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Inhibition of nitric oxide synthase prevents energy failure and oxidative damage
evoked in the brain by lipopolysaccharide. G.A. CZAPSKI, M. C¥KA£A, D. KOP-
CZUK, M. KAMIÑSKA, J.B. STROSZNAJDER. Pol. J. Pharmacol., 2004, 56, 643–646.

The inducible nitric oxide synthase (iNOS) plays an important role in endotoxic
shock. However, little is known about the involvment of constitutive isoform(s) of NOS
(cNOS). The aim of this study was to determine the role of cNOS in the mouse brain after
lipopolysaccharide (LPS) injection. Concentrations of nicotinamide adenine dinucleotide
(NAD�), carbonyl group and thiobarbituric acid reactive substances were determined
spectrophotometrically, cNOS mRNA was evaluated by RT-PCR. Our data showed that
LPS significantly decreased NAD� level, and enhanced protein and lipid oxidation, but
had no effect on cNOS mRNA expression. Inhibitors of cNOS protected the cells against
alterations evoked by LPS, suggesting involvement of cNOS isoforms in pathology.
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Abbreviations: ADH – alcohol dehydrogenase,

DMSO – dimethyl sulfoxide, DNPH – dinitrophenyl-
hydrazine, LPS – lipopolysaccharide, MTT –

3-(4,5-dimethylthiazol-2yl-)-2,5-diphenyltetrazolium
bromide, NAD – nicotinamide adenine dinucleo-

tide, NF-�B – nuclear factor-kappa B, 7-NI – 7-ni-
troindazole, NMDA – N-methyl-D-aspartate,

NNLA – N�-nitro-L-arginine, NOS – nitric oxide
synthase, PARP – poly(ADP-ribose)polymerase,

PMS – phenazine methosulfate, TBA – thiobarbi-
turic acid, TBARS – thiobarbituric acid reacting
substances, TCA – trichloric acid

Free radicals produced at high concentrations
can cause oxidative stress leading to damage to
macromolecules, including proteins, lipids and nu-
cleic acids. Nitric oxide (NO), possessing proper-
ties of a free radical, is an important molecule in-
volved in the inflammatory response. It is produced
by the activated cells (macrophages, neutrophils,
microglial cells and astrocytes) at high concentra-
tions, triggering a dramatic drop in blood pressure.
However, depending on a concentration and local-
ization, NO modulates cell metabolism in different
ways. In excessive amounts, it inhibits respiratory
chain and glycolysis. NO can interact with super-
oxide radical (O�

��) forming highly reactive oxidiz-
ing species, peroxynitrite (ONOO�). This reaction
triggers oxidative cascade responsible for mito-
chondrial and DNA damage observed also during
inflammation [8].

The source of NO is NO synthase (NOS; EC
1.14.13.39) present in the three main isoforms: neu-
ronal (nNOS, NOS 1), inducible (iNOS, NOS 2) and
endothelial (eNOS, NOS 3). It is generally ac-
cepted that isoform responsible for NO production
during inflammation is calcium independent iNOS
[1]. However, it was suggested recently that also
constitutive isoforms (cNOS) may be involved in
pathomechanism of sepsis. Guerra Romero et al.
[4] reported a significant enhancement of extracel-
lular concentrations of glutamate in the brain dur-
ing sepsis. Also systemic administration of bacte-
rial lipopolysaccharide (LPS) (experimental mod-
els of sepsis) caused a release of glutamate in the
central nervous system [6]. Glutamate at high con-
centrations evokes excitotoxicity via overactivation
of ionotropic NMDA receptors, preferentially lead-
ing to the activation of calcium-regulated cNOS.

The question arises for our studies what is a role
of NO liberated by cNOS in energy alteration and

oxidative damage to lipids and proteins in the
mouse brain during septic shock induced by sys-
temic administration of LPS.

All the experiments were carried out on mice
C57BL/6, 2–4 month-old (20–25 g), supplied from
Medical Research Centre Farm (Warszawa, Po-
land). The animals were maintained under con-
trolled conditions of temperature and humidity
with 12-hour light/dark cycle. All experimental
procedures were accepted by the Institutional Eth-
ics Committee.

LPS was administrated intraperitoneally (ip) at
a dose of 1 mg/kg, and after 12 and 48 h mice were
decapitated. NOS inhibitors were administrated ip
1 min after LPS. N�-nitro-L-arginine (NNLA) was
dissolved in saline and injected at a dose of
30 mg/kg. 7-Nitroindazole (7-NI) was dissolved in
dimethyl sulfoxide (DMSO) : saline (1:1) and v/v
administrated at a dose of 25 mg/kg. 7-NI is com-
monly used as specific nNOS inhibitor, however,
NNLA is a cNOS inhibitor (nNOS and eNOS). Ap-
propriate volumes of solvent were injected to con-
trol animals.

Whole heads were frozen in liquid nitrogen di-
rectly after decapitation, then brains were isolated
and crashed, all the time in contact with liquid ni-
trogen. The powder was homogenized in 0.1 M
HCl for NAD determination or in 20 mM Tris HCl,
pH 7.4, for analysis of oxidative damage to macro-
molecules. For gene expression analysis, mesen-
cephalon/diencephalon were isolated directly after
decapitation and stored in liquid nitrogen for fur-
ther analysis.

