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presented as mean + sd (n = 3). The data about GSNO remaining were analyzed with
One-way ANOVA p < 0.01 (Dunnett's multiple comparisons test: GSNO-NP: p =
0.0045; GSNO-MPW: p = 0.0016; GSNO-MPS: p = 0.0003): * p < 0.05 versus week 0
(0L 0 L TS SPUR P PPPPPSPRR 166

Figure 4. Drug release in PBS. Results are presented as mean = sd (n = 3, free GSNO
as control), two-way ANOVA (Turkey's multiple comparisons test): * p < 0.05 versus
free GSNO and GSNONP........coiii e ee e e e e e e 167

Figure 5. Cytocompatibility of Caco-2 cells after 24 h of incubation with GSNO (a),
GSNO-NP (b), GSNO-MPW (c), GSNO-MPS (d). Control condition = culture medium
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without fetal bovine serum. Results are presented regarding GSNO loading, in
equivalence of free GSNO from 25 pyM to 2500 uM. Results are shown as means +

sem, n = 3 in duplicate. ND = not determined...............oovviriiiiriiiiiiiiiiie e 168

Figure 6. Quantity of GSNO, nitrite ions nitrate ions remaining in the apical medium (a,
b and c, respectively), as well as in the basolateral medium (e, f and g, respectively),
and GSNO (d) remaining inside the particles after 1 h of permeability study (GSNO
initial amount = 50 nmol in all cases). Results are shown as means = sem, n=3 in
duplicate, one-way ANOVA (Tukey's multiple comparisons test): *p < 0.05 versus
GSNO and # p < 0.05 versus GSNO-NP..........uuiiiiiiee e 169

Figure 7. Summary of NOx species permeability for each condition (free GSNO,
GSNO-NP, GSNO-MPW and GSNO-MPS). The width of each section of the arrows is
correlated with the amounts (from left to right) of NOs", NO2" and GSNO................. 169
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Abbreviations

Abbreviations Full names

BCS Biopharmaceutical Classification System

BSA Bovine serum albumin

cGMP Cyclic guanosine monophosphate

CYP450 Cytochrome P-450 system

CvD Cardiovascular diseases

CBR1l or CR1 Carbonyl reductase

CysNO S-nitrosocysteine

DAN 2,3-Diaminonaphthalene

DNIC Dinitrosyl iron complexes

EDRF Endothelium-derived relaxing factor

EDTA Ethylene diaminotetraacetic acid

eNOS Endothelial nitric oxide synthase

GGT y-glutamyltransferase

GSH Reduced glutathione

GSNO S-nitrosoglutathione

GSNO-NP GSNO-loaded nanopatrticles

GSNO-aNCP GSNO-loaded alginate nanocompsite particles
GSNO-cNCP GSNO-loaded chitosan nanocompsite particles
GSNO-acNCP GSNO-loaded chitosan nanocompsite particles
GSNOR GSNO reductase

GSSG Glutathione disulphide

GTP Guanosine-5’-triphosphate

Hb Hemoglobin
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Hb-a
HBSS
HPMC
IBD
INOS
vV
L-Arg

log P

MTT

NAC
NACNO
NADPH
NHA
nNOS
NOS
NOXx species
Papp
PCL
PDI
PEG
PKG
pKa
PLGA
PVAT

PVA

Hemoglobin-a

Hank's Balanced Salt Solution
Hydroxypropyl methylcellulose
Inflammatory bowel diseases

Inducible NO synthase

Intravenous

L-arginine

Logarithmic value of partition coefficient

3(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

N-acetyl-L-cysteine

S-nitroso-N-acetyl-L-cysteine
Dihydronicotinamide-adenine dinucleotide phosphate
N-hydroxy-L-arginine

Neuronal NO synthase

Nitric oxide synthase

Nitrogen oxide related species

Apparent permeability coefficient
Poly(e-caprolactone)

Protein disulfide isomerase

Poly(ethylene glycol)

Protein kinase G

Negative logarithmic value of acid ionisation constant
Poly(lactide-co-glycolide)

Perivascular adipose tissue

Poly(vinyl alcohol)
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PVP
RSNOs
SDS
sGC
SMCs
SNAP
SNP
S/IO/W
Trx
TrxR
VSMCs
TEER

W/O/W

Poly(vinyl pyrrolidone)
S-nitrosothiols

Sodium dodecyl sulfate

Soluble guanylate cyclase
Smooth muscle cells
S-nitroso-N-acetyl-D-penicillamine
Sodium nitroprusside
Solid-in-oil-in-water

Thioredoxin

Thioredoxin reductase

Vascular smooth muscle cells
Transepithelial electrical resistance

Water-in-oil-in-water
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Apercu de lathese

Le monoxyde d’azote (NO) est un gaz radicalaire impliqué dans la signalisation
des systemes cardiovasculaires, immunitaires et nerveux. Au sein du systéeme
cardiovasculaire, la premiére cible de NO est la guanylate cyclase soluble (GCs) dont
I'activation permet la synthese de GMPc, un second messager médiant la relaxation
vasculaire. Ceci constitue la voie de signalisation NO/GCs/GMPc. Cependant, le
mécanisme d’action de NO emprunte également des voies de signalisation
indépendantes de la voie NO/GCs/GMPc, comme la S-nitrosation. La S-nitrosation
correspond a la formation d’un lien covalent entre la fonction thiol d’'un résidu cystéine
et NO. Elle est considérée comme une modification post-traductionnelle des protéines,
aussi importante que la phosphorylation pour la modulation des activité/expression
protéiques. La S-nitrosation forme des S-nitrosothiols comme les S-nitrosoprotéines,
S-nitrosopeptides ou S-nitrosoacides aminés. En plus de moduler les voies de
signalisation, ces S-nitrosothiols représentent également une forme de stockage et de
transport de NO dont la demi-vie a I'état radicalaire n’est que de quelques secondes.
Ainsi, a I'état radicalaire, le rayon d’action de NO ne peut dépasser quelques
micromeétres. Ces S-nitrosothiols sont depuis quelques années considérés comme des
candidats médicaments. lls constituent en effet des prodrogues de NO, dont la
biodisponibilité est considérablement diminuée au cours des pathologies
cardiovasculaires. Les donneurs de NO comme les dérivés nitrés sont utilisés depuis
de nombreuses années dans le traitement de I'angor dans le cadre de sa prévention
et en cas de crise. Cependant, les dérivés nitrés sont sujets au phénomene de
tolérance (perte d’effet thérapeutique lors d’administration chronique), présentent une
faible biodisponibilité et une faible sélectivité. lls sont également responsables de
'amplification du stress oxydant déja installé au cours des pathologies
cardiovasculaires.

Ainsi, d’autres molécules donneuses de NO sont actuellement a I'étude. Parmi
celles-ci nous nous sommes d’abord intéressés aux amidoximes. La fonction
amidoxime est physiologiquement produite lors de la synthése de NO catalysée par
les NO synthases. En effet, au cours de cette catalyse en deux étapes, I'arginine est
d’abord N-hydroxylée en N-hydroxyarginine présentant une fonction amidoxime. Cette

fonction amidoxime est capable de libérer NO sous l'action oxydative des cytochromes
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P450. Les résultats de I'étude de nouvelles molécules synthétiques, mono ou bis-

amidoxime, sont présentés dans I'article 1.
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Article 1: Synthesis of Novel Mono and Bis Nitric Oxide Donors with High
Cytocompatibility and Release Activity

Tanya Sahyoun, Caroline Gaucher, Yi Zhou, Naim Ouaini, Raphaél Schneider,
Axelle Arrault.

Quatre composés comportant une ou deux fonctions amidoximes ont été synthétisés :
(1) Le composé 2a-b contenant une fonction amidoxime aromatique, (2) le composé
2c présentant une fonction amidoxime aliphatique, et (3) le composé 2d présentant
deux fonctions amidoxime, une aromatique et une autre aliphatique. La capacité de
ces composés a libérer du monoxyde d’azote (NO) a été évaluée in vitro en tirant partie
du métabolisme oxydant de cytochromes P450 de microsomes de foie de rats. Les
résultats obtenus démontrent que toutes les fonctions amidoxime des composés
synthétisés sont capables de libérer NO, avec une plus grande capacité pour le
composé 2a qui posséde une fonction amidoxime aromatique. De plus, toutes les
amidoximes testées sont cytocompatibles vis-a-vis de cellules musculaires lisses
humaines. En utilisant la formation de S-nitrosothiols intracellulaires comme marqueur
de la biodisponibilité de NO, les composés 2a et 2c ont montré leur capacité a délivrer
une plus grande quantit¢é de NO que la molécule de référence (4-
chlorobenzamidoxime). Ainsi, les amidoximes sont capables de traverser la membrane
cellulaire pour étre ensuite oxydées par les CYP450 des cellules musculaires lisses.
En revanche, la bis-amidoxime aromatique/aliphatique 2d est de grand intérét car sa
capacité a délivrer NO et par la suite a augmenter le stockage de NO dans les cellules
via la formation de S-nitrosothiols intracellulaires est similaire aux amidoximes 2a et
2b. En effet, en considérant que la bis-amidoxime 2d a été étudiée a une concentration
deux fois plus faible que celle des composés 2a et 2b, nous pouvons conclure que le
composé 2d est la molécule la plus performante de tous les composés donneurs de
NO testés ici.
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D’autres donneurs de NO dérivant des S-nitrosothiols, formes physiologiques de
transport et de stockage de NO, sont également a I'étude. Parmi ces S-nitrosothiols,
nous pouvons citer le S-nitrosoglutathion (GSNO), la S-nitroso-N-acétyl-L-cystéine
(NACNO) et le S-nitroso-N-acétyl-pénicillamine (SNAP). Les S-nitrosothiols sont
considérés comme des candidats médicaments d’avenir, puisqu’ils ne présentent pas
les effets indésirables de dérivés nitrés précédemment énumérés. Les RSNO sont
dénués de toxicité aigue, et de par I'existence physiologique de certains d’entre eux,
ils ne présentent probablement aucun risque dans le cadre d’application répétée. Ceci
est d’autant plus important que les pathologies cardiovasculaires sont, pour la plupart,
des affections chroniqgues nécessitant un traitement sur le long terme. Dans ce
contexte, la voie d’administration orale de ces molécules est la plus indiquée du point
de vue des patients (facilité, faible contrainte conduisant a une meilleure observance).
De plus, la voie orale présente des avantages physiologigues comme une grande
surface d’absorption (300 a 400 m?). Néanmoins, la barriére intestinale constitue un
obstacle important a franchir pour ces molécules de nature peptidique ou protéique,
avec une liaison nitrosothiol fragile. Ainsi, une deuxieme étude a été menée sur les

mécanismes d’absorption intestinale des S-nitrosothiols (Article 2).
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Article 2: Intestinal absorption of S-nitrosothiols: permeability and transport
mechanisms

Absorption intestinale des S-nitrosothiols : Mécanismes de transport et de
perméabilité

Justine Bonetti”, Yi Zhou#, Marianne Parent, Igor Clarot, Haiyan Yu, Isabelle Fries-
Raeth, Pierre Leroy, Isabelle Lartaud, Caroline Gaucher*

#Les deux auteurs ont contribué a parts égales a ce travail.

Au cours du vieillissement ou du développement des pathologies cardiovasculaires,
une diminution de la biodisponibilité du monoxyde d’azote (NO) est observée. Afin de
restaurer une concentration physiologique de NO, les S-nitrosothiols (RSNO) font
partie des donneurs de NO envisagés comme principes actifs potentiels. Les RSNO
sont la forme physiologique de stockage et de transport de NO dans 'organisme, lui
assurant ainsi une demi-vie supérieure a sa forme libre radicalaire (< 0,5 s). La plupart
des pathologies cardiovasculaires nécessitent un traitement chronique pour lequel la
voie orale est plébiscitée. Cependant, I'absorption intestinale des RSNO, premiere
limite a leur biodisponibilité vasculaire, n'a jamais été étudiée. Ainsi, a I'aide d’un
modele in vitro de barriére intestinale (Caco-2), cette étude vise a élucider les
mécanismes de perméabilité intestinale (passifs ou actifs, voie paracellulaire ou
transcellulaire) et a prédire le site d’absorption intestinale préférentiel des RSNO. Dans
notre étude, trois RSNO, le S-nitrosoglutathion (GSNO), la S-nitroso-N-acétylcystéine
(NACNO), la S-nitroso-N-acétyl-D-pénicillamine (SNAP), qui different de par le
squelette transportant NO, ont été évalués. Ces squelettes transporteurs de NO
conferent des propriétés physico-chimiques (lipophilie) et des activités biologiques
(antioxydantes et/ou anti-inflammatoires) différentes aux RSNO. Ainsi, en montrant a
'aide de ce modéle la perméabilité apparente moyenne des RSNO, associée a leur
forte solubilité, cette étude a permis de placer ces molécules entre la classe | et la
classe Il du Systeme de Classification Biopharmaceutique. L’évaluation
bidirectionnelle de la perméabilité a également solutionné le mécanisme de
perméabilité de RSNO selon un phénomene passif. De plus, GSNO et NACNO suivent
préférentiellement la voie transcellulaire alors que SNAP préfere la voie paracellulaire.
Finalement, le squelette transportant NO a une influence sur le site d’absorption des
RSNO, puisque la perméabilité de NACNO est favorisée a pH 6,4, pH proche de la

partie proximale du jéjunum, alors que celles de GSNO et SNAP sont meilleures a pH
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7,4, pH proche de sa partie distale. Au travers de cet article, nous avons déterminé les
mécanismes de permeéabilité intestinale des RSNO et prouvé que leur administration
par voie orale était possible. Apres avoir franchi la barriere intestinale, les S-
nitrosothiols rejoignent le compartiment vasculaire ou ils joueront leurs roles de
transporteurs puis de donneurs de NO pour restaurer le pool vasculaire de NO. Ce
pool se retrouve ainsi sous deux formes, une forme circulante dans le flux sanguin et
une forme tissulaire stockée dans la paroi vasculaire. Ainsi, la prochaine étape de cette
étude a consisté a comparer la capacité des différents S-nitrosothiols a promouvoir la
formation d’'un stock au sein de la paroi aortique et de vérifier si ce stock est mobilisable
pour la vasodilation, faisant preuve de sa biodisponibilité. Enfin, les propriétés
protectrices des fonctions endothéliales des S-nitrosothiols ont été évaluées sur des

aortes dénuées d’endothélium (Article 3).
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Article 3: S-nitrosothiols as potential therapeutics to induce a mobilizable
vascular store of nitric oxide to counteract endothelial dysfunction.

Les S-nitrosothiols : de potentiels médicaments induisant la formation d’un
stock mobilisable de monoxyde d’azote au sein des vaisseaux afin de contrer
la dysfonction endothéliale.

Caroline Perrin-Sarrado”, Yi Zhou*, Valérie Salgues, Marianne Parent, Philippe
Giummelly, Isabelle Lartaud, Caroline Gaucher*

# Les deux auteurs ont contribué a parts égales a ce travail.

Article soumis au journal Biochemical Pharmacology le 28 juin 2019, en révision

La dysfonction endothéliale prédispose au développement de certaines pathologies
cardiovasculaires. Elle est définie comme un déséquilibre entre la production de
substances vasodilatatrices comme le monoxyde d’azote (NO) et de substances
vasoconstrictrices. Afin d’assurer ses fonctions physiologiques, NO, un radical gazeux
a demi-vie trés courte, a besoin d’étre stocké et transporté jusqu’a son site d’action.
Les S-nitrosothiols (RSNO) comme le S-nitrosoglutathion (GSNO) représentent la
principale forme physiologique de stockage de NO au sein du systéme vasculaire. Le
stock de NO formé par les RSNO reste alors biodisponible pour déclencher la
vasorelaxation. Ainsi, les RSNO représentent une classe émergente de donneurs de
NO pour restaurer la biodisponibilité de NO au cours des troubles cardiovasculaires.

Le but de cette étude est de comparer la capacité des S-nitrosothiols a produire un
stock vasculaire de NO au sein d’artéres dont 'endothélium est intact ou d’artéres dont
'endothélium a été retiré. Un RSNO physiologique, le GSNO, ainsi que deux RSNO
synthétiques, la S-nitroso-N-acétylcystéine (NACNO) et la S-nitroso-N-
acétylpénicillamine (SNAP) ont été testés, permettant ainsi d’évaluer le potentiel
thérapeutique des RSNO pour compenser la dysfonction endothéliale. Le
nitroprussiate de sodium (SNP), un médicament bénéficiant déja d’une autorisation de
mise sur le marché, a été utilisé comme donneur de NO controle non RSNO. Les deux
types d’artéres (avec ou sans endothélium) utilisées dans cette étude ont été isolées
de rats Wistar males normotendus et exposées aux donneurs de NO. Ensuite, les
espéeces dérivées de NO (NOXx) représentant le stock intravasculaire de NO, ont été
guantifiées en utilisant la sonde diaminonaphthaléne couplée aux ions mercuriques.

La biodisponibilité du stock de NO et sa capacité a produire la vasorelaxation ont été
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testés a l'aide de la N-acétylcystéine. Ensuite la capacité de ce stock a s’opposer a la
vasoconstriction produite par la phényléphrine (PHE) a été appréciée.

