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Hyperbilirubinemia may lead to neurotoxicity and neuronal death. Although the mechanisms of nerve cell damage by uncon-
jugated bilirubin (UCB) appear to involve a disruption of the redox status and excitotoxicity, the contribution of nitric oxide (NO.)
and of N-methyl-p-aspartate (NMDA) glutamate receptors is unclear. We investigated the role of NO- and NMDA glutamate re-
ceptors in the pathways of nerve cell demise by UCB. Neurons were incubated with 100 umol/L UCB, in the presence of 100 umol/L
human serum albumin for 4 h at 37°C, alone or in combination with N-w-nitro-L-arginine methyl ester (-NAME) (an inhibitor of neu-
ronal nitric oxide synthase (NNOS)), hemoglobin (an NO-. scavenger) or (+)-5-methyl-10,11-dihydro-5H-dibenzo(a,d)cyclohepten-
5,10-imine maleate (MK-801) (an NMDA-receptor antagonist). Exposure to UCB led to increased expression of NNOS and produc-
fion of both NO. and cyclic guanosine 3',5-monophosphate (cGMP), along with protein oxidation and depletion of glutathione.
These events concurred for cell dysfunction and death and were counteracted by L-NAME. Moreover, the UCB-induced loss of neu-
ronal viability was abolished by hemoglobin, whereas the activation of nNNOS and production of both NO- and cGMP were coun-
teracted by MK-801, resulting in significant protection from cell dysfunction and death. These results reinforce the involvement of
oxidative stress by showing that nerve cell damage by UCB is mediated by NO- and therefore is counteracted by NO. inhibitors or
scavengers. Our findings strongly suggest that the activation of nNOS and neurotoxicity occur through the engagement of NMDA
receptors. These data reveal a role for overstimulation of glutamate receptors in mediating oxidative damage by UCB.
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INTRODUCTION

Oxidative stress occurs when the pro-
duction of reactive oxygen and/or nitro-
gen species overwhelms the antioxidant
defense capacity (1). Among the reactive
nitrogen species is nitric oxide (NO-), a
free radical formed by a group of consti-
tutive and inducible nitric oxide syn-
thase (NOS) enzymes (2). In neurons,
NO- synthesis occurs in a complex se-
quence of events involving the stimula-
tion of glutamate receptors in the post-
synaptic neuron, especially the
N-methyl-D-aspartate (NMDA) subtype,
which leads to increased intracellular
free Ca** that, upon binding to calmod-
ulin, activates neuronal NOS (nNOS),

originating NO- and L-citrulline from
L-arginine and oxygen (3,4).

One of the most biologically relevant
actions of NO- is its binding to the heme
moiety in the heterodimeric enzyme, sol-
uble guanylate cyclase (sGC). Activation
of sGC by NO- results in the production
of the second messenger molecule, 3',5'"-
cyclic guanosine monophosphate
(cGMP), which can regulate numerous
physiological events such as vasodilata-
tion and neurotransmission (5,6).

Under certain pathological conditions,
nNOS activation may be exacerbated
owing to excessive activation of NMDA
receptors, a process called excitotoxicity.
The excess NO- formed can permeate
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cell membranes and diffuse a distance of
a few cell diameters from its site of syn-
thesis to neighboring cells (3); it can im-
pair numerous biological events by re-
acting with various metals, thiols and
oxygen species, modifying proteins,
DNA and lipids, therefore inducing neu-
rotoxicity and playing a role in neurode-
generation (7). NO- mediates the toxic-
ity of glutamate in primary cortical
cultures and in a variety of model sys-
tems (8-10). At the subcellular level,
NO- leads to mitochondrial dysfunction
and consequent energy deficiency that
may constitute a driving pathway to
neurodegeneration (11).

Unconjugated bilirubin (UCB) is an en-
dogenous compound that at low concen-
trations can be beneficial owing to its an-
tioxidant properties, whereas at higher
levels it can induce cytotoxicity, particu-
larly to the central nervous system (12).
Toxic effects by UCB include the disrup-
tion of cell membrane structure and dy-
namic properties (13-15), as well as alter-
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ations in membrane potential, transport
and enzymatic systems (16-19). The ex-
tracellular accumulation of glutamate
that occurs because of impaired uptake
and/or enhanced secretion (20-23) indi-
cates that UCB prolongs the presence of
glutamate in the synaptic cleft. Moreover,
the activation of NMDA receptors found
in developing rat brain neurons exposed
to UCB (24,25), together with the associa-
tion between jaundice and damage in
Gunn rats (26), point to excitotoxicity as a
key player in UCB neurotoxicity.

