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Abstract

At physiological levels, nitric oxide (NO) contributes to the maintenance of normal neuronal 

activity and survival, thus serving as an important regulatory mechanism in the central nervous 

system. In contrast, accumulating evidence suggests that exposure to environmental toxins or the 

normal aging process can trigger excessive production of reactive oxygen/nitrogen species (such 

as NO), contributing to the etiology of several neurodegenerative diseases. Here we highlight 

protein S-nitrosylation, resulting from covalent attachment of an NO group to a cysteine thiol of 

the target protein, as a ubiquitous effector of NO signaling in both health and disease. We review 

our current understanding of this redox-dependent posttranslational modification under 

neurodegenerative conditions, and evaluate how targeting dysregulated protein S-nitrosylation can 

lead to novel therapeutics.
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Neurodegenerative diseases and ROS/RNS

A dominant risk factor for the development of neurodegenerative diseases is advanced age. 

With extended life expectancy worldwide, patients suffering from these types of 

neurological conditions will increase dramatically in the coming years. Although 

symptomatic treatments exist, there are currently no effective drugs to reverse or halt the 

progression of the diseases. Recent studies, however, have identified several potential 

molecular targets for neurodegenerative disease therapy, including oxidative/nitrosative 

stress (mediated by reactive oxygen/nitrogen species [ROS/RNS]), excitotoxicity, protein 

misfolding, endoplasmic reticulum (ER) stress, and mitochondrial damage [1]. Among 

these, ROS/RNS has attracted significant attention, as neurons have high oxygen 
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consumption rates, which result in up-regulation of ROS/RNS, while manifesting relatively 

low antioxidative capacity compared to other cell types [2,3].

Another key risk factor for sporadic forms of neurodegenerative diseases involves aberrant 

interaction of genetic and environmental factors (G×E). Notably, oxidative/nitrosative stress 

is also considered to be a central mechanism in this scenario. For instance, environmental 

toxins, such as agricultural chemicals and heavy metals, stimulate the generation of 

ROS/RNS typically through impairment of mitochondrial respiration [4]. Thus, an emerging 

concept in the GxE hypothesis for disease is that genetic predisposition determines the 

susceptibility of sporadic cases to neurodegenerative disorders by lowering the threshold for 

oxidative/nitrosative stress engendered by environmental factors [5].

As an example of RNS, nitric oxide (NO)-related species play a critical role in the 

pathogenesis of a number of neurodegenerative diseases. Although early studies emphasized 

the fact that NO exerts its biological function via activation of soluble guanylyl cyclase 

(sGC), which produces cyclic guanosine monophosphate (cGMP), emerging evidence 

recognizes protein S-nitrosylation as a ubiquitous mediator of NO signaling [6]. 

Accordingly, in this article, we focus NO-dependent posttranslational modification of 

cysteine residues (i.e., S-nitrosylation) as an important (patho)-physiological mechanism for 

NO signaling. Here we provide specific examples of dysregulated S-nitrosylation under 

neurodegenerative conditions, and illustrate that modulators of protein S-nitrosylation may 

represent uniquely ‘druggable targets’ for neurodegenerative diseases.

Functional and structural dysregulation of neuronal network activities represents a 

fundamental cause of neurodegenerative conditions such as Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease, and amyotrophic lateral sclerosis (ALS). 

For instance, damage to hippocampal synapses contributes to the cognitive deficits and 

memory impairment in the most common form of dementia, AD. Additionally, the most 

common motor disorder, PD, is characterized by the initial loss of dopaminergic (DA) 

neurons in the substantia nigra pars compacta. Evidence suggests that aberrantly elevated 

levels of oxidative and nitrosative stress may represent the common molecular denominator 

leading to these pathological processes. For example, excessively produced ROS/RNS may 

affect cellular macromolecules, such as proteins and lipids, thereby activating aberrant 

cellular processes such as accumulation of misfolded/aggregated proteins (e.g., amyloid-β 

[Aβ], tau, α-synuclein, and TDP-43), dysfunction in proteostasis, mitochondrial injury, and 

neuroinflammation. These pathological cellular events compromise synaptic and neuronal 

activity, thus contributing to neurodegenerative conditions. Along these lines, NO can S-

nitrosylate specific neuronal proteins in response to neurodegenerative stimuli, leading to 

protein misfolding, ER stress, and mitochondrial impairment [7–9]. Additionally, reaction 

of •NO (free radical NO with an electron in the outer pi molecular orbital) and superoxide 

anion (O2
•−) forms peroxynitrite (ONOO−), which can nitrate tyrosine residues of α-

synuclein and Aβ to form nitro-tyrosine adducts. This reaction aggravates protein misfolding 

and aggregation, contributing to neurodegeneration [10]. Of note, this nitration reaction on 

tyrosine residues is distinct from S-nitrosylation of cysteine thiols, as discussed here.

