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Summary: Nitric oxide (NO) is an important signalling molecule in a variety of physiological pr ocesses. NO, a gas, is
produced from L-arginine by different isoforms of the nitric
oxide synthase and ser ves as mediator in important physiological functions, such as pr omoting vasodilation of blood
vessels and mediating communication between nervous system cells. Contradictor y to its physiologic actions, fr ee radical activity of NO can cause cellular damage by the induction of nitr osative stress with significant implications on
nervous system diseases. Although the mechanism of NO mediated neurodegeneration still r emains unclear, numerous studies suggest its crucial role in modification of protein
functions by nitr osylation and nitr o-tyrosination. NO contributes to glutamate excitotoxicity, participates in or ganelle
fragmentation, inhibits mitochondrial r espiratory complexes
and mobilizes zinc from the internal stores. Recently, NO has
been emerged as a mediator of epigenetic gene expr ession
and chromatin changes. Besides, NO is a key mediator in the
regulation of inflammator y and immune r esponse of the
central nervous system. It is involved in down r egulation of
several aspects of CNS inflammation, but also has a dual o
r le
in that it is required for inflammation in some situations.
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Kratak sadr`aj: Azot monoksid je va`an signalni molekul
u brojnim fiziolo{kim procesima. Ovaj gas se stvara iz L-arginina dejstvom tri izoforme azot monoksid sintaze i medijator
je va`nih fiziolo{kih funkcija, kao {to su posr edovanje u r egulaciji tonusa kr vnih sudova i komunikaciji }elija ner vnog
sistema. Nasuprot ovim ulogama, kao slobodni radikal, NO
mo`e izazvati }elijsko o{te}enje indukcijom nitr ozativnog
stresa, {to ima zna~ajne implikacije u bolestima ner vnog sistema. Mada je mehanizam neur odegeneracije posredovane
azot monoksidom jo{ uvek nerazja{njen, br ojne studije uka zuju na njegovu klju~nu ulogu u modifikaciji funkcije pr oteina kroz procese S-nitrozilacije i nitrovanja tirozina. On doprinosi glutamatnoj ekscitotoksi~nosti, u~estvuje u fragmentaciji
organela, inhibi{e mitohondrijalne r espiratorne komplekse i
mobili{e cink iz unutra{njih depoa. Nedavno je ukazano da
mo`e biti medijator epigenetske genske ekspr esije i promena hromatina. Pored toga, NO je klju~ni posr ednik u regulaciji inflamatornog i imunog odgovora CNS. On u~estvuje u
nishodnoj regulaciji nekoliko aspekata inflamacije CNS, ali
tako|e ispoljava dualisti~ke efekte u uslovima inflamacije.
Klju~ne re~i: azot monoksid, nitrozativni stres, S nitrozilacija proteina, neuroinflamacija, neurodegeneracija
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Nitric oxide (NO), a gaseous signalling molecule, regulates a diverse range of physiological
processes, including the r egulation of vascular tone,
neuronal function and immune function. Nitric oxide
(NO) has been established as an important messenger molecule in various steps of brain physiology
,
from development to neur onal survival, differentiation, neurotransmitter release regulation, synaptic
plasticity, learning and memory (1).
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However, NO has been also viewed as a major
agent of neuropathology when, escaping the controlled production, it may dir ectly or indir ectly promote
oxidative and nitr osative stress. The exact bor derline
between physiological, and ther efore neuroprotective, and pathological, and therefore neurodegenerative, actions of NO is a matter of contr oversy among
researchers in this field. In high concentrations (>1
mmol/L), NO can induce cell death mainly either by
oxidative/nitrosative stress-induced apoptosis or by
energy depletion-induced necrosis. By caspase inhibition due to S-nitr osylation, NO may switch apoptosis
to necrosis. Due to its multifaceted functions in CNS,
NO attracts the attention of investigators as a neur omodulator, a neuroprotector and a neurotoxic agent.
