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Abstract

Significance: Nitric oxide (NO) plays diverse physiological roles in the central nervous system, where it mod-
ulates neuronal communication, regulates blood flow, and contributes to the innate immune responses. In a
number of brain pathologies, the excessive production of NO also leads to the formation of reactive and toxic
intermediates generically termed reactive nitrogen species (RNS). RNS cause irreversible or poorly reversible
damage to brain cells. Recent Advances: Recent work in the field focused on the ability of NO and RNS to yield
protein modifications, including the S-nitrosation of cysteine residues, which, in many instances, impact cellular
functions and viability. Critical Issues: The vast majority of neuropathological studies focus on the loss of cell
viability, but nitrosative stress may also strongly impair the functions of neuronal processes: axonal projections
and dendritic trees. The functional integrity of axons and dendrites critically depends on local metabolism and
effective delivery of metabolic enzymes and organelles. Here, we summarize the existing literature describing
the effects of nitrosative stress on the major pathways of energetic metabolism: glycolysis, tricarboxylic acid
cycle, and mitochondrial respiration, with the emphasis on modifications of protein thiols. Future Directions: We
propose that axons and dendrites are highly vulnerable to nitrosative stress because of their low glycolytic
capacity and high dependence on timely delivery of metabolic enzymes and organelles from the cell body. Thus,
supplementation with the end products of glycolysis, pyruvate or lactate, may help preserve metabolism in
distal neuronal processes and protect or restore synaptic function in the ailing brain. Antioxid. Redox Signal. 17,
992–1012.

Introduction

Nitric oxide (NO) is a diffusible free radical signaling
molecule that regulates many physiological functions.

NO is synthesized by a set of three different nitric oxide
synthases (NOS) that catalyze the oxygen and NADPH-
dependent oxidation of l-arginine to l-citrulline and NO (143).
The brain tissue expresses all three NOS isoforms and—
excluding inflammatory conditions—produces more NO for
signaling purposes than the rest of the body combined (33,
203). Neuronal NOS (nNOS or NOS I) is expressed in distinct
populations of neurons, where it is activated in a Ca2 + /
calmodulin-dependent manner, downstream of Ca2 + influx
via the N-methyl-d-aspartate (NMDA) subtype of ionotropic
glutamate receptors (29, 30, 32). NO signaling derived from the
activity of nNOS modulates neurotransmission and regulates
synaptic plasticity via a variety of mechanisms, including ni-
trosative modifications of cysteine moieties (31, 95, 127, 144,
238). Endothelial NOS (eNOS or NOS III) is expressed in en-
dothelial cells of blood vessels, where its activity is controlled
in a Ca2 + /calmodulin-dependent manner by sheer stress and

vasodilator molecules (128, 150, 207, 215). The eNOS-derived
NO diffuses from endothelial to smooth muscle cells and via
their relaxation, controls local vessel tone and systemic blood
pressure (89, 125). Unlike nNOS and eNOS, the activity of the
third member of this family, inducible NOS (iNOS or NOS II),
is essentially Ca2 + independent and is regulated at the level of
gene expression, typically by pro-inflammatory cytokines
(169, 249, 278). This enzyme was initially cloned from macro-
phages (170, 274), but was subsequently found to be induced
in all types of brain cells, including neurons, astrocytes, mi-
croglia, and oligodendrocytes, as well as the cells composing
brain vasculature (17, 49, 90, 182, 272).

The high capacity of brain tissue that produces NO comes
at a price. The unbalanced production of NO and its deriva-
tives, collectively termed reactive nitrogen species (RNS),
leads to pathological changes in brain functions, and, ulti-
mately, to loss of neuronal cells. The contribution of RNS to
neurodegeneration has received much attention (see for ex-
ample ref. 142, 196, 238). In the present review, we would like
to make the case that NO-mediated protein modifications,
most notably S-nitrosation (or S-nitrosylation, as it relates to
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cellular signaling), are important contributors to metabolic
deficits seen in many disorders of the central nervous system
(CNS). Most importantly, we would like to propose that the
distal neuronal processes and the process of synaptic trans-
mission may be particularly vulnerable to nitrosative stress in
the CNS. Such selective sensitivity is related to high depen-
dence on timely delivery of mitochondria and metabolic en-
zymes that are otherwise inactivated by NO and RNS.

Nitrosative Stress Is a Common Feature
of Many Brain Pathologies

There is extensive literature suggesting that unbalanced or
excessive production of NO and RNS is an important com-
ponent of neurodegeneration in numerous disorders of the
CNS. The list of brain pathologies that have been linked to
nitrosative stress includes ischemic brain injury (stroke),
Alzheimer’s disease, Parkinson’s disease (PD), multiple scle-
rosis (MS), amyotrophic lateral sclerosis, Huntington’s dis-
ease, and traumatic brain injury. For comprehensive coverage
of the role of RNS in these disorders, the reader may refer to
several detailed reviews (12, 42, 61, 105, 142, 167, 186, 197,
203). The cellular and molecular mechanisms underlying the
impact of nitrosative stress in the brain are diverse and likely
pathology specific. Neurological deficits and loss of brain cells
may be restricted to particular cell populations, be mediated
by chemical modifications in a few proteins, or, alternatively,
stem from global oxidative and nitrosative damage to all
components of the brain, including vasculature. In this sec-
tion, we give only a few specific examples, which will be
relevant to our subsequent discussion of the relationship be-
tween nitrosative stress and neuronal metabolism.

One of the common approaches to track RNS production
in vivo is to visualize and/or quantify protein nitrotyrosine, a
stable chemical modification of tyrosine. Nitrotyrosine is
frequently considered a specific fingerprint for tissue pro-
duction of peroxynitrite, however, it may also be produced
by other RNS (108). In the normal brain, the content of ni-
trotyrosine is close to detection limits; however, it is strongly
elevated in a variety of brain pathologies. Increased ni-
trotyrosine levels have been documented in human post-
mortem samples obtained from patients who suffered from
the Alzheimer’s disease (AD), PD, MS, amyotrophic lateral
sclerosis, and stroke (1, 8, 85, 100, 165, 244; reviewed in 203,
226). However, the appearance of nitrotyrosine in the human
brain only indirectly confirms the elevated production of
RNS, but does not provide direct evidence for the causative
role of RNS in brain pathologies. Essentially all mechanistic
insights on RNS involvement in neurodegeneration come
from animal work.

It is worthwhile to note that the historical focus on the
production of nitrotyrosine, at the expense of other modifi-
cations of biological molecules by RNS, can be explained by
the availability of selective detection tools, including a num-
ber of anti-nitrotyrosine antibodies, and by a relatively high
stability of this amino-acid derivative in vitro and in vivo. In
contrast, monitoring the formation of other protein modifi-
cations, such as S-nitrosylation and S-glutathionylation of
cysteine moieties, formation of disulfide bonds, and other
amino-acid alterations proved to be much more challenging,
particularly in vivo, and at the level of individual molecules.
Nevertheless, these less-studied protein modifications appear

to play a major role in the physiological and pathological ef-
fects of NO and RNS.

Alzheimer’s disease

AD is the most common age-dependent neurodegenerative
disorder that involves cognitive decline, eventually advanc-
ing to the broad loss of cerebral and bodily functions. The
Alzheimer’s Association indicates that there are 5.4 million
individuals affected by this incurable disorder in the United
States alone (www.alz.org). Development of AD pathology is
accompanied by the formation of extracellular b-amyloid (or
senile) plaques consisting of aggregates of partially processed
amyloid precursor protein (APP) (115, 177, 234). Additionally,
many degenerating neurons incorporate so-called neurofi-
brillary tangles, which represent aggregates of the patholog-
ically hyperphosphorylated microtubule-associated protein
tau (5, 18). Improper processing of APP to b-amyloid is critical
to the AD pathology, because a number of familial cases were
linked to mutations in the APP itself or in the APP-processing
enzymes (235). Overexpression of human mutated proteins in
the mouse brain causes the formation of b-amyloid, produces
neurological deficits, and shortens the lifespan of transgenic
animals (91, 229).