Nakamura and Lipton Page 2

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NO as a second messenger of normal and abnormal neuronal function

Generation of NO in the brain predominantly relies on a family of biosynthetic enzyme, NO 

synthases (NOSs). Three genetically distinct isoforms of NOS account for NO production in 

the brain: neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2), and endothelial 

NOS (eNOS or NOS3). These NOSs exist as homodimers, require oxygen, NADPH, and 

tetrahydrobiopterin as co-factors, and produce NO from L-arginine. The enzymatic activity 

of nNOS and eNOS is calcium-dependent, whereas iNOS activity is regulated at the 

transcriptional level [11]. Additionally, as a NOS-independent mechanism, nitrite reductases 

may participate in NO production in vivo [12].

In the nervous system, a well-characterized mechanism for NO production involves 

activation of N-methyl-D-aspartate (NMDA)-type glutamate receptors. In this cascade, 

neurotransmitter glutamate stimulates NMDA receptors (NMDARs) to drive Ca2+ influx via 

receptor-associated ion channels, which in turn activates nNOS to produce NO. Recent 

studies have shown that the effects of NO on neuronal function in part depend on the 

cellular location of the NMDARs (Figure 1). Specifically, under physiological conditions, 

mild activation of “synaptic” NMDARs drives the production of physiological levels of NO, 

sufficient to maintain normal synaptic plasticity and promote neuronal differentiation or 

survival. For example, synaptic NO activates the cAMP response element-binding protein 

(CREB) pathway, modulating long-term potentiation (LTP, an electrical correlate of 

learning and memory) and mediating neuronal survival [13]. In contrast, accumulating 

evidence suggests that hyperactivation of “extrasynaptic” NMDARs results in excessive 

production of NO (and ROS), contributing to the pathophysiology of neurodegenerative 

diseases. For instance, Aβ oligomers, which can trigger synaptic dysfunction in AD, increase 

NO concentration to pathological levels primarily via hyperstimulation of extrasynaptic 

NMDARs [14,15]. In addition, the USA FDA-approved drug, memantine, preferentially 

blocks extrasynaptic over synaptic NMDARs [16], and has thus shown promise in delaying 

symptoms not only in AD but also in Lewy body dementia in PD, raising the possibility that 

the extrasynaptic NMDAR-NO pathway is important in the pathogenesis of dementia in 

both AD and PD [17,18].

In addition to NO, other gasoneurotransmitters, such as hydrogen sulfide (H2S) and carbon 

monoxide (CO), have recently emerged as important regulators of neuronal function [19]. 

Interestingly, similar to an NO group, H2S can signal at least in part via modification of 

sulfhydryl groups in target proteins, forming a persulfide bond (R-SSH) in a process termed 

sulfhydration [20]. Sulfhydration is reported to occur on a specific cysteine residue and 

affects the activity of target proteins in an analogous manner to S-nitrosylation. Moreover, 

low levels of H2S can protect neurons, whereas, at high concentration, it produces 

neurotoxicity [21]. It is anticipated that future investigation will reveal if, like NO, synaptic 

vs. extrasynaptic signaling accounts in part for the opposing effects of H2S/sulfhydration on 

neuronal survival.

Nakamura and Lipton Page 3

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Molecular mechanisms for production of specific S-nitrosylated proteins

Emerging evidence suggests that NO signals primarily through formation of S-nitrosothiols 

(SNOs), representing S-nitrosylated proteins (SNO-proteins). Stamler and Lipton’s groups 

termed this process “S-nitrosylation”, reflecting the biological effects of NO on cellular 

phenomena, similar to other posttranslational modifications such as phosphorylation [1,6]. 