Nitric oxide is synthesized from L-arginine in the
reaction catalyzed by the nitric oxide synthases (NOS)
family: neuronal (nNOS, NOS1), endothelial (eNOS,
NOS3) and inducible (iNOS, NOS2). Different members of NOS family ar e known to r egulate different
functions in CNS. NO is able to react with many intracellular targets to trigger a variety of signal transduction pathways, r esulting in stimulator y or inhibitor y
signals. If it was pr oduced in excess, NO would un dergo oxidative-reductive reactions, forming the reactive oxygen species, which can cause cellular damage
(2). Reactive nitrogen species (RNS) ar e a gr oup of
chemically reactive molecules derived fr om the nitric
oxide, the main members of which ar e peroxynitrite
(ONOO-), S-nitrosothiols (RSNOs) and nitrogen dioxide (NO2). NO2 is a potent oxidizing and nitrating
agent, while peroxynitrite is highly reactive NO derivative, capable of r eacting with various cell compounds, and directly causing DNA damage.
The initial studies had led to the hypothesis that
peroxynitrite, formed in the reaction between NO and
superoxide anion, might be r esponsible for cellular
damage in some neur ological diseases. The in creased superoxide production can cause NO consumption, thus pr omoting the per oxynitrite formation and
inducing the cell death. P eroxynitrite can ir reversibly
inactivate superoxide dismutase (SOD), incr easing
the availability of super oxide anion for the r eaction
with NO. Beside, NO acutely stimulates super oxide
production in mitochondria, inhibiting the r espiratory
chain.
Nitric oxide in the experimental
autoimmune encephalitis and multiple
sclerosis
In CNS, elevated levels of nitric oxide ar e associated with a number of inflammator y and neur odegenerative diseases, including multiple sclerosis (MS).
Proinflammatory cytokines, chemokines and enzymes
generated by a number of cells, including microgliae,
produce NO and r eactive oxygen species that pr omote damage of oligodendr ocytes and axons.

Literature data point out the role of NO in the pathogenesis of MS (3). There is evidence that NO and the
inducible form of its synthesizing enzyme ar e elevated in CNS in both multiple scler osis (4) and experimental model of multiple scler osis, namely experimental allergic encephalomyelitis (EAE) (5). It has
been reported that high level of NO metabolites is the
evidence in blood and cer ebrospinal fluid (CSF) of
patients with MS, even in the absence of neurological
signs of disease (6). Danilov et al (7) also suggested
that high levels of NO and its derivatives, even in disease remission, pinpointed that MS was a chr onic
inflammatory disease wher e NO pr oduction played
an important role, not only in disease onset, but also
in MS aggravation. R eactive NO species pr omote
myelin and oligodendr ocytes destruction due to its
cytotoxic effects on nerve and glial cells (8). Glia cells
excrete NO metabolites which interact with the superoxide anions forming the peroxynitrite anion (ONOO-),
promoting the nerve cell destruction.
At the same time with the cognition of NO critical role in the inflammator y process, a lot of studies
have investigated its participation in the mechanisms
of MS onset and development (9). New literatur
e
data suggest the incr ease of NO pr oducts in CSF of
MS patients (6, 7). NO r eactive species (nitrate, ni trite, peroxynitrite), produced as a consequence of
activated glia cells, pr omote nitrosative stress disorders – myelin and ner ve tissue destr uction. It is supposed that NO provokes block in the action potential
transmission, since NO donors occur as a r eversible
blocking agents in nor mal and demyelinating conditions, not only in the central, but also in the peripheral nerve system (10). This could be the result of direct
NO effects on glutamatergic transmission, since it has
been reported to induce N-methyl-D -aspartate
(NMDA) up regulation due to nitr osylation processes
(11). The results, discussed here, suggest the in creased NO plasma levels even in the r emission of disease, which is in agreement with those of Roghani et
al. (12).
In normal CNS, there are two constitutively ex pressed forms of the nitric oxide synthases (eNOS
and nNOS), which produce low (nanomolar) concentrations of NO , contributing to r egulation of blood
flow and participating in synaptic transmission.
During inflammation, owing to appearance of the
inducible form of NOS, NO is produced continuously
which results in much higher NO concentrations.