There is extensive experimental evidence that the damage
and death of neuronal cells in AD develops due to oxidative
stress promoted by either aggregated or nonaggregated forms
of b-amyloid peptides (13, 168, 265), with at least a part of this
damage caused by the formation of peroxynitrite (244). In
support of the latter idea, a direct intracerebroventricular in-
jection of b-amyloid peptides triggers protein tyrosine nitra-
tion (261). Monomeric and particularly oligomeric b-amyloid
peptides induce inflammatory responses in glial cells—
astrocytes and microglia—which start to overexpress iNOS
and possibly eNOS (87, 172, 268). Increased immunoreactivity
of nNOS has also been reported in degenerating neurons in
postmortem sections prepared from the human brain (256). In
a transgenic model of AD, the genetic disruption of iNOS
reduced nitrotyrosine load and decreased amyloid plaque
burden, thus directly implicating RNS production in the dis-
ease progression (198). It has been recently discovered that b-
amyloid fragments stimulate S-nitrosylation of Cys644 in the
dynamin-related protein 1 (Drp1), a critical factor in the mi-
tochondrial fission and fusion (56). Both b-amyloid fragments
and S-nitrosylating agents cause fragmentation of mitochon-
dria, loss of dendritic spines, and increase in cell death in the
primary cultures of cortical neurons, in a Drp1-dependent
fashion. Importantly, post mortem studies detected selective
loss of mitochondria in axonal projections and S-nitrosylated
Drp1 in the brains of AD patients (56, 269). Another po-
tentially relevant protein modification is S-nitrosylation of
Cys83 and Cys157 in cyclin-dependent kinase 5 (Cdk5), which
activates this enzyme and may lead to changes in neuronal
dendritic spine density (213).

Parkinson’s disease

Parkinsonism is the second most common chronic neuro-
degenerative disorder that affects *1% of individuals older
than 65 years. The disease typically manifests as a severe
disruption of motor coordination with bradykinesia, resting
tremor, and postural instability. Motor deficits are the result
of the profound loss of dopaminergic neurons within the
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substantia nigra pars compacta, but several other non-
dopaminergic neuronal populations are also affected (153).
Unlike the rare familial cases of PD, the exact origins for idi-
opathic cases are not known. However, there is very good
evidence indicating that the progression of PD is caused by
oxidative and nitrosative stress and involves protein mis-
folding and disruption of mitochondrial energetic metabolism
(154, 191). In humans and animals, PD-like symptoms and
loss of striatal neurons can be induced by a number of pesti-
cides, such as rotenone, which inhibit mitochondrial electron
transport reactions, with mitochondrial complex I being the
main target (71, 101). One commonly used animal model of
Parkinsonism is produced by injecting animals with the syn-
thetic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) or its active metabolite 1-methyl-4-phenylpyridinium
(MPP + ), which cause rapid and selective loss of dopami-
nergic neurons via inhibiting activity of complex I, and pro-
duce the PD-like phenotype. Interestingly, the Parkinsonian
effects of MPTP were initially identified in several human
patients who used it as an illicit drug (155). The involvement
of NO and RNS in the progression of PD is supported by a
number of observations. Glutathione depletion in dopami-
nergic neurons and model cells, similar to that observed in PD
pathology, causes dramatic accumulation of S-nitrosothiols in
mitochondrial proteins (55). Pharmacological inhibitors of
NOS strongly reduce neuronal loss and improve MPTP/
MPP + -induced neurological deficits in rodents and primates
(110, 232). Furthermore, genetic deletion of nNOS (but not
eNOS) protects against the MPP + -induced striatal lesions
and prevents an increase in nitrotyrosine production (179).

Several more recent publications made a fascinating con-
nection between nitrosative stress and the intracellular E3
ubiquitin-ligase Parkin. Mutations in the Parkin gene
(PARK2) have been linked to several familial cases of PD with
an unusually early onset of neurological deficits (140). Several
groups have found that S-nitrosylation of Parkin causes pro-
gressive inhibition of its activity and inactivation of the ubi-
quitin-proteosome system, and have detected S-nitrosylated
Parkin in rodent models of PD and in PD patients (62, 275). It
has been speculated that other ubiquitin E3 ligases with a
similar protein structure may be inactivated in a comparable
fashion. Subsequent work established that S-nitrosylation of
protein disulfide-isomerase, the protein that facilitates matu-
ration and proper folding of newly synthesized proteins in
endoplasmic reticulum, also inhibits its activity (263). In one
study, S-nitrosylated protein disulfide isomerase has been
detected in all postmortem samples of PD and AD brain tissue
that were examined in this context (263). These findings led to
the hypothesis that nitrosative modification of Parkin and
protein disulfide isomerase play a pivotal role in the dys-
function of the ubiquitin-proteosome system and in such a
way contribute to PD and AD and perhaps other disorders,
which are thought to involve the accumulation of misfolded
proteins (197).

Multiple sclerosis

MS is an autoimmune inflammatory disease in which
immune cells attack myelin sheaths insulating neuronal
projections in the brain and the spinal cord. The attacks follow
in a relapsing-remitting manner and are characterized by
progressing demyelination, sensory deficits, and limb

weakness. Advanced cases of MS lead to physical and cog-
nitive disability and death. Although the initial triggers for
MS are unknown, the recognition of its autoimmune nature
led to the development of many successful therapies. Though
not without side-effects, these therapies allow for the effec-
tive management of symptoms and dramatic increases in the
lifespan of patients. The animal model of MS is experimental
allergic encephalomyelitis (EAE), in which an attack of im-
mune cells on myelin is triggered by the inoculation of myelin
components or purified myelin proteins (248). The progres-
sion of both MS and EAE is followed not only by accumu-
lation in the CNS of blood immune cells, lymphocytes, and
macrophages, but also by the inflammatory activation of glial
cells, microglia, and astrocytes (116). Inflammation upregu-
lates the expression of iNOS and, potentially, production of
peroxynitrite in many types of brain cells, as indicated by
increased immunoreactivity for iNOS and nitrotyrosine
(165). Furthermore, both MS and EAE cause robust
S-nitrosylation of protein cysteines in the CNS (19, 20). One
study demonstrated that levels of the anti-S-nitrosocysteine
antibodies in plasma are elevated in EAE animals and MS
patients in a manner that is predictive for the progression of
the disease (28). The functional consequences of nitrosative
stress in MS are still poorly understood. Several groups found
that pharmacological inhibitors of iNOS, particularly rela-
tively selective aminoguanidine, potently protect against
neurological deficits in EAE models in mice and rats (66, 284).
However, conflicting data with pharmacological inhibitors of
iNOS and the iNOS gene deletion have also been reported
(84, 132, 223). The paradoxical exacerbation of neurological
deficits found in these latter studies was explained by the fact
that iNOS-derived NO potently suppresses Th1-dependent
immune responses, and that inhibition or removal of the
enzyme prevents the natural reduction of immune responses
(131). Protein S-nitrosylation in endothelial cells may also
limit the infiltration of blood immune cells via changes in the
expression levels of endothelial adhesion molecules (211).
Overall, the role of NO and RNS in the etiology of MS is
complex and involves both protective and harmful effects
(for review see 243).

Stroke

Stroke or cerebral ischemia is an acute loss of brain tissue
and neurological functions that occurs due to the interruption
of blood flow. Although in the United States, mortality from
stroke has recently declined, it remains the fourth leading
cause of death (134,000 cases in 2008) and the number one
reason for the long-term disability in the nation (260).
Worldwide, stroke is the second leading cause of death after
heart disease (83, 260). Neurological deficits in this disorder
develop due to the occlusion of one or several major brain
vessels by thrombus or embolus (ischemic stroke), rupture of
cerebral vessels due to either trauma or aneurism (hemor-
rhagic stroke), or complete cessation of cerebral blood flow
such as in cardiac arrest (76). Massive depolarization of neu-
ronal and glial cells causes release of the excitatory neuro-
transmitter glutamate, followed by cytosolic Ca2 + overload,
and activation of numerous pathological cascades, altogether
leading to the ischemic cell death and dysfunction. The
mechanisms of ischemic tissue damage are extremely com-
plex and have been described and discussed in detail
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elsewhere (76, 162, 167, 189). Briefly, glutamate and cell de-
polarization open a variety of Ca2 + -permeable channels, one
type of which—the NMDA subtype of glutamate receptor-
channels—is of particular importance, because the channels
are functionally coupled to nNOS (57, 220). NMDA receptors
and nNOS are assembled in one complex with the post-syn-
aptic density protein-95 (PSD-95) via PDZ-domain interac-
tions (58, 60).