Tous les RSNO étudiés ont été capables de générer un stock de NO trois a cing fois
supérieur a la quantité basale de NOx au sein des arteres contréle. NACNO était le
plus performant de tous les RSNO pour produire un stock vasculaire biodisponible
pour la vasorelaxation et pour induire une hyporéactivité a la PHE des artéres sans
endothélium. L’efficacité de GSNO et SNAP était équivalente, et supérieure a celle de
SNP. Au sein des artéres avec endothélium, le stock de NO s’est également formée,
cependant il s’est avéré moins disponible pour la vasorelaxation et n’a pas influencé
la vasoconstriction induite par la PHE.

En conclusion, les RSNO, et NACNO plus particulierement, sont capable de restaurer
la biodisponibilité de NO en créant un stock fonctionnel de NO au sein de la paroi des
vaisseaux sanguins et de fagon plus marquée quand I'endothélium est absent. Ce
phénomene a été associé a une hyporéactivité de I'artére a un agent vasoconstricteur
comme la PHE. Des traitements a base de RSNO pourraient donc présenter un
bénéfice pour restaurer les fonctions NO-dépendantes dans des états pathologiques
associés a un endothélium lésé.

Ainsi, toutes ces études mettent en évidence que NACNO est le S-nitrosothiol qui
franchit le mieux la barriere intestinale et qui produit le stock de NO vasculaire le plus
grand et le plus biodisponible.

Dans la derniére partie de ce travail, nous nous sommes intéressés au développement
de formulations particulaires adaptées a la voie orale et permettant d’augmenter la
biodisponibilité des S-nitrosothiols. Malgré la supériorité de NACNO dans les études
précédentes, c’est le GSNO qui a été utilisé pour cette étude. En effet, il présente
certains avantages. D’'une part, il est physiologique (contrairement a NACNO) et a été
utilisé dans la maijorité des essais cliniques. D’autre part, seul GSNO peut étre obtenu
sous la forme d’un produit a la fois pur et solide (ce qui permet plus de libertés dans la
formulation).

En ce qui concerne le procédé de formulation galénique, il doit étre adapté a ces
molécules particulierement fragiles et hydrophiles, tout en respectant le cahier des
charges pour la voie orale : polymere adapté, charge en principe actif suffisante,
libération appropriée, stabilité des caractéristiques des particules obtenues pour

faciliter leur utilisation, amélioration de la perméabilité intestinale sans cytotoxicité...
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Dans ce contexte, trois stratégies de formulation de GSNO basées sur des procédés

de double émulsion/évaporation de solvant ont été comparées (Article 4).
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Article 4: Enhancing intestinal permeability of nitric oxide with storable
microparticles for S-nitrosoglutathione oral delivery.

Des microparticules préparables a P'avance pour la délivrance de S-
nitroglutathion par voie orale et capables d’augmenter la perméabilité intestinale
du monoxyde d’azote

Yi_Zhou, Caroline Gaucher, Isabelle Fries, Mehmet Hobekkaya, Charlene Martin,

Clément Leonard, Frantz Deschamps, Anne Sapin-Minet, Marianne Parent*

Article soumis au journal International Journal of Pharmaceutics le 21 aolt 2019

Trois sortes de particules encapsulant du S-nitrosoglutathion (GSNO), un donneur
physiologique de monoxyde d’azote, ont été préparées a partir des mémes matériaux
mais avec des procédés modifiés de double émulsion/évaporation de solvant : eau
dans huile dans eau (E/H/E) ou solide dans huile dans eau (S/H/E). Les nano- et micro-
particules obtenues par la méthode E/H/E ont été comparées aux microparticules
obtenues par la méthode S/H/E en ce qui concerne leur taille, leur capacité a
encapsuler le GSNO et a le libérer in vitro. La cytocompatibilité des particules vis-a-vis
des cellules intestinales ainsi que leur capacité a améliorer la perméabilité intestinale
du GSNO in vitro (modele de barriére intestinale constituée par les cellules Caco-2
différenciées) ont été évaluées.

L’efficacité d’encapsulation du GSNO est la méme (environ 30 %) pour les trois sortes
de particules mais les microparticules (S/H/E > E/H/E) présentent un profil de libération
plus lent du GSNO in vitro et améliorent significativement la perméabilité intestinale de
GSNO. Cette perméabilité apparente élevée lorsqu’il est encapsulé dans les
microparticules, associée a une solubilité élevée, fait passer GSNO en classe Il de la
classification biopharmaceutique.

La réduction de la taille des grains de GSNO (de 40 um a moins de 10 um) initi€ée en
collaboration avec la société StaniPharm devrait, d’aprés la littérature, conduire a une
meilleure encapsulation et a une libération prolongée de GSNO avec les
microparticules S/H/E. Cependant, les premiers essais en fluide supercritique
présentés dans cet article n’ont pas été concluants, a cause de la grande fragilité et
de I'hydrophilie du GSNO.

Par ailleurs, les parametres critiques des particules (taille et contenu en GSNO) sont
maintenus jusqu’a 1 mois apres lyophilisation et stockage a 4°C pour les

microparticules et jusqu’a 3 mois pour les nanoparticules. Les suspensions fraiches

28



de particules n’étant stables qu’une journée, cette stabilisation représente une
avancée majeure, car elle permettra d’optimiser les campagnes de préparation des
particules et de les envoyer éventuellement vers d’autres laboratoires pour la
réalisation de tests précliniques. Les particules chargées en GSNO développées
pourraient ainsi représenter une nouvelle opportunité thérapeutique pour un traitement
chronique, par voie orale, des pathologies associées avec un déficit en monoxyde

d’azote

29



Pour conclure, les objectifs de ce travail étaient de mettre en évidence les mécanismes
de la perméabilité intestinale de différents S-nitrosothiols et leur capacité a former un
stock de NO mobilisable dans la paroi vasculaire, ainsi que de développer des
formulations adaptées pour le traitement oral des maladies cardiovasculaires. Nous
avons démontré : 1) que les trois RSNO étudiés peuvent étre administrés par voie
orale (avec une permeéabilité intestinale moyenne) ; 2) qu’ils peuvent tous trois former
un stock vasculaire de NO mobilisable pour une vasorelaxation ou pour induire une
hyporéactivité a un agent vasoconstricteur. Tout ceci dans le cadre d’'un endothélium
lésé, ce qui est prometteur dans le contexte des maladies cardiovasculaires, souvent
liées a une dysfonction endothéliale; et 3) qu’il est possible d’augmenter
significativement la perméabilité intestinale du GSNO grace a des formulations, en
particulier les microparticules obtenues par la méthode d’émulsion solide-huile-eau.

Ce travail ouvre de nombreuses perspectives a la fois pharmacologiques et
galéniques. Par exemple, une localisation plus fine du stock vasculaire de NO ainsi
gu’une identification des protéines nitrosées (par une technique de biotin-switch
associée a la spectrométrie de masse, déja développée dans I'équipe) pourrait étre
entreprise afin de mettre au jour de nouvelles cibles de NO. Idéalement, les méthodes
analytiques devraient également permettre de réaliser une pharmacocinétique
compléte des RSNO administrés (libres ou formulés). En ce qui concerne la
formulation, de nombreuses optimisations pourraient étre recherchées (meilleure
encapsulation, libération plus longue, encapsulation d’autres donneurs de NO -
RSNO, amidoximes, ou autres-, co-encapsulation de différents principes actifs,
modification des polymeéres par exemple avec des groupements donneurs de NO, ...).
Cependant, les formulations développées dans ce travail pourraient d’ores et déja étre
administrées chez I'animal sain, pour vérifier la formation du stock vasculaire de NO,
ou dans des modéles pathologiques (athérosclérose ou accident vasculaire cérébral,

par exemple).



Chapter 1. Introduction
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1.1 Nitric oxide

Nitric oxide (NO) is a gaseous radical, whose biosynthesis and cellular signaling
mechanisms were discovered in the 1980’s*. As one of the most important signaling
molecule, NO is involved in different organs and systems (such as cardiovascular
system>®, immune system?3 and nervous system’) where it is responsible for
modulating various effects®® (Figure 1). Among others, NO can be regarded as a
potent vasodilator, a regulator of platelet adhesion, a neurotransmitter, an antimicrobial
agent, a tumor mediator and an angiogenesis promoter'®!l. Thus, researchers from

different disciplines have proposed NO as a potential therapeutic.
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* Microvascular tone regulation
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* Microvascular permeability
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Figure 1. An overview of nitric oxide (NO) physiological activities in various systems?°,

As an important second messenger, NO is synthesized by three different isoforms
of nitric oxide synthases (NOS): neuronal NOS (nNOS), inducible NOS (iNOS), and
endothelial NOS (eNOS)*. nNOS was first discovered in neuronal tissue and eNOS
in vascular endothelial cells. INOS is the inducible isoform found in a wide range of

tissues and cells. NO is constitutively generated by nNOS or eNOS at relatively small

32



concentration (10 nM) for signaling. However, NO synthesized by the inducible isoform
(INOS), works as a response to inflammation, leading to high (more than 1 uM) and
cytotoxic local concentrations of NO'213, These three NOSs isoforms catalyze the
synthesis of NO through a two-step reaction starting from L-arginine (L-Arg)
transformed in an amidoxime intermediate, the N-hydroxy-L-arginine (NHA) to finally

form L-citrulline and NO* (Figure 2).
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Current Opinion in Chemical Biology

Figure 2. The synthesis of nitric oxide by nitric oxide synthases??.

1.2Nitric oxide and cardiovascular diseases (CVD)
1.2.1 Nitric oxide in the cardiovascular system

In cardiovascular system’-17, eNOS is mainly expressed in endothelial cells but
also in platelets, cardiac myocytes and smooth muscle cells (SMCs); nNOS is basically
expressed in the sarcoplasmic reticulum from cardiac myocytes, in autonomic cardiac
neurons as well as ganglia or within vascular smooth muscle cells (VSMCs) (Figure 3).
However, only under oxidative or pro-inflammatory conditions, INOS will be expressed
in a large range of cells such as endothelial cells, cardiac myocytes, nerve cells,
VSMCs, leukocytes and fibroblasts. NO regulates cardiovascular system via two
distinct pathways: one is the activation of the soluble guanylate cyclase (sGC) followed
with the downstream stimulation of Protein Kinase G (PKG), and one direct pathway
through proteins S-nitrosation (the binding of a NO moiety on a thiol group from a

cysteine residue to form an RSNO).

In vessels, NO synthesized by eNOS triggers the relaxation of VSMCs as well as

inhibits their proliferation'” 18, After its diffusion to the vessel lumen, it also mediates

33



angiogenesis and inhibits platelet aggregation and thrombosis.

In erythrocytes, NO reacts with the Fe?* heme of oxyhemoglobin and produce
nitrate ions. Then, the nitrate reductase existing in mammalian tissues reduces nitrate
ions (NO37) to nitrite ions (NO27). In fact, deoxygenated hemoglobin has a nitrite
reductase activity, which reduces NO2™ to NO in hypoxic and acidic environments. In
addition, reversible S-nitrosation of the Cys 93 of hemoglobin might transport NO for
its subsequent release in hypoxic tissues. The reduction of NO2™ and/or S-nitrosation
of hemoglobin promotes NO release followed by-immediate relaxation of hypoxic
tissues'®. The diffusion and bioavailability of NO in VSMCs are regulated by
hemoglobin-a (Hb-a) at the myoendothelial junction and by cytoglobin in muscle cells.
In addition, NO synthesized through nNOS in the VSMCs also help to regulate the

vascular tone20-22,

In cardiac myocytes, the main roles of NO are the regulation of cardiac contractility
through the modulation of the excitation—contraction coupling, relaxation, and
mitochondrial respiration. In addition, the action of nNOS expressed in cardiac nerves
and postsynaptic eNOS can reinforce the parasympathetic (vagal) transmission
through modulating the sympathetic—-parasympathetic balance, which finally reduces

the heart rate’s.
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Figure 3. NO in the cardiovascular system?®. NO, nitric oxide; eNOS, endothelial nitric
oxide synthase; VSMC, vascular smooth muscle cell; NO;7, nitrite ions; Hb-a, haemoglobin-a;
CYGB, cytoglobin; nNOS, neuronal nitric oxide synthase; B1, adrenergic receptor f1; ACh,
acetylcholine; m2, muscarinic acetylcholine receptor m2; NA, noradrenaline; SNO, S-

nitrosothiol; SR, sarcoplasmic reticulum; T-tubule, transverse-tubule.

1.2.2 NO signaling in vascular beds in health and disease.

Under physiological conditions (Figure 4a), NO synthesized by eNOS inhibits
platelet aggregation and thrombosis. Basically, NO activates soluble guanylate cyclase
in VSMCs by coordination to the ferrous prosthetic of the heme moiety (which is
nitrosylation) which converts the guanosine-5'-triphosphate (GTP) to cyclic guanosine
monophosphate (cGMP). Then, the PKG will be activated in the SMCs. Both cGMP
and PKG lowered the intracellular Ca?* levels through stimulating its reuptake by

sarcoplasmic/ endoplasmic reticulum calcium-ATPase and its extrusion through the
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plasma membrane calcium-transporting ATPase. In addition, the efflux of K* will also
be triggered by PKG through the large-conductance Ca?*-sensitive potassium channel,
which will hyperpolarize the cell and reduce Ca?* entry through the L-type calcium
channel. At last, PKG promotes the dephosphorylation of the myosin light chain
through the associated phosphatase. Together these modifications mediate
vasorelaxation. Perivascular adipose tissue (PVAT) contributes to this effect under
healthy conditions by releasing NO and adiponectin, which activates NO production in
SMCs'518.21.
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Figure 4. NO signaling in cardiovascular system under physiological (left) and pathological

(right) conditions?®. NO, nitric oxide; eNOS, endothelial nitric oxide synthase; sGC, soluble
guanylate cyclase; PKG, protein kinase G; SMCs, smooth muscle cells; SERCA, sarcoplasmic/
endoplasmic reticulum calcium-ATPase; PMCA, plasma membrane calcium-transporting
ATPase; BKca, Ca?*-sensitive potassium channel; LTCC, L-type calcium channel; MLCP,
myosin light chain through the associated phosphatase; PVAT, Perivascular adipose tissue;
APN, adiponectin; NADPH ox, NADPH oxidase; O;", superoxide anion; TNF, Tumour necrosis

factor; LK, leukocyte; MLCK, myosin light chain kinase; SR, sarcoplasmic reticulum.

Under pathological condition (Figure 4b), NO bioavailability will be reduced by
different cardiovascular risk factors through the uncoupling of eNOS and the activation
of Reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, resulting
in superoxide anion production. Reduced NO bioavailability promotes platelet
aggregation, thrombosis, and vasoconstriction. Tumor necrosis factor produced from

PVAT further activates NADPH oxidase. Subsequent endothelial dysfunction,
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increased permeability, and leukocyte diapedesis contribute to the initiation of
atherosclerosis’. As one of the key factors for the initiation and progress of
cardiovascular diseases including atherosclerosis, heart failure, hypertension, arterial
thrombotic disorders and stroke?’22, NO deficiency may result from both endothelium
dysfunction (decreased production) or NO oxidative consumption (increased

metabolism)®.
1.3 NO storage

The first target of NO is sGC, the soluble isoform of the guanylate cyclase®.
However, it is now known that many actions of NO are in fact independent of cGMP. It
has been reported that the cGMP-independent NO signaling pathways are attributed
to S-nitrosation of structurally and functionally important cysteine residues®. In fact, the
S-nitrosation process will produce different S-nitrosothiols (RSNOs), which are the
main components of ‘NO storage pool’ in the body. NO synthesized from NOSs or
coming from exogenous sources will be transferred into different NO storage forms like
nitrite ions, RSNOs, N-nitroso proteins and other compounds like iron-nitrosyl-
complexes (Figure 5). These compounds can act as NO donors or may even possess

intrinsic NO-like activity'6:25,
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Figure 5. S-nitrosothiols (RSNOs) formation and degradation in the body?.
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As physiological compounds, RSNOs are generated through the S-nitrosation of
thiols of low molecular weight (e.g. glutathione, cysteine) or of high molecular weight
(cysteine residues of proteins like albumin, hemoglobin, ...) in the body. The S-
nitrosation reaction between NO and a thiol function is a one-electron oxidation
reaction. As shown in Figure 4, the NOS activation results not only in NO production
but also in NOS auto-S-nitrosation, followed with the transnitrosation of NO. RSNOs
such as S-nitrosoglutathione (GSNO) or S-nitrosoproteins can be generated from NO
through different ways: transition metal catalyzed pathway?®, thiyl radical
recombination, NO oxidation or transnitrosation from other RSNOs?7-28. Indeed, once
formed, GSNO or S-nitrosated proteins can transfer NO to other proteins through
transnitrosation reactions. RSNOs can degrade through different ways (Figure 6): for
example, GSNO degrades through direct denitrosation by enzymes like GSNO
reductase (GSNOR) or Carbonyl reductase (CBR1 or CR1)?’, which lead to the
formation of non-bioavailable NO. Other enzymes like y-glutamyltranspeptidase (GGT)
also help the degradation of GSNO (will be discussed in the chapter about GSNO) In
addition, the Thioredoxin (Trx) can denitrosate the RSNOs and regenerate through the
activity of thioredoxin reductase (TrxR)?6. The protein disulfide isomerase (PDI) also
catalyzes transnitrosation and denitrosation processes through thio-disulfide exchange

reactions.
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reductase; CBR1, carbonyl reductase 1; Trx, thioredoxin; TrxR, thioredoxin reductase.
1.4Nitric oxide donors

An exogenous supply of NO is needed to restore deficient NO levels. Indeed, by
applying gaseous NO directly via inhalation, the pulmonary hypertension was relieved
without systemic vasodilation and hypotension?®. However, this application is still
limited by several shortcomings: such as, its rapid inactivation when stopping NO
administration due to the short half-time of NO; complex operation conditions with high
cost (specific tanks); lack of possibility to treat pathologies at distant sites (NO cannot
reach more than lungs when applied through inhalation). Therefore, a lot of compounds
showing the ability to release NO have been investigated for cardiovascular diseases
treatment and some of them (eg, nitroprusside and nitroglycerin) are or even have
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been used in clinic for decades®*-32, According to different mechanism of NO formation,
some of them are direct NO donors (including NO gas) whereas others require
metabolism33. This will be discussed in the following sections. In addition, two families
(related to our work) among the several new NO donors will be presented: amidoximes
and RSNOs.