Demyelinating lesions in the brain of multiple scler osis patients are associated with the reactive astrocytes
expressing iNOS (4). The sour ces of NO , reactive
microglia and astrocytes have been implicated in the
pathogenesis of the white matter disor ders, such as
multiple sclerosis through NO-dependent mechanisms. Microglial phagocytosis of myelin debris has
been known to activate the secr etion of both reactive
oxygen species and astrocyte stimulator IL-1b, resulting in peroxynitrite production through a cooperative
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mechanism involving both glial cell types. Oxidative
damage, mediated particularly by per oxynitrite, is
associated with the for mation of r eactive intermediates capable of modif ying the pr oteins post-translationally and tar geting the unsaturated membrane
lipids, promoting free-radical cascade reactions.
It is well known that inflammator y process in
CNS is characterized by the activation of pr oinflammatory cytokines, i.e TNF -a i INF-g which induce
iNOS (13). Animal and cellular models of the disease
have confirmed this hypothesis. Thus, in the multiple
sclerosis mice experimental model of aller gic encephalomyelitis, NOS2 is pr ofusely expressed in either
infiltrating macrophages (14) or in micr oglia of the
white matter (15). The incr eased NO synthesis is
demonstrated by powerful iNOS expression within the
CNS at the onset and development of EAE clinical
signs, followed by decr eased expression in remission
(16). Thus, the incr ease of NO pr oduction may be
expected in disease aggravation, characterized by the
intensive inflammation.
NO has been detected by several indirect methods, such as nitrite and nitrate in cer ebrospinal fluid
(17), immunodetection of nitr osoamino acids in sera
(18) or S-nitrosothiols in several proteins of the white
matter (8) in patients suffering fr om this disor der. In
coculture of neur ons and astr ocytes, Stewart et al.
(19) reported that INF 1b pretreatment prevented
neurons from mitochondria damages that occur red
as a consequence of excessive NO pr oduction. So,
the limitation of NO and its derivatives pr oduction,
with the consecutive prevention of neighbour neuron
damages, could be the possible mechanism of
INFb1b effects in MS. The results of our investigation
show that INF 1b therapy decreases plasma level of
NO metabolites in tr eated MS patients (20), which
correlates with better clinical findings.
The increased 3-nitrotyrosine (3-NT) concentration, a stable footprint of peroxynitrite injury, has been
also documented (21) in plasma of MS patients,
showing the correlation with the disease development
and intensity, as well as reflecting the patients’ therapy response (14). 3-NT has direct detrimental effects
on nerve tissue followed by ner ve dysfunction (22).
Thus, Drel et al. (23) r eported the importance of
nitrosative stress in neurological disorders, suggested
3-NT accumulation, not only in ner ve cells, but also
in all cell types in the peripheral ner
vous system
(endothelial and Schwann cells, astr ocytes and oligodendrocytes of the spinal cor d, and glial cells of dorsal root ganglia). Our study finding supports the
results from the others, showing that the increased 3NT concentrations ar e evident in MS patients, but
become reduced upon INF b1b treatment, pointing
out that 3-NT can be measur ed in biological materials as new biomarker of MS disease intensity, and, on
the other hand, plasma NT concentration has been
shown to correlate with INFb1b therapy efficacy.
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Nitric oxide in neurodegenerative
diseases
A convergent feature of most neur odegenerative disorders is an excessive generation of the r eactive nitrogen and oxygen species, which can contribute to neur onal cell injur y and death (24). Since
many intra- and extracellular molecules may participate in neur onal injury, accumulation of nitr osative
stress due to excessive generation of NO appears to
be a potential factor , contributing to neur onal cell
damage and death (25). On one hand, an excessive
activation of NMD A receptors and the consequent
Ca++ influx activate neur onal NOS, leading to NO
generation together with the incr eased ROS for mation due to NADPH oxidase activation and mitochondrial respiration. On the other, in neur odegenerative
diseases, as in neural injur y, there is an activation of
microglia and astr ocytes with subsequent r elease of
high concentrations of NO , independent of NMD A
receptor activation (26). In sporadic ALS, NO-mediated damage is seen. In ALS dementia, neur ons that
normally generate and utilize NO suddenly become
NO-sensitive and die (27).