During ischemic episodes, nNOS activity is increased
as long as there are remaining substrates, oxygen, and
l-arginine, and the levels of NO and RNS synthesis may be
further sustained and elevated during reperfusion (80, 174,
202). The uncontrolled production of NO and RNS by nNOS
leads to irreversible tissue damage and death (76, 225).
Importantly, other NOS isoforms, eNOS, and iNOS, play
differing roles in ischemic brain damage. eNOS is generally
protective due to vasodilatation and enhancement of col-
lateral blood flow, while iNOS contributes to the delayed
phases of brain damage, which are associated with the in-
filtration of blood immune cells and activation of the resi-
dent immune cells, microglia (122, 123, 225). There is
extensive literature suggesting that peroxynitrite is a major
damaging molecule in stroke (reviewed in 22, 203). How-
ever, the existing and emerging literature suggests that
nitrosative modifications, including S-nitrosylation of cys-
teines, are also of key pathological importance. The negative
impact of S-nitrosylation may not only involve the activation
of matrix metalloproteinases that cause neuronal death and
pathological disruption of the blood-brain barrier (96, 104),
nitrosative modifications of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) that inhibit its glycolytic functions
(for references see the following sections) but may also
promote apoptotic cell death (112, 227), as well as activation
of cycloxygenase-2 (257). However, the effects of S-ni-
trosylation are not exclusively negative. For example, S-ni-
trosylation of the NMDA receptors inhibits their function
and downstream pathological cascades (163). An intrave-
nous injection of S-nitrosoglutathione (GSNO) reduces is-
chemic brain damage via the suppression of systemic and
local immune responses, and possibly the inhibition of in-
filtration of blood immune cells (135, 211). Vasodilating ef-
fects of S-nitrosothiols were also implicated in the
neuroprotective properties of systemic nitrite in a primate
model of subarachnoid hemorrhage (210). Furthermore,
S-nitrosylation of proteins in the mitochondrial complex I
was found to contribute to cardioprotection in animal
models of heart ischemia-reperfusion injury (242).

In summary, there is extensive evidence that nitrosative
stress occurs in numerous disorders of the CNS. In many
cases, existing literature makes mechanistic connections
between RNS production and neurological outcomes. How-
ever, our understanding of the molecular mechanisms linking
nitrosative stress to the disruption of brain functions and loss
of neural cell viability remains far from complete. Pinpointing
the role for S-nitrosylation in vitro, but especially in vivo, has
been particularly challenging, because reliable methods for
S-nitrosothiol detection are still in the process of development
and refining. This review focuses on chemical modifications
in protein thiols, including S-nitrosylation. However, we
will also cover other known chemical alterations of amino-
acid residues that likely occur in vivo simultaneously with
S-nitrosylation.

Biochemical Considerations for Nitrosative Stress
in the Healthy and Pathological Brain

The detailed biochemical mechanisms contributing to the
biological actions of nitrosative stress are described and dis-
cussed in detail elsewhere in this Forum. Here, we would like
to highlight the key points related to the biological chemistry
of NO and related RNS that we believe are relevant to brain
pathology. This should serve to support the discussion in the
next section on the role of RNS in regulating specific metabolic
processes in the brain.

As already mentioned in the previous section, nitrotyrosine
has been extensively utilized as a marker of nitrosative stress
in many brain pathologies. The use of the term ‘‘nitrosative’’
in this context is, in fact, poorly descriptive and does not re-
flect the chemistry accounting for the formation of nitrotyr-
osine. This is because nitrotyrosine is not formed from the
nitrosation—the addition of a nitroso group ( - NO)—of ty-
rosine residues but from their nitration, that is, the addition of
a nitro group ( - NO2). NO itself is not a nitrating agent, and
nitrotyrosine is instead derived mainly through a reaction
with peroxynitrite or peroxidases and nitrite (for review see
203). Nitrated tyrosines, in contrast to nitrosylated cysteine
residues, are relatively stable, which retrospectively allows
for the development of reliable and specific nitrotyrosine an-
tibodies and demonstration of the occurrence of peroxynitrite
in vivo. However, the functional impact of protein nitration
and its potential role in regulating cell signaling has been
more difficult to establish. One issue is the inherent stability of
nitrotyrosine and lack of a mechanism that would allow ni-
tration-denitration reactions to occur in a regulated fashion in
proteins (6). Another problem is that while peroxynitrite ni-
trates tyrosine residues, it also modifies other amino acids,
including methionine, tryptophan, and, most importantly,
cysteine. Overall, more recent studies on the physiological
and pathological effects of RNS (including peroxynitrite)
are increasingly focused on not only the RNS-driven
S-nitrosylation but also the oxidation and S-glutathionylation
of cysteine residues (Table 1), which likely occur concomi-
tantly in vivo.

Table 1. Some Modifications Derived from

the Reaction of Cysteine Residues with Reactive

Nitrogen Species and Reactive Oxygen Species

Thiol modifications
Chemical name
of modification

RSSR Disulfidea

RSOH Sulfenic
RS(O)OH Sulfinic
RS(O)2OH Sulfonic
RSNR¢¢R¢ Sulphenyl-amideb

RSNO Nitrosothiol
RSNO2 Nitrothiolc

aIntra or intermolecular disulfide may be formed between
proteins. Glutathionylation is the formation of a disulfide between
a cysteine residue on a protein and the tripeptide glutathione.

bSulphenic acid in proteins may form a sulphenyl-amide if a
proximal nitrogen is available, as shown in the case of protein
tyrosine phosphatase 1B (224, 264).

cNitrothiols may be formed from the reaction of peroxynitrite with
a thiol such as glutathione (10).
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The S-nitrosylation or S-nitrosation (the former term is
preferred in biology, while the latter is more frequently used
in chemical literature) of protein cysteine residues is increas-
ingly recognized as a physiologically and pathologically
important outcome of nitrosative stress. The brain was the
first organ in which endogenous protein S-nitrosylation
was detected under nonpathological conditions (127). In re-
cent years, the major shift of interest toward the role of
S-nitrosylation was driven not only by accumulating evidence
of its pathological significance but also due to the emergence
of new sensitive methods allowing for the quantification and
characterization of protein S-nitrosothiols (86). It is now evi-
dent that protein S-nitrosylation may be mediated by NO and
related RNS derived from multiple sources that include not
only three isoforms of NOS but also endogenously produced
nitrite, as well as RNS originating from pharmacological and
nutritional inputs (86, 171). Again, it is important to keep in
mind that protein modifications that are mediated by RNS are
not limited to S-nitrosylation but may also involve other
modifications at cysteine sites, including, but not limited to,
oxidation and S-glutathionylation (152).

The chemical pathways that lead to the S-nitrosylation of
cysteine residues in proteins have been relatively well char-
acterized over the past many years (Fig. 1), but the elucidation
of the physiologically relevant pathways is still a task in
progress. For example, we know that the reaction of NO with
molecular oxygen forms RNS such as dinitrogen trioxide
(N2O3) that effectively S-nitrosylates cysteine residues in vitro
(159, 271). This would suggest that molecular oxygen
should represent an important modulator of NO-mediated

S-nitrosylation. However, this idea is somewhat incongruent
with our findings that in cultured adherent cells, the levels of
protein S-nitrosothiols are strongly increased at low oxygen
levels (129). One potential explanation is that the bulk of thiols
in the intracellular milieu may be oxidized by NO/O2 inter-
mediates such as nitrogen dioxide (NO2) that may be other-
wise required for the formation of nitrosating species such as
N2O3. In contrast to the observations just made, recent studies
by the Lancaster group indicate that intracellular nitrosation
by NO is, in fact, independent of molecular oxygen and may
occur through the transnitrosation of thiols from dinitrosyl-
iron complexes (27). Alternative oxygen-independent nitro-
sation pathways may also include transnitrosation reactions
that require the mobilization of low-molecular-weight
S-nitrosothiol pools such as S-nitrosocysteine (283). Never-
theless, S-nitrosylation in biological systems is, in essence,
governed by local oxygen concentrations, because oxygen
serves (i) as a substrate for NO production (250), (ii) regulator
of nitrite reduction to NO (65), and (iii) source of RNS
and reactive oxygen species (ROS) controlling the chemistry
derived from NO (103).

Many studies performed in vitro have established the im-
pact of the generation of ROS on NO-mediated S-nitrosyla-
tion. For example, peroxynitrite derived from the reaction of
NO with superoxide is a poor nitrosating agent, such that the
generation of superoxide decreases NO-mediated cysteine
S-nitrosylation (130). Thus, superoxide may serve as a sink for
NO, and, in some cases, suppress the NO-mediated signaling
reactions (255). Even in the absence of superoxide, the NO/O2

chemistry as it relates to thiols may be, in fact, dominated at
relatively low NO concentrations by oxidation reactions
rather than nitrosation (129, 231). As just mentioned, this is
because excess thiols in the intracellular milieu may be oxi-
dized by NO/O2 intermediates such as NO2 effectively
scavenging S-nitrosating species. Furthermore, intracellular
nitrosative chemistry may be complicated by competition
for the nitrosating species between low-molecular-weight
antioxidants (mainly glutathione and ascorbate) and proteins.
For example, a rapid decrease in intracellular GSH may
be associated with a paradoxical increase in protein
S-nitrosylation (111).