We have been compiling evidence that
oxidative stress is involved in the mecha-
nisms of UCB cytotoxicity. Blood samples
from moderately jaundiced neonates pres-
ent higher levels of membrane-bound he-
moglobin (12,27), an indicator of oxidative
stress (28). Studies by spin-labeling elec-
tron paramagnetic resonance spectroscopy
analysis indicated that UCB disrupts the
redox status of isolated mitochondria (14),
intact nerve cells (15) and dipalmitoyl
phosphatidylcholine liposomes (unpub-
lished observations). Moreover, injury to
neocortical synaptosomes was linked to a
disruption of the redox status (18), also ob-
served in primary cultures of neurons
(29,30). More recently, we demonstrated
that deregulation of energy metabolism is
also involved in UCB-induced oxidative
injury to immature neurons (31). How-
ever, the contributions of NO- as well as of
NMDA receptors in the neuronal oxida-
tive lesion by UCB are still unclear. We
evaluated the effects of UCB on the redox
status of rat cortical neurons and investi-
gated the role of NO- and NMDA gluta-
mate receptors in UCB neurotoxicity.

MATERIALS AND METHODS

Chemicals

Neurobasal medium, B-27 supplement
(50x), Hanks’ balanced salt solution
(HBSS-1), HBSS without Ca** and Mg**
(HBSS-2), gentamicin (50 mg/mL) and
trypsin (0.025%) were purchased from In-
vitrogen (Carlsbad, CA, USA). Fetal calf
serum was obtained from Biochrom AG
(Berlin, Germany). Antibiotic antimycotic
solution (20x), human serum albumin

(HSA) (fraction V, fatty acid free), re-
duced and oxidized glutathione (GSH),
N-1-naphthylethylenediamine, N-o-
nitro-L-arginine methyl ester (L-NAME),
(+)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine
maleate (MK-801), hemoglobin, primary
monoclonal antibody mouse anti-B-actin,
alkaline phosphatase-labeled antirabbit
IgG secondary antibody, Sigma Fast
Tablets, and 1-isobutyl-3-methylxanthine
and 3-(4,5-dimethylthiazol, 2-y1)-2,5-
diphenyltetrazolium bromide (MTT) were
from Sigma Chemical (St Louis, MO,
USA). UCB was also acquired from
Sigma and purified according to the
method of McDonagh (32). The primary
specific monoclonal antibody, mouse anti-
nNOS, was acquired from BD Biosciences
(Erembodegem, Belgium). Horseradish
peroxidase-labeled rabbit antigoat IgG
was from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Horseradish
peroxidase-labeled sheep antimouse IgG,
nitrocellulose membrane and Hyperfilm
ECL for Western blot were from GE
Healtchcare (Freiburg, Germany). Cell
lysis buffer and LumiGLO® were acquired
from Cell Signaling (Beverly, MA, USA).
Slot blotting materials, including appara-
tus, nitrocellulose membranes and trans-
fer filter papers, were from Bio-Rad (Her-
cules, CA, USA) in addition to the protein
assay (Bio-Rad Laboratories GmbH, Mu-
nich, Germany). The OxyBlot kit used for
protein carbonyl determination was from
Chemicon (Temecula, CA, USA). Lactate
dehydrogenase (LDH) release by nonvi-
able cells was assessed by using the Cyto-
toxicity Detection Kit (LDH) from Roche
Molecular Biochemicals (Manheim, Ger-
many). A cyclic GMP enzyme immunoas-
say kit was from Enzo Life Sciences (Ply-
mouth Meeting, PA, USA). All other
chemicals were of analytical grade and
were purchased from Merck (Darmstadt,
Germany).

Neuron Primary Cultures

Animal care was performed according
to the recommendations of the European
Convention for the Protection of Verte-
brate Animals Used for Experimental
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and Other Scientific Purposes (Council
Directive 86/609/EEC) and National
Law 1005/92 (rules for protection of ex-
perimental animals). All animal proce-
dures were approved by the institutional
animal care and use committee. Every ef-
fort was made to minimize the number
of animals used and their suffering.

Neuronal cell cultures were prepared
from the cerebrum cortical region of Wis-
tar rats, and neurons were isolated from
fetuses from pregnant rats at 17-18 d ges-
tation, as previously described (21). Cells
were morphologically characterized by
phase-contrast microscopy and used after
8 d in vitro. Our cell culture protocol
avoided contamination by glial cells (33),
which was lower than 1% as assessed by
immunocytochemical staining with pri-
mary antibodies raised against glial fibril-
lary acidic protein of astrocytes.

Neuron Treatment

A 100-mmol /L stock solution of
L-NAME, a competitive NOS inhibitor
(4), a 200-umol /L stock solution of
hemoglobin, an NO: scavenger (3), and a
1-mmol/L stock solution of MK-801, an
NMDA receptor antagonist (26), were
prepared in phosphate-buffered saline
(PBS), pH 7.4. A stock solution of puri-
fied UCB was prepared in 0.1 N NaOH
immediately before use, and the pH of
the incubation medium was restored to
7.4 by addition of equivalent amounts of
0.1 N HCL. All the experiments with UCB
were performed under light protection to
avoid photodegradation.