The formation of SNO-proteins in vivo entails a reaction between a redox-sensitive thiol (-

SH) group (more accurately thiolate anion [-S−]) and nitrosonium cation (NO+) in the 

presence of transition metals that accept an electron from •NO [1,22,23] (Figure 2). 

Alternatively, some authorities have argued that radical recombination between •NO and a 

thiyl radical (RS•) may contribute to the generation of SNO-proteins [1,22–24].

Importantly, formation of SNO-proteins typically results in alteration in protein 

conformation, enzymatic activity, protein-protein interactions, or cellular localization [6,25], 

thus affecting protein function. Compared to other posttranslational modifications such as 

methylation and acetylation, S-nitrosylation is often a relatively labile modification, 

depending on temperature and local redox milieu/protein structure, and can be reversed to 

free thiol in the presence of metal ions and glutathione (GSH). Since NO is chemically a 

“good leaving group,” it may facilitate subsequent reaction of ROS with the same cysteine 

residue to the increasingly more stable oxidative products sulfenic (-SOH), sulfinic (-SO2H), 

and sulfonic acid (-SO3H). Consequently, because of their stability (particularly sulfinic and 

sulfonic adducts, the latter being irreversible), these oxidations of cysteine thiols can have 

long-lasting (often pathological) effects on protein function. In contrast, in some cases in 

both the cardiovascular and nervous systems, S-nitrosylation of a particular cysteine thiol 

can be relatively stable and thus prevent further irreversible oxidation [26–28]. Hence, it is 

possible that physiological S-nitrosylation of some targets in the brain can provide 

neuroprotection in part by shielding reactive cysteine residues from further oxidation.

In general, in cellular context, S-nitrosylation occurs only on specific cysteine residues. 

Along these lines, recent studies identified at least three different molecular mechanisms that 

determine the selectivity of cysteine residues for S-nitrosylation. First, proximal localization 

of the target protein/cysteine(s) to the source of NO production (i.e., NOSs) increases the 

chance of S-nitrosylation. For instance, in neurons, nNOS is tethered to the NMDAR 

complex via the adaptor protein, PSD-95, and thus facilitates S-nitrosylation of these 

proximate proteins [1,22]. Second, the presence of a signature SNO motif (composed of 

basic and/or acid amino acids) facilitates the electrostatic interaction of the target cysteine 

residue with acidic/basic side chains, increasing the susceptibility of the thiol to form SNO 

modification. Third, local hydrophobic compartments near the cysteine residues potentiate 

the generation of S-nitrosothiols due to the accelerated accumulation of NO and O2 in a 

hydrophobic phase [6,29].

Moreover, recent studies have revealed new signal transduction pathways, involving 

transnitrosylation/nitrosylases, for the selective S-nitrosylation of particular proteins. 

Protein-to-protein transnitrosylation, whereby an NO group is transferred from a donor 

protein (serving as a nitrosylase) to a specific acceptor protein (being S-nitrosylated and, in 

this case, acting as a denitrosylase), may be the principal mechanism to produce SNO-
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proteins in vivo [30,31]. In this scheme, the transnitrosylation reaction occurs when the two 

proteins are present in the same protein complex, and thereby only a specific subset of 

proteins is S-nitrosylated. For instance, in several neurodegenerative diseases, SNO-

caspase-3 and SNO-GAPDH can transnitrosylate XIAP and nuclear proteins (such as SIRT1 

and DNA-PK), respectively, augmenting cell death-signaling pathways [32,33].

In addition, at least two major classes of denitrosylases, namely S-nitrosoglutathione 

(GSNO) reductase (GSNOR) and the thioredoxin (Trx) family of proteins, control the 

degree of protein S-nitrosylation via thiol denitrosylation [34]. With NADH as a coenzyme, 

GSNOR reduces GSNO to the intermediate S-hydroxylaminoglutathione (GSNHOH), which 

then forms glutathione sulfinamide (GSONH2) via spontaneous rearrangement, or in the 

presence of GSH, yields GSSG (oxidized glutathione) [35,36]. Because GSNO (or S-

nitrosocysteine) functions as a physiological NO donor and as an intracellular bioavailable 

NO pool, GSNOR-dependent degradation of GSNO contributes to decreased levels of SNO-

proteins, such as SNO-PPARγ [37,38]. In addition, GSNOR, also known as formaldehyde 

dehydrogenase (or class III alcohol dehydrogenase), efficiently detoxifies both endogenous 

and exogenous formaldehyde. Although GSNOR is expressed in every tissue examined [39], 

the effects of its GSNO catalytic activity on brain function remain unclear.