1.4.1 Direct Donors

Compounds, which release NO directly are pharmacological agents with either a
nitroso (S-N=0) or nitrosyl (metal-NO) functional group. These direct donors can
spontaneously release NOXx species (nitric oxide related species: different redox forms
of nitrogen monoxides produced by the donor molecule). The most common members
of direct donors are NO gas, sodium nitroprusside, and sodium trioxodinitrate (Angeli’s
salt). NO gas is the most direct form but the complex conditions for inhalation and the
short half time of NO (within second) limits its application34. In sodium nitroprusside
(SNP), NO is coordinated to iron as a nitrosyl group (also connected to 5 nitrile ions)
in a square bipyramidal complex3®. Under physiological conditions, NO can be
released spontaneously from the parent chemical structure. For decades, SNP was
widely used for the acute treatment of heart failure and hypertension. However, the
application of SNP was limited due to parenteral administration, tolerance and side
effects (potential thiocyanate toxicity for long-time administration). Thus, SNP has
been withdrawn from European market in 2017. In Angeli’s salt, NO-, a reduced form
of NO, is released spontaneously under physiological conditions. Distinct from other
redox forms of NO, NO- has an unique effect on vascular smooth muscle: the relaxation
mediated by NO- from Angeli’s salt were more prolonged than those induced by NO37:38,
Besides, compounds like Diethylamine/NO and diethylenetriamine/NO (which belong
to diazeniumdiolate or NONOate [N(O)NO] class) can also release NO
spontaneously®. In these two compounds, NO is covalently linked to diethylamine and
diethylenetriamine. It has been proved that diazeniumdiolates can protect the neuro
system from the neurotoxicity induced by hydrogen peroxide through a rat model.
Other heterocyclic compounds include the oxatriazolium class (sydnonimines) and the
furoxan class*l. These two kinds of NO donors can release NO directly using some

cofactors (oxidants for sydnonimines and thiols for furoxans) 42.
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1.4.2 Donors Requiring Metabolism

NO donors requiring metabolism to release NO are also widely used. For example,
the two classic nitrovasodilator families, nitrite esters and organic nitrates (like amyl
nitrite, isosorbide dinitrate and isosorbide 5-mononitrate nitroglycerin, shown in Figure
7), have been used in cardiovascular diseases for a long time. However, there are
several limitations for these NO donors, including tolerance (i.e. the loss of therapeutic
effect under chronic administration), limited bioavailability, low selectivity as well as
potentially adverse hemodynamic effects*3>#4. Though these limitations, these drugs
are still one the main therapeutics for cardiovascular diseases treatment. As these
organic nitrate esters are prodrugs, they require enzymes to generate NO in the body.
The main enzyme systems involved in the metabolism of organic nitrate/ nitrite esters
is located within microsomal membranes. A lot of evidences suggest that the
cytochrome P-450 (CYP450), the presence of NADPH oxidase as well as the activity
of glutathione-S-transferase, are necessary in the metabolic processes of both de-
nitration and reduction of organic nitrate esters to authentic NO*>46_ |t has also been
proved that the tolerance of these NO donors is related to the increasing angiotensin
Il-dependent vascular superoxide anion production from NAD(P)H oxidase and
eNOS*#"48  Superoxide anion then reacts with NO generated from the NO donors,
producing peroxynitrite ions (OONO")*°. In addition, the tolerance to organic nitrates is
also associated with the cross-tolerance to endothelium-derived NO, both by the
oxidative inactivation of this endogenous NO to peroxynitrite ions and by the

“uncoupling” of eNOS activity®0:51,
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1.4.3 New NO donors

Amidoximes
Amidoximes are oximes of amides with general structure as in Figure 8. These
molecules present many important biological effects and have the capacity of releasing

NO when oxidized by enzymes such as CYP450%2.

H
N,O

P

R” > NH,

Figure 8. Structure of amidoxime function.

The oxidation of amidoxime compounds has two pathways®3:

Nitric oxide Synthase pathway

As described in the Figure 2, nitric oxide is produced by a single pathway during
the oxidation of guanidine function of the L-arginine. The oxidation is catalyzed by
eNQOS, in two steps. The first step is the N-hydroxylation of one of the two guanidino
nitrogens of the L-arginine. This step consumes one mol of NADPH and of O2. The

second step is the oxidation of the intermediate product, NHA, which bears an
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amidoxime function. This step consumes 0.5 mol of NADPH and 1 mol of Oz for the
oxidative cleavage of theC=N-OH bond to produce NO and citrulline. However, it

seems the eNOS can only oxidize NHA, no other amidoximes.

Cytochromes P450 pathway

The first step of the oxidation by NOS resembles a classical P-450 dependent
monooxygenation, which is not the case of the second step since it consumes only 0.5
mol of NADPH. This reaction has been the subject of study of many researchers, which
have proven that the oxidation of not only the NHA, but also other arginine-mimetics

like amidoximes, can be done by the CYP450.

It has been proven by previous work, that many molecules presenting the C=N-
OH function like benzamidoximes, ketoximes, guanidoximes, and arylamidoximes are

capable of releasing NO in the presence of CYP450, NADPH and dioxygen.

One of the studied molecules that released important quantities of NO is 4-

chlorobenzamidoxime®* (Figure 9).

Cl
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-

Figure 9. Structure of 4-chlorobenzamidoxime.

In this thesis, some new amidoximes molecules have been evaluated in the

article 1, as follows:
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Four compounds bearing amidoxime functions were synthetized: (1) 2a,b bearing an aromatic amidoxime
function, (2) 2¢ bearing an aliphatic amidoxime function, and (3) 2d bearing aromatic and aliphatic amidoximes
functions. The ability of these compounds to release NO was evaluated in vitro using the oxidative metabolism of
cytochrome P450 from rat liver microsomes. Results obtained demonstrate that all amidoximes were able to
release NO with a highest amount of NO produced by the 2a aromatic amidoxime. Moreover, all amidoximes

exhibit cytocompatibility with human aorta smooth muscle cells. Using intracellular S-nitrosothiol formation as
a marker of NO bioavailability, compounds 2a-c were demonstrated to deliver a higher amount of NO in the
intracellular environment than the reference. Considering that the concentration of the bis-amidoxime 2d was
two times lower that than of 2a and 2b, we can assume that 2d is the most potent molecule among the tested

compounds for NO release.

Gasotransmitters are endogenously synthesized molecules pre-
senting biological properties. Until today, three gasotransmitters have
been identified." The first described and studied gasotransmitter is ni-
tric oxide (NO)” NO plays a key role in various physiological processes.
In the nervous system, NO controls the neurotransmission, in the im-
mune system, it also acts as a defense against bacteria, parasites, and
tumor cells, and in the cardiovascular system, it controls vascular
homeostasis including blood pressure®* The second gasotransmitter is
carbon monoxide (CO) which plays a role in the cardiovascular system
since it relaxes the vascular vessels and therefor lowers the blood
pressure. CO was also identified as a neurotransmitter. The third and
recently studied gasotransmitter is hydrogen sulfide (H,S) which was
discovered to play an important role in neuromodulation and neuro-
transmission.””

In this study, we focus on the firstly discovered gasotransmitter, NO.
In vivo, NO is produced by oxidation of the guanidine function of 1-
arginine. In the cardiovascular system, this oxidation is catalyzed by the
endothelial nitric oxide enzyme (eNOS) and occurs in two steps.” The
first one is the N-hydroxylation of one of guanidino nitrogen atoms of
arginine consuming one mole of NADPH and one mole of dioxygen. The
second step is the oxidation of the intermediate N-hydroxy-i-arginine

“ Corresponding authors.
E-mail address: axelle.arrault@univ-lorraine.fr (A. Arrault).

https://doi.org/10.1016/j.bmcl.2018.09.009

(NOHA) allowing the breaking of the C=N—OH bond and producing
NO and citrulline (Fig. 1).” This step consumes 0.5 mol of NADPH and
1 mol of dioxygen. The L-arginine oxidation resembles a classical P450
dependent monooxygenation.” This reaction has been the subject of
extensive studies and it has been demonstrated that the oxidation of
NOHA, but also of other arginine-mimetics like amidoximes, can be
performed by cytochromes P450.”

Jousserandot et al. were the first to describe the oxidation of some
amidoximes by cytochromes P450, using rat liver microsomes in the
presence of NADPH and dioxygen.'”'" Their work focused on the
quantification of nitrite ions released by aromatic amidoximes sub-
stituted by para electron-donating substituents, such as Cl, that were
demonstrated to exhibit the highest NO release rates.'’ Other studies
were devoted to the synthesis of prodrugs bearing an amidoxime
function and on their effects on many diseases like cardiovascular dis-
ease. These reports showed the capacity of seventeen different ami-
doxime prodrugs to inhibit platelet aggregation, thrombus formation
and to decrease blood pressure in spontaneously hypertensive rats.'”'”
Some aliphatic bis-amidoximes showed the highest inhibition of
thrombus formation while the aromatic mono-amidoxime bearing a p-
CF; group was demonstrated to be of high efficiency for the decrease of
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Fig. 2. Synthesis of amidoximes.
the blood pressure.® Furthermore, the capacity of some amidoxime Cl
functions to induce vasorelaxation of rat aortic rings after the NO re-
lease was also highlighted.'*'®
In this work, the synthesis of mono-amidoximes 2a-c substituted by H2N
various electron-donating groups in the para position and of a bis-
amidoxime 2d, bearing one aromatic and one aliphatic amidoxime I
function, is described from the corresponding nitriles (Fig. 2). /N
Nitriles 1a and 1b are commercially available, while 1c and 1d were HO

prepared from the corresponding bromides by nucleophilic substitution
using KCN in DMF. The synthesis of amidoximes 2 from nitriles 1 was
performed either in ethanol using hydroxylamine hydrochloride asso-
ciated to Na,CO3 or using an aqueous solution of hydroxylamine and a
protocol adapted from Ovdiichuk et al."®'® The synthetic conditions are
listed in Table 1 in the Supporting Information. Aromatic nitriles 1a and
1b could easily be converted into amidoximes 2a'”“” and 2b'**' using
hydroxylamine hydrochloride and Na,COs. Due to the lower reactivity of
aliphatic nitriles compared to aromatic ones, compound 2¢'” could only
be prepared from 1c with a modest yield of 37% under these synthetic
conditions. With aliphatic nitriles, better conversions were obtained using
a solution of hydroxylamine in water and 2¢*** was isolated with 60%
yield after column chromatography. Under these reaction conditions, bis-
amidoxime 2d”*** was obtained in 40% yield.

The ability of compounds 2 to release NO by oxidation was first
evaluated using rat liver microsomes containing cytochromes P450 in
the presence of NADPH and dioxygen (see Supporting Information). 4-
Chlorobenzamidoxime (Fig. 3), which is known to release high amounts
of NO in the presence of cytochrome P450,"" was used as a reference.

After 10 min of incubation with rat liver microsomes and NADPH,

3330
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Fig. 3. Structure of 4-chlorobenzamidoxime.

supernatants were collected for nitrite ions quantification using the
Griess assay (see Supporting Information). Four control samples were
prepared for each molecule, namely without microsomes, without
amidoximes, without NADPH and finally using nitriles 1 instead of
amidoximes 2. The amount of nitrite ions measured in these controls
was subtracted from the values measured with amidoximes 2. As can be
seen from Fig. 4, all compounds 2 generate nitrite ions, indicating their
ability to be oxidized by rat liver microsomes and NADPH. The nitrite
ions release was the highest for compounds 2a and 2b (2.4 and
1.5 nmol NO, ™ /mg P450 for 10 min, respectively). Noteworthy is that
these values are higher than that obtained for the reference (1.3 nmol
NO, ~ /mg P450 for 10 min). The modest capacity of compounds 2¢ and
2d to produce nitrite ions may originate from their inadequate size/
shape that does not allow their fast oxidation by the enzyme and/or to
the lower reactivity of aliphatic amidoximes in the oxidation reaction.
Compound 2a is of high interest due to its high capacity of release NO
compared to the reference.
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Fig. 4. Concentration of released nitrite ions from compounds 2 and the re-
ference after a 10 min incubation with microsomes. Results are presented as
mean + SEM of three to five independent experiments and compared with a
One-way ANOVA; * p < 0.05 versus reference.

We further evaluated the capacity of compounds 2 to release NO in
the presence of human vascular smooth muscle cells (HVSMC). In
preliminary experiments, the cytocompatibility of amidoximes 2 to-
ward the HVSMC was evaluated (see Supporting Information). As
shown in Fig. 5, except 2a which induced the lowest cell viability at
100 uM (74.67% = 2.03), HVSMC cells remained alive and active in
the presence of amidoximes even used at high concentration. Further
experiments were conducted at the 100 uM concentration to reach NO
releases higher than the limit of detection of the fluorometric method
used (vide infra). Noteworthy is also that the cytotoxicity observed at
100 uM was detected after 24 h-incubation while the release test re-
quires only a 1 h-incubation.

For NO release experiments using amidoximes 2, S-ni-
trosoglutathione (GSNO),”” a well-known NO donor, able to deliver
bioavailable NO for smooth muscle cells and blood vessels,”® “* was
prepared and used as a reference. HVSMC cells were seeded in 6-wells
plates 48 h before incubation with compounds 2 for 1 h at 37 °C. Ami-
doximes 2a-c¢ and GSNO were used at 100 uM while compound 2d
bearing two amidoxime functions was used at 50 uM. After washing and
lysis of the cells, S-nitrosothiols (RSNO) and nitrite ions were im-
mediately quantified using a fluorometric method based on the reaction
of NyO3 with 2,3-diaminonaphthlene producing naphthotriazole that

B3 0.001 uM
3 0.01 uM
9 B 0.1uM
- | 1um
= B 10uM
g B 100 M

0

&£ P P e
Q—q}e&
Fig. 5. Viability of the smooth muscle cells after 24 h incubation at con-
centrations ranging from 0.001 to 100uM. Results are presented as
mean * SEM of three to four tests and compared with a two-way ANOVA for
compound 2a; * p < 0.001 100 pM versus all the concentrations.
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Fig. 6. RSNO intracellular concentration after a 1h incubation of smooth
muscle cells with 100 uM of each compound except 2d that was used at 50 pM.
Results are presented as mean * SEM of three independent experiments and
compared with a One-way ANOVA; * p < 0.05 versus reference; # p < 0.05
versus GSNO (Dunnett’s multiple comparisons post-test).

emits at 415nm after excitation at 375nm (see Supporting
Information).”” The RSNO quantification corresponds to the released
NO able to react with cell proteins thiol groups (intracellular S$-ni-
trosation).” Control cells incubated with PBS containing 0.1% DMSO
were under the limit of detection for both RSNO and nitrite ions. Fig. 6
shows that all compounds induced the formation of RSNO inside the
cells. In all cases, the concentration of nitrite ions was under the limit of
quantification of the method. GSNO, 2a, 2b and 2d produced a sig-
nificantly higher RSNO intracellular concentration (0.20 + 0.01 uM,
0.21 = 0.01 uM and 0.17 = 0.02 pM, respectively) compared to the 4-
chlorobenzamidoxime reference (0.03 % 0.03 uM). The intracellular S-
nitrosation process is less pronounced for 2e, which contains a similar
aliphatic amidoxime function than 2d. Noteworthy is that compounds
2a, 2b and 2d exhibit a higher potential than GSNO to generate in-
tracellular RSNO.

Among all new synthesized amidoximes, 2a and 2b seem the most
potent since they showed very high NO release compared to other
mono-donors like the reference and GSNO. On the other hand, 2d is
also of high interest since its ability to release NO and thus to increase
NO storage through RSNO formation inside the cells is similar to
compounds 2a and 2b but at a twice lower concentration.