Incubation conditions with UCB were
selected based on results of our previous
studies (29,34), in which we used the UCB
concentrations of 50 and 100 wumol /L in
the presence of HSA, which corresponded
to UCB/HSA molar ratios of 0.5 and 1.0,
respectively. The 100 umol/L concentra-
tion has been shown to repeatedly induce
more consistent results with differentiated
neurons (34). Thus, in the present study
we used the UCB/HSA molar ratio of 1.0
to assess whether the effects produced by
UCB could be prevented, which we ex-
pected to be more evidently shown under
these conditions. Higher UCB concentra-
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tions and UCB/HSA molar ratios were
avoided by us because of colloidal forma-
tion followed by UCB precipitation. We
selected a 4-h incubation period because
results of our previous studies (12)
demonstrated that 4-h incubation pro-
duced a statistically significant increase in
LDH release but did not cause excessive
cell death by UCB, which would compro-
mise the assessment of functional indica-
tors such as nNOS. Therefore, neurons
were treated with 100 umol /L UCB,

100 umol /L L-NAME, UCB plus L-NAME
or no addition (control) in the presence of
100 umol /L HSA for 4 h at 37°C. Other
sets of experiments were performed in
which cells were incubated with UCB
alone or in combination with 2 umol /L
hemoglobin, or with 1 umol/L MK-801
(added 1 h prior to UCB addition).

After treatment, attached cells were
collected and evaluated for nNOS ex-
pression, as well as for cGMP, protein ox-
idation and intracellular GSH levels. An
MTT test was also performed on the
cells, and the cell-free medium was used
for measurement of concentrations of ni-
trites, glutamate and LDH.

Evaluation of nNOS Expression

The expression of nNOS was deter-
mined by Western blot analysis of cell ex-
tracts obtained by lysing cells in ice-cold
lysis buffer: 10x [20 mmol/L Tris-HCl
(pH 7.5), 150 mmol /L NaCl, 1 mmol/L
Na,EDTA, 1 mmol/L EGTA, 1% Triton
X-100, 2.5 mmol/L sodium pyrophos-
phate, 1 mmol/L p-glycerophosphate,
1 mmol/L Na,VO,, 1 ug/mL leupeptin,
1 mmol/L phenylmethylsulfonyl fluo-
ride]. Cells were kept in lysis buffer on
ice for 5 min and sonicated for 20 s. The
lysate was centrifuged at 14,000¢ for
10 min at 4°C; supernatants were collected
and protein content was determined by
use of a protein assay reagent. Equal
amounts of protein were subjected to
sodium dodecyl sulphate—polyacrylamide
gel electrophoresis and transferred to a
nitrocellulose membrane. Membranes
were washed with Tris-buffered saline
(TBS) (20 mmol/L Tris-HCl [pH 7.6], and
137 mmol/L NaCl] and blocked for 1 h
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at room temperature in blocking buffer
(TBS containing 0.1% [v/v] Tween-20
[T-TBS] plus 5% [w/v] nonfat dried milk).
Membranes were washed 3 times with
T-TBS and incubated with primary anti-
body (anti-nNOS [1:2500] or anti-f-actin
[1:10000] in TBS containing 5% [w/V]
bovine serum albumin) overnight at 4°C.
After 3 washes in T-TBS, the membranes
were incubated with horseradish peroxi-
dase-labeled secondary antibody (anti-
mouse [1:5000] in blocking buffer) for 1 h
at room temperature. Protein bands were
detected by LumiGLO and visualized by
using the ChemiDoc XRS (Bio-Rad) scan-
ner or by autoradiography with Hyper-
film ECL. The relative intensities of pro-
tein bands were analyzed by using the
Quantity One (version 4.6.5) program
(Bio-Rad Laboratories).

Quantification of Nitrite Levels

The activity of nNOS was further as-
sessed by determination of nitrite (NO,"),
a stable product of NO-, in the incuba-
tion medium. Nitrite levels were quanti-
fied by Griess reaction (35), at A = 540
nm with a reference filter of 620 nm in a
microplate reader (Bio-Rad Laboratories,
Hemel Hempstead, UK). Solutions of
sodium nitrite (0-200 umol /L) were used
as standards.

Measurement of cGMP
Concentrations

The synthesis of NO- can be deter-
mined either by measuring its break-
down product, nitrite, or by measuring
its ability to stimulate sGC, leading to
c¢GMP production (4). For quantification
of cGMP content, the phosphodiesterase
inhibitor 1-isobutyl-3-methylxanthine
was included in the incubation medium.
Cell extracts collected from 9.6 cm* wells
were used for cGMP determination by
use of the commercially available kit
from Enzo Life Sciences, and measure-
ments were performed according to
manufacturer’s instructions.