The Trx system, comprised of Trx, Trx reductase (TrxR), and NADPH, represents a major 

cytosolic oxidoreductase for protein disulfides. In this scheme, reduced Trx employs its 

conserved Cys-Gly-Pro-Cys active site to donate a proton to an oxidized substrate (such as 

peroxiredoxins (Prxs), catalyzing the reduction of disulfides; during this process, Trx itself 

becomes oxidized. To regenerate Trx activity, TrxR receives electrons from NADPH and 

reduces oxidized Trx [40]. Notably, the Trx system also exhibits denitrosylating activity. For 

instance, Trx denitrosylates caspase-3, caspase-9, eNOS, and nNOS [41–43]. In addition, 

other Trx-like proteins, including PDI and TRP14, can serve as denitrosylases [44,45]. 

These Trx-related denitrosylating enzymes bear evolutionally conserved domains and are 

highly expressed in the brain, suggesting their physiologically relevant role in neurons. In 

the future, further work on transnitrosylation/S-nitrosylation/denitrosylation will provide 

important insights into their functions in the central nervous system, may lead to the 

discovery of additional enzymes catalyzing these reactions, and may represent promising 

therapeutic targets for neurodegenerative diseases.

Protein S-nitrosylation as an important mediator of neuronal survival and 

damage

S-Nitrosylation-dependent NO signaling affects a variety of cellular processes both under 

physiological and pathological conditions. Below, we briefly review specific examples of 

SNO-proteins, and then discuss how they regulate neuronal survival or damage. For a more 

detailed description of the SNO-proteins that are formed in specific disease conditions, the 

reader is referred to the following review articles [1,6].

When produced at low (physiological) levels, NO generally fosters normal neuronal 

function/activity and thus facilitates neuronal differentiation, development, and survival. For 

instance, S-nitrosylation of caspases and HDAC2 function in this manner [46,47]. As an 
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example, the well-known executioner of apoptosis, caspase-3, is constitutively S-

nitrosylated in some tissues at its active site under basal conditions, inhibiting its protease 

activity and thus offering cytoprotection. However, in apoptotically-stimulated neurons, the 

Trx system denitrosylates caspase-3 to amplify cell death signaling [47,48].

Additionally, when production of NO is moderately increased after exposure to mild 

neurotoxic stimuli, NO can still mediate neuroprotective effects. In part, this effect is 

mediated by S-nitrosylation of overly excited NMDARs or the redox-sensitive chaperone 

and peptidase protein DJ-1 [22,49,50]. These nitrosylation reactions serve as a form of 

negative feedback on degenerative processes. For instance, S-nitrosylation of NMDARs 

downregulates their excessive activity and can thereby provide neuroprotection in 

experimental models of neurodegenerative conditions [22,50–53]. Consistent with this idea, 

hypo-S-nitrosylation of NMDARs under mild stress can aggravate pathological processes, 

due to a lack of the neuroprotective effects of NO [54].

In contrast, excessive production of NO can result in aberrant protein S-nitrosylation, even 

reacting with cysteines lacking the full nitrosylation motif, and thus contributing to the 

progression of neurodegeneration. Persistent hyperactivation of extrasynaptic NMDARs or 

increased iNOS activity in glial cells can typically result in overproduction of NO. 

Aberrantly formed SNO-proteins occurring under pathological nitrosative stress include, to 

name but a few, SNO-MEF2, SNO-parkin, SNO-PDI, SNO-GAPDH, SNO-XIAP, SNO-

Cdk5, and SNO-Drp1. Our group and others have demonstrated that these SNO-proteins 

indeed accumulate in human brains from patients with neurodegenerative diseases (but not 

in controls), contributing to an array of degenerative processes such as protein misfolding 

(e.g., mediated by SNO-parkin and SNO-PDI), mitochondrial dysfunction (SNO-MEF2, 

SNO-Drp1, and SNO-parkin), synaptic damage (SNO-Drp1, SNO-Cdk5, and SNO-MEF2), 

and neuronal cell death (SNO-MEF2, SNO-PDI, SNO-GAPDH, SNO-XIAP, and SNO-

Drp1) [5,7,8,32,55–57]. Additionally, NO inhibits cGMP production via S-nitrosylation of 

sGC, possibly representing a negative-feedback loop to suppress the sGC/cGMP pathway 

[58].