In summary, a series of mono- and bis-amidoximes were syn-
thesized and tested for their capacity to release NO. Using rat liver
microsomes, only the aromatic mono-amidoximes 2a-b showed
high ability to release NO in the presence of cytochromes P450,
while the aliphatic mono-amidoxime 2¢ and the bis-amidoxime 2d
exhibit weaker NO liberation capacity. All of the studied amidox-
imes were demonstrated to be cytocompatible with human vascular
smooth muscle cells and were further tested for their ability to
deliver NO inside the cells. Amidoximes 2a, 2b and 2d showed a
high capacity to form intracellular RSNO indicating that these
compounds were able to enter the cells and to be oxidized by the
P450 of smooth muscle cells. The lowest delivery of NO inside the
cells was observed with aliphatic amidoxime 2¢. Among the ami-
doximes able to form a high amount of intracellular RSNO, bis-
amidoxime 2d is of high potential since its concentration was two
times lower than that of other amidoximes. This makes new bis-
amidoxime 2d of interest since it should allow to halve the drug
dosage and thus to reduce the potential secondary effects. Results
obtained with mono-amidoximes 2a-b show their high capability of
being used as NO donors and these compounds are among the best
existing mono-NO-donors reported to date.
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were purified by flash chromatography using methanol/dichloromethane (10/90) as
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solution (50 wt. % in Hz0). The reaction was heated to reflux for 24 h. After cooling
to room temperature, the solvent was evaporated and the residue was extracted with
ethyl acetate (2 x 30 mL). The organic phase was washed with water, dried over
MgSO, and finally concentrated under vacuum. The product was purified by flash
chromatography using methanol/dichloromethane (10/90) as eluent.
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Har), 5.32 (s, 2H, NHz), 3.95 (t, J = 6.2 Hz, 2H, O-CH,), 2.02 (t, J = 7.2 Hz, 2H, CH,),
1.73-1.61 (m, 4H, (CH,);). '*C NMR (75 MHz, DMSO-dg, 25°C): & = 158.6, 1526,
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(w), 660 (m). (ESL m/z): MH", found 209.1323. C;,H;5N205 requires 209.1285.
N-Hydroxy-4-[4-(N-hydroxycarbamimidoyl)-butoxy]-benza e: Green powder.
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S-nitrosothiols

As described in the Figure 5 and 6, RSNOs (such as GSNO and S-
nitrosoproteins) can be synthesized through different ways in the body. RSNOs
are regarded as promising candidates for the treatment of cardiovascular
diseases because of their advantages over the existing drugs: they do not share
the shortcomings of organic nitrates and nitroprusside, including oxidative
stress or tolerance induction. Several initial clinical studies showed that RSNOs
may be of benefit in different cardiovascular diseases®®. As shown in Figure 10,
members of this class include GSNO, S-nitroso-N-acetyl-penicillamine (SNAP),

S-nitroso-N-acetyl-L-cysteine (NACNO)...

N-© _O N=O
| N~= |
S . S
o) o) h O o S o
N OH
HOWN \)LOH )J\NLFOH )J\H
NH, ! H o5 O
GSNO NACNO SNAP

Figure 10. Structure of GSNO, NACNO and SNAP®6:57,

The stability and biological chemistry of RSNOs

One of the most important parameters for the degradation of S-nitrosothiols
are metal ions (specifically copper and iron). Even traces of contaminating
metal ions can degrade RSNOs, that is why published half-lives for S-
nitrosothiols are more a measure of water purity than of compound stability>® if
no metal ion chelator is used. The common biological S-nitrosothiols are stable
for several hours in the presence of the metal ion chelator
diethylenetriaminepentaacetic acid. Their stabilities decrease in the order

GSNO>SNAP>S-nitrosohomocysteine>S-nitrosocysteine in the absence of the
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metal ion chelator in pH 7.4 phosphate buffer®’. The decomposition caused by
copper (Il) leads to the formation of nitric oxide without any thiyl radicals
formation, which indicates that the breakdown mechanism of S-NO bond is not
homolysis 7. Another parameter accelerating RSNOs degradation is the light.
Unlike copper (ll), photolysis promote the hemolytic cleavage of the S-NO
bond®8. A strong direct light can significantly reduce RSNOs concentration. The
room light is sufficient to produce a small quantity of nitric oxide in a solution of
RSNOs. So, RSNOs (powders or solutions) should be stored in the dark. In
addition, thermal decomposition is also regarded as a key factor for the
decomposition of RSNOs®’. The mechanism of this appears to be similar to
photolysis, with homolytic cleavage producing NO and an alkyl thiyl radicals.
There are still other parameters, which will decrease the stability of RSNOs like
enzymatic decomposition: for example, GGT can cause the decomposition of
GSNO®°. Several enzymes are involved in the degradation of RSNOs and they

will be discussed later in the manuscript (in vivo metabolism of GSNO).

RSNOs are biologically involved in 3 main reactions (Figure 11): nitric oxide

release, transnitrosation and S-thiolation®°.

RS+ NO-

Direct Eftfects R'SNO + RSH

RSH + NO- R'SSR + NO”
RSSR + NO-

Figure 11. Biological activity of RSNOs*®°.

50



Nitric oxide release

As mentioned above, nitric oxide is easily generated from RSNOs in the
presence of metal ions such as copper ions, iron ions and reducing agents.
Copper (Il) can directly and catalytically decompose RSNOs. This reaction
generates nitric oxide and thiol disulfide but does not appear to proceed
through a thiyl radical intermediate. The mechanism is fairly well established:

2GSNO + Cu’" = GSSG + Cu”" +2-NO
GSNO + Cu® -GS~ + NO + Cu®’

Transnitrosation

In transnitrosation process, the nitroso functional group is transferred from
one S-nitrosothiol to another thiol function. Transnitrosation occurs by
nucleophilic attack of the thiolate anion on the nitrogen of the S-nitrosothiol.

RSNO + R'SH = RSH+R'SNO

This reaction is reversible because its products are still a thiol and a S-
nitrosothiol®l. When the transition occurs from a relatively stable S-nitrosothiols
(e.g. GSNO or SNAP) to the thiol function of cysteine amino acid, a relatively
unstable S-nitrosocysteine will be formed. S-nitrosocysteine can decompose
and release NO in the presence of Cu* or spontaneously®?63. Transnitrosation
represents an important way to transfer ‘NO’ from species to species inside
cells, which is regarded as a potential mechanism for the modification of protein

activity®*.

S-Thiolation

S-thiolation reaction occurs through the nucleophilic attack of the sulfur of
RSNOs by a thiolate anion, producing a disulfide and nitroxyl anion%%¢. The S-
thiolation of proteins has been regarded for a long time as an intracellular

response to oxidative stress. When enzymes were incubated with RSNOs, both
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S-nitrosation and S-thiolation occured®’:8. However, exposure of cells to
nitrogen oxides led to extensive intracellular S-thiolation®®. Thus, S-thiolation is

a more stable modification than S-nitrosation.
RSNO + R'S™T —RSSR + NO

In addition to these three biological reactions, some RSNOs can have
direct effects. On the one hand, it has been suggested that GSNO acts as a
substrate for several enzymes utilizing glutathione (GSH), such as the GGT
and the glutathione peroxides®®. On the other hand, several RSNOs like

GSNO, SNAP can S-nitrosate sGC, which will inactivate the enzyme°.
1.5 GSNO

GSNO, as one of the main intracellular RSNOs, seems to be a good choice
as drug candidate with several advantages over others RSNOs: i) GSNO is a
physiologic RSNOs with no side effects. ii) it is relatively stable compared to
other endogenous RSNOs; iii) dedicated enzymes like the GGT are able to
catalyze the release of NO only from GSNO and not from other natural (e.g. S-

nitrosoalbumin) nor synthetic RSNOs (e.g. NACNO and SNAP).
1.5.1 Chemical Synthesis of GSNO

GSNO is easy to synthesize through the reaction between GSH and nitrous
acid. This reaction is efficient and fast with high yield. Unlike most low-molecular
weight RSNOs, GSNO can be precipitated with acetone, which results in a pink
solid powder. Other nitrosating agents could be used for GSNO synthesis, such
as nitrosonium, nitrosonium chloride, tetrafluoroborate, dinitrogen tetraoxide
and dinitrogen trioxide®® 1. However, reaction between GSH and nitrous acid is
the most frequently used with both a simple procedure and a high yield. The

original study by Hart’? showed an extinction coefficient for GSNO of 922 M~'
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cm™" at Amax = 335 nm, which is in agreement with the result measured in our

lab with the value as 922 M~ cm™" at Amax = 334 nm’3.
1.5.2 In vitro stability

Similar with other RSNOs introduced above, GSNO shows a low stability
in aqueous solutions. A possible explanation is the mesomerization of the S-
NO bond. The distribution of those mesomers depends on the electrophile and
nucleophile groups in the S-NO bond environment.

GSN=0 =— GS™=NO

Published half-lives of GSNO are not unified and are clearly condition-
dependent. Basically, several mechanisms are involved in the decomposition
of GSNO, including S-NO bond homolysis in the thermal/photolysis
decomposition, metal ion-catalyzed (mainly Cu?*) decomposition, heterolysis,
and hydrolysis.

A T

GS-NO GS' + NO
2GS-NO 7 6856 + 2N0
2GS-NO * H,0 + 0, —= GSSG + NO, + NOy + 2H'
As GSNO is easy to degrade under all these conditions, it is important to
develop dosage forms to protect GSNO from degradation for the different

therapeutic applications.
1.5.3 In vivo metabolism

A summary of the four main enzymatic metabolisms of GSNO is presented

in Figure 12. They will be subsequently discussed in the text.
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Figure 12. In vivo metabolism of GSNO through different enzymes: 1. GSNO
reductase (GSNOR)/carbonyl reductase 1 (CR1); 2. thioredoxin system (Trx); 3. protein

disulfide isomerase (PDI); 4, y-glutamyltranspeptidase (GGT).

GSNO reductase (GSNOR) and carbonyl reductase 1 (CR1):

These two enzymes are able to catabolize GSNO without any release of
NO. GSNO reductase reduces GSNO using NADH as a cofactor. The product
GSNHOH is an intermediate, which can either rearrange and being hydrolyzed
to produce GSO2H and ammonia or react with GSH and produce GSSG and
NH20H"4. Through catalyzing the breakdown of GSNO, GSNOR can modulate
intracellular reactive nitric oxide availability. In addition, it can also indirectly

regulate RSNOs through GSNO-mediated protein S-nitrosation’®.

Compared with GSNOR, CR1 is one of the most recent addition to the list
of GSNO reducing enzymes’®. Similar to GSNOR, the catalytic reaction of

GSNO by Carbonyl reductase 1 produces the same intermediate product.
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Thioredoxin system (Trx) and Protein disulfide isomerase (PDI):

The thioredoxin superfamily is a large multigene family that contains five
main protein groups: Trx, PDI, glutaredoxins, glutathione peroxidases, and
glutathione-S-transferases. All the members share a common structural
arrangement and are major players in oxidative protein folding. Among them,

Trx and PDI play important roles in the metabolism of GSNO.

The thioredoxin system plays a critical role in both control and maintenance
of redox homeostasis, and this system comprises three main members: Trx,
TrxR, and NADPH"’. Trx has two isoforms: Trx1 mainly localizes in the cytosol
and the nucleus; Trx2 localizes in the mitochondria. Through their vicinal dithiols
at the active site, they are able to reduce protein disulfides. Reduced Trx (Trx-
(SH)2) reacts directly with a protein disulfide and produces a reduced protein
dithiol and oxidized Trx (Trx-S2). Although Trx has been regarded as a target of
S-nitrosation for a long time, it has also been identified as a main player in the
reduction of low-molecular weight and protein S-nitrosothiols. Trx plays a critical
role in both denitrosation and transnitrosation reactions’8-8%.In denitrosation,
reduced Trx reacts directly with the low-molecular weight RSNOs (like GSNO)
and protein RSNOs. In transnitrosation, Trx is S-nitrosated, leaving behind a
thiol. Then, the S-nitrosated Trx will be turned over and nitroxyl will be released
to form oxidized Trx. The oxidized Trx can be reduced by the TrxR and NADPH.
The Trx system has been hypothesized as the primary regulator of the S-nitroso
proteome in most tissues because of its more ubiquitous expression than

GSNO reductase and carbonyl reductase®°.

PDI is an enzyme has two catalytic sites composed of two cysteine
residues, which catalyzes the breakage and formation of disulfide bonds
between cysteine residues in proteins to fold proteins. The catalyzing

mechanism of PDI is similar to RSH-RSNOs exchange reaction®’. The protein
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disulfide isomerase regulates intracellular transfer of nitric oxide through
catalyzing transnitrosation and denitrosation. It has been reported that PDI can
denitrosate GSNO and it is suggested that NO released through this reaction
combines with dioxygen in the hydrophobic environment and generates N203%2.
This "NO-charged PDI" can perform both intramolecular and intermolecular S-
nitrosation reactions. Reduced PDI can denitrosate S-nitrosated PDI to release

NO.

y-glutamyltranspeptidase (GGT):

As an enzyme on the extracellular cell surface, the y-
glutamyltranspeptidase is involved in the catabolism of GSH and GSH adducts
and the processing of thiol-based leukotrienes 83. The enzyme transfers the y-
glutamate group from glutathione and leaves cysteinyl-glycine through either
hydrolysis or in the presence of a co-substrate like glycyl-glycine®*. It has been
reported that GGT can use GSNO as a substrate, producing S-
nitrosocysteinylglycine to accelerate the degradation of GSNO. GGT appears
to work when GSH crosses cell membranes to deliver extracellular cysteine®.
In addition, the substrates for GGT include many substituted derivatives of GSH,
and GSSG, and GGT acts to degrade and recycle both GSSG and the products

of glutathione S-transferase activity®.

Other enzymes-dependent mechanisms

In has been suggested that other enzymes also play a role in the
metabolism/degradation of GSNO. These enzymes include glutathione
peroxidase®, xanthine oxidase®” and CuZn superoxide dismutase®. In the
work of Hou et al®, glutathione peroxidase alone catalyzed the GSNO, without
the presence of any thiol or H202. Under aerobic conditions, xanthine oxidase
showed its ability to induce the decomposition of GSNO in the presence of

purine or pteridine substrates®”. CuZn superoxide dismutase® was able to
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catalyze the GSNO decomposition in the presence of GSH and result in the
production of NO. Through these enzymes, the reaction products are nitric
oxide, GSH or glutathione disulfide. However, it has been shown by kinetic
measurements that their reactions are much less efficient than the other

enzymes (GSNOR, Trx system or GGT)®°.
1.6 GSNO related delivery systems and therapeutic potentials

Due to the low stability of GSNO in vitro and in vivo, an ideal formulation
should protect it from decomposition while ensuring suitable localization and
kinetics of drug delivery. GSNO, as a small hydrophilic drug, could diffuse very
easily, which may cause two issues: low encapsulation efficiency (during
formulation process) and initial burst (i.e. massive drug release over a short
time period after administration). The main delivery systems previously reported
for GSNO will be discussed in detail in the following sections. They were
categorized according to the administration route: (i) intravenous, (ii) topical,

(iii)parenteral other than intravenous (implants) and (iv) oral.
1.6.1 Intravenous administration

Intravenous (V) therapy delivers liquids directly into a vein. The therapeutic
potential of GSNO was evaluated in humans through IV administration,
focusing on its ability to effectively decrease platelet aggregation and blood
pressure (as shown in Table 1). GSNO showed its antiplatelet effect at low
dosage (2.5 mg IV for healthy women) without hemodynamic changes®.
Similarly, Moncada et al.®" have reported that when applied to patients
undergoing percutaneous transluminal coronary angioplasty, small IV doses
(4.4. nmol/kg/min) of GSNO inhibited platelet aggregation without decreasing
blood pressure. These results have been supported by several similarly

designed experiments, which applied low dosage GSNO to reduce platelet
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aggregation®®92-%4 as well as embolization%-%’. It has been suggested that the
antiplatelet effect of GSNO is driven by the high expression of cell surface
protein disulfide isomerase on platelets surface, catalyzing the release of NO®%,
However, at higher dosage GSNO caused hypotension to healthy adults®,
which come from the vasodilation effect of NO. Indeed Rassaf'® described that
infusion of GSNO at 30 umol over 1 minute induces vasodilation and causes
hypotension to healthy adult humans. All these studies reported
pharmacological effects (anti-platelet aggregation, embolization and

hypotension) of GSNO with minimal or no side effects.