Assessment of Protein Oxidation
Protein-resident carbonyls were
measured as a marker of oxidative

stress by slot blot analysis of the
2,4-dinitrophenylhydrazone adducts of
the carbonyls formed by reaction with
2,4-dinitrophenylhydrazine. At the end
of incubation, cells were rinsed with ice-
cold PBS and harvested by scraping into
PBS. The cell suspension was sonicated
and formation of carbonyls was quanti-
fied using the OxyBlot kit, as previously
described (29,30).

GSH Determination

GSH levels were calculated from those
of total GSH (GSt) and oxidized GSH
(GSSG): GSt = GSH + (2 x GSSG). GSt
was determined by an enzymatic recy-
cling procedure, and GSSG was deter-
mined after derivatization of GSH by re-
action with 2-vinylpyridine, as
previously described (29).

Assessment of Cell Function

Cellular reduction of MTT was mea-
sured in neurons, as we have previously
described (21). Briefly, after the incubation
period, neurons were incubated for 1 h at
37°C with 500 pL of MTT at 0.5 mg/mL,
prepared by dilution of a freshly prepared
stock solution at 5 mg/mL in Neurobasal
medium. After incubation, medium was
discarded and MTT formazan crystals
were dissolved by addition of 1 mL iso-
propanol /HCI1 0.04 mol/L and gentle
shaking for 15 min, at room temperature.
After centrifugation, absorbance values at
570 nm were determined in a Unicam
UV2 spectrophotometer (Unicam Limited,
UV2, Cambridge, UK). Results were ex-
pressed as percentage of control, which
was considered as 100%.

Cytotoxicity Evaluation

We measured LDH release by cells
with a disrupted membrane as a tool to
ascertain the extent of cell death. LDH
activity was quantified in the incubation
medium by using the Cytotoxicity Detec-
tion Kit (LDH), as previously described
(29,30). The results were expressed as
percentage of total LDH release, ob-
tained by lysing nonincubated cells with
2% Triton X-100 in Neurobasal medium
for 30 min.
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Figure 1. UCB induces neuronal nNOS ex-
pression in neurons, which is counteracted
by .-NAME. Primary cultures of rat neurons
were treated for 4 h at 37°C with either
100 umol/L UCB, 100 umol/L .-NAME, UCB
plus .-NAME or no addition (control), in the
presence of 100 umol/L HSA. The expres-
sion of NNOS was evaluated by Western
blotting, as described in Materials and
Methods. (A) Blot representative of at least
four separate experiments. (B) The intensity
of the bands was quantified by scanning
densitometry, normalized with respect to
endogenous p-actin and expressed as fold
change compared with control. **P < 0.01
from control; **P < 0.01 from UCB alone.

Statistical Analysis

Results are expressed as means + SEM
from at least four separate experiments
performed in duplicate. Differences be-
tween groups were determined by one-
way ANOVA with Bonferroni’s multiple
comparisons post test, using Instat 3.05
(GraphPad Software, San Diego, CA).
Statistical significance was considered
when P values were lower than 0.05.

RESULTS

UCB Enhances nNOS Expression in
Neurons

We started by investigating whether
UCB upregulates nNOS in primary cul-
tures of rat neurons by assessing the
enzyme expression by Western blot (Fig-
ure 1). Incubation of neurons with UCB
increased nNOS protein expression by
two-fold (P < 0.01). Because L-NAME is
known to inhibit NOS activity in an enan-

tiomerically specific manner (4), we eval-
uated whether it prevented the enzyme
stimulation by UCB. In fact, when

100 umol /L L.-NAME was associated with
UCB the values returned to levels similar
to those observed in controls (1.1-fold, not
significant), indicating that UCB-induced
increased expression of nNOS was
blocked by approximately 90% (P < 0.01).
These data demonstrate that UCB at
pathophysiologically relevant concentra-
tions induces the expression of nNOS.

UCB Promotes Nitrite Production by
Neurons

We further evaluated nitrite produc-
tion, an index of NO- formation, follow-
ing exposure to UCB. As shown in Fig-
ure 2, UCB induced a 2.4-fold (P < 0.01)
increase in nitrite levels, whereas cotreat-
ment of neurons with L-NAME signifi-
cantly reversed the UCB-induced effect
by 75% (P < 0.01). Therefore, UCB in-
duces the production of nitrite by neu-
rons, suggesting that UCB-induced neu-
rotoxicity is mediated, at least in part, by
NO- production.

UCB Leads to Increased cGMP
Production by Neurons

To confirm the augmented synthesis of
NO: in UCB-exposed neurons, we deter-
mined cGMP, the resulting product of
sGC stimulation by NO- (4). As repre-
sented in Figure 3, cGMP levels increased
from 13.5 + 1.5 pmol/mg in controls to
22.6 + 1.9 pmol/mg protein in UCB-
treated samples (P < 0.01) and returned to
nearly basal values (15.3 + 2.1 pmol/mg)
after treatment with UCB in the presence
of L-NAME (P < 0.05 from UCB alone).
These results sustain our hypothesis that
NO: production occurs during neuronal
exposure to UCB.