Taken together, these findings imply that the biological effects of NO on neurological 

function are largely dependent on the level, timing, duration, and/or location of its 

production. Moreover, SNO-proteins can act as either neuroprotective or neurodestructive 

effectors, depending on the target proteins and the site of modification; therefore, careful 

strategies have to be designed to develop therapeutics that regulate protein S-nitrosylation in 

neurodegenerative diseases. Below, we delineate possible pharmacological approaches to 

maintain physiological SNO-protein activity, while preventing aberrant S-nitrosylation, in 

order to ameliorate neurodegenerative diseases.

Possible approaches to pharmacologically modulate formation of SNO-

proteins

NOS inhibitors or antioxidants

One way to develop effective therapies for neurodegenerative diseases may involve 

decreasing the detrimental effects of SNO-proteins derived from nitrosative/oxidative stress. 
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Based on this hypothesis, emphasis has been placed on pharmacological inhibition of NOSs 

or application of antioxidants (reacting with and scavenging ROS/RNS), as potential 

therapeutic options. However, the majority of NOS inhibitors available have limited 

specificity towards each of the NOS isoforms. Moreover, NOS inhibitors or antioxidants can 

block physiological production of NO (as well as ROS), which are associated not only with 

the formation of neuroprotective SNO-proteins in the brain but also with the health of other 

tissues and organs such as the cardiovascular system. Along these lines, NOS inhibition 

therapies and antioxidant treatments have displayed limited success in human clinical trials. 

For instance, NOS inhibition by NG-monomethyl-L-arginine (L-NMMA; a competitive 

inhibitor of all NOS isoforms) in healthy volunteers resulted in an increase in blood pressure 

without showing significant beneficial effects to brain function [59,60]. In addition, 

antioxidant clinical trials have had mixed outcomes; in some studies, antioxidants (such as 

vitamin E [α-tocopherol]) reportedly slowed the progression of moderate-to-severe AD [61] 

or early PD [62], while other studies did not find any influence of antioxidants on cognitive 

impairment or cerebrospinal fluid (CSF) biomarkers related to Aβ or tau pathology [63,64]. 

Thus, clinical trials to date have not supported these approaches for neurodegenerative 

diseases.

Targeting denitrosylases

Recent drug discovery efforts, employing high-throughput screening plus structure-based 

lead optimization, have identified small molecule inhibitors of GSNOR [65]. Among these 

inhibitors, N6022 fits into the enzyme’s substrate-binding pocket, thus acting as a potent and 

selective inhibitor of GSNOR [66,67]. Through inhibition of GSNOR, N6022 enhances 

GSNO levels and the intracellular SNO-protein pool, and thus potentiates physiological 

(basal) NO activity; however, the drug also inhibits GSNOR-mediated aldehyde reduction. 

Importantly, N6022 inhibition of GSNOR has shown safety and efficacy in animal models 

of asthma [68], suggesting that this drug may be tested in human clinical trials for CNS 

disease if it or a congener is permeable to the blood-brain-barrier (BBB). Moreover, for 

neurodegenerative diseases, this drug would have to be used as a preventive measure at a 

pre-symptomatic stage to augment the neuroprotective action of NO, as toxic levels of NO 

are already present under disease conditions.

As an alternative approach to regulate protein denitrosylation, recent studies have identified 

Trx-mimetic peptides (TXMs) that catalyze the reduction of SNO, protecting cells from 

nitrosative stress [69,70]. For instance, TXMs reversed the inhibitory effects of (S)NO on 

the Prx-Trx system, suggesting that TXMs may hold potential to improve pathological 

conditions related to SNO stress. However, TXMs also imitate the oxidoreductase activity of 

Trx, regulating oxidation (i.e., disulfide formation) of Trx substrate proteins [71,72]. 