Through 1V, GSNO was not only administrated as a solution, but also as a
suspension of nanoparticles in some preclinical studies. For example, Duong'?’
and his group obtained self-assembled nanoparticles through GSNO-
conjugated diblock copolymers (2-vinyl-4,4-dimethyl-5-oxazolone  and
oligoethylene glycolmethacrylate), which showed a high stability with sustained
release (over 80% of NO released from the nanoparticles after 24 h in the
presence of ascorbic acid). After decoration with vitamin A for liver targeting (the
therapeutic aim was reducing portal hypertension), these nanoparticles were
intravenously administrated to rats (with GSNO concentration equivalent to 500
MM in rat blood). They preferentially accumulated in the liver as expected, so
they could be applied to alleviate liver fibrosis and portal hypertension. Delivery
of GSNO through IV route has several merits, such as rapid onset drug effect,
direct delivery to the blood and precise control of drug quantities. However, low
patient compliance and short drug duration time are the main drawbacks of
intravenous delivery. Thus, other delivery systems of GSNO have been

developed.
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Table 1. GSNO related intravenous delivery systems

2.5 mg GSNO over 30 min

Young healthy wome : 90
oung heaithy women (about 4.1 nmol/kg/min)
No
PatlentS W|th unStab|e hemodynamic
Inhibition of platelet activation angina h
. ) changes were 2.2 or 4.4. nmol/kg/min 91
and patients with acute observed
myocardial infarction
Coronary bypass 40 nmol/min 92
patients (0.67 nmol/kg/min)
Free GSNO Reduced h tensi
© u;i q ){:t:eetnsmn Preeclamptic pregnant 50-250 pg/min for 60-90 min 93
P . women (2.5 to 12.5 nmol/kg/min)
aggregation
No
Percutaneous hemodvnamic
Inhibition of platelet activation transluminal coronary y Not mentioned 94

: . changes were
angioplasty patients

observed
Endarterectomy Dose titrated not .
L . ) . 2.2 or 4.4. nmol/kg/min 95-
Reduced embolization patients, Carotid to induce g

. : . 97
angioplasty patients hypotension
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Platelet activation Not significant 0.2, 1, and 5 nmol/min
Inhibition and vasodilation vasodilation (0.003-0.083 nmol/kg/min)

Vasodilation and 30 umol over 1 minute 99

hypotension (500 nmol/kg/min)

Free GSNO Healthy humans Com_paratl\(;e n

Vasodilation in dorsal in\\llli\tlrc;irt]u o 1 pmol/min to 160
hand vein and forearm among nmol/min 100

arteries nitre (0-2.7 nmol/kg/min)

vasodilators
Nanopatrticles Liver accumulation Rats 101
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1.6.2 Topical administration

Besides |V, topical administration has been considered as another
important delivery way of GSNO with several advantages: the drug can act
locally or reach the bloodstream, while avoiding the first pass metabolism (as
IV route); it also provides a prolonged contact with the drug (Table 2). In the
report of Seabra et al.'%2, an hydrogel containing GSNO was applied on the skin
of healthy humans, thus increasing the local microcirculatory flux with no
systemic side effect. In addition to skin, GSNO was applied to mucosal surfaces
(especially airway mucosa) as well. It was reported that mucosal GSNO can
induce bronchodilation by releasing NO, which is an important therapeutic
agent in pulmonary diseases such as asthma'®3, In the study of Hurley et al.’%4,
a nebulized GSNO inhaler effectively improved oxygenation in cystic fibrosis
patients. However, a lot of studies reported in the literature with interesting
results only include in vitro and preclinical tests on cells or animals. For example,
through incorporation of GSNO into poly(ethylene glycol) (PEG) matrices,
Seabra et al.'% obtained a formulation suitable for topical administration and
showed its potential to enhance the percutaneous absorption of NO. In addition,
Seabra et al.'%6.197 g|so succeeded in incorporating GSNO into films of blended
poly(vinyl alcohol)/poly(vinyl pyrrolidone) (PVA/PVP). These films could be
applied to enhance wound healing in diabetes through releasing GSNO/NO. As
these polymeric films protect GSNO from degradation and provide controlled
local NO release, several GSNO loaded films made of different materials have
also been developed. Simoes and de Oliveira’® applied PVA to encapsulate
GSNO and the final product films promoted local vasodilation. Kim et al.%®
found that chitosan films containing GSNO were able to help wound healing
with antibacterial effects. In the work of Yoo et al.'"%, GSNO was incorporated

into films made of three different materials (Carbopol, hydroxypropyl
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methylcellulose (HPMC) and PEG). These films enhanced the vaginal blood
perfusion in a rat model and showed no cytotoxic effects, which means they
might be regarded as potential treatments for female sexual arousal disorder.
In addition, PluroniceF-127 hydrogel'''-''3 or chitosan'* gel have also been
developed to load GSNO with sustained and biologically effective release of
NO. This PluroniceF-127 hydrogel was used to different topical applications such
as GSNO delivering to targeted tissues', decreasing pain related to
inflammation’? as well as acceleration of ischemic wounds healing''3. In the work
of Hlaing et al."®, GSNO loaded poly(lactide-co-glycolide) (PLGA) microparticles
were obtained through solid-in-oil-in-water (S/O/W) double emulsion with solvent
evaporation technology. These microparticles were applied onto skin lesions
infected with methicillin-resistant Staphylococcus aureus and enhanced

drastically their healing, in a rat model.
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Table 2. GSNO related topical delivery systems

local microcirculatory

Hydrogel F-127 flux increase without any systemic side Human skin 102
effects
Free GSNO Bronchodilation Pig lung 103
Patent inhalation Improving oxygenz_itlon without _Lung_ of cy_stlc 104
any systemic side effect fibrosis patients
Matrices PEG Potential to enhance t.he percutaneous Not mentioned 105
absorption
PVA/PVP Accelerate the wound healing in diabetes  Not mentioned 106,107
Local vasodilation promotion effects or as .
i PVA ) Human skin 108
Films dermal wound dressing

Chitosan Wound healing and antibacterial effects Rat skin 109
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: . . Potential treatment option
HPMC and Enhanced the vaginal blood perfusion in a rat Vaginal P

Films . for female sexual arousal 110
PEG model; no cytotoxic effects mucosa of rat .
disorder

. . : Sustained and biologicall
Deliver GSNO to target tissues Not mentioned . gleally 111

effective release of NO
Hydrogel F-127 Inflammation pain Not mentioned 112
Ischemic wounds Human skin 113
Gel Chitosan Not mentioned Rat skin 114

Microparticles PLGA Antibacterial Rat skin 115
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1.6.3 Implants

Some researchers worked on delivering GSNO through different types of
implants, which are complex parenteral delivery systems (Table 3). Advantages
of theses formulations are to be effective, with reduced side effects and with
long periods of steady delivery, so it is easier to maintain the plasma drug levels
in the desirable range for the treatment. Parent et al.''® elaborated porous
biodegradable 3D scaffolds made of PLGA)/poly(E-caprolactone) (PCL) blend
loaded with GSNO. When muscle cells were dropped onto it, it allowed
intermediate cells anchorage with an increase in protein production while
cellular metabolic activity and redox balance were maintained. These
preliminary results could pave the way for a potential application in
cardiovascular tissue engineering. In addition, Parent et al.'” also developed
in situ GSNO-loaded formulations (implants and microparticles) using PLGA.
After a single subcutaneous administration to healthy rats, these formulations
showed a less pronounced but more sustained hypotension compared to free
drug, and were able to prevent transient platelet hyper-responsiveness.
Moreover, in a rat model, a single administration 2 h after induction of a stroke
provided cerebroprotection (histological and functional benefits), while free
drug was deleterious. Similarly, other scaffolds were developed such as
nanocomposites made of polyhedral oligomeric silsesquioxane/poly(carbonate-
urea) urethane by de Mel'®, and PLGA)/ PEG/PCL stents by Acharya'®. All these
implants were developed as the treatment methods for cardiovascular diseases
and they showed a stable, sustained and consistent release of NO from 1 day

to several weeks in vitro.
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Table 3. GSNO loaded implants

Scaffolds PLGA/ PCL Cardiovascular 116
tissue engineering
Longer and slight hypotension
N R S effect, ability to prevent transient
Microparticles PLGA of stroke Rats with stroke platelet hyper-responsiveness as 117
well as to provide
cerebroprotection after stroke

Polyhedral oligomeric
Nanocomposite silsesquioxane/poly(carbonate- CVvD 118
urea) urethane

Polymeric stents PLGA/ PEG / PCL Antiplatelet 119
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1.6.4 Oral administration

Studies about GSNO delivery mainly focused on parenteral and topical
administrations, whereas a little attention has been paid to its oral delivery
(Table 4). As one of the most preferred administration methods, oral delivery
has several advantages over other routes such as compliance and convenience
of patient (which helps to increase therapeutic efficacy), lower cost of
production considering the manufactured conditions (sterility is unnecessary).
In addition, oral route is interesting for physiological reasons: the
gastrointestinal tract supplies extensive surface (300 to 400 m?2)'?0 for drugs

absorption but also poses challenges to prevent their degradation.

In the work of Shunmugavel et al.’?!, free GSNO was directly applied orally
to rats with spinal cord injury. Then ameliorated inflammatory sequelae were
observed in bladder and renal tissues, compared with control group. Similarly,
several other applications have been proposed for oral administration of GSNO
to animals: Giri et al.’?? used the GSNO to inhibit proliferation of chemo
responsive and chemo resistant ovarian cancer cell lines with oral dosage 1
mg/kg to rats. In the work of Nath et al.’> the progression of a chronic
experimental autoimmune encephalomyelitis was slowed in mice after applying
GSNO. In a rat model of experimental autoimmune uveitis'?*, a significant
suppression of inflammatory mediators was shown after oral administration of
GSNO. However, due to the degradation of GSNO along the gastrointestinal
tract, high dosage of free GSNO (1 mg/kg) has to be used in these experiments.
In order to protect GSNO from degradation, several particles adapted to oral
route administration have been developed in our lab. For example, Wu et al
developed GSNO-loaded nanoparticles'?® (GSNO-NP) using polymer Eudragit®
RL PO through a double emulsion/solvent evaporation method, and they showed

a protection and a sustained release of GSNO. GSNO-NP were then embedded
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into an alginate, chitosan, or alginate/chitosan matrix to form nanocomposite
particles’?6.127 (GSNO-aNCP, GSNO-cNCP and GSNO-acNCP, respectively). All
these nanocomposites showed higher encapsulation efficiency and better
sustained release of GSNO. The GSNO-acNCP also led to the formation of a NO

store in the aorta wall after a single oral administration to rats.
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Table 4. GSNO related oral delivery systems

Ameliorates inflammatory
sequelae observed in bladder Spinal cord injury induced rats 121
and renal tissues

Inhibited proliferation of
chemoresponsive and

. . Rats 122
chemoresistant ovarian cancer

Free GSNO cell lines
Reduced disease progression in  Experimental autoimmune 123
chronic models encephalomyelitis mice
Significantly suppressed the . .
- : ysshb . Experimental autoimmune
levels of inflammatory mediators ey - 124
in the retinas of EAU mice

Nanoparticles Eudragit 125
Eudragit, 126

Nanocomposite alginate, NO store formation

i Rats ) 127
chitosan in the vessel wall
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1.6.5 Gastrointestinal barrier

All along the gastrointestinal tract various parameters can trigger RSNOs
decomposition: enzymes and metal ions (described in the degradation of RSNOs) as
well as pH variations. For the stomach, it produces gastric juice, which contains
potassium chloride, sodium chloride and hydrochloric acid (HCI). The HCI keeps the
acidic environment at pH 1.5 to 3.5 and induces the degradation of proteins and
peptides into aminoamides. After entering the duodenum, pH increased rapidly from 2
to 6. The extreme pH and rapid change may accelerate the degradation of RSNOs and
decrease its bioavailability. In addition, the enzymes or the metal ions existing in the

gastrointestinal tract can also cause GSNO decomposition.

The barrier of intestine is a complex multilayer system which is composed of an
external "physical" barrier and an inner immunological barrier'?®, The epithelial cell
layer is covered with two mucus layers, which forms the protective external barrier. The
single epithelial cells layer interspersed with various other cells, such as goblet cells,
which produce mucus, Paneth cells, which produce anti-microbial peptide, as well as
enterocytes M-cells, which specialize in luminal sampling. All of these cells forms the
main barrier between the outside world and the proper function in the body. The layer
under epithelium is the lamina propria, where exists various innate and adaptive
immune cells such as B cells, T cells, mast cells, eosinophils and macrophages. All of
these consist of the immune system, which responds with “toleragenic-reaction” or
“active” eradication towards foreign antigens. The intestinal barrier plays an important
role in the absorption and the bioavailability of drugs through oral administration'2%-131,
Epithelial cells lining is a kind of tight junctions that repels harsh fluids, which may
injure mucosa. The transport of drugs through the cells is the key factor of
bioavailability (will be discussed in the Chapter 2). The mucus blanket is secreted by
mucosal neck cells and surface epithelial cells. It forms a gel-like coating on the surface
of mucosa with protecting effect. The bicarbonate is also secreted by epithelial cells.
All these mucosal barriers prevent drugs (like GSNO) from entering blood vessels.
With the viscosity and interactive nature, the mucus layers offer a resistance to the
diffusion of drugs and limit their bioavailability. In addition, GSNO/RSNOs is also easy
to be degraded during the gastrointestinal tract, via the different enzymes (such as Trx,
PDI, GGT) on the cells.

70



1.7 Nanoparticles/microparticles for oral delivery of biological molecules

The bioavailability of biological molecules is always reduced by their susceptibility
to degradation and low penetration across the intestinal barrier. Thus, the challenge to
deliver GSNO through the oral route is to improve its bioavailability. Several strategies
are on ongoing investigations such as chemical modification, encapsulation, use of
absorption enhancers... Among all the methods, encapsulation into

nanoparticles/microparticles seems to have advantages over others™':

1. The size and surface characteristics of particles are easy to manipulate to achieve
drug targeting after administration.

2. The control of particles and the sustain of drug release will help to increase
therapeutic efficacy with less side effects.

3. The degradation of particles and their controlled release effect can be modulated
through the choice of matrix constituents.

4. Particles provide a good protection for drugs through the gastrointestinal tract and
preserve the drug activity

5. Intestinal permeability can be enhanced using different polymers.

1.7.1 Nanoparticles targeting the gastrointestinal tract

The main aims to design nanoparticles to deliver biomolecular drugs are to control
their size, surface properties and release kinetic parameters in order to get site-specific
action with therapeutic drug concentrations. According to the targeted sites, developed
nanoparticles can be classified into stomach targeting, small intestine targeting,

intestinal lymphatic system targeting as well as colon targeting'?® (Figure 13).
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Nanoparticles targeted to the gastrointestinal
tract

Nanoparticles
targeted to
the stomach

Localized delivery for the treatment of
H. pylori Iinfections and gastric cancer

Nanoparticles
targeted to the Enhanced oral bioavailability of drugs and

small intestine biologicals

Nanoparticles

targeted to the Enhanced oral bioavailability of
intestinal lymphatic drugs/vaccines especially those susceptible
system to first-pass metabolism
Nanoparticies Localized delivery for the treatment of
targsted to Inflammatory bowel disease and colorectal

the colon cancer

Figure 13. Nanoparticles targeted to the gastrointestinal tract'?°,

Stomach targeting nanoparticles

Most of the nanoparticles designed to target the stomach were applied to increase
the gastric retention using mucoadhesive polymer such as chitosan. As a natural
polysaccharide composed of N-acetyl-D-glucosamine and B-(1-4)-linked D-
glucosamine'®?, chitosan contains amines, which can interact with negatively charged
sugars on mucin and thus is widely used as mucoadhesive reagent. However, chitosan
is easy to dissolve in acidic pH, so it should be complexed with polyanions to prevent
its rapid dissolution. For example, Chang et al.'*® developed amoxicillin-loaded
nanoparticles through complexing chitosan and poly-glutamic acid polyelectrolytes,
which can be used for the treatment of H. pylori infections. In another investigation, Lin
et al.’3* described fucose-chitosan-heparin nanoparticles crosslinked with genipin and

loaded with berberine, which have the potential to treat H. pylori infection.

Small intestinal targeting nanoparticles

Targeting the small intestine has been regarded as a useful way to improve
systemic absorption of drugs such as vaccines, peptides, proteins and other
macromolecules. This kind of nanoparticles often uses enteric polymers alone or
complexed with other polymers, to protect drug from decomposition in the stomach
and/or to get specific site release'®. In order to target small intestine, He and
colleagues' fabricated insulin-loaded solid lipid nanoparticles with a vitamin B12
stearate conjugate for targeting. These nanoparticles presented more than 2-fold
higher bioavailability compared to non-modified ones. Similar nanoparticles were

synthesized by Verma'3®, through coating insulin-loaded calcium phosphate
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nanoparticles (Insu-Cap NPs) with sodium alginate and chitosan-vitamin layer

congaing B12 conjugate.

Intestinal lymphatic system targeting nanoparticles

The targeting of nanoparticles to the intestinal lymphatic system has been
extensively tested for improving drugs bioavailability especially for the ones with
extensive degradation along gastrointestinal tract and/or hepatic first-pass metabolism.
For lymphatic system targeting, various fatty acid monoglycerides, diglycerides and
triglycerides were applied. Alex et al.'®” improved oral bioavailbility of lopinavir, a drug
with low water solubility and low bioavailability, part of the highly active antiretroviral
therapy, using glyceryl behenate solid lipid nanoparticles. During the work of Zhang et
al.’®® candesartan cilexetil-loaded glyceryl monostearate nanoparticles were obtained

and turned out to improve the in oral bioavailability of the drug in rats around 12-fold.

Colon targeting nanoparticles

The majority of formulation designed to target colon through oral route are mainly
applied to treat inflammatory bowel diseases (IBD). To target the colon, pH sensitive
polymers are commonly used alone or in combination with other polymers, which assist
to target like azo containing moieties. Among all these polymers, Eudragit S is the most
frequently used. For example, the group of Gugulothu'® developed pH sensitive
nanoparticles using Eudragit S100. These nanoparticles contained curcumin and
celecoxib, which can be used for the treatment of IBD. After oral administration to
Trinitrobenzene sulfonic acid induced rats, nanoparticles significantly lowered

inflammatory cell activity in rat colon homogenates compared to the free drug.

1.7.2 Microparticles for oral delivery

Similar with nanoparticles, microparticles offer numerous advantages such as
targeted delivery, protection of drug during gastrointestinal tract, and intestinal
permeability enhancement according to the polymer applied. Despite the impressive
progress made in targeting delivery, which allows good drug protection with less side
effects, only a few drug-delivering nanoparticles have really reached the market. The

following shortcomings are the main limits to their development'40.141;

1. Low drug loading capacity. The drug loading (the weight of drug compared with the
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weight of carrier material) of nanoparticles is usually less than 5%'42. Due to this
poor value, either the quantity of drug administrated is not enough to reach a
pharmacologically active concentration at the target, or the required quantity of

carrier material is too great, producing toxicity or other side-effects.