NO-. Is Involved in Protein Oxidation
Induced by UCB

To clarify whether oxidation of cell
components occurs in the conditions
used in the present study, measurement
of protein carbonyls was selected as a
tool to assess the extent of protein oxida-
tion. UCB caused a 24% (P < 0.01) in-
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Figure 2. UCB induces nitrite formation in
neurons, which is abrogated by .-NAME.
Primary cultures of rat neurons were
freated for 4 h at 37°C with 100 umol/L
UCB, 100 umol/L .-NAME, UCB plus .-NAME
or no addition (control), in the presence of
100 umol/L HSA. The formation of NO- was
indirectly evaluated by measuring nitrites
in the incubation medium using the Griess
reagent, as described in Materials and
Methods. **P < 0.01 from control; %P < 0.01
from UCB alone.

crease in the formation of protein car-
bonyls (Figure 4) pointing to the oxida-
tion of cellular proteins by UCB. To deter-
mine the role of NO- in this process, we
assessed protein carbonyls levels when
both UCB and L-NAME were present. We
observed that carbonyls decreased (P <
0.05 from UCB alone), which indicated a
nearly 70% protection against protein oxi-
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Figure 3. UCB induces cGMP production in
neurons, which is prevented by .-NAME.
Primary cultures of rat neurons were
freated for 4 h at 37°C with 100 umol/L
UCB, 100 umol/L .-NAME, UCB plus .-NAME
or no addition (control), in the presence of
100 umol/L HSA. Formation of cGMP was
assessed by using a commercial kit, as de-
scribed in Materials and Methods. **P <
0.01 from control; *P < 0.05 from UCB
alone.
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Figure 4. UCB induces protein oxidation in
neurons, which is prevented by L-NAME.
Primary cultures of rat neurons were treated
for 4 h at 37°C with either 100 umol/L UCB,
100 umol/L .-NAME, UCB plus .L-NAME or no
addition (control), in the presence of 100
umol/L HSA. Protein oxidation was as-
sessed by quantification of carbonyls by
slot blot analysis, as described in Materials
and Methods. **P < 0.01 from control; °P <
0.05 from UCB alone.

dation induced by UCB. These results,
showing that L-NAME significantly coun-
teracts the oxidative effect of UCB, indi-
cate that NO- is involved in oxidative in-
jury of neuronal proteins.

NO- Is Involved in the Disruption of
GSH Homeostasis Induced by UCB

Having established that UCB promotes
oxidative injury to neuronal proteins, we
considered of relevance to look for alter-
ations in the cellular antioxidant defense
mechanisms following exposure to UCB.
We evaluated the intracellular levels of
GSH, a low molecular weight thiol with
important functions as an antioxidant (36).
Treatment of nerve cells with UCB caused
a nearly 20% decrease in GSH levels, from
~13 nmol/mg protein in control assays to
~10 nmol/mg protein in UCB-treated
samples (P < 0.05) (Figure 5). The levels of
GSH in control assays accounted for 93%
of GSt, which also decreased by approxi-
mately 20% after incubation with UCB
(13.9 £ 0.8 versus 11.6 + 0.9 nmol/ mg pro-
tein, P < 0.05). These results show that
UCB leads to consumption of antioxidant
defenses and that disruption of GSH ho-
meostasis takes place upon neuronal ex-
posure to UCB.

To ascertain whether NO- is involved
in the depletion of cellular GSH, sister
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Figure 5. UCB impairs GSH homeostasis in
neurons, which is restored by L-NAME.
Primary cultures of rat neurons were
freated for 4 h at 37°C with 100 umol/L
UCB, 100 umol/L L-NAME, UCB plus .-NAME
or no addition (conftrol), in the presence of
100 umol/L HSA. Intracellular levels of re-
duced GSH were determined by an enzy-
matic recycling procedure, as described
in Materials and Methods. *P < 0.05 from
control; *P < 0.05 from UCB alone.

experiments were performed in the
presence of L-NAME. In the presence of
the nNOS inhibitor, the disruption of
GSH homeostasis induced by UCB was
abrogated, as indicated by the GSH
levels of 12.7 + 0.6 nmol/mg protein

(P < 0.05 from UCB alone), which were
very close to those observed either with
L-NAME alone or in control experi-
ments (Figure 5). These results, showing
that L-NAME prevents the consumption
of GSH stores by UCB, reinforce the
concept that NO: plays a role in the ox-
idative disruption of neuronal cells re-
sulting from UCB interaction.