Moreover, similar to NOS inhibitors and antioxidant therapies, TXMs can affect basal SNO 

(and oxidation) levels. Accordingly, significant caution should be exercised when engaging 

these regulators of denitrosylases in both animal and possibly clinical settings, since 

alterations of basal SNO levels may cause undesirable effects. Additionally, whether TXMs 

cross the BBB remains unknown, although dysfunction of the BBB in these diseases [73] 

may allow access to affect neurodegenerative diseases. As delineated below, in order to 

overcome some of these possible issues, we propose that alteration of specific SNO-protein 
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levels may be more beneficial because it may minimize effects on physiological S-

nitrosylation.

Targeting the formation of specific SNO-protein(s)

To date, proteomics-based identification of SNO-proteins has revealed hundreds, if not 

thousands, of such proteins both under physiological and pathological conditions [74–78]. 

Although these studies characterized a large number of targets for S-nitrosylation, alteration 

of S-nitrosylation of a single key protein appeared to be sufficient, at least in certain animal 

models, to influence neuronal function and activity. Here we provide two examples of 

pharmacological techniques that can preferentially control SNO-NMDAR or SNO-GAPDH 

formation, thus preventing neuronal injury or damage.

Hyperactivation of the NMDARs (especially extrasynaptic NMDARs) is thought to play a 

critical role in a wide range of neurodegenerative diseases via pathological activation of 

downstream enzymes and generation of ROS/RNS. An important mechanism to 

downregulate this toxic pathway is S-nitrosylation of NMDARs. S-Nitrosylation can occur 

on various cysteine residues on different NMDAR subunits, including Cys744 and Cys798 

on the GluN1 (NR1) subunit, and Cys87, Cys320, and Cys399 on the GluN2A (NR2A) 

subunit [22,50–53]. Ambient oxygen levels are known to facilitate disulfide formation 

between Cys744 and Cys798 on the GluN1, blocking S-nitrosylation of these cysteine 

residues. Under physiological (or even more hypoxic) conditions, however, the relatively 

reducing state in the brain favors free thiol groups on these GluN1 subunit cysteines over 

disulfide. The presence of free thiol enhances S-nitrosylation of Cys744 and Cys798, 

leading to increased NO sensitivity at the other NMDAR sites (i.e., Cys87, Cys320, and 

Cys399 on the GluN2A); this series of polynitrosylation reactions inhibits the receptor’s 

activity, providing a negative feedback system since NMDAR stimulation results in the 

generation of NO from nNOS. Interestingly, S-nitrosylation per se of Cys744 and Cys798 on 

GluN1 has little direct influence on the ion channel’s activity. However, Cys744 and Cys798 

on GluN1comprise a “redox sensor,” exerting an allosteric affect on the other SNO sites on 

GluN2A (or homologous cysteine residues on GluN2B) [22,50–53].

Previously, we and our colleagues had discovered that the drug memantine preferentially 

blocks extrasynaptic NMDAR-associated ion channels because they are excessively/

tonically open in a number of neurodegenerative conditions [14,15]. Memantine affords 

neuroprotection by blocking tonically-activated NMDAR-operated channels. Memantine has 

the unique propensity to do this because we discovered that it is an “open-channel blocker,” 

i.e., it blocks ion channels only when they are open, and, statistically, more channels are 

open during tonic activation of the NMDAR. Additionally, memantine manifests a relatively 

fast off-rate from the channels at physiological resting potential, meaning that the drug does 

not accumulate in the channels and thus block their normal function. Accordingly, unlike 

other NMDAR antagonists that persistently block channel activity and cause severe side 

effects, memantine spares synaptic function under physiological conditions [79,80]. 

Recently, we took advantage of the fact that this drug prefers to bind in excessively open, 

extrasynaptic channels in order to target an NO group specifically to the redox-sensitive 

thiol sites of these overstimulated NMDARs. This new type of drug, termed 
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NitroMemantines, contains a nitro group that has been tethered to the memantine moiety, 

thus serving not only as an open-channel blocker but also as an NO donor. In this manner, a 

NitroMemantine drug can provide increased blockade of hyperactivated NMDARs through 

S-nitrosylation in addition to channel block, thus affording more neuroprotection that that 

offered by memantine [15,81] (Figure 3). Consistent with this notion, NitroMemantine 

protected neurons more efficiently than memantine in cellular and animal models of AD and 

cerebrovascular disease [15,82]. The lead NitroMemantine candidate developed to date, 

designated YQW-036/NMI-6979, has shown a favorable pharmacokinetic profile, excellent 

CNS penetration, and good safety index in early preclinical studies [81,82]. The 

NitroMemantines are currently being evaluated for clinical trials for AD and other 

neurological disorders.