NO damages lipids and proteins. Reactive nitrogen species can elicit reversible S-nitrosylation of thiol
groups and ir reversible protein tyrosine nitration in
target proteins. The protein modifications, caused by
high NO concentrations, ar e mostly ir reversible. In
addition, one of the key cellular r oles of NO is r eversible protein modification, such as S-nitr osylation, a
covalent addition of NO gr oup to cysteine thiol,
resulting in the for mation of S-nitr osothiol derivative
(RSNO). This influences pr otein activity, protein-protein interactions, protein location, serving as the prototypical redox-based signal. Thr ough RSNO, NO
modifies multiple pr oteins in CNS, alters their str uctures and functions, either allosterically or by dir ect
modification of an active site cysteine, and pr omotes
dual role in pathophysiological ongoings.
S-nitrosylation and subsequent further oxidation
of critical cysteine r esidues can lead to pr otein misfolding and mitochondrial dysfunction, the characteristic features of neurodegenerative diseases.
S-nitrosylation and protein misfolding
The relationship between RNS/ROS and protein
misfolding is thought to be a pathogenic trigger of
neurodegenerative diseases. Under degenerative
conditions, RNS may significantly participate in the
process of protein misfolding through protein S-nitrosylation, and, possibly , protein nitration. Incr eased
nitrosative/oxidative stress is associated with chaperone and pr oteasomal dysfunction, r esulting in accumulation of misfolded pr oteins which have tendency
to aggregate (28). This affects neur onal connectivity
and plasticity and trigger cell death signaling pathways (29). These aggregates may consist of oligomer-
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ic complexes of non-native secondar y structures and
demonstrate poor water solubility. Degenerating brain
contains aberrant accumulations of misfolded, aggregated proteins, such as a-synuclein and synphilin-1 in
Parkinson’s disease (PD), and b-amyloid (Ab) and tau
in Alzheimer’s disease (AD). Other disor ders manifesting protein aggregation include Hun tington’s disease, amyotrophic lateral sclerosis and prion disease
(30).
S-nitrosylation and mitochondrial
dysfunction
Mitochondria are powerhouse in cells because
of their vital r ole in pr oducing energy. In the ner ve
system, the importance of bioenergetics of mitochondria for highly consuming A TP is that neur ons can
meet the high ener gy demands of pr oper neuronal
function. There are two bioener getic processes in
mitochondria – fission and fusion, important for morphology and number regulation. Increased nitrosative
stress can elicit dysfunction of mitochondrial bioenergetics, resulting in generation of the excessive mitochondrial fragmentation (31). In AD, it is triggered by
oligomeric Ab via increased NO pr oduction, which
results in bioener getic impairment, synaptic damage
and neuronal loss (32).
Nitric oxide also binds to cytochr ome c oxidase,
and is able to inhibit cell r espiration in a process that
is reversible and in competition with the oxygen. This
action can also lead to the r elease of super oxide
anion from the mitochondrial r espiratory chain,
resulting in peroxynitrite formation. It has been shown
that, in brain cells, per oxynitrite persistently inhibits
cytochrome c oxidase activity (33). It is consider ed
that this mitochondrial interaction r epresents a
molecular switch for cell signalling pathways involved
in the contr ol of physiological functions in brain.