NO- Is Engaged in UCB-Induced
Neuronal Dysfunction

To assess the effect of UCB on neu-
ronal function, we performed the MTT
test after the incubation period. Cell dys-
function in UCB-treated neurons was re-
markable (Figure 6), as indicated by a
more than 50% decrease in the ability to
reduce MTT (P < 0.01). Incubation with
UCB and L-NAME partially abrogated
cell dysfunction, as indicated by the in-
crease in MTT reduction levels, from
~47% in UCB-treated samples to ~72% in
those exposed to UCB in the presence of
the nNOS inhibitor (P < 0.01). By show-
ing that abolishment of NO- production

Figure 6. UCB impairs cell function in neu-
rons, which is restored by .-NAME. Primary
cultures of rat neurons were treated for 4 h
at 37°C with either 100 umol/L UCB,

100 umol/L .-NAME, UCB plus .-NAME or no
addition (control), in the presence of 100
umol/L HSA. Cell function was assessed by
measurement of MTT conversion to a blue
formazan product, as described in Materi-
als and Methods. **P < 0.01 from control;
P < 0.05 from UCB alone.

improves MTT metabolism, these results
further point to the involvement of this
reactive species in neuronal impairment
by UCB.

NO-. Is Implicated in Neuronal Death
Induced by UCB

To evaluate whether NO- is involved
in UCB-induced neurotoxicity, we mea-
sured the release of LDH by cells with a
disrupted membrane, a characteristic at-
tribute of necrosis/oncosis. We obtained
a 1.8-fold (P < 0.01) increase in LDH re-
lease by neurons exposed to UCB (Fig-
ure 7). However, the overall cell death
did not surpass 10%, confirming that
our conditions were desirable to evalu-
ate the roles of both nNOS and NO- in
UCB-induced oxidative demise. There-
fore, we next evaluated cell death after
incubation with a combination of UCB
and L-NAME. Interestingly, UCB-induced
cell death was almost counteracted by
the NOS inhibitor (P < 0.05), with values
very closely resembling those obtained
with L-NAME alone and in controls.
These results provide further evidence
for the role of NO- as an intervening
molecule in the mechanisms of cell in-
jury by UCB. In addition, a further cor-
roboration was obtained by the nearly
80% protection achieved after neuronal
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Figure 7. UCB induces neuronal death,
which is prevented by .-NAME or by
hemoglobin (Hb). Primary cultures of rat
neurons were freated for 4 h at 37°C with
100 umol/L UCB, 100 umol/L -NAME, UCB
plus .-NAME, 2 umol/L Hb, UCB plus Hb or
no addition (control), in the presence of
100 umol/L HSA. Cell death was evaluated
by measuring the activity of LDH released
by nonviable cells to the incubation me-
dium by using the LDH cytotoxicity detec-
fion kit, as described in Materials and
Methods. **P < 0.01 from control; *P < 0.05
fromm UCB alone.

incubation with hemoglobin (Figure 7),
a known NO- scavenger (3). These data,
together with those from the MTT test,
support the notion that NO- is implicated
in neuronal injury by UCB.

Overstimulation of NMDA Receptors
Mediates UCB-Induced Expression of
nNOS and Neurotoxicity

Having established that NO- intervenes
in UCB-induced neuronal injury, we
wondered whether the disruption of the
redox status was a primary event or was
secondary to the UCB-induced extracellu-
lar accumulation of glutamate (21,22).
Thus, we investigated whether the pres-
ence of MK-801, a NMDA glutamate-
subtype receptor antagonist, was able to
prevent the expression of nNOS and cy-
totoxicity. Levels of glutamate in the ex-
tracellular medium were also determined
after treatment with UCB and MK-801,
alone or in combination. As indicated in
Table 1, MK-801 prevented UCB-induced
expression of nNOS and the consequent
increased production of nitrites and of
¢GMP (P < 0.05, P < 0.01 and P < 0.05
from UCB alone, respectively) by at least
80%. Neuronal functionality and viability
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Table 1. MK-801 abrogates UCB-induced nNOS overexpression, nitrite formation, cGMP
production, MTT reduction impairment and LDH release, but not extracellular glutamate

accumulation.®

Control UCB MK-801 UCB + MK-801
Glutamate, umol/L 7.02+076 130.12 + 5.54° 6.39+0.69 121.71 +5.76
nNOS, fold change 1.00 + 0.00 1.98 + 0.36° 1.04+0.12 1.13 +0.23°
Nitrite, umol/L 0.39+0.10 0.94 +0.12° 0.49 + 0.08 0.39 + 0.08¢
cGMPpmol/mg protein 1349+ 1.46 2258+ 1.89° 1588 + 1.41 15.39 + 2.03°
MTT, % 100 + 0.00 46.82 + 1.28°  90.45 + 4.89 64.99 + 3,93°¢
LDH, % 3.66 +£0.75 8.55 + 0.80° 3.890+0.75 3.29 + 1.10¢

°Rat neurons in primary culture were treated for 4 h at 37°C with 100 umol/L UCB, T umol/L
MK-801, UCB plus MK-801, or no addition (control), in the presence of 100 umol/L HSA.
Determinations of NNOS expression, as well as of nitrite, cGMPR LDH and glutamate levels,
and MTT reduction test were performed as described in Materials and Methods.