An important aspect of intracellular protein S-nitrosylation
is the temporal and spatial control of fluxes of RNS and
ROS in the complex intracellular environment. In this context,
it is increasingly recognized that compartmentalization and
site specificity for nitrosation pathways can be achieved
through protein-protein interactions (86). For example, NOS
may co-localize and interact with specific targets, such as
cyclooxygenase-2 (138). Alternatively, protein-assisted trans-
nitrosylation, such as in the case of the interaction between
caspase-3 and thioredoxin (255), may provide a way to
specifically regulate S-nitrosylation in distinct signaling
pathways. Furthermore, specificity of protein S-nitrosylation
may be also determined, in part, by intramolecular
S-nitrosylation motifs: specific amino-acid residues sur-
rounding reactive cysteines (77, 247).

Finally, it should be noted that the relevant physiological
concentrations of NO and related nitrosating species, in-
cluding low-molecular-weight S-nitrosothiols, are still de-
bated. Physiological and pathophysiological concentrations
of NO, in the brain and in other tissues, may be much smaller
than previously thought (106, 273). While some studies have

FIG. 1. Mechanisms of nitrosothiol formation. Summary
of five primary mechanisms of thiol nitrosation that may be
relevant to biological systems: (1) S-nitrosation by nitrous
acid (HNO2), which may occur in intracellular acidic or-
ganelles where the pH is low enough to form significant
amounts of HNO2 from nitrite (NO2

- ); (2) S-nitrosation by
dinitrogen trioxide (N2O3) derived from nitric oxide (NO)
oxidation by molecular oxygen or from the anaerobic reac-
tion of nitrite-bound methemoglobin with NO (159); (3)
transfer of a nitroso group from a metal nitrosyl (M-NO + );
(4) transnitrosation between thiols; and (5) radical-radical
combination between NO and thiyl radicals (RS.) formed
from the one-electron oxidation of thiols. (To see this illus-
tration in color, the reader is referred to the web version of
this article at www.liebertonline.com/ars).
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reported tissue levels of GSNO upward of 1 lM (97, 141),
others have failed to detect any significant amounts (82, 121,
282). This is obviously an important problem, because con-
centrations of the reactants will direct the type of chemistry
imparted on the protein targets. Local levels of NO are
strongly shaped by the proximity of blood vessels due to the
effective scavenging of NO by hemoglobin in red blood cells
(151), and may be also strongly affected by poorly charac-
terized tissue sinks (94, 102, 107). In the same way, intracel-
lular levels of S-nitrosothiols may be regulated through the
controlled removal by specific enzymatic activities such as
GSNO reductase and the thioredoxin system (14, 15).

Although as briefly outlined just now, much progress has
been made to delineate the molecular mechanisms of protein
S-nitrosylation, there are obviously many outstanding ques-
tions. Confirmation of the functional role for specific S-
nitrosylation sites is usually attained through site-specific
mutations. However, this approach does not clearly discrim-
inate the effects of S-nitrosylation from other NO-dependent
modifications at cysteine residues, such as oxidation or glu-
tathionylation. In the case of other posttranslational protein
modifications, such as phosphorylation, the evidence for their
functional significance was often demonstrated via pharma-
cological and molecular manipulation targeting specific
kinases and phosphatases. Further work on the elucidation
of S-nitrosylation and denitrosylation cascades in cellular
systems and in vivo should be paramount to establish
S-nitrosylation as a specific regulatory mechanism in normal
cell signaling and in brain pathologies.

Why Are Neuronal Cells Highly Vulnerable
to Nitrosative Stress?

Neuronal cells in culture and in vivo demonstrate very high
sensitivity to nitrosative stress, as compared with the non-
neuronal cells in the brain and other tissues. There are mul-
tiple reasons for such a selective vulnerability, which may
include but not be limited to, the following: (i) A substantial
fraction of neurons synthesizes NO for signaling purposes in
response to activation of the NMDA subtype of glutamate
receptor channels, which are permeable to Ca2 + . Several brain
pathologies, particularly stroke and traumatic brain injury,
lead to uncontrolled elevations in extracellular glutamate
levels, causing cytosolic Ca2 + overload and sustained acti-
vation of nNOS and RNS toxicity (72, 76, 176, 267). Therefore,
neurons can subject themselves to nitrosative stress. (ii)
Neurons have relatively low antioxidant capacity and rely on
the import of precursors of the major intracellular antioxidant
glutathione by the neighboring glial cells, astrocytes (52, 78).
Neuronal glutathione levels and antioxidant capacity fall
rapidly in response to even mild nitrosative stress, with RNS
toxicity further strongly potentiated if endogenous glutathi-
one is depleted using pharmacological agents (23, 124). (iii)
Neurons constantly undergo cyclical depolarizations and re-
polarizations during electrical signaling, and have a very high
rate of metabolism that allows them to sustain transmem-
brane ionic gradients. As a result, brain tissue and neuronal
cells are extremely sensitive to the inhibition of metabolic
processes by NO and RNS (see next for references and dis-
cussion). (iv) Another aspect of neural physiology, which
makes neurons more vulnerable, is their inability to stimulate
glycolysis in response to oxidative and nitrosative stress.

When treated with NO or RNS, astrocytes but not neurons
respond with the activation of the rate-limiting glycolytic
enzyme, 6 phosphofructo kinase-1 (PFK-1) (4). Apparently,
unlike astrocytes, neurons lack an important regulatory
loop that positively regulates PFK-1 upon metabolic inhibi-
tion by NO (4). (v) Neurons respond to nitrosative stress
with activation of the DNA repair enzyme, poly (ADP-ri-
bose) polymerase, and this response accelerates the depletion
of cytosolic ATP and metabolic failure (279). (iv) The acti-
vation of NMDA receptors and ensuring intracellular Ca2 +

overload cause RNS-dependent activation of numerous pro-
apoptotic processes, including cytochrome C release from
the depolarized mitochondria and activation of caspases
(158, 262). It should be noted, however, that, at least in some
cell types, NO and RNS can also potently block apoptosis via
the direct S-nitrosylation of several members of the caspase
family (139, 160).

The factors just mentioned work not in isolation but rather
in concert with each other. The impact of nitrosative stress on
cellular metabolism feeds into all pathological cascades, at
both cellular and tissue levels. Such an impact ranges from
dysregulation of the ATP-dependent glutamate transport by
neurons and glial cells to a global failure of ionic gradients,
intracellular antioxidant defenses, and the ability of cells to
maintain their integrity. In the next section, we summarize the
known NO/RNS-mediated changes in activities of all the
major components of energetic metabolism that may con-
tribute to brain dysfunction in various neural pathologies. We
next dedicate an additional section for discussion of the idea
that nitrosative stress disproportionally affects axons and
distal dendritic processes because of their unique metabolic
demands, and their dependence on the long-range delivery of
metabolic substrates and enzymes.

Metabolic Pathways As Targets of Nitrosative
Modification and Regulation

The ability of NO to interfere with mitochondrial respira-
tion was known long before NO was identified as a biological
signaling molecule (refs in 37). NO competes with oxygen in
the Fe2 + /heme binding site of cytochrome c oxidase, the
terminal enzymatic complex of the mitochondrial electron
transport chain, and reversibly inhibits mitochondrial respi-
ration (38, 63, 233). Such inhibition is not only thought to
have physiological implications, but is also likely to cause the
shutdown of mitochondrial respiration and ATP synthesis in
those pathologies where NO levels remain sufficiently ele-
vated for prolonged periods of time (37, 187). In co-cultures
of neurons and glial cells (astrocytes and/or microglia), the
induction of iNOS in glial cells potently suppressed mito-
chondrial respiration in neighboring neurons, and this phe-
nomenon may occur in vivo (9). As discussed next, more
recent findings suggest that, in contrast to NO molecule itself,
other RNS have a profound impact on the metabolic pro-
cesses via irreversible or poorly reversible chemical modifi-
cations of the enzymes constituting the mitochondrial
electron transport chain, Krebs cycle, and glycolytic path-
way. The list of relevant modifications includes mainly
S-nitrosation, S-glutathionylation, oxidation, and nitration.
In this section, we discuss known and putative targets for
nitrosative stress in three major components of glucose me-
tabolism and oxidation.
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Glycolysis

Glycolysis is the sequence of ten reactions that catalyze the
conversion of the 6-carbon glucose molecule to the 3-carbon
pyruvate, with the net reaction resulting in the co-production
of two molecules of ATP and two molecules of NADH.
The individual reactions and relevant enzymes are depicted
in Figure 2, along with a brief summary of known RNS-
dependent modifications.