These include super oxide- or oxygen-dependent
modulation of gene transcription, calcium-dependent
cell signalling r esponses, changes in mitochondrial
membrane potential or AMP-activated protein kinasedependent control of glycolysis. The brain cortex (34)
of autopsied patients with Alzheimer ’s disease displays a loss of cytochrome c activity that is cor related
with neuronal dysfunction. In addition, the brain tissue of these patients expr esses NOS2 (35), and in
vitro incubation of cortical astr ocytes with b-amyloid
potently promotes NOS2 induction thr ough a mechanism involving the nuclear factor kB (36). Thus,
there is a str ong correlation between regional-specific NO for mation and specific persistent damage to
cytochrome c oxidase in this disor der (37). Finally, a
correlation has been demonstrated between b-amyloid deposition and protein nitration in the hippocampus of the brain samples of patients with Alzheimer ’s
disease (38). These r esults suggest that per oxynitrite
formation in Alzheimer’s disease may be r esponsible
for the obser ved cytochrome c oxidase deficiency ,

and it may be r elevant for understanding the pathogenesis of this disor der, in which it is known to be a
profound disruption of energy metabolism (39).
The contributing factor is also decr eased oxidative defense. Some authors suggest that, even Snitrosoglutathione (GSNO) is pr esent in micr omolar
concentrations in rat brain, it is several fold mor
e
potent than GSH against oxidative str ess caused by
peroxynitrite (40). The most of RSNO pr oduction is
mediated by S-nitrosoglutathione, thus, GSNO as the
most potent modulator of NO bioavailability , regulates CNS NO storage due to r everse decomposition
to NO and GSSG in spontaneous or thiols-mediated
catalyzed reaction (41). NO r eacts with reduced glutathione (GSH), forming GSNO, thus decreasing CNS
protein thiol content and changing the r edox state
(42). That is why cell r edox status is fateful for CNS
signaling, growth, survival and cell death.
S-nitrosylation in Parkinson’s disease. Parkinson’s
disease is the second most pr evalent disease characterized by the pr ogressive loss of dopaminer gic neurons accompanied with appearance of Lewis bodies,
containing misfolded and ubiquitinated pr oteins, the
hallmark of this disease. It has been pr
oved that
nitrosative/oxidative stress can pr omote protein misfolding, leading to aggr egation of these misfolded or
aberrant proteins (43). Parkin – an E3 ubiquitin ligase
that ubiquitinates pr oteins important for the sur vival
of dopaminergic neurons is S-nitr osylated in the in
vivo mouse model of P arkinson’s disease and in the
brain of patients with this disorder (44). These results
are compatible with reported overproduction of NO in
this disorder by NOS2 in the r eactive glia, as seen in
in vivo substantia nigra of the MPTP (1-Methyl-4Phenyl-1,2,3,6-Tetrahydropyridine) mice model (45)
and in LPS-tr eated rats (46). A dditional support for
this notion is pr ovided by obser vations showing that
MPTP and NOS2 induction syner gistically promote
degeneration of dopaminer gic neurons in cultur e
(47). Thus, S-nitr osylation and inactivation of parkin
by NO may contribute to pathogenesis of Parkinson’s
disease by preventing the degradation of parkin substrates, which accumulation triggers neur odegeneration (48, 49).
S-nitrosylation in Alzheimer’s disease. In addition
to PD, S-nitr osylation is likely to affect critical thiol
groups on other chaper ons, such as HSP90 (heat
shock protein 90), which normally stabilize misfolded
proteins and modulates the activity of cell signalling
proteins, including NOS and calcineurin (50). In the
Alzheimer’s disease brains, HSP90 levels wer e increased in both cytosolic and membranous fractions,
where HSP90 was thought to maintain tau and Ab in
a soluble conformation, thereby averting their aggregation (51). The study of Martinez-Ruiz (52) provides
an explanation of the mechanism by which S-nitr osylation of HSP90 in neur ons of AD brains may contribute to accumulation of tau and A b aggregation.
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Conclusion
Excessive production of ROS and RNS is
thought to be a contributing factor of CNS inflammation and neurodegenerative diseases. Nitric oxide can
induce CNS cell death mainly by oxidative/nitrosative
stress-induced apoptosis or by ener gy deletion-induced necrosis. NO/RNS/ROS can also switch apoptosis to necrosis by inhibiting the caspases due to S-ni trosylation or oxidation of r
eactive thiols. In
degenerative conditions, by the process of S-nitrosylation, NO induces protein misfolding and mitochondr-
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ial dysfunction and fragmentation, leading to synaptic
damage and death of neur ons.
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