As a second example, S-nitrosylation of glyceraldehyde-3-phophate dehydrogenase 

(GAPDH) enhances its ability to bind to the ubiquitin E3 ligase Siah [56]. Because Siah 

possesses a nuclear localization signal, the SNO-GAPDH/Siah complex translocates to the 

nucleus, activating the cascade of apoptotic cell death via degradation of nuclear proteins 

[56,83]. GAPDH is also regarded as a putative direct target of the drug, deprenyl 

(Selegiline®) [84]. Deprenyl is used clinically for its reported ability to delay the 

progression of symptoms in early PD [62,85]. Possible neuroprotection by deprenyl was 

initially thought to derive from its inhibitory activity of monoamine oxidase-B (MAO-B); 

however, subsequent studies have suggested that deprenyl may exert a protective action 

through its antioxidant effects or prevention of GAPDH nuclear translocation, rather than 

inhibition of MAO-B [86,87]. Consistent with this notion, the deprenyl derivative 

CGP3466B (TCH346 or Omigapil), which lacks MAO-B inhibitory activity, has displayed 

potent neuroprotective activity in PD models [84,88]. Solomon Snyder’s group further 

showed that direct binding of deprenyl or CGP3466B to GAPDH prevents the formation of 

SNO-GAPDH, thus inhibiting the interaction of GAPDH and Siah, and hindering nuclear 

localization of GAPDH [89,90] (Figure 4). Unfortunately, despite these encouraging 

preclinical findings, CGP3466B failed to show neuroprotective effects in human clinical 

trials for PD [91]. Hence, although the neuroprotective action of CGP3466B (or related 

compounds) may in part arise from its ability to block the SNO-GAPDH-Siah pathway, the 

drug has not yet proven useful in human clinical trials for PD.

Concluding Remarks

Recent advancements in the understanding of protein S-nitrosylation suggest that this 

regulatory posttranslational modification might represent a potentially viable therapeutic 

target for a wide range of neurodegenerative diseases. Supporting this view, NOS inhibitors 

or antioxidants that indirectly modulate the formation of SNO-proteins have shown some 

promise in preclinical studies. Moreover, direct and specific alterations of SNO-NMDAR or 

SNO-GAPDH formation with NitroMemantine or CGP3466B, respectively, show some 

efficacy in modulating disease-related processes. Nonetheless, additional optimization of 

these drugs and further clinical trials will be needed to prove their potential safety and 

efficacy in humans.
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Ideally, the goal of effective S-nitrosylation (or NO)-based therapy is to i) only block 

pathological (typically aberrantly-produced) formation of SNO-proteins, while sparing 

normal and physiological functions of SNO-proteins, and ii) only enhance NO’s 

neuroprotective function without potentiating its neurodestructive actions. Future research in 

the field is expected to address challenging questions for the development of small-molecule 

drugs that meet these requirements (see Outstanding Questions Box). For instance, NOS 

inhibitors or antioxidant treatments will have to be employed only under conditions where 

NO exerts a neurotoxic activity. To this end, elucidation of optimal timing in the 

administration of these medications may significantly improve the safety and efficacy of 

these treatments. Moreover, identification of previously unknown SNO-protein targets using 

new sensitive probes [77,78,92,93] may facilitate the development of new SNO-targeting 

small molecules. Importantly, implementation of interdisciplinary approaches, ranging from 

protein biochemistry to medicinal chemistry, should further enhance the discovery of such 

new drugs. Finally, since S-nitrosylation appears to regulate multiple signaling pathways 

leading to neurodegeneration, future studies should assess whether a combinatorial 

therapeutic approach, employing multiple SNO-targeting drugs, might potentiate their 

clinical utility for neurodegenerative diseases.
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Trends Box

• Protein S-nitrosylation represents an important component of NO signaling.

• S-Nitrosylation mediates both physiological and pathological brain signaling.