There is extensive literature covering nitrosative modifi-
cations of GAPDH, the enzyme that catalyzes the conversion
of glyceraldehyde-3-phosphate to 1,3-biphosphoglycerate
with the production of NADH. In cultured cells, exposure to
authentic NO, nitric oxide donors, or other RNS was found to
inhibit GAPDH activity (75, 218, 266). The mechanisms of
inhibition somewhat differ depending on the type of RNS
used in experimental settings. Nitrosothiols reversibly inhibit
GAPDH via S-nitrosylation (180, 185, 266) and S-glutathio-
nylation (183). Alternatively, they irreversibly block enzy-
matic activity via covalent attachment of NAD + (204). In
contrast to many other cytosolic proteins, the S-nitrosylation
of GAPDH was found to be resistant to the addition of re-

ducing agents, possibly due to the limited accessibility of the
relevant cysteine residues and the specific amino-acid envi-
ronment (205). In addition to the impact on enzymatic activ-
ity, S-nitrosylation of GAPDH triggers translocation of this
enzyme, in complex with the partner protein Siah1, to cell
nucleus and activation of apoptosis (112, 114). These latter
observations led to the suggestion that GAPDH may serve as
an intracellular sensor of nitrosative stress (113). Peroxynitrite
oxidizes GAPDH thiols situated in the active site of the en-
zyme, particularly Cys149 or Cys150 (species-specific), and
strongly inhibits GAPDH activity (184, 245). Additionally,
there are several reports of peroxynitrite-dependent tyrosine
nitration of GAPDH in yeast and mammalian cells (39, 40), as
well as findings of endogenous GAPDH nitration in AD,
sepsis, and diabetic retinopathy (7, 134, 251). Presently, our
understanding of the effects of tyrosine nitration on GAPDH
activity is limited. However, one recent in vitro study dem-
onstrated that the nitration of Tyr311 and Tyr317 inactivated
purified rabbit GAPDH via a mechanism that involves the
inhibition of NAD + binding; to exclude effects on thiol
groups, these experiments were done with the reversible
protection of thiols (206).

The effects of RNS on other glycolytic enzymes, besides
GAPDH, are only scarcely studied. In our recent work on
rat brain synaptosomes, we found that preincubation with
S-nitrosating agents caused long-term suppression of glycol-
ysis, which was persistent even when GAPDH activity was
restored by thiol-reducing agents (222). These findings
strongly suggest that, in addition to GAPDH, the modifica-
tion of other glycolytic enzymes may also be of pathological
significance. Hexokinase—the first enzyme of the glycolytic
pathway that traps glucose inside the cell via its phosphory-
lation—was identified among endogenously S-nitrosylated
brain proteins and in a model experiment using S-nitrosating
agents in vitro (127). This enzyme may also be nitrated at
several tyrosine residues (181). Neither of these two modifi-
cations is known to affect protein activity, although purified
yeast hexokinase A was shown to be partially inhibited by
high concentrations of GSNO (181). Phosphofructokinase,
which catalyzes another ATP-dependent and is, therefore, an
irreversible step of glycolysis, is nitrated at tyrosines, with no
known consequences on enzymatic activity (146). One step
further, aldolase can be also nitrated, and is inhibited by up to
*70% in cultured fibroblasts exposed to high concentrations
of peroxynitrite (146). In addition, trioso phosphate isomerase
and the last two enzymes of the glycolytic pathway, enolase
and pyruvate kinase, are known targets for S-nitrosylation
(92, 205, 239). Interestingly, the neuron-specific isoform of
enolase is one of the most prominent S-nitrosylated proteins
in a murine model of MS (20). It should be noted, however,
that in our experiments, we were unable to find any functional
effects of S-nitrosylating agents on enolase activity, even if
such agents strongly inhibited GAPDH (222). Phosphoglyce-
rate kinase and pyruvate kinase are subject to endogenous
tyrosine nitration in adipocytes exposed to high glucose levels
and in heart tissue after ischemia-reperfusion injury (147, 164).

In summary, with the exception of GAPDH, very little is
known about the functional significance of nitrosative modi-
fications in glycolysis. While analyzing data obtained using
isolated enzymes or tissue homogenates, it is very important
to keep in mind that cells usually utilize *1%–10% of their
maximal capacity of individual glycolytic enzymes to process

FIG. 2. Reactive nitrogen species (RNS) modify several
enzymes in the glycolytic pathway. This diagram shows the
metabolism of carbohydrates in glycolysis and summarizes
existing knowledge on RNS-driven modifications in glyco-
lytic proteins. Relevant enzymes are highlighted. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) is the most
sensitive protein. Modifications that have been linked to the
inhibition of enzymatic activities are indicated by number
within a circle. When reported chemical alterations have not
been linked to changes in enzymatic activities, they are re-
presented by an underlined number. See text for details and
references. (To see this illustration in color, the reader is re-
ferred to the web version of this article at www.liebertonline
.com/ars).
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glucose in vivo (149). Since activity of the majority of glycolytic
enzymes (including GAPDH) is not rate limiting, nitrosative
stress should inhibit them by at least 70%, but perhaps as
much as 90 + %, in order to exert a strong net impact on
glycolysis in situ and in vivo.

The tricarboxylic acid cycle

The tricarboxylic acid (TCA) cycle involves eight bio-
chemical reactions, the main purpose of which is to supply
reducing equivalents to the electron transport chain. These
reactions oxidize the six-carbon molecule citrate to the four-
carbon oxaloacetate and then regenerate oxaloacetate back to
citrate, with the net production of three NADH molecules and
one FADH2. NADH molecules are funneled to complex I,
while FADH2 supplies electrons within complex II of the
electron transport chain. Oxaloacetate is regenerated to citrate
using the acetyl group of acetyl-CoA, which is produced from
glycolytic pyruvate by the pyruvate dehydrogenase complex.
These reactions and the key points for nitrosative modifica-
tions are schematically depicted in Figure 3.

Pyruvate dehydrogenase is a multimeric macromolecular
complex, which serves as a linking hub between glycolysis
and the TCA cycle. This complex catalyzes the oxidative
decarboxylation of pyruvate and adds the acetyl group to
coenzyme A (CoA) with the concomitant production
of NADH. Acetyl-CoA is supplied to the TCA cycle to re-
generate citrate from oxaloacetate. Oxidants and peroxynitrite
strongly reduce the activity of pyruvate dehydrogenase (217,
252). Brain hypoxia triggers tyrosine nitration in three of the
enzymatic subunits of the pyruvate dehydrogenase complex,
much similar to purified complex treated with the peroxyni-
trite donor SIN-1 (217). It is not firmly established whether
tyrosine nitration is the cause for loss of the enzymatic activity
or just an epiphenomenon. Oxidation of sulfhydryl groups
may be the primary mechanism for the inactivation of pyru-
vate dehydrogenase. It has been found that superoxide and
the hydroxyl radical potently reduce the activity of the en-
zyme (252). The effects of superoxide were completely re-
versed by addition of thiol-reducing agents, while the effects
of the hydroxyl radical-generating agents were only partially
reversible (252).

Among the enzymes of the TCA cycle, mitochondrial aco-
nitase, which catalyzes the reversible isomerization of citrate
to isocitrate with the formation of cis-aconitate as an inter-
mediate, is not only heavily regulated by superoxide but is
also known to be nitrosated (93, 259). Authentic NO is a very
weak inhibitor of aconitase; however, peroxynitrite potently
but reversibly inhibits this enzyme via disruption of the [4Fe-
4S]2 + prosthetic group and removal of one of the Fe atoms
from the Fe-S cluster (47). Peroxynitrite also nitrates at least
two tyrosine residues, Tyr151 and Tyr472, but this modifica-
tion has no apparent effect on the aconitase activity (109, 164,
259). Interestingly, GSNO inhibits aconitase activity irre-
versibly, via a poorly defined mechanism that may involve
S-glutathionylation (259). The effects of GSNO are in contrast
with those of other S-nitrosylating agents that produce a
modest and reversible inhibition of the enzyme (59). Down-
stream of aconitase, isocitrate dehydrogenase, the NADH
generating enzyme that produces a-ketoglutarate, is potently
and reversibly inhibited by S-gluthathionylation (136).
However, high concentrations of oxidized glutathione are

necessary to achieve a substantial inhibition of this enzyme.
One step further, a-ketoglutarate dehydrogenase (KGDH)
complex, one of the rate limiting steps of the TCA cycle that
produces succinyl-CoA and NADH, is weakly and reversibly
inhibited by S-nitrosylation (59). Peroxynitrite at low micro-
molar concentrations potently suppresses the activity of the
purified KGDH, and at higher concentrations, suppresses this
enzyme in cellular assays. Inhibition occurs in a manner that is
partially reversible by thiol-reducing agents, suggesting that
peroxynitrite targets one of the critical thiol groups (240). In
addition, malate dehydrogenase, the final enzyme of the TCA
cycle that converts malate to oxaloacetate with formation of
the third NADH molecule, was reported to be nitrated at ty-
rosine residues under conditions of hypoxia-reoxygenation
(145, 164). The functional impact of tyrosine nitration in ma-
late dehydrogenase has not been established. As discussed in
the next section, succinate oxidoreductase, the enzyme that
represents a part of both the TCA cycle and the electron
transport chain (complex II), is also modified by RNS, with

FIG. 3. Known effects of RNS on the enzymes of the
Krebs cycle. This figure summarizes mitochondrial reactions
and enzymes constituting the cycle of tricarboxylic acids
(TCA). Pyruvate dehydrogenase is also included as the major
source of acetyl-CoA. The points of production of the re-
ducing equivalents, NADH and FADH2, are shown as well.
Relevant enzymes and the RNS-driven modifications are
depicted and coded as in the preceding figure. Aconitase and
a-ketoglutarate dehydrogenase are the enzymes that are
most sensitive to nitrosative modifications. Succinate dehy-
drogenase is represented by a separate color to signify its
dual role in both the TCA cycle and the electron transport
chain. See text for details and references. (To see this illus-
tration in color, the reader is referred to the web version of
this article at www.liebertonline.com/ars).
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oxidation playing a major role in the modulation of the en-
zymatic activity.