2. Burst release. The other main limit of nanoparticles is the rapid drug release after
administration. It may come mainly from either the quick release of drug simply
adsorbed or anchored at the surface of nanoparticles, or from its fast across the
short length radius of nanoparticles. As a result, a significant part of drug will be

released before reaching targets, leading to low efficacy as well as side-effects.

Compared with nanoparticles, microparticles usually offer better drug loading as
well as longer sustained release time. On the one hand, with bigger size, microparticles
can load more drugs than nanoparticles with the same amount of polymer. On the other
hand, as the mechanisms of drug release from particles (especially polymeric particles)
include diffusion, particle erosion and degradation (for nanoparticle using
biodegradable material), it takes a longer time for erosion-triggers to penetrate the

particle, and to the drugs or debris to release out in the bigger microparticles'#2-144,
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Chapter 2: Intestinal permeability of S-nitrosothiols
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2.1Transport mechanism through intestinal barrier

The main routes which drugs cross the intestine membrane can be divided into
two pathways: paracellular pathway and transcellular pathway. Paracellular pathway
means drugs cross through the aqueous pores at the tight junctions between the
intestinal cells while transcellular pathway requires drug diffusion across the lipid cell
membrane. The mechanism of intestinal transport can also be divided into passive
diffusion or active transport. The active transport can be divided by two part: influx and
efflux. A lot of influx transporters are expressed by the small intestinal mucosa. Influx
is important for the absorption of nutrients and vitamins, it also plays important roles in
the drugs absorption, such as the large neutral amino acids, di-/tripeptides,
nucleosides bile acids, and monocarboxylic acid transporters. However, the main
function of efflux is as an absorptive barrier to limit oral bioavailability of many drugs
and xenobiotics. These transporters include breast cancer resistance protein, P-

glycoprotein, organic ion transporters and multi-drug resistance-associated protein'4%-
147

In order to apply RSNOs through the oral delivery route, it is important to know
more about the intestinal permeability of different RSNOs. Different mechanisms could
be involved in the absorption of molecules through the intestinal barrier: paracellular
way, transcellular way (including carrier-mediated way as well as receptor-mediated
transport)'?8.12° (Figure 14).

Nanoparticle ¢ -9 ‘:?é
with ligands ) b
K‘ (@) Y (

Microvill M
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(e)

Tightjunctio
> Lymphocyte
Enterocyte ymphiocy
»Macrophage
Systemic

circulation
Figure 14. mechanisms of molecules crossing through the intestinal barrier!s.. (a)
receptor-mediated transport; (b) carrier-mediated transport; (c) paracellular transport; (d)

transcellular transport; and (e) M cell mediated transport (i.e., phagocytosis by M cells).
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Paracellular transport

In paracellular transport, molecules cross the epithelium through the intercellular
spaces between the epithelial cells. As a passive transport, the paracellular transport
always results from diffusion and is controlled by the tight junctions. The tight junctions
are the main barriers that limit the permeation rate during the paracellular transport of
ions and large molecules'8. The size of the paracellular space is around 10 A and the
sizes of aqueous pores resulting from epithelial tight junctions differ from their location:
7-9 A, approximately 3-4 A and 8-9 A in human jejunum, ileum, and colon,
respectively’®. Thus, molecules with a radius above 15 A (around 3.5 kDa) cannot be
transported through the paracellular way'®°. Furthermore, tight junctions represent only
around 0.01% of the total area on the intestine surface’. In addition, paracellular
transport varies depending on electrical resistance among epithelia but is not largely
influenced by the physicochemical properties of drugs, such as lipophilicity or hydrogen

bonding capacity %2193,
Transcellular transport

The transcellular transport occurs by transcytosis across intestinal epithelial cells,
a special process through which cells take up particles. A typical example of
transcellular transport is the transport of glucose from the intestinal lumen to the
extracellular side through epithelial cells. An endocytic process takes place first at the
cell apical membrane, followed with transport through the cell and finally release of
glucose at the basolateral side'®*. Compared with the apical membrane, the
basolateral membrane is thinner and more permeable due to the low protein-to-lipid
ratio. Two key factors are significant to the transcellular transport: (i) physicochemical
properties of molecular or particles, such as liophilicity, size, charge and hydrogen
bond potential (ii) physiology of the gastrointestinal tract'®®%, The two primary
intestinal cells for transport are enterocytes and M cells. Enterocytes are the main cells
lining the gastrointestinal tract whereas M cells represent a very small proportion of the
intestinal epithelium’’. M cells are mainly located in the epithelium of Peyer’s patches
and they deliver peptides and proteins from the lumen to the underlying lymphoid
tissues to help inducing immune responses. M cells can transport a wide variety of
materials with their high transcytosis capacity’®®'%°. M cells take up particles,

macromolecules and microorganisms through adsorptive endocytosis via clathrin-
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coated pits and vesicles, fluid phase endocytosis and phagocytosis 60,

Carrier-mediated transport is an active absorption, which requires energy and
carriers to uptake specific molecules. The carrier recognizes the target molecules and
transport them even against the concentration gradient. Through carrier-mediated
transport, drugs can be transferred across the intestine barrier and then released into
circulation'®. The process is especially adapted to small hydrophilic molecules'®?,

such as small di/tripeptides, amino acids and monosaccharides 63,

Protein drugs are the main clients in receptor-mediated transport. During this
process, protein drugs usually act as a receptor for surface-attached ligands or as a
receptor-specific ligand for surface-attached receptors'. It has been reported that
receptor-mediated transport can be exploited to increase a protein bioavailability
through oral delivery. The receptor-mediated transport comprises cell invagination,
resulting in the formation of a vesicle. This transportation is called endocytosis and
includes pinocytosis and phagocytosis, or the receptor-mediated potocytosis

(nonclathrin-mediated) and endocytosis (clathrin-mediated).

As both carrier- and receptor-mediated transport also drive the target molecule
into circulation through the cell or cell membrane, they can be regarded as transcellular

pathways.
2.2 Intestinal permeability measurement with Caco-2 cell monolayer model

It is critical to select the right techniques to assess the intestinal permeability of
drugs. A wide range of methods have been applied to measure the intestinal
permeability according to the different settings (in vivo, ex vivo or in vitro). The in vivo
measurement is the most direct method to check the intestinal permeability. For
example, the typical measurement for intestinal permeability in humans is testing the
urinary excretion of lactulose and mannitol (non-metabolized sugars) after oral
administration over a 6 h period. The ratio of lactulose/mannitol can reflect the
intestinal permeability state'®5. In addition, the in vivo measurement method has also
been applied in the animal studies after oral gavage of PEG, sugars, or fluorescently
labeled dextrans followed by detection in the blood or urine'®.167 However, in vivo
measurement is time-consuming and has several drawbacks, such as variation

between the humans and animals or just the different genotype and phenotype of
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humans'®. Ex vivo test is another method applied to the intestinal permeability. One
of the commonly used is Ussing Chamber, which mimics the in vivo
compartmentalization between the intestine lumen and the intestine mucosa'®®. An
intestine segment separates the system into two compartments (donor and acceptor)
with equal volumes. Through adding different permeability markers (such as sodium
fluorescein (paracellular), propranolol (transcellular), mannitol...) to donor
compartment and harvesting in acceptor compartment, the intestinal permeability can
be measured. This method is limited by its short time of measurement because of the

low ex vivo viability (approximately 2 h)168,

Compared with in/ex vivo, the in vitro models have several advantages such as
lower cost, high accessibility and higher throughput. Furthermore, it may reduce the
use of animals for experimental purposes’®. Cell monolayer cultures have been
regarded as one of the most important models for intestinal permeability. Through
incubating the differentiated intestinal epithelial cells (such as Caco-2, HT-29, and T-84
cells) on semipermeable filter, an oriented cell monolayer is formed thus defining an apical
and a basolateral compartment'®. Among these different cell lines, Caco-2 is the most
widely applied to mimic the intestinal epithelial barrier. Despite Caco-2 cells were derived
from human colorectal adenocarcinoma, they are close to enterocytes from small intestine
after differentiation and polarization'”'. For many compounds, strong correlations have
been observed between permeability (passive transcellular and paracellular) across
Caco-2 cell monolayers and oral bioavailability in humans'’?173, Thus, this in vitro
model has also been applied to rapidly predict the intestinal permeability of a as well as

the pathways utilized during transport!74.175,
2.3 Biopharmaceutical Classification System

The drugs are categorized into 4 classes according to the Biopharmaceutical
Classification System (BCS) based on the solubility and permeability to bio-
membranes (as shown in Figure 15'76). The BSC is regarded as a guideline for the
formulation scientists, for the proper selection and design of the formulation of different
drug substance.
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Figure 15. drugs classification according to the Biopharmaceutical Classification System
(BCS)

Class I: Drugs belonging to Class | have fast dissolution and rapid bioavailability after
oral administration. If they qualify pharmacokinetically and pharmacodynamically for

the purpose, these drugs are good candidates for controlled drug delivery.

Class II: These drugs have low solubility but high permeability, thus, the dissolution
rate becomes the key parameter for bioavailability. These drugs display variable
bioavailability and need enhancement of their dissolution rate to improve their

bioavailability. They are also suitable for controlled drug delivery.

Class lll: Permeation through the intestinal membrane becomes the rate-determining
step for drugs of Class Ill. As absorption is limited by permeation rate, their
bioavailability is independent of drug release from the dosage form. These drugs are
problematic for controlled release application and they need improvement of intestinal

permeability to enhance the bioavailability.

Class IV: Drugs belonging to this class exhibit poor and variable bioavailability. Several
parameters govern their bioavailability, such as intestinal permeability, rate of
dissolution, gastric emptying, and so on. They are generally not suitable for oral drug

delivery.
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Thus, it is important to make clear the mechanism about the intestinal permeability
of different RSNOs and which class it belongs to. In the article 2, intestinal permeability
of three different RSNOs (GSNO, NACNO and SNAP) have been tested through a
Caco-2 monolayer transwell model:
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Article 2: Intestinal absorption of S-nitrosothiols: permeability and transport

mechanisms

Absorption intestinale des S-nitrosothiols : Mécanismes de transport et de
perméabilité

Justine Bonetti”, Yi Zhou”, Marianne Parent, Igor Clarot, Haiyan Yu, Isabelle Fries-
Raeth, Pierre Leroy, Isabelle Lartaud, Caroline Gaucher*

# Les deux auteurs ont contribué a parts égales a ce travail.
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ARTICLE INFO ABSTRACT

Keywords: S-Nitrosothiols, a class of NO donors, demonstrate potential benefits for cardiovascular diseases. Drugs for such
S-Nitrosothiols chronic diseases require long term administration preferentially through the oral route. However, the absorption
Nitric oxide

of S-nitrosothiols by the intestine, which is the first limiting barrier for their vascular bioavailability, is rarely
evaluated. Using an in vitro model of intestinal barrier, based on human cells, the present work aimed at elu-
cidating the mechanisms of intestinal transport (passive or active, paracellular or transcellular pathway) and at
predicting the absorption site of three S-nitrosothiols: S-nitrosoglutathione (GSNO), §-nitroso-N-acetyl-i-cysteine
(NACNO) and S-nitroso-N-acetyl-p-penicillamine (SNAP). These S-nitrosothiols include different skeletons car-
rying the nitroso group, which confer different physico-chemical characteristics and biological activities (anti-
oxidant and anti-inflammatory). According to the values of apparent permeability coefficient, the three S-ni-
trosothiols belong to the medium class of permeability. The evaluation of the bidirectional apparent
permeability demonstrated a passive diffusion of the three S-nitrosothiols. GSNO and NACNO preferentially
cross the intestinal barrier though the transcellular pathway, while SNAP followed both the trans- and para-
cellular pathways. Finally, the permeability of NACNO was favoured at pH 6.4, which is close to the pH of the
jejunal part of the intestine. Through this study, we determined the absorption mechanisms of S-nitrosothiols

Intestinal permeability
Caco-2 cells
Passive diffusion

and postulated that they can be administrated through the oral route.

1. Introduction

Nitric oxide (NO) is a gaseous mediator with a short half-life (less
than 5s [1]). Due to its radical nature and oxidative activity, NO is
involved in various signalling pathways among different cellular types
and physiological systems. NO is continuously synthesised by oxydor-
eductases, i.e. the three endothelial, inducible or neuronal isoforms of
NO synthases. The decrease in NO bioavailability, linked to vascular
endothelium dysfunction and oxidative stress, plays a major role in
ageing and cardiovascular chronic diseases like atherosclerosis, angina
pectoris and stroke. As a result, the restoration of NO biocavailability,
using among NO donors the physiologically occurring S-nitrosothiols, is
a therapeutic key to treat cardiovascular diseases [2-7]. S-Nitrosothiols
are formed by S-nitrosation - i.e. formation of a covalent bond between
NO and a reduced thiol function of a cysteine residue belonging to high
or low molecular weight proteins or peptides. In vive, S-nitrosothiols
like S-nitrosoalbumin, S-nitrosochemoglobin and S-nitrosoglutathione
(GSNO) are the physiological forms of NO storage and transport [8].

Indeed, the formation of the 5-NO bond extends NO half-life from
45 min up to several hours [9-10] and limits the oxidative/nitrosative
stress induced by NO oxidation into peroxynitrite ions (ONOO™) [11].
Despite the therapeutic potential of S-nitrosothiols, their half-life linked
to their physico-chemical instability (heat, light, metallic cations,...)
and/or enzymatic (redoxines or, for GSNO only, y-glutamyltransferase)
degradation, is too short for chronic diseases treatment [12].
Nowadays, many preclinical studies focused on cardiovascular
therapeutics using S-nitrosothiols [6,13-17]. For example, daily in-
traperitoneal administration of S-nitroso-N-acetyl-L-cysteine (NACNO)
for two weeks shows anti-atherosclerotic effects in mice [13]. However,
compared to the oral route, the intraperitoneal administration is less
suitable for chronic treatments. GSNO administration through the oral
route in a context of stroke [14] results in neuroprotective effects:
GSNO maintains the blood-brain barrier integrity, reduces peroxynitrite
formation and stabilises several deleterious factors via S-nitrosation
[13-16]. Despite such beneficial effects following oral administration,
to the best of our knowledge, no study evaluated the mechanisms of
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intestinal absorption of GSNO and other S-nitrosothiols. Only Pinheiro
et al. [17] demonstrated that oral administration of nitrite and nitrate
ions (stable NO derived species) to rats increased the concentration of
circulating S-nitrosothiols, thus produced antihypertensive effects. This
study indirectly proves the intestinal absorption of S-nitrosothiols
without elucidated the underlying mechanisms. However, the under-
standing of the intestinal absorption mechanisms of S-nitrosothiols is a
prerequisite to control the dose and the kinetic of NO reaching its action
sites.

To predict the intestinal absorption of drugs, the Biopharmaceutical
Classification System (BCS) [18] defines four classes based on the
physico-chemical properties (solubility) and intestinal permeability of
drugs. The intestinal permeability of a drug is characterised, using in
vitro or ex vive models, by apparent permeability coefficient (Papp)
from low permeability (<1 x 10" °cm.s™") to high permeability
(=10 x 10 °cm.s™ 1) including also a medium permeability class
[19]. Thus far, only one of our studies was interested in the improve-
ment and the prolongation of GSNO intestinal absorption by proposing
alginate/chitosan nanocomposite formulation [20]. Using an in vitro
intestinal barrier model of differentiated Caco-2 cells, we showed low
intestinal permeability for GSNO with a Papp of 0.83 x 10~ 7 cm.s ™"
The nanocomposite formulation delayed GSNO absorption up to 24 h
(1h for free GSNO) and multiplied by four the Papp value
(3.41 x 1077 em.s ') even if GSNO stayed in the low class of perme-
ability [20]. This study showed the ability for GSNO to cross the in-
testinal barrier model and the possibility to modulate its kinetics of
absorption. This opens new therapeutic applications in the treatment of
chronic pathologies linked to a decrease of NO bioavailability.

Intestinal absorption of low molecular weight molecules is mainly
driven by their physico-chemical properties such as lipophilicity, cor-
related with the octanol/water partition coefficient, expressed as a
logarithmic value (log P), and the ionisation constant (pKa). For S-ni-
trosothiols, the log P value is driven by the skeleton carrying NO.
GSNO, NACNO and S-nitroso-N-acetyl-p-penicillamine (SNAP), the
three main S-nitrosothiols described in the literature, are characterised
by calculated log P value of —2.70, —0.47 and 1.08, respectively [2].
The skeleton carrying NO presents also different therapeutic properties
linked with its chemical structure. GSNO is a physiological S-ni-
trosothiol [21], present in the cytosol at a high concentration especially
in erythrocytes [22], platelets and cerebral tissue. Its reduced glu-
tathione (GSH) skeleton shows an antioxidant chemical structure
thanks to its thiol functional group and forms, with the glutathione
disulphide (GSSG), the intracellular redox buffer. NACNO and SNAP are
synthetic S-nitrosothiols. NACNO with its N-acetyl-i-cysteine (NAC)
skeleton possesses also an antioxidant activity in accordance with its
chemical structure (thiol function). Furthermore, NAC is already used
in human medicine as a mucolytic agent (oral administration) or as the
antidote in acetaminophen intoxication [23]. SNAP shows in addition
to its antioxidant properties (thiol function), an anti-inflammatory
skeleton, N-acetyl-p-penicillamine (NAP) is used in the treatment of
Wilson’s disease (Trolovol®) and rheumatoid arthritis.

