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Abstract: Cardiovascular diseases are associated with oxidative stress and a reduced bioavailability 
of nitric oxide (NO). To counteract both processes, the administration of S-nitrosoglutathione 
(GSNO) can be envisaged. GSNO is able to induce protein S-nitrosation (Pr-SNO), which is a post-
translational modification of proteins, participating in the storage of NO in tissues, and protect thiol 
functions from oxidation. However, GSNO antioxidant power is poorly studied, which is probably 
linked to its low stability. This low stability can be addressed by nanotechnologies that will increase 
GSNO protection and provide a sustained release of the drug. 

Keywords: S-nitrosoglutathione; oxidative stress; protein S-nitrosation; nanotechnologies 
 

1. Introduction 

Cardiovascular diseas is the main cause of mortality in the world with around 17.5 million of 
deaths in 2012 according to the World Health Organization. In France, it is the second one for men, 
after cancer, and the first one for women. Risk factors such as high blood pressure, diabetes, smoking, 
obesity or the lack of physical activities increase the risk of developing a cardiovascular pathology 
including coronary artery diseases, venous thrombosis, angina pectoris and atherosclerosis. Most of 
these diseases are associated with oxidative stress and a reduced bioavailability of nitric oxide (NO). 
Indeed, NO, a physiological gaseous messenger with a short half-live, plays a central role in vascular 
homeostasis and its biosynthesis decreases during physiopathological processes such as ageing, 
endothelial dysfunction or oxidative stress [1]. The endogenous S-nitrosothiols (RSNOs), one of the 
main transport and storage forms of NO in the bloodstream and tissues, are good candidates as 
therapeutics to restore the physiological concentration of NO. Among RSNOs, the S-
nitrosoglutathione (GSNO), made by S-nitrosation of glutathione, was the main NO-donor 
investigated for its therapeutic potential as antiplatelet agent with arterioselective vasodilator effects 
and also with well-documented antithrombotic effects. The S-nitrosation process apart from its ability 
to modulate signaling pathways by post-translational modification of proteins (Pr-SNO) is also a 
protection of thiol functions from oxidation [2–4]. Indeed, GSNO was shown to be able to reduce 
disulfide bounds forming S-nitroso functions, which are a lower oxidation state of thiol functions 
than disulfide or sulfenic/sulfonic acid functions [2,5]. However, the ability of GSNO to regulate NO 
bioavailability under oxidative stress is poorly studied. Enzymatic and non-enzymatic degradation 
of GSNO occurs, reducing its clinical potential to provide a long-lasting effect and to deliver 
appropriate NO concentrations to target tissues. Therefore, encapsulation of GSNO and other RSNOs 
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is an interesting approach to overcome these drawbacks. The nanotechnologies may offer a wide 
range of solutions for RSNO protection and sustained release. 

2. Antioxidant Power of NO and GSNO 

The protein S-nitrosation is a redox reversible process with high spatial and temporal specificity. 
One determinant that governs the specificity of protein S-nitrosation resides in the colocalization of 
NO sources: NO is provided mostly from NO synthases (NOS) and also from denitrosation of target 
proteins. Conversely, the S-nitrosation process is also a temporal signaling event, which depends on 
NO synthesis by NOS and its consumption by the soluble guanylate cyclase through the nitrosylation 
process for example. Cells environment also influences S-nitrosation of proteins. Indeed, in 
endothelial cells, physiological shear stress promotes S-nitrosation of protein independently from 
cGMP-dependent signaling [6,7], whereas TNF-α and oxidized LDL treatments reduce it [8]. Many 
proteins and transcriptional factors contain cysteine residues, which are potential targets for ROS-
dependent or RNS-dependent modifications. NO shows antioxidant effects via NADPH oxidase 
inhibition, [9] or promotion of thioredoxin-1 activity [10,11] by direct S-nitrosation of their cysteine 
residues. Transcriptional factors all contain reactive thiols in their DNA binding regions, whose 
modification alters their binding to DNA. AP-1 activity is altered by S-nitrosation [12] and by 
oxidation of Cys residues [13]. Indeed, H2O2 treatment inhibits AP-1 activity and decreases eNOS 
promoter activity [14]. 

The antioxidant power of NO and GSNO is also mediated via their ability to reduce disulfide 
bound forming S-nitroso functions. Oxidative stress causes oxidation of the thiol groups of proteins. 
For example, we showed, using a smooth muscle cell model of oxidative stress, that GSNO prevents 
oxidation of thiol functions by increasing the level of S-nitrosated proteins [4]. Mass spectrometry 
analysis revealed that these proteins were mainly implicated in cell contraction, morphogenesis and 
movement, meaning that the redox protection of GSNO will help to maintain smooth muscle cells 
contractile phenotype.  

3. Nanotechnologies Supply 

Unfortunately, the low stability of NO and its derivatives such as S-nitrosothiols, constitutes a 
limitation for their therapeutic administration especially for chronic treatment [3]. There are several 
strategies to protect RSNOs from physicochemical and enzymatic degradations such as assembling 
of macromolecular RSNO in nanostructures (thiomers), or S-nitrosation of encapsulated free thiols 
(S-nitrosothiol-loaded carrier) [15,16]. The most frequently used approach is the direct encapsulation 
of RSNOs in liposomes, inorganic or polymeric nanoparticles or films [17,18]. A sustained release of 
NO is required to maintain stable and physiological NO concentrations. High concentrations should 
be avoided as they may lead to oxidative/nitrosative stress, especially destructive in a context of 
cardiovascular diseases. Moreover, in a context of chronic pathologies, oral delivery will be the most 
acceptable for patients. Here, RSNO will encounter unfavorable environment all along the 
gastrointestinal tract, ranging from a low pH in the stomach to the difficulty for crossing of the 
intestinal barrier. We showed that RSNOs have a low intestinal permeability using a passive mode 
and following a paracellular pathway [19]. In order to design such an oral delivery formulation for 
RSNO, which can provide protection and sustained release, GSNO loaded nanoparticles made of 
Eudragit® with a water in oil in water double emulsion method have been developed [20]. These 
nanoparticles were then embedded into an alginate and chitosan matrix forming a nanocomposite 
particle (GSNO-acNCP). The nanocomposite protected NO donor from degradation, and the matrix 
enhanced intestinal absorption of GSNO [21,22]. Indeed, alginate and chitosan were chosen as 
mucoadhesive polymers increasing the residence time of the formulation on the intestine mucus 
layer. As alginate has the capacity to penetrate the mucus layer, this will bring the drug closer to the 
intestinal cells, while chitosan exerts the property to open cells tight junction, helping the drug to 
cross the intestinal epithelium. Therefore, their combination leads to increased drug permeability 
through the intestinal barrier. 
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