In summary, five of the eight enzymes in the TCA cycle are
modified by RNS. It appears that the major functional impact
is exerted at the level of aconitase and KGDH. Aconitase ac-
tivity is suppressed via disruption of the Fe-S clusters by
peroxynitrite or GSNO, with the latter effect being irrevers-
ible. KGDH is potently inhibited by peroxynitrite via the ox-
idation of critical thiol groups. Furthermore, activity of
succinate dehydrogenase/complex II is potently suppressed
via thiol oxidation, thus affecting both the TCA cycle and the
rate of mitochondrial respiration.

The mitochondrial electron transport chain

Mitochondrial respiration is mediated by several multi-
protein complexes that utilize the energy of reducing equiv-
alents derived from the TCA cycle for the generation of a
proton gradient across the inner mitochondrial membrane. A
simplified scheme of the functional organization of the elec-
tron transport complexes is depicted in Figure 4. Electrons are
supplied to the respiratory chain by NADH and succinate/
FADH2 via two alternative entrance points: complex I
(NADH-ubiquinone oxidoreductase) and complex II (succi-
nate-ubiquinone oxidoreductase). Electrons from both com-
plexes are transferred to complex III (ubiquinone-cytochrome
c oxidoreductase) using ubiquinone as a carrier, and then
shuttled by small soluble protein cytochrome c to complex IV

(cytochrome c oxidase). Complex IV transfers electrons to the
final acceptor, oxygen, in the reaction that forms water. Fi-
nally, the energy stored in the proton gradient is utilized by
the ATP synthetase, which is frequently called complex V,
although it does not participate in electron transfer. As men-
tioned earlier, cytochrome c oxidase is the high-affinity target
for free NO, which competes for the oxygen-binding center
and reversibly inhibits enzymatic activity of the complex IV.
We discuss next and summarize in Figure 4 our under-
standing of how various RNS may inhibit or modulate the
respiratory chain at several alternative sites via S-nitrosylation,
S-glutathionylation, oxidation, and, possibly, nitration of
protein amino-acid residues.

In mitochondria, complexes I, II, IV, and V are strongly
inhibited by various RNS, particularly by peroxynitrite (re-
viewed in 37). Extensive experimental evidence, obtained
both in vitro and in vivo, indicates that components of complex
I are very sensitive to oxidative and nitrosative modifications.
This concept is particularly well accepted for PD. In dopa-
minergic neurons and model cells, oxidative and nitrosative
stress causes preferential inhibition of complex I activity and
extensive accumulation of S-nitrosothiols in mitochondrial
proteins, with many modifications occurring in complex I (55,
67, 71). A recent proteomics study in an animal model of PD
identified 34 distinct cysteine residues in the components of
complex I (26% of total thiol groups), which are modified
during disease progression in vivo (68). S-nitrosating com-
pounds, such as S-nitroso-l-cysteine, strongly inhibit mito-
chondrial O2 consumption and ATP production in isolated
brain nerve endings (synaptosomes) and in neuronal cells (34,
81, 222). These effects are likely mediated in large part not
only via direct S-nitrosylation (26, 41, 64) or S-glutathionyla-
tion (51, 253), but also perhaps via tyrosine nitration (208) of
proteins in complex I. Interestingly, certain thiol modifica-
tions do not reduce complex I activity per se but instead de-
couple it from other components of the electron transport
chain and cause the enhanced generation of ROS in mito-
chondria (for discussion see ref. 258).

Peroxynitrite inhibits complexes I, II, and V, and weakly
suppresses the activity of complex IV via the oxidation of
protein thiols and/or disruption of sulfur-iron clusters (23, 46,
166, 214, 281). The inhibitory actions of peroxynitrite and ni-
troxyl on complex II may be mediated by the oxidation of thiol
groups, including one in the active site of succinate dehy-
drogenase, and the formation of intramolecular disulfide
bonds (241, 281). The activity of complex III may be inhibited
indirectly (for discussion see ref. 37). Interestingly, complex II
can be S-glutathionylated in vivo and in vitro, particularly in
ischemia and reperfusion, but such a modification produces
an opposite effect as compared with that in complex I: It has
been reported as protecting against the oxidative actions of
peroxynitrite (50, 53). Cytochrome c oxidase is persistently
inhibited by S-nitrosylation and/or oxidation of Cys196 and
Cys200 in the subunit 2 of the complex located in the catalytic
Cu-containing center (280). This latter effect requires pro-
longed exposure to high levels of NO or S-nitrosating agents,
in contrast to potent inhibition caused by high-affinity NO
binding to the heme/Fe2 + center. A number of studies found
tyrosine nitration in various components of the electron
transport chain, both in vitro and in vivo under pathological
conditions, including complexes I, II, III, and V, as well as
cytochrome c (2, 50, 164, 208). Several studies demonstrated a

FIG. 4. NO and RNS modify and inhibit several compo-
nents of the mitochondrial election transport chain. This
diagram depicts major enzymatic complexes (I–IV) of the
mitochondrial respiratory chain. Complex I and complex II,
which utilize the TCA-cycle derived NADH and FADH2 as
electron donors, respectively, represent the alternative elec-
tron entrance points. Electrons are transferred to complex III
by ubiquinone (Q), and from complex III to complex IV by
cytochrome c (CC). The electrochemical gradient of protons,
which is produced during the electron transfer, is used for
ATP synthesis by the ATP synthetase (complex V). The RNS-
driven modifications are depicted and coded as in the pre-
ceding figures. Complex IV is also inhibited by NO directly,
via reversible NO binding to the Fe2 + /heme center. See text
for details and references. (To see this illustration in color, the
reader is referred to the web version of this article at www
.liebertonline.com/ars).
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correlation between tyrosine nitration at Tyr345 and Tyr368 in
the b subunit of complex V and the loss of ATP synthetase
activity (88, 117). To the best of our knowledge, no reliable
link was made between tyrosine nitration and the functional
inhibition of complexes I, II, and III.

In summary, NO and nitrosative stress were found to
strongly reduce the functional activity of the respiratory chain
and ATP synthesis. Fe2 + /heme-containing centers of the
complex IV represent the most sensitive target for the direct
actions of NO. However, the inhibition of complex IV by NO
is readily reversible. Other RNS act with much lower affinity,
but their effects may be of critical pathological significance,
because relevant modifications of proteins are irreversible or
poorly reversible. Complex I is rate limiting for the overall
activity of the electron transport chain, and this complex ap-
pears to be particularly vulnerable to nitrosative modifica-
tions. To illustrate this point, complexes I, III, and IV, should
be inhibited by at least 25%, 80%, and 70%, respectively, in
order to see the inhibition of ATP synthesis in isolated brain
synaptosomes (69).

An additional point to be considered is that nitrosative
inhibition of mitochondrial electron transport and oxida-
tive phosphorylation is not an exclusively negative event.
S-nitrosylation of thiols in complex I by the systemic appli-
cation of nitrite, or by using more targeted approaches, is an
important mechanism that contributes to preconditioning
protection against the heart ischemia-reperfusion injury (see
for example refs. 212, 242). The protective effects are explained
by the reduction of pathological ROS production as a result of
S-nitrosylation in complex I.

Neuronal Processes and Synaptic Communication
May Represent a Distinct Target for Nitrosative Stress

In order to discuss the causal link between nitrosative stress
and the loss of synaptic function, we need to briefly introduce
two important aspects of synaptic physiology: (i) axonal and
dendritic delivery of macromolecules and organelles, and (ii)
distinct features of local metabolism in the dendritic and ax-
onal projections. Neuronal cells are unique in terms of their
complexity and high specialization of their processes. A pro-
totypical neuronal body represents < 0.5% of the total cell
volume, but essentially all protein synthesis and organelle
assembly happen in this restricted compartment (193). The
newly produced materials have to be sorted and timely and
efficiently delivered to functionally distinct axonal and den-
dritic domains in order to sustain local signaling and metab-
olism. Such delivery is mediated by several transport
processes, which are depicted in a simplified manner in Fig-
ure 5 and discussed next.