®P < 0.01 from control.
°P < 0.05 and “P < 0.01 from UCB.

were also preserved (P < 0.01 from UCB
alone) after blockade of NMDA receptors
as evidenced by the improvement of
MTT metabolism and the levels of LDH
release at the same magnitude of con-
trols. In contrast, the elevated concentra-
tion of glutamate after incubation with
UCB remained unchanged after coincu-
bation with MK-801. These results indi-
cate that UCB-induced oxidative stress
and neuronal injury are, at least in part,
mediated by overstimulation of NMDA
receptors.

DISCUSSION

The results of the present study
demonstrated that exposure of neurons
to clinically relevant concentrations of
UCB increases the expression of nNOS,
as well as the production of nitrites and
c¢GMP, which are accompanied by pro-
tein oxidation and cell demise, whereas
the major cellular antioxidant defense
system, provided by GSH, is impaired.
In addition, the results showed that
UCB-induced neuronal oxidative injury
is prevented by NO- synthesis inhibition
or sequestration, as well as by blockade
of NMDA receptor channels with MK-
801. These findings point to NO- as a
key mediator of UCB-induced oxidative
disruption of neuronal cells and indicate
that upregulation of nNOS and neuro-
toxicity occur through the engagement
of NMDA receptors, suggesting that ox-
idative damage is secondary to over-

stimulation of the glutamate receptors
by UCB.

The imbalance between formation of
oxidant species and consumption of the
antioxidant defenses may be evaluated
by oxidative stress biomarkers such as
protein carbonyls, reliable indicators of
protein oxidation, and GSH, which re-
flects the chain-breaking thiol antioxidant
capacity of the cell (36,37). By showing
that exposure of neurons to UCB leads to
protein oxidation, as well as to impair-
ment of antioxidant defenses and cell via-
bility, this study provides evidence for a
causal relationship between UCB-induced
oxidative stress and neuronal damage.
The assumption that such a relationship
exists is not without precedent, because
UCB-induced oxidative injury has been
shown to mediate cell death (15,29,30),
and a strong correlation between experi-
mental obstructive jaundice and oxida-
tive stress was found in the rat brain (38).
Supplementation with the GSH precursor
N-acetylcysteine was shown to reverse
the obstructive jaundice-induced oxida-
tive stress in rats (38), as well as the ox-
idative injury resulting from exposure of
rat neurons (30) and HeLa cells (39) to
UCB, findings that further reinforce the
redox disruption as a cause of nerve cell
impairment. These facts support our ob-
servation of a decrease in GSH and GSt
levels by UCB that indicate the consump-
tion of the tripeptide, probably in conju-
gation reactions catalyzed by GSH-S-
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transferase. This assumption is supported
by the previously reported increase in the
red cell enzyme in newborns with hyper-
bilirubinemia (40).

Neurons synthesize cGMP in response
to NO- by activation of sGC (5). Therefore,
the increased levels of cGMP and nitrites
observed in our study reflect the activa-
tion of the signaling pathway that triggers
nNOS overexpression in UCB-treated
neurons. The present observation that
neuronal injury resulting from UCB inter-
action is mediated, at least in part, by NO-
is sustained by the fact that there are sev-
eral common pathways in NO--induced
neurotoxicity (3) and UCB-induced neuro-
toxic manifestations, namely the increase
in intracellular Ca** levels and the accu-
mulation of extracellular glutamate, as
well as the overstimulation of NMDA
glutamate receptors, engendering excito-
toxicity (18,22,24,26,41). Moreover, NO- is
involved in inflammation (42), and there
is evidence that UCB induces the release
of the proinflammatory cytokine tumor
necrosis factor a by neurons (22) and that
the anti-inflammatory agent minocyline
blocks UCB neurotoxicity (43,44). In addi-
tion, NO- has important effects on mito-
chondria, leading to organelle dysfunc-
tion (5,7,11), whereas this subcellular
component has been regarded as a target
of UCB cytotoxicity from the pioneer
studies of Day (45) and of Ernster and
Zetterstrom (46), until the current studies
performed by us (14,47). The mitochondr-
ial constituent most sensitive to NO- is cy-
tochrome c oxidase, which was recently
shown by us to be selectively inhibited by
UCB in immature neurons (31). The con-
sequent deregulation of energy status was
also observed in UCB-treated neurons
(31), which may constitute a pathway
driving neurodegeneration.

The observations that increased forma-
tion of protein carbonyls and LDH re-
lease along with the decreased GSH
stores and the diminished ability to re-
duce MTT are abrogated by pretreatment
with L-NAME, which inhibits NOS activ-
ity, strongly indicate that neuronal oxida-
tive stress induced by UCB is a process
mediated by NOS and, consequently, by
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NO-. A further corroboration is the find-
ing of protection against cell death by co-
incubation with hemoglobin, which is
considered as an NO- “sink,” able to
lower the NO- concentration (3).