In this study, using an in vitro cell model of intestinal barrier, we
propose to elucidate the intestinal transport mechanisms of S-ni-
trosothiols and NO in relation to their physico-chemical properties.
Three different conditions were studied, i) permeability from the apical
to the basolateral compartment, ii) permeability from the basolateral to
the apical compartment to highlight an active transport such as drug
influx/efflux, or a passive diffusion, and iii) permeability from an
acidified apical compartment, mimicking the luminal intestinal pH of
the jejunum, the major site of amino acid absorption [24].

2. Material and methods
2.1. Material and reagents

Eagle’s Minimum Essential Medium (EMEM), foetal bovine serum
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(FBS), sodium pyruvate, penicillin 10 000 U.mL ™" and streptomycin
10 mg.mL "~ ' mix, trypsin, non-essential amino acids, glutamine, Hank'’s
Balanced Salt Solution (HBSS Ca®*/Mg>*), sodium nitrate (NaNO3),
2,3-diaminonaphthalene (DAN), 1.0M hydrochloric acid (HCI) solu-
tion, propranolel hydrochloride, furosemide salt, triethylamine, 2-(N-
morpholino)ethanesulfonic acid (MES), Trisma base (Tris), sodium
chloride (NacCl), Igepal CA-630, sodium dodecyl sulfate (SDS), ethyle-
nediaminetetraacetic acid (EDTA), neocuproine and N-ethylmaleimide
(NEM) were purchased from Sigma, France. Mercuric chloride (HgCl.),
orthophosphoric acid and sodium tetraborate were purchased from
Prolabo (VWR). Sodium nitrite (NaNO,) from Merck, sodium hydroxide
(NaOH) from VWR Chemicals, methanol from Carlo Erba Reagents and
acetonitrile was from Biosolve. Nitrite/nitrate fluorimetric kit was
purchased from Cayman Chemical (Ref. 780051).

2.2. $-Nitrosothiols synthesis

GSNO, NACNO and SNAP were synthesised according to a pre-
viously described method [25]. Briefly, GSH, NAC or NAP were in-
cubated with one equivalent of sodium nitrite under acidic condition.
Then, the pH was shifted to 7.4 using a phosphate buffered saline (PBS
0.148 M) solution. The final concentration was assessed by UV-Vis.
spectrophotometry (Shimadzu; UV-spectrophotometer; UV-1800) using
the specific molar absorbance of the S-NO bond at 334 nm for GSNO
and NACNO (egsno = 922M ' em ™5 enacno = 900M ™' em ™ ') and at
340 nm for SNAP (esyap = 1020M ™' em™1).

2.3. Caco-2 cells culture and cytocompatibility

Intestinal Caco-2 cells (ATCC*®* HTB-37™) from passage 36 to 45
were grown in complete medium consisting of EMEM supplemented
with 10% (v/v) of FBS, 4 mM of glutamine, 100 U/mL of penicillin, 100
U/mL of streptomycin, 1% (v/v) of non-essential amino acids. Cells
were cultivated at 37 °C under 5% CO» (v/v) in a humidified incubator.
Caco-2 cells were seeded in 96-wells plates at 2 x 10* cells/well 24 h
before experiment. They were then exposed to each S-nitrosothiol (from
10 to 100 uM) for 24 h at 37 °C, complete medium being used as con-
trol. Cytocompatibility was assessed through metabolic activity with
the  3(4,5-dimethylthiazol-2-y])-2,5-diphenyltetrazolium  bromide
(MTT) assay. The absorbance of extracted formazan crystals was read at
570 nm with a reference at 630 nm (EL 800 microplate reader, Bio-TEK
Instrument, Inc®, France). Metabolic activity in control condition was
considered as 100%.

2.4. Intestinal permeability of reference molecules and S-nitrosothiols

Caco-2 cells were seeded at 2 x 10° cell/em® on cell culture inserts
(Transwell®, Corning, USA, membrane with 0.4 um pore size, 1.12 cm?
area or 4.97 cm?) disposed in a 12-wells or 6-wells plate, respectively.
The complete medium was replaced every two days during the first
week of cell proliferation. During the second week, the medium was
replaced every day until the differentiated cell monolayer was formed
(14-15days). The formation of the barrier was followed by transe-
pithelial electrical resistance (TEER) measurement using a Millicell®-
Electrical Resistance system (Millipore, USA) and validated for TEER
values higher than 500 €2.cm?

The bidirectional permeability of each S-nitrosothiol across the
Caco-2 monolayer was evaluated from the apical to basolateral (A-B)
compartment, mimicking physiological permeability conditions (in-
testinal lumen to blood compartment), and from the basolateral to the
apical (B-A) (Fig. 1) compartment in HBSS at pH 7.4 to evaluate pos-
sible efflux mechanisms. A third condition evaluates the importance of
the influence of luminal pH adjusted to 6.4 with 0.5 M MES solution in
the apical compartment to determine the intestinal site of absorption
(intestinal segment).

The concentration of S-nitrosothiols used to study the permeability
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Fig. 1. Schematic representation of the bidirectional permeability of S-nitrosothiols across the Caco-2 monolayer. (a) From the apical (intestinal lumen) to the
basolateral (bloodstream) compartment (on the left, A — B) to study physiological intestinal permeability, (b) from the basolateral to the apical compartment (on the

right, B — A) to study S-nitrosothiol efflux.

in each direction was the same (100 pM). Since the apical and the ba-
solateral compartments have different volumes (0.5 and 1.5mlL, re-
spectively), the initial amounts of S-nitrosothiol for A-B and for B-A
permeability studies were 50 and 150nmol, respectively. NaNO,
treatment (100 uM) was used as a positive control for nitrite ions per-
meability. The bidirectional permeability of propranolol (50 uM) and
furosemide (100 pM), two reference molecules belonging to the high
and low permeability class, respectively, was also assessed to surround
the permeability of S-nitrosothiols [26,27] and to validate our model
faced to the literature.

Permeability tests were conducted during 4 h under orbital shaking
(500 rpm) at 37 °C. In the acceptor compartment, S-nitrosothiols were
considered as RSNO because the R skeleton carrying NO cannot be
identified by the methodology of quantification used. Reference mole-
cules as well as NOx species (RSNO, nitrite ions and nitrate ions) were
quantified after 1 h (entire volume of acceptor compartment removed)
in the acceptor compartment and after 4 h in both compartments (for
methodologies, see Sections 2.5. and 2.6.). RSNO and nitrite ions were
also quantified inside the cells after 1 h and 4 h of permeability study.

At the end of the study, the integrity of the intestinal cell monolayer
was checked by measuring the TEER value and the permeability of
sodium fluorescein (5 pM), a marker of low paracellular permeability. A
TEER value higher than 300 Q.cm? as well as a 5% of fluorescein
permeability validated the integrity of the intestinal monolayer at the
end of the experiment [28,29].

2.5. Quantification of S-nitrosothiols, nitrite and nitrate ions

S-Nitrosothiols and nitrite ions were immediately quantified using a
fluorimetric method [30] with standard curves of GSNO and sodium
nitrite, respectively (Table 1). Briefly, N;O5 generated from acidified
nitrite ions reacts with DAN in the presence (for RSNO) or absence (for
nitrite ions) of HgCl, producing 2,3-naphthotriazole that emits fluor-
escence at 415 nm after excitation at 375 nm (JASCO FP-8300, France).
Nitrate ions quantification, using a standard curve of sodium nitrate
included a reduction step to nitrite ions by reacting with nitrate re-
ductase and its cofactors before the addition of DAN reagent (fluori-
metric kit nitrite/nitrate Cayman Chemical) (Table 1). The concentra-
tion of nitrite ions (DAN assay) was subtracted from the value obtained
by DAN-Hg** quantification to obtain the RSNO concentration and
from the nitrate reductase quantification to obtain the nitrate ions
concentration. The cumulative amounts of RSNO, NO, and NOj;
crossing the Caco-2 monolayer were calculated from the concentrations
measured at 1h and 4h of the permeability studies in the acceptor

compartment.

For intracellular quantifications, cells were lysed in 50 mM Tris
buffer pH 6.8 added with 150 mM of NaCl, 1% of Igepal CA-630 (v/v),
0.1% of SDS (v/v), 1 mM of EDTA, 0.1 mM of neocuproine, 20 mM of
sodium tetraborate and 10 mM of NEM.

2.6. Quantification of furosemide and propranolol

This procedure was adapted from [31-33] for propranolol and from
[34] for furosemide. Briefly, the separation was performed on a C18
analytical column (Macherey-Nagel LiChrospher RP 18e; 5pum;
125 x 4mm) eluted with a mobile phase composed of acetonitrile
added with 14 mM triethylamine in water buffered with orthopho-
sphoric acid, pH 2.5 (30/70; v/v) at a flow rate of 1.0 mL.min~' and
with a column temperature of 40 °C. The injection volume was 20 pL.
Propranolol and furosemide were detected using a spectrofluorometric
detector (model Jasco FP-920) set at Ao, = 230 nm/A..,, = 340 nm, and
hex = 235 1M/ A, = 402 nm, respectively. Standard curves of propra-
nolol and furosemide were established between 0.5 and 10.0 uM and
62.5nM to 2.0 uM, respectively.

2.7. Calculation of apparent permeability coefficients and recovery rates

2.7.1. Apparent permeability coefficient
The apparent permeability coefficient (Papp) values were calculated
using the following equation (Eq. (1):
dQ 1
Papp = — X
= " A, w

dQydt (mol.s ") refers to the permeability rate of reference molecules,
RSNO or NOx species (mol) in the acceptor compartment at the time (s)
of quantification, A (cm?) refers to membrane diffusion area, and Cp
(mol.mL-1 or mol.cm ~®) refers to the initial concentration in the donor
compartment.

2.7.2. Recovery rate

Mass balance was calculated as the addition of the amount of drug
recovered in the acceptor compartment after each interval and in the
donor compartment at the end of the experiment.

2.8. Statistical analysis

Results are shown as mean + standard deviation (SD), based on 3
or 4 independent experiments in duplicate. Values were compared with

Table 1
Standard curves validation parameters for S-nitrosothiols (RSNO), nitrite ions (NO;") and nitrate ions (NO47) in HBSS with Ca®* /Mgz ¥ Mean + SD;n = 3.
Concentration range (uM) Standard curves equation Relative standard deviation (%) R?
RSNO 0.1-2.0 ¥ = (1451 + 236)x + (399 = 98) 0.1 uM: 123 0.99
2uM: 1.2
NO,~ ¥ = (1527 + 96)x + (435 = 89) 0.1 uM: 4.3
2uM: 3.2
NOs~ 0.01-3.75 ¥ =1(264 £ 22)x + (1719 % 116) 0.01 pM: 8.4
3.75uM: 5.1
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Fig. 2. Cytocompatibility of S-nitrosothiols with Caco-2 cells. Cell activity was
assessed with the MTT test, 24 h after incubation with different S-nitrosothiols
or NaNO,. Values are expressed as mean + SD of three independent experi-
ments done in duplicate.

one-way ANOVA (treatments) or two-way ANOVA (treatment and time)
followed by a Bonferroni’s post-test using the Graphpad Prism 5 soft-
ware; p < 0.05 was considered as statistically significant. Statistics are
analysed excluding NaNO, treatments, which too high permeability
values interfered with the statistical comparison of S-nitrosothiols.

3. Results
3.1. Cytocompatibility
Cell viability was not affected by any of the S-nitrosothiols presently

tested and NaNO,, with more 80% of viability independently of the
concentration used (Fig. 2). For all the forthcoming experiments, a
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Table 2

Values of apparent permeability coefficient (Papp) for NOx species
(RSNO + NO,™ + NO3") and the RSNO molecular form after 4 h of permeation
from the apical to the basolateral compartment. nd: not determined, LOQ: Limit
of quantification. Mean + SD of four independent experiments done in du-

plicate.

Treatments NOx Papp (x10 ®cm.s ™) RSNO Papp (%10 ®cm.s ')
GSNO 26 = 09 0.2 = 0.1
NACNO 50 = 21 0.21 = 0.08
SNAP 3316 0.13 = 0.09
NaNO, 123 = 3.2 Under LOQ

Propranolol 244 + 1 nd

Furosemide 0.3 £ 0.1 nd

3.2. S-Nitrosothiols permeability from the apical to the basolateral
compartment

S-Nitrosothiols permeation through the intestinal barrier model,
evaluated in the A-B direction, showed the same profile for each
treatment (GSNO, NACNO and SNAP) (Fig. 3). Each S-nitrosothiol
(treatment) was permeated under three different chemical species. The
RSNO form (Fig. 3A) was less permeated (0.50% = 0.14% of the initial
amount deposited in the donor compartment) than the NO,~ (the first
stable oxidation degree of NO in aqueous media) and NO3™ ionic forms
(4.8% =+ 1.9% and 7.9% = 2.4% of the initial amount, respectively).
The NACNO treatment led to a higher permeation under the RSNO form
than the GSNO and SNAP treatments (Fig. 3A). The duration of the
study has no impact on the permeability of each treatment under the
RSNO form while the permeability under the nitrite ions and nitrate
ions (the oxidation product of nitrite ions) forms depended on time
(Fig. 3B and 3C, pime < 0.05) and on the treatment. Indeed, the
NACNO treatment induced a higher absorption of NO,  (and NOj3;)

concentration of 100 uM of each S-nitrosothiol will be safely used. ionic forms than the GSNO and the SNAP treatments
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Fig. 3. Apical (pH 7.4) to basolateral compartment - Quantification in the basolateral compartment of permeated (A) RSNO, (B) NO,™ and (C) NO;™ after 1hand 4h
of exposure to 50 nmol of each treatment. Results are shown as mean = SD of four independent experiments done in duplicate and are compared using two-way
ANOVA (Pireatment (GSNO, NACNO, SNAP; excluding NaNO,), piime (1h, 4h) and pineraction)- * vs. GSNO; # vs. SNAP at the same time; p < 0.05 (Bonferroni’s

multiple comparisons test).
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Table 3

Mass balance for each treatment (initial amount: 50 nmol) after 4 h of per-
meation from the apical to the basolateral compartment. Mean + SD of four
independent experiments done in duplicate.

Treatments Amount (nmol) Percentage of initial amount

GSNO 46 = 4 92 £ 8
NACNO 38 =6 77 £ 12
SNAP 53 =7 106 £ 13
NaNO, 41 =8 83 + 16

(Prreatment = 0.0003  and  Pinceraction 0.0002),
(Piime < 0.0001) (Fig. 3B).

The NaNO, treatment led to the permeability of the two ionic spe-
cies only (Fig. 3). The permeability under the NO,™ form was time

especially after 4h

=31h
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Fig. 4. Apical (pH 7.4) o basolateral compartment -
Quantification in the apical compartment of re-
maining (A) RSNO, (B) NO,™ and (C) NO;™ and 4 h of
exposure to 50 nmol of each treatment. Results are
shown as mean = SD of four independent experi-
ments done in duplicate and are compared using one-
way ANOVA (excluding NaNO;) Bonferroni post-test.
* vs. GSNO; # vs. SNAP at the same time; p < 0.05.

One-way p=0.1983

dependent and 30% higher than the permeability of each S-nitrosothiol
treatment under NO;~ form (Fig. 3B). The permeability under the ni-
trate ionic form (Fig. 3C), representing 5% of the initial amount, sup-
poses a spontaneous oxidation of nitrite ions into nitrate ions within our
experimental conditions (presence of dioxygen).

The Papp values for the NOx species (addition of RSNO, NO,™ and
NO57) were situated within the medium class of permeability (BCS
definition) for each S-nitrosothiol treatment and surrounded by the
Papp values of the reference drugs, propranolol and furosemide
(Table 2). The permeability of S-nitrosothiols under the RSNO form was
25-40 times lower (Papp = 0.17 x 10 ®cm.s ') than that of NOx
species, confirming the higher absorption of S-nitrosothiols under the
NO,~ and NO; ™ ionic forms. The NaNO, treatment allowed to define a
high permeability under the NO,™ ionic form.

After 4 h of permeability, 60% of the initial amount (50 nmol) of S-

Treatments p =0.1003
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- Interaction p = 0.0610
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Fig. 5. Apical (pH 7.4) to basolateral permeability — Intracellular quantifications of (A) RSNO, (B) NO,, (subtracted from the control cells) after 1h and 4h of
exposure to 50 nmol of each treatment. Results are shown as mean = SD of four independent experiments done in duplicate and are compared using two-way
ANOVA (Prrearment (GSNO, NACNO, SNAP; excluding NaNOz), prime (1h, 4h) and pineraction). * vs. GSNO at the same time; p < 0.05 (Bonferroni’s multiple com-

parisons test).
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Fig. 6. Basolateral to Apical permeability -
Quantification in the apical compartment of per-
meated (A) RSNO, (B) NO,™ and (C) NO;™ after 1h
and 4 h from 150 nmol of each treatment. Results are
shown as mean * SD of four independent experi-
ments done in duplicate and are compared using two-
way ANOVA (Peatment (GSNO, NACNO, SNAP; ex-
cluding NaNOy), piime (1h, 4h) and pinteraction)- * Vs.
GSNO at the same time; p < 0.05 (Bonferroni’s
multiple comparisons test).