The continuous delivery of metabolic enzymes and or-
ganelles to axons and dendrites has two important implica-
tions for the local effects of nitrosative stress. (i) If axonal and
dendritic transport processes are strongly impaired, then this
should result in the inability of neurons to replace mito-
chondria and glycolytic enzymes in the remote neuronal
endings, and lead to gradual failure of dendritic but particu-
larly axonal functions and integrity. (ii) If the transport pro-
cesses are largely spared, but local metabolic enzymes and
mitochondria are damaged, then delivery of the ‘‘replacement
parts’’ should take a longer time, in proportion to the length of
the neuronal projections. Critically, cytosolic proteins, in-

cluding glycolytic enzymes, are delivered at rates that are
‡ 100-times slower than mitochondria and other organelles
(for references see below). The latter difference in the delivery
rates can be compared with the courier delivery on foot versus
the delivery by a high-speed train (199). If this analogy is
applied to the projection neurons with long axonal processes,
then the ‘‘train delivery’’ of mitochondria to the distal seg-
ments of the axon could take hours, while the ‘‘pedestrian’’
delivery of cytosolic proteins could take days. This may
explain why neuronal processes may selectively lose their
glycolytic capacity, when subjected to nitrosative stress. In
contrast, in the neuronal cell body, there are vast reserves of
glycolytic enzymes, and the most sensitive part of energetic
metabolism is represented by mitochondria.

Defects in axonal and dendritic transport

The translocation of cytosolic proteins and organelles to
distant compartments of neuronal cells involves several spe-
cialized types of transport. Mitochondria and small vesicles,
including synaptic vesicles and vesicular structures contain-
ing newly synthesized membrane lipids and proteins, are
moved toward the distal part by the fast anterograde transport,
at the rates of 100–400 mm/day (193). The differences in the
rates are thought to be determined by size, that is, ‘‘dragging’’
force, of organelles. This type of transport requires specialized
protein motors, kinesins, that move along microtubule scaf-
folds (119, 120). Some of the transported vesicles may contain
secretory proteins, such as neurotransmitter peptides. The
fast retrograde transport, which moves mitochondria, larger
vesicles, and multivesicular (or multilammelar) bodies in
the opposite direction, toward the cell body, has essentially
the same rate, *200–300 mm/day (193). Vesicles and

FIG. 5. Schematic illustration of transport processes,
which translocate organelles, membrane-delimited mate-
rials, and cytosolic proteins in axons and dendrites. Mi-
tochondria and vesicular structures are moved from the cell
body to the distal parts of axon and dendrites (the latter are
not shown for simplicity) by the fast anterograde transport.
Cytosolic proteins are moved at much slower rates by the
slow anterograde transport. Mitochondria and membrane-
delimited materials, but not cytosolic proteins, are returned
to the cell body for recycling by the fast retrograde transport.
Disruptions in local metabolic processes and the transport of
newly synthesized metabolic enzymes and organelles may
contribute to the selective vulnerability of neuronal projec-
tions to nitrosative stress. See text for details and references.
(To see this illustration in color, the reader is referred to the
web version of this article at www.liebertonline.com/ars).
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multilammelar bodies are typically routed to the lysosomal
compartment. The fast retrograde transport is also carried out
using microtubules as scaffolds, but is driven by a different
class of molecular motors belonging to the dynein family (119,
120). Its functional significance is to recycle and repackage
used and damaged proteins, membrane components, and
mitochondria. However, it is also utilized to deliver to the cell
body trophic substances and growth factors, which are locally
taken from the extracellular space via endocytosis (193).

In contrast to the membrane-delimited materials and mi-
tochondria, essentially all cytosolic proteins and partially
polymerized cytoskeletal proteins are moved toward the
distal part of the axon by the slow anterograde transport, which
is about two orders of magnitude slower (*0.5–5 mm/day)
than the fast types of transport (193). In this case, the transport
is mediated by specialized isoforms of cytosolic dyneins that
are associated with the protein complex dynactin (73, 74).
Early publications suggested that slow anterograde transport
requires microfilament networks as scaffolds; however, more
recent studies indicate that microtubules play a critical role
(21, 221). Metabolic enzymes, including GAPDH, are deliv-
ered to axons and dendrites with the slow anterograde
transport in macromolecular complexes with cytoskeletal
proteins. Unlike components of the fast anterograde trans-
port, all the molecules, which are associated with the slow
transport, are moved in one direction and in order to be ‘‘re-
turned’’ to the cell body, they have to undergo degradation or
be incorporated in the multivesicular bodies (193).

Mutations in the components of molecular motors, which
drive the two types of anterograde transport, such as in
transgenic animals or in naturally occurring human disorders,
typically cause ‘‘dying back’’ neuropathies, that is, neurode-
generation that starts in the distal part of the axon and pro-
gresses back to the cell body (reviewed in 54, 192). This likely
occurs due to local metabolic deficits and inability to maintain
structural integrity. Defects in the retrograde transport also
lead to the selective loss of neuronal cells, but via different
mechanisms. In the latter case, neurodegeneration is probably
associated with the aggregation of misfolded proteins and/or
failure to deliver endocytosed neurotrophic factors from
the distal processes to the neuronal cell body (reviewed in
209). Besides molecular motors, axonal transport may be im-
paired by distortions in the organization of microtubules and
intermediate filaments. As mentioned in one of the previous
sections, Alzheimer’s pathology involves the formation of
neurofibrillary tangles, consisting of aggregates of the
hyperphosphorylated microtubule-associated protein tau
(18). It has been recently reported that tau aggregates selec-
tively inhibit anterograde transport (133, 156).

Many neurological disorders mentioned in this review
manifest both nitrosative stress and defects in axonal retro-
grade or anterograde transport. A list of relevant diseases
includes AD, Huntington’s disease, amyotrophic lateral scle-
rosis, PD, traumatic brain injury, and stroke (54, 192, 209).
However, the connection between nitrosative stress and de-
fects in the neuronal long-range transport remains essentially
unexplored. This is particularly surprising, because NO was
long thought of as serving as a physiological signal regulating
axonal growth and cytoskeleton dynamics. Treatment with
NO donors causes the collapse of growth cones and axonal
retraction in vitro (118, 216). These effects are likely mediated
by the nitrosative changes in microtubules and microtubule-

associated proteins, such as nitration of a-tubulin and tau (43,
44, 79). Furthermore, a- and b-tubulins are robustly and per-
sistently S-nitrosylated in vitro and in vivo (20, 218). However,
the functional significance of S-nitrosylation of cytoskeletal
proteins has not been thoroughly tested. In cultured neurons,
fast anterograde axonal transport is potently inhibited by the
application of NO donors and via the endogenous production
of RNS by co-cultured microglial cells (246). Interestingly, the
latter effects of RNS on axonal transport are mediated by the
activation of c-jun NH2-terminal kinase (246), a known
physiological target for NO and RNS (99, 137). Therefore,
RNS may cause the dysregulation of axonal transport via the
modification of molecular motors and scaffold proteins or
pathological changes in intracellular signaling.

Nitrosative modifications of the synaptic
communication

Experimental work over the past two or three decades
strongly suggests that, in many cases, neurological deficits
may be determined by the inhibition of synaptic communi-
cation and loss of synapses, rather than by death of neuronal
cells. This idea is particularly well accepted in the field of AD
(reviewed in 228, 236). Early quantitative morphometric
studies identified a profound decrease in the numbers of
cortical synapses in the post-mortem samples of AD patients.
In the intermediate stages of the disease, 2–5 years after the
onset of symptoms, average synapse densities were reduced
by > 25% in cortical layers II and III, and as much as 36% in
layer V of the temporal cortex (70). Such changes could not be
explained by a simple loss of neurons, because the same study
found that the average numbers of synapses per neuron were
decreased by 14%–38% in various parts of the cortex (70).
Even in the advanced stages of the disease, loss of synaptic
densities was the primary parameter that correlated with
mental decline (254).