Oxidative stress is usually associated
with glutamate toxicity that can ulti-
mately lead to cell death (48). As men-
tioned above, extracellular levels of glu-
tamate increase after exposure of
neurons to UCB. To test whether gluta-
mate is a key mediator of NO--mediated
neurotoxicity resulting from exposure to
UCB, we used MK-801, an open-channel
antagonist that can reach its binding site
only when the channel is in an open
state (41). MK-801 counteracted UCB-in-
duced cell dysfunction and death, as
well as overexpression of nNOS and the
consequent release of NO- and produc-
tion of cGMFP, indicating that the ion
channel is in an open and activated state,
leading to NMDA-receptor-mediated ex-
citotoxicity and neuronal injury. These
observations are in line with results of
studies showing that UCB modifies the
function of the NMDA receptor/ion
channel complex in the brains of new-
born piglets (41), that neuronal injury in
the Gunn rat is reduced upon adminis-
tration of MK-801 (26) and that cell
death after incubation of human NT2-N
neurons with UCB is prevented by the
NMDA antagonist (49). Nevertheless, re-
sults of a recently published study (50)
showed the absence of protection of UCB
neurotoxicity by MK-801. These conflict-
ing results may arise from the higher
UCB-to-HSA molar ratio (2:1) used by
these authors, leading to UCB precipita-
tion at the membrane level, and the
usage of neurons from the hippocampus,
a region particularly affected during
bilirubin encephalopathy. Because the
NMDA receptor is vital to many impor-
tant physiologic functions, its alterations
during brain development may exert
subtle effects that may not become ap-
parent until the brain completely devel-
ops (41). Thus, our findings may provide
a basis for the association between neo-
natal hyperbilirubinemia and neurologic
deficits later in life (51,52).

Neuronal UCB exposure
Glutamate release
NMDA stimulation b— MK-801
nNOS activation p— L-NAME
NO-release |— Hemoglobin
c¢GMP production

Oxidative disruption

Mitochondrial dysfunction

!

Cell death

Figure 8. Schematic representation of key
steps in neuronal oxidative damage by
UCB. UCB interaction with neurons causes
the release of the neurotransmitter gluta-
mate, which stimulates the NMDA gluta-
mate-subtype receptor. Upon stimulation
of NMDA receptors, neuronal nNOS is acti-
vated and NO. is produced. NO: leads to
increased formation of cGMR through ac-
fivation of soluble guanylate cyclase, and
to disruption of the redox status. As a
corollary of these events, mitochondrial
function is impaired, ultimately leading to
cell death. Inhibition of NNOS by L-NAME
prevents downstream events from occur-
ring, thus pointing to NO. as a key medio-
tor in UCB-induced oxidative disruption.
Preclusion of UCB-induced cell death by
hemoglobin sequestration of NO- corrobo-
rates the involvement of this species in
neuronal demise by UCB. Upstream block-
ade of NMDA receptors by MK-801 abro-
gates the neurotoxicity mediated by NO-,
therefore indicating that excitotoxicity
plays a key role in UCB-induced oxidative
damage to neurons.

Excitotoxicity driven by NMDA-
receptor overstimulation gains increased
relevance in UCB-induced encephalopa-
thy when we consider our prior data
showing an impairment of glutamate
uptake by astrocytes exposed to UCB
(20), as well as its increased release (23),
which compromise brain glutamate
homeostasis and favor neurodegenera-
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tion (53). In addition, we demonstrated
that glutamate efflux from microglia in-
creased by UCB (54) and its uptake is
decreased in neurons incubated with
UCB (21), further confirming the inter-
ference of UCB at the level of glutamate
homeostasis.

Collectively, our data highlight some
important steps in neuronal oxidative
damage by UCB. As schematically repre-
sented in Figure 8, UCB interaction with
neurons causes the release of the neuro-
transmitter glutamate. Upon stimulation
of the NMDA glutamate-subtype recep-
tors, nNOS is activated, NO- is produced
and consequently cGMP is formed. The
presence of NO- must account, at least in
part, for the disruption of the redox sta-
tus, which ultimately leads to cell func-
tion impairment and cell death. Inhibi-
tion of nNOS activity by L-NAME
prevents downstream events from occur-
ring, thus confirming that NO- is a key
mediator of UCB-induced oxidative dis-
ruption. Upstream blockade of NMDA
receptors by MK-801 abrogates neurotox-
icity, confirming that excitotoxicity plays
a key role in UCB-induced oxidative
damage to neurons. Therefore, NOS in-
hibitors, as well as NMDA receptor an-
tagonists, may be useful as therapeutic
tools to reduce the risks associated with
oxidative stress and neurotoxicity in un-
conjugated hyperbilirubinemia.
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