• NitroMemantine protects neurons via S-nitrosylation of NMDA receptors.

• CGP3466B (or TCH346) is neuroprotective by inhibiting formation of SNO-

GAPDH.
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Outstanding Questions Box

• What is the optimal timing with relation to insult for the administration of NOS 

inhibitors or antioxidants to significantly improve the safety and efficacy of 

these treatments? These medications will have to be employed only under 

conditions where NO exerts a neurotoxic activity, as physiological formation of 

SNO-proteins is important for normal neuronal function and should not be 

inhibited under basal conditions.

• What are the critical SNO-proteins for the pathophysiology of 

neurodegenerative disorders that have not yet been identified and characterized? 

Due to technical limitations, proteomic detection of endogenous SNO-proteins 

is currently challenging; however, adoption of newly developed SNO probes 

[69,70,83,84] may facilitate the discovery of additional SNO-proteins that may 

serve as critical targets for future therapeutic intervention. Moreover, towards 

this end, implementation of interdisciplinary approaches, ranging from protein 

biochemistry to medicinal chemistry, will facilitate development of small 

molecules that target specific SNO-proteins.
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Figure 1. 
NO/S-nitrosylation signaling under physiological and pathological conditions in the central 

nervous system. Physiological activation of NMDA receptors localized at synapses triggers 

calcium influx through the NMDA receptor-associated ion channel and stimulates nNOS 

tethered to the NMDA receptor protein complex. Physiological (basal) levels of NO thus 

produced contribute to normal neuronal functions, e.g., via S-nitrosylation of NMDA 

receptors (SNO-NMDAR) to prevent their overactivation. Under pathological 

(neurodegenerative) conditions, excessive activation of extrasynaptic the NMDAR-nNOS 

pathway (or iNOS expression in glia cells) can lead to overproduction of NO. Under these 

conditions, excessive generation of ROS can also occur. These pathways cause aberrant 

SNO-protein formation, such as SNO-GAPDH and SNO-PDI, augmenting pathological 

processes; in some cases nitrosothiol formation is followed by reaction of the same cysteine 

residue with ROS to form –SOxH adducts (with × = 1–3).
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Figure 2. 
Biochemical mechanisms of reversible protein S-nitrosylation. (1) Nitrosonium cation 

[NO+], potentially generated from •NO by metal ion acceptance of the electron, reacts with 

thiolate anion (R-S−) to generate R-SNO. Note that R-SNO denotes an S-nitrosylated protein 

(SNO-protein) or S-nitrosothiol (e.g., GSNO and S-nitrosocysteine). (2) Radical 

recombination of •NO with thiyl radical (RS•) may also produce R-SNO. (3) 

Transnitrosylation (i.e., transfer of an NO group between two thiol groups). (4) Enzymatic 

denitrosylation of R-SNO by GSNOR or the Trx system counterbalances R-SNO formation.
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Figure 3. 
NitroMemantine-mediated inhibition of hyperactivated NMDA receptors. NitroMemantine 

was synthesized by addition of a nitro group (-NO2) to the memantine moiety. This allows 

NitroMemantine to antagonize excessively activated NMDA receptors via two sites of 

action: 1) the ion channel where memantine itself binds, and 2) an extracellular redox-

sensitive cysteine thiol groups of the receptor where the nitro group reacts to inhibit 

NMDAR activity (forming –SNO or –SNO2). Thus, in this scenario, NitroMemantine serves 

as an NO (or, more precisely, a nitro group) donor specifically targeting NMDA receptors. 

This figure also shows that the NMDA receptor is a heterodimer, composed of two GluN1 

and two GluN2 subunits. Excessive concentrations of glycine (Gly) and glutamate (Glu), co-

agonists of the receptor, can trigger pathological activation of the NMDA receptor.
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Figure 4. 
CGP3466B exerts its neuroprotective effect via inhibition of SNO-GAPDH formation. S-

Nitrosylation of GAPDH enhances its interaction with Siah1 (bearing a nuclear localization 

signal) and promotes its translocation to the nucleus, whereas SNO-GAPDH triggers cellular 

events leading to neurodegeneration. CGP3466B (TCH346 or Omigapil) potently and 

selectively blocks GAPDH S-nitrosylation and thereby Siah binding.
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