Treatments p = 0.0223
Time p < 0.0001
Interaction p = 0.0897
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Table 4

Values of apparent permeability coefficient (Papp) for NOx species
(RSNO + NO,~ + NO3") and the RSNO form after 4 h of permeation from ba-
solateral to apical compartment. nd: not determined, LOQ: Limit of quantifi-
cation. Mean * SD of four independent experiments done in duplicate.

Treatments NOXx Papp (%10 ®cm.s™") RSNO Papp (x10 ®em.s™ 1)
GSNO 28 £ 12 0.3 = 0.2
NACNO 45 * 15 0.6 = 0.6
SNAP 4.1 = 07 0.5 = 0.5
NaNO, 97.5 = 16.4 Under LOQ
Propranolol 33.1 + 0.8 nd
Furosemide 15.2 = 0.8 nd

nitrosothiols remained in the apical compartment for the GSNO and
SNAP treatments, and only 10% for the NACNO treatment (Fig. 4A).
Furthermore, the NACNO treatment led to a higher amount of nitrite
ions remaining in the apical compartment compared to the GSNO and
SNAP treatments (Fig. 4B), suggesting a higher degradation of NACNO
into NO,". Non-permeated nitrate ions amounts were around 23% for
each treatment (Fig. 4C). The NaNO, treatment was still presenting
41% of non-permeated nitrite ions after 4 h (Fig. 4B) and lower spon-
taneous oxidation into nitrate ions (4%) within the apical compartment
compared to S-nitrosothiol treatments (Fig. 4C).

Finally, the calculation of the mass balance (addition of all species
quantified in the two compartments) after 4 h of permeability study,
showed 83 * 16% to 106 * 13% of recovery for GSNO, SNAP and
NaNO, (Table 3). Nevertheless, the NACNO treatment showed a loss of
23% of the initial amount deposited in the apical compartment. This
missing can be trapped inside the cell monolayer, so cells were lysed
and only RSNO and nitrite ions were quantified. Indeed, due to in-
tracellular reducing power [35], the nitrate ions cannot exist inside
cells. Quantities of RSNO found inside the cells were higher for S-ni-
trosothiol treatments than for the NaNO, treatment (Fig. 5A). This was
the opposite for the NO,™ intake (Fig. 5B). For each S-nitrosothiol
treatment, the intracellular incorporation of the RSNO form was higher
than the nitrite ions form. Intracellular quantity of the RSNO form
depended on the S-nitrosothiol chemical structure (pyeatment < 0.05)
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with the lowest incorporation obtained for the SNAP treatment (< 2%
of the initial amount) (Fig. 5A). Intracellular incorporation of nitrite
ions was independent on time and treatments (Fig. 5B).

For intracellular quantification, the surface area of cells was in-
creased 4.17 times (from 1.12 to 4.67 cm?) in order to be able to
quantify NOx species inside the cells. So, the intracellular amounts of
RSNO and NO,~ form were divided by 4.17 to calculate the mass bal-
ance (Table 2). The intracellular incorporation of RSNO and NO,™ re-
presented only 1.1%, 1.0% and 0.4% of the initial amount, for the
GSNO, NACNO and SNAP treatments, respectively. Therefore, 22% of
the initial amount are still missing for the NACNO treatment.

3.3. S-Nitrosothiols permeability from the basolateral to apical
compartment

In order to determine the permeability modality (passive vs. active)
for each S-nitrosothiol, the study was carried out in the opposite di-
rection, from the basolateral to the apical compartment.

In this condition, the permeability of the RSNO form (Fig. 6A) was
only dependent on time for each S-nitrosothiol treatment. The perme-
ability of the NO,™ and NO; ionic forms was dependent on time and
treatment (Fig. 6B and 6C). Higher amounts were permeated under the
NO, ionic form for the NACNO and SNAP treatments (= 3% of initial
amounts) compared to the GSNO treatment (1.2% of initial amount,
Fig. 6B). As in the experiments performed from the apical to the ba-
solateral compartment (Section 3.2), NO,~ and NO;~ were the major
permeated species.

For each S-nitrosothiol treatment, the Papp values in both directions
(apical to basolateral versus basolateral to apical) were equivalent
(Tables 2 and 4), the S-nitrosothiols intestinal permeability can be
postulated as a passive diffusion [36]. This postulate is also based on
the validation of our intestinal barrier model comparing the Papp va-
lues of reference molecules with the literature [19]. Propranolol with
equivalent bidirectional Papp values follows a passive diffusion
whereas furosemide with a higher Papp value from basolateral to apical
than from apical to basolateral, follows an active efflux transport.

After 4h of permeability study, 95% of the initial amount
(150 nmol) of each S-nitrosothiol treatment remained unpermeated



J. Bonetti et al.

Biochemical Pharmacology 155 (2018) 21-31

A One-way p=0.9373 Fig. 7. Basolateral to apical permeability -
150 Quantification in the basolateral compartment of re-
- maining (A) RSNO, (B) NO,™ and (C) NO; ™~ after 4h
° of exposure to 150 nmol of each treatment. Results
E are shown as mean * SD of four independent ex-
E 100 periments done in duplicate and are compared using
3 one-way ANOVA (excluding NaNO,).
E 50
[e]
4
@«
4
0 Va4 T
oY ©
& &8
B 150 One-way p =0.0344 C One-way p=0.1105
H H
£ 100 £ 100
- -
g 5
£ £
© 50 ® 50
'~ ‘e
o o E i
= =z
0 —/ = 0 V4
S R * £ £ F
N S ¥ > 2 O 5
& o & o & EIRS S
Table 5

Mass balance for each tested treatment (initial amount 150 nmol) after 4 h of
permeability from the basolateral to the apical compartment. Mean + SD of
four independent experiments done in duplicate.

Treatments Amount (nmol) Percentage of the initial amount
GSNO 169 *= 40 113 = 36
NACNO 159 + 24 106 = 21
SNAP 162 = 49 108 = 44
NaNO, 155 = 18 103 = 17

(Fig. 7). The amounts of unpermeated NO,~ ions (Fig. 7B) were the only
form that depended on S-nitrosothiol chemical structure
(Pireatment = 0.0344). As S-nitrosothiols are separated from cells by the
porous membrane of the device, they cannot be metabolised by cell
membrane enzymes showing the great importance of S-nitrosothiol
metabolism in their permeability. Furthermore, the high amount of
remaining RSNO form (Fig. 7A) attested from the stability of each S-
nitrosothiol in our operating conditions.

This also showed that the degradation of S-nitrosothiols into ionic
forms observed in the apical to basolateral permeability study (Fig. 4)
was due to cell membrane enzymes activity. Finally, the study of S-
nitrosothiols permeability from the basolateral to the apical compart-
ment showed a mass balance of 100% for each S-nitrosothiol treatment
(Table 5).

3.4. Influence of the apical pH on S-nitrosothiols permeability

The principal site of absorption of small molecules including pep-
tides and amino acids is the jejunum part of the intestine, which phy-
siological pH ranges from 6 to 7. In order to study the permeability of S-
nitrosothiols close to physiological conditions, the pH of the apical
compartment mimicking the intestinal lumen was shifted of one log
from pH 7.4 to pH 6.4. pH acidification has no impact on propranolol
and furosemide permeability [27], so the experiment was not per-
formed.

At pH 6.4, the permeability of each S-nitrosothiol under the RSNO
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and the ionic forms (Fig. 8) followed the same profile than at pH 7.4
(Fig. 3). However, the NACNO treatment showed a 7 times increase of
permeability under the RSNO form (Fig. 8A) compared to pH 7.4. The
NaNO, treatment showed a permeability under the RSNO form
(Fig. 8A) and a large (10 times at 1 h and 20 times at 4 h) increase of the
permeability under the NO;~ form (Fig. 8C). So, at pH 6.4, the Papp
values of NOx species and RSNO form rose for the NaNO, treatment
(Table 6) compared to pH 7.4 (Table 2).

The Papp values at pH 6.4 (Table 6) maintained each S-nitrosothiol
in the medium class of permeability for NOx species and in the low
permeability class for the RSNO form. However, the Papp value of the
NACNO treatment under the RSNO form increased from
0.21 + 0.08 x 10" °cm.s™'  (Table 2) at pH 7.4 to
0.9 = 0.7 x 10 °cm.s™! at pH 6.4, bringing NACNO close to the
medium permeability class (from 1 to 10 x 10 %cm.s ™%, [19]).

The distribution of non-permeated species remaining in the apical
compartment after 4 h of permeability at pH 6.4 (Fig. 9) was similar to
that at pH 7.4 (Fig. 4).

The absorption of S-nitrosothiols from the apical compartment at
pH 6.4 to the basolateral compartment at pH 7.4 presented a mass
balance from 58% to 78% of the initial amount (Table 7).

4. Discussion

The human intestinal barrier model based on Caco-2 cells is widely
used in the pharmaceutical industry to determine the parameters of
intestinal permeability of new drugs. The results obtained depend
mainly on cell culture parameters (time, medium and age [29]). In the
present study, we validated our conditions using two reference mole-
cules, i.e. propranolol and furosemide, in comparison with already
published Papp values. These Papp values, as well as TEER values
(> 500 Q.cm?), are quality guaranties of our model and results. From
the literature, propranolol, with a Papp value between 3.30 x 10~ °
and 41.90 x 10 ®cm.s~' [26,27] belongs to the high permeability
class, and furosemide, with a Papp value varying from 0.04 x 10~ ° to
0.11 x 10 ®cm.s ™! [26,37] belongs to the low permeability class.
Such a low permeability for furosemide was attributed to an efflux
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Table 6 (OCT) and the Zwitterion Transporters (OCTN), implied in the ab-
Values of apparent permeability coefficient (Papp) for NOx species sorption of Na* and Ca®*, are expressed within the intestinal tissue and

(RSNO + NO,™ + NO;37) and the RSNO form after 4 h of permeability study
from the apical compartment (pH 6.4) to the basolateral compartment (pH 7.4).
Mean + SD of three independent experiments done in duplicate.

Treatments NOXx Papp (%10 ®cm.s™") RSNO Papp (x10 °cm.s™")
GSNO 1.9 = 0.6 0.5 = 0.2
NACNO 48 * 24 09 = 0.7
SNAP 14 = 08 0.20 = 0.05
NaNO, 207.0 = 37.9 7.7:%.6:5;

driven by the intestinal P-glycoprotein to the luminal direction [38].
The Papp values for propranolol (24.4 x 10~ °cm.s ') and furosemide
(0.3 x 10~ ®cm.s ') obtained using our intestinal barrier model con-
firm the already published values and probably attest for the presence
and activity of the P-glycoprotein in this model.

S-Nitrosothiols are NO donors allowing the release of NO with a
relative short half-life (within a few hours) [2]. Thereby, in aqueous
medium, NO is spontaneously and quickly oxidized into nitrite and
nitrate ions. So, it is mandatory to study the intestinal permeability of
these ionic species as well as the permeability of the RSNO form to
evaluate the bioavailability of NO in the blood stream after oral ad-
ministration. In the present study, each S-nitrosothiol increased their
permeability following time, in each of the three proposed conditions
(apical to basolateral compartments at pH 7.4 direction, opposite di-
rection, apical compartment at pH 6.4 to basolateral compartment at
pH 7.4).

The study of S-nitrosothiols permeability from the compartment
mimicking the intestinal lumen (apical compartment) to the compart-
ment mimicking the lumen of blood vessels (basolateral compartment)
revealed a weak absorption of each S-nitrosothiol treatment under the
RSNO form compared to the ionic species, which are the major ab-
sorbed species (Fig. 10A). In a general point of view, the ionic species
are more absorbed by the intestine than the neutral molecules. Indeed,
specific ionic transporters such as the Organic Cation Transporters
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Caco-2 cells [39,40].

The Papp values of all permeated species placed each S-nitrosothiol
studied within the medium permeability class for NOx species, class
that was surrounded by our two reference molecules (propranolol and
furosemide). The Papp value was the same for each S-nitrosothiol even
if they presented different physico-chemical properties with a higher
hydrophilicity for GSNO than SNAP [2]. In this way, the physico-che-
mical properties of the skeleton (R) carrying the nitroso group are not
prevalent for the intestinal permeability of the S-nitrosothiols. The mass
balance within both compartments allowed a recovery of 100% of the
initial amount deposited for the SNAP treatment. The small missing
amount for the GSNO treatment was recovered by the intracellular
quantification, rising the mass balance to almost 100%. However, the
NACNO treatment showed a mass balance of 75%, which was not
completed to 100% after intracellular quantification.

The amount of NOx species found inside the cells was higher for the
GSNO treatment than for the SNAP treatment, with the NACNO treat-
ment situated between each other. SNAP promotes drug intestinal ab-
sorption [41] by opening tight junctions without affecting barrier in-
tegrity. Indeed, SNAP increases insulin rectal absorption, transepithelial
transport of fluorescein sulfonic acid (low absorbable molecule) [41,42]
and macromolecules absorption through the intestine by the reversible
opening of tight junctions [41,43,44] and a thickening of ileal mucosal
membrane [45]. So, in our study, paracellular absorption of SNAP can
be speculated. GSNO and NACNO were partially absorbed via a trans-
cellular pathway. The mass imbalance observed for the NACNO treat-
ment can be attributed to its higher metabolism within the apical
compartment. Moreover, the metabolism of each S-nitrosothiol was
abolished in the donor compartment when studying the permeability
from the basolateral to the apical compartments. This phenomenon is a
proof of the intestinal barrier orientation with a brush border including
metabolic enzymes like redoxins and gamma-glutamyl transferase [46],
faced to the apical compartment, and a basal lamina without any me-
tabolic activity faced to the basolateral compartment.
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Table 7 RSNO forms was observed. However, the formation of RSNO following

Mass balance for all tested treatments (initial amount 50 nmol) after 4 h of
permeability from the apical compartment at pH 6.4 to the basolateral com-
partment at pH 7.4. Mean = SD of three independent experiments done in
duplicate.

Treatments Amount (nmol) Percentage of the initial amount
GSNO 34 = 10 * 20
NACNO 37 £ 10 78 = 20
SNAP 31ix:5 58 = 8
NaNO, 114 £ 18 227 + 35

The equal Papp values obtained permeability studies from the apical
to the basolateral compartments and permeability studies from the
basolateral to the apical compartments revealed that the absorption of
S-nitrosothiols is driven by a passive diffusion through the intestinal
barrier (Fig. 10B). This transport modality excluded the participation of
all transport systems and energy consumption in the permeability of S-
nitrosothiols [47]. In that way, S-nitrosothiols permeability may be
improved using pharmaceutical formulations, which are aimed at
opening tight junctions and increasing the local concentration and the
residence time of the molecule.

Finally, the acidification (pH 6.4) of the apical compartment to
mimic the physiological condition of the jejunum part of the intestine
(Fig. 10C) showed a permeability dependent on the S-nitrosothiol
treatment. The very low permeability of the RSNO form for the NACNO
treatment at pH 7.4 was multiplied by ten at pH 6.4. However, this
favoured permeability of NACNO seemed to be related neither to the
lipophilic balance — as NACNO showed a log P intermediate between
GSNO and SNAP - nor to the ionization state — as the isoelectric point
(pI) of NACNO is intermediate (3.24) between GSNO and SNAP (4.8
and 4.85, respectively) and far away from the studied pHs. As the thiol
functions are blocked by NO, their pKa values are not involved in the pI
of the S-nitrosothiols. However, it may be involved in the stability of
the S-NO bound, e.g the S-nitrosocysteine (cysNO) is less stable than
GSNO due to a lower pKa of the thiol function of the cysteine residue.
The permeability of the RSNO form for the NaNO, treatment suggested
that pH 6.4 favoured the formation of RSNO starting from NO,". This
can also be postulated for all the experiments where permeability of the
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the NaNO, treatment should certainly occur thanks to intracellular
thiols, which are the only available source of thiol in the experimental
system. This phenomenon will lead to cell thiol depletion, which will
induce tolerance at it was already seen in clinics for organic nitrate
treatments [48]. However, our experiments showed that S-nitrosothiol
treatments bringing the thiol function itself, won’t induce thiol deple-
tion neither tolerance phenomenon. Furthermore, Pinheiro and cow-
orkers demonstrated that oral administration of nitrite ions allowed the
formation of RSNO in the stomach leading to an increased plasma
RSNO concentration [17]. Our work precises that the formation of
RSNO may also occur in the jejunum part of the intestine at acidic pH.

Finally, according to the BCS, S-nitrosothiols can be classified be-
tween class I and class 111, regarding their high solubility and medium
permeability. From Le Ferrec et al. [49], the result obtained in vitro with
high permeability molecules (class I and class II) can be easily trans-
posed to in vivo intestinal absorption unlike results obtained for low
permeability molecules (class III and class IV). So, the S-nitrosothiols
included in the medium class of permeability can be considered as
drugs suitable for oral administration. Thereafter, it would be inter-
esting to study the permeability of S-nitrosothiols in the presence of
albumin in the basolateral compartment to mimic the blood stream
compartment [50]. Furthermore, albumin including a free reduced
cysteine residue in position 34 will increase the amount of RSNO found
in the basolateral compartment through S-nitrosation process.

In conclusion, our study suggested that S-nitrosothiols can be ad-
ministrated by the oral route to be absorbed at the intestinal level,
mainly in the jejunum part. The passive diffusion of S-nitrosothiols
under three different kinds of species such as nitrite and nitrate ions and
the RSNO form was demonstrated using a model of human intestinal
barrier. The permeation of the RSNO species will improve the interest
for S-nