of
GFAP [84]. Our results showed higher GFAP levels after IH injury. In
addition, previous administration of melatonin did not suppress
the GFAP response. Therefore, given the role of the astrocytes in the
glutamate-NO-cGMP pathway, which leads to greater NO produc-
tion [8], the treatment with melatonin does not affect the astrocyte
contribution to the nitrosative pool, but given the ability of the
antioxidant to lower the levels of oxidative stress, it may modulate
its neurotoxic consequences.

Hypoxia-induced damage can also be mediated by lipid perox-
idation provoked by free radicals, leading to the formation of toxic
aldehydes capable of inflicting membrane de-structuring and
protein carbonylation [85]. Our experimental results indicate an
increase in the formation of lipid hydroperoxides in the non-
treated rats at Oh and 2h after IH, while in the treated animals
the levels of TBARS were clearly lowered. These results confirm
melatonin cytoprotective activity due to its capacity to prevent lipid
peroxidation by free-radical scavenging [32,37,86,87] and support a
less ONOO™ formation and consequently protein nitration found in
this study.

Our results also reveal that [H injury barely affect the expression
of NF-kB detected at the nuclear level during the first 2h of reox-
ygenation, but this pattern was not affected by melatonin, either.
The role of NF-kB in brain ischemia is well characterized and may
be triggered by ROS [81,88]. It participates in the inflammatory
pathway, and genes coding for adhesion molecules, cytokines, and
even iNOS have binding sites for this factor in their promoters.
Some studies demonstrate that its inhibition has a beneficial effect,
while others show that it is involved in neuronal death [89]. These
contradictory results may be due to its capacity for promoting both
pro-inflammatory and cell-survival factors and to its differential
behavior depending on the cell type. Reportedly, melatonin may
block the inflammatory process by eliminating the NF-«kB signal-
transduction pathway [90—92]. However, in our IH model NF-kB
did not undergo expression changes, at least in the time span tested
(first 2 h after hypoxia); in fact, it has been shown that the activity
of this factor peaks 4—7 days after induction of ischemia [93,94]. As
a result, the early iNOS changes observed after our IH model, either
in the non-treated or in the melatonin-treated animals, seem to be
independent of the NF-«B transcription factor in these first stages of
the reoxygenation period.

Under low oxygen pressures, HIF-1o. can escape prolyl-
hydroxylation and subsequent proteosomal degradation; as a
result, it can associate with HIF-1B and be translocated to the nu-
cleus to induce gene expression [95]. In this light, it would be
reasonable to expect higher nuclear levels of HIF-1a after IH. In this
regard, although there is solid evidence that NO helps to stabilize
this factor through the inhibition of prolyl-hydroxylases (PHD) [95],
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itis also known that NO may exert the opposite effect, as several NO
donors reduce the stabilization of HIF-1a and the transcriptional
activation of downstream genes [16,96]. The latter is consistent
with our results showing decreased HIF-1a expression from O to 2h
after IH. Melatonin treatment did not influence this behavior, so
that in our IH model, the capacity of melatonin to lower the levels
of HIF-1a. [97—99] cannot be ascribed to the antioxidant activity, at
least in these first 2h after IH. In this sense, the underlying mech-
anisms responsible for the role on HIF-1¢. by melatonin are not fully
understood [100], although, it has been proposed that due to
scavenging of mitochondrial ROS by melatonin, the antioxidant
could reverse the inactivation of PHDs by ROS. This mechanism also
implies that, under hypoxia, HIF-1a. would be accumulated pri-
marily by bolstering protein stability rather than by de novo syn-
thesis [97]. In any case, our model indicates that at least in the first
2h following IH, neither de novo synthesis nor activation of HIF-1a
occurs.

5. Conclusions

This study demonstrates that after an ischemic-hypoxic event
(IH), a deregulation of the NO/NOS system and related pathways
occurs. Specifically, IH triggers increases in the expression of the
three nitric oxide synthase (NOS) isoforms, the nitrogen oxide
(NOx) levels as well as the nitrosative (n-Tyr) and oxidative (TBARS)
impacts. IH also intensifies glial fibrillary acidic protein (GFAP)
expression, reduces hypoxia-inducible factor-1alpha (HIF-1a), but
does not change nuclear factor kappa B (NF-kB). Melatonin treat-
ment, possibly due to its primary antioxidant capability, prevents
some of these changes, not only scavenging superoxide and
downregulating iNOS but also diminishing nitrosative impacts.
Hence, the decrease of iNOS, besides a prompter response of the
nNOS and the maintenance of the eNOS activity elicited by mela-
tonin may contribute to balance the NO production avoiding not
only the oxidative but also the nitrosative damage of these
pathologies.

In addition, the results of the present study indicate that
melatonin represents a suitable standard for studying and delving
into the molecular mechanisms that underlie IH, as beyond its
beneficial antioxidant effects, it raises questions concerning the
classical role of NOS involved in the determinant first steps of the
ischemic cascade, and it highlights the complexity of the equilib-
rium among them.
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