The phenomenon of pathological disruption of synaptic
structure and functions is commonly described by the term
‘‘synaptopathy’’ (35). The failure of synaptic transmission is
now thought of as serving as a basis for neurological deficits
not only in the AD, but also in a variety of other brain disor-
ders, including Hungtington’s disease, schizophrenia, and,
surprisingly, in learning disabilities such as autism spectrum
disorders (16, 98, 161). Even in the animal models of MS,
which are primarily associated with demyelination, loss of
functional synapses was found both immediately after the
onset of neurological symptoms and in remission (48, 175).
Robust changes in the number of synapses are commonly seen
in stroke, in the peri-infarct regions, where the neuronal via-
bility is largely preserved (3, 36, 126, 148, 194). Although the
loss of synapses in ischemia can be driven by death of local
and distant neuronal cells, several studies found that the is-
chemia- and hypoxia-induced degeneration of axonal pro-
jections and dendritic trees can occur independently of the
loss of cell bodies (3, 11, 126). Pathological elimination of
synapses occurs nearly simultaneously with massive synaptic
reorganization and synaptogenesis in neighboring brain ar-
eas. These latter processes are critical for the post-ischemic
brain plasticity and repair (reviewed in 45, 195).

In addition to the direct physical loss of axonal projections
and dendrites, neural pathologies may lead to synaptic defi-
cits without gross disruption of structural integrity. This is
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well established in stroke. In the peri-infarct regions, where
neuronal viability is largely preserved, there is a potent sup-
pression of the excitatory neurotransmission that may last
from days to weeks after recovery of blood flow (24, 25, 201).
Electrophysiological experiments indicate that such inhibition
of synaptic communication is due to failure of the presynaptic
neurotransmitter release, while the postsynaptic responses
remain largely unaffected (24, 25). The underlying mecha-
nisms for this phenomenon remain poorly understood.

There were several attempts to identify reasons for dis-
ruption in synaptic communication in stroke. It was sug-
gested that neurotransmitter release may be inhibited due to
the persistent defects in synapsin phosphorylation (25).
However, this cannot be the sole cause, because the double-
gene knockouts of synapsins I and II do not interrupt synaptic
signaling but rather produce modest modulatory effects (219).
Another potential mechanism for suppression of the exocy-
totic neurotransmitter release was identified in non-neuronal
cells. S-nitrosylation of Cys21, Cys91, and Cys264 in the
N-ethylmaleimide sensitive fusion protein (NSF) potently
inhibits NSF function and vesicular release of the von Will-
ebrand factor in endothelial cells (178). NSF is a hexameric
ATPase that is necessary for disassembly and re-activation of
protein complexes involved in membrane fusion, and, as
such, is critical for sustaining membrane fusion processes,
including exocytotic neurotransmitter release (173, 230, 270).
We previously hypothesized that nitrosative modifications in
the NSF may contribute to defects of neurotransmission in
stroke (188). However, this hypothesis remains to be properly
tested in the ischemic brain. Another possible mechanism for
the failure of neurotransmitter release is metabolic inhibition,
which may readily suppress the ATP-dependent exocytosis,
as well as the uptake of neurotransmitters into the synaptic
vesicles. We and others found that NO and RNS donors can
strongly depolarize isolated presynaptic nerve endings (syn-
aptosomes) and cause suppression of ATP production and
vesicular neurotransmitter release (81, 190, 200, 222, 237). The
acute effects of NO are determined by the reversible inhibition
of cytochrome c oxidase (complex IV). However, the long-
term effects of NO and RNS, which are seen long after
washout of the extracellular RNS, are mediated by nitrosative
modifications in numerous metabolic enzymes.

The inhibition of synaptic metabolism by NO and RNS
strongly correlates with reductions in the levels of intracel-
lular free thiols, and S-nitrosylation of presynaptic proteins
(200, 222). Both mitochondrial respiration and glycolytic
processes are strongly affected, based on the direct assays of
metabolic reactions and measurements of plasmalemmal and
mitochondrial membrane potential (81, 190, 222). As evident
from the present literature analysis (see preceding sections),
multiple glycolytic and mitochondrial enzymes can be mod-
ified and inhibited by RNS, but a few of them—including
GAPDH, aconitase, and the respiratory complex I—likely
play pivotal roles. Interestingly, the inhibition of synapto-
somal ATP production by RNS can be partially rescued by
supplementation with the end product of glycolysis, pyruvate
(222). This is in contrast to cultured neuronal cells, in which
metabolic failure is largely determined by mitochondrial de-
fects, and pyruvate addition does not allow for additional
protection (34). We speculate that such a difference can be
explained by limited glycolytic capacity in nerve endings, but
not in neuronal cell bodies. GAPDH appears to be the most

sensitive glycolytic enzyme and can be inhibited by multiple
nitrosative modifications (see refs. in the preceding sections).
However, the inhibition of GAPDH in synaptosomes can be
reversed by the thiol-reducing reagents, while glycolytic ATP
production cannot be recovered by the same treatments (222).
These findings point to additional critical modifications in
glycolysis, which are yet to be identified.

In summary, although neuronal cells as a whole are highly
sensitive to nitrosative stress, axonal and dendritic signaling
may be at particular risk. Metabolism in axonal and dendritic
compartments is highly dependent on the timely delivery and
turnover of mitochondria and cytosolic enzymes. Due to the
slow turnover rates and limited glycolytic capacity, even
modest inhibition of glycolysis and mitochondrial respiration
in these remote compartments can disproportionally affect
electrical signaling and neurotransmitter release. Since gly-
colytic enzymes are delivered at rates that are *100 times
slower than mitochondria, this creates an additional pressure
on sustaining glycolysis under pathological conditions. The
inhibition of the axonal transport machinery can further ex-
acerbate the effects of nitrosative stress.

Conclusions and Perspectives

NO signaling is crucial for normal physiological functions
in the CNS, but goes awry in many brain pathologies. NO
itself possesses limited toxicity but may reversibly suppress
mitochondrial respiration and ATP synthesis if produced in
excess. The majority of the pathological consequences of ni-
trosative stress are mediated through the reaction of NO with
metals or the intermediate formation of RNS, which impart
many types of modifications in proteins and other biologically
active molecules. As such, the S-nitrosylation, oxidation, and
S-glutathionylation of critical cysteine residues can dramati-
cally impact enzymatic activities and cellular functions.
In vivo, multiple nitrosative hits in proteins may occur si-
multaneously, with outcomes that depend on the targeted
proteins and the position of altered amino-acid residues. In
spite of the substantial progress in the field, a remaining
challenge is to discriminate which types of modifications or
their combinations play a critical role in brain pathologies.

The objective of the present review was to analyze the
pathological impact of NO-dependent modifications on pro-
teins associated with energetic metabolism: glycolysis, the
TCA cycle, and mitochondrial respiration. We propose that
metabolic deficits play a major role in numerous CNS disor-
ders. Although rarely addressed, metabolism and synaptic
signaling in distal neuronal processes may be particularly
vulnerable to the actions of RNS. Furthermore, metabolism in
the axonal compartment may represent a separate target for
therapeutic interventions. Unlike bodies of neuronal and non-
neuronal cells, distal neuronal processes likely have very
limited ‘‘spare’’ glycolytic capacity, and under conditions as-
sociated with nitrosative stress, lose their ability to sustain
metabolic processes. Supplementation with the end product
of glycolysis, pyruvate, or its more stable and clinically used
congener, ethyl-pyruvate, may be used to at least partially
rescue synaptic transmission and prevent the pathological
loss of neuronal projections. Pyruvate and ethyl-pyruvate
have been already tested in animal stroke models. Both
compounds potently protect the animal brain against ische-
mic injury (157, 276, 277). However, the major focus of these
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latter studies was on the preservation of neuronal viability. It
remains to be explored whether the structure of axonal and
dendritic processes as well as synaptic function can be selec-
tively preserved in stroke and other neurological disorders
using similar pharmacological approaches.
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Abbreviations Used

AD¼Alzheimer’s disease
APP¼ amyloid precursor protein
CNS¼ central nervous system
Drp1¼dynamin-related protein 1
EAE¼ experimental allergic encephalomyelitis

eNOS¼ endothelial NOS
GAPDH¼ glyceraldehyde-3-phosphate

dehydrogenase
GSH¼ glutathione

GSNO¼ S-nitrosoglutathione
HNO2¼nitrous acid
iNOS¼ inducible NOS

KGDH¼ a-ketoglutarate dehydrogenase
MPP+¼ 1-methyl-4-phenylpyridinium
MPTP¼ 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine
MS¼multiple sclerosis

N2O3¼dinitrogen trioxide
NMDA¼N-methyl-d-aspartate

NO¼nitric oxide
NO2¼nitrogen dioxide
NOS¼nitric oxide synthase

nNOS¼neuronal NOS
NSF¼N-ethylmaleimide fusion protein

PD¼Parkinson’s disease
PDZ domain¼postsynaptic density protein 95, Drosophila

disc large tumor suppressor 1, zonula
occludens-1 protein

PFK-16¼phosphofructo kinase-1
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species

RSNO¼nitrosothiols
TCA¼ tricarboxylic acids
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