NAD concentration was determined using en-
zymatic method. Brain tissue was incubated in
0.1 M HCl at 100°C for 2 min and promptly chilled
to 0°C. After centrifugation, pH was neutralized,
and supernatant was added to the reaction mixture
containing 100 �mol of Tris HCl, pH 8.0, 2 �mol
of phenazinemethosulfate, 0.5 �mol of
3 (4,5 dimethyl thiazol 2 yl) 2,5 diphenyltetrazolium
bromide, 0.2 mg of alcohol dehydrogenase (ADH),
600 �mol of ethanol in a total volume of 2 ml. Re-
action mixtures were preincubated for 10 min at
37°C without ethanol and reaction was started by
adding ethanol. The rate of absorbance increase
was determined for 2 min at 556 nm. Blanks with-
out sample were included in the assay and NAD�

concentration was calculated from standard curve.
Carbonyl group concentration, a marker for protein
oxidation, was determined by derivatization with
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dinitrophenylhydrazine (DNPH) and lipid peroxi-
dation was evaluated as thiobarbituric acid reactive
substances (TBARS) concentration, as described
previously [2]. Expression of genes for different
NOS isoforms was analyzed by RT-PCR method,
as described previously [5]. All values are pre-
sented as the means ± SEM. Student’s t test was
used to determine individual p values. A p value <
0.05 was considered significant.

LPS at 1 mg/kg administrated ip caused transi-
tory lowering of NAD concentration in the mouse
brain. Reduced level of NAD from control value
of 0.226 ± 0.057 nmol/mg of tissue to 0.100 ±
0.004 nmol/mg of tissue was observed 12 h after

LPS injection, but after 48 h NAD concentration
returned to near control value (Fig. 1-A). Lipid per-
oxidation, determined as TBARS, was not changed
in the brain 12 h after the injection, but was signifi-
cantly increased after 48 h from 1.62 ± 0.06 nmol/mg
of protein to 1.98 ± 0.08 nmol/mg of protein (Fig.
1-A). LPS had only negligible effect on carbonyl
group concentration (Fig. 1-A). The effect of NOS
inhibitors on LPS evoked NAD� depletion was
studied 12 h after LPS administration. As shown in
Figure 1-B, 7-NI, that preferentially inhibits nNOS,
and NNLA, an inhibitor of both cNOS isoforms,
prevented LPS-induced decrease in NAD� concen-
tration. Both cNOS inhibitors significantly reduced
TBARS concentration enhanced by LPS at 48 h
(Fig. 1-C). Concomitantly, there was no effect of
LPS administration on nNOS and eNOS gene ex-
pression (data not shown).

Our data indicate that energy depletion and oxi-
dation of macromolecules in the brain during endo-
toxemia have time-dependent dynamic: NAD de-
pletion was observed 12 h after LPS administra-
tion, but lipid peroxidation appeared 48 h after
injection. Protein oxidation, measured as carbonyl
groups, was not significant.

The source of free radicals, oxidizing macro-
molecules in the brain during sepsis, is unknown. It
has been suggested that NO produced by iNOS is
mainly responsible for cytotoxicity in models of in-
flammation [7]. However, enhancement of extracel-
lular glutamate concentration suggests that consti-
tutive isoforms of NOS can also participate in this
pathology [6]. Our present data show that inhibitors
of cNOS prevent NAD� depletion and lipid peroxi-
dation, indicating that mainly nNOS, but also to
some degree eNOS, are responsible for LPS-related
alterations in the brain. The pro-oxidative role of
NOS may be connected with ability of NO to react
with superoxide radical and to form peroxynitrite.
However, there are other possible mechanisms, viz.
NO may act indirectly by inhibition of antioxida-
tive enzymes, by inhibition of respiratory chain or
by modulation of inflammation-related transcrip-
tion factor NF-�B [3]. Our data indicated that
NAD� depletion was mainly related to an increase
in DNA damage and activation of poly(ADP-ribose)
polymerase (PARP-1; EC 2.4.2.30), suggesting the
significant role of PARP-1 overactivation, and sub-
sequent respiratory chain inhibition (data not shown).

In conclusion, cNOS is involved in oxidative
damage in the brain after systemic LPS administra-
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NOS INHIBITION PREVENTS LPS-EVOKED OXIDATIVE STRESS IN THE BRAIN

Fig. 1. The effect of lipopolysaccharide on oxidative stress in
the brain. Twelve and 48 h after LPS administration (1 mg/kg
ip), mice were decapitated, and whole brains were analyzed. A –
The effect of LPS on NAD� concentration and oxidation of
macromolecules; B – The effect of NOS inhibitors on LPS-
evoked NAD� depletion 12 h after LPS administration; C – The
effect of NOS inhibitors on LPS-evoked lipid peroxidation 48 h
after LPS administration; * and ** – statistical significance
compared to control group p < 0.05 and 0.01, respectively; # and
### – p < 0.05 and 0.005, respectively, comparing to
LPS treated group. Results are the means ± SEM, n = 4 to 11



tion. NO liberated by cNOS is responsible for the
decrease in NAD concentration. Pharmacological
inactivation of cNOS and iNOS may efficiently
protect the brain against energy depletion and oxi-
dation of macromolecules. However, the precise
mechanism of NO action is under our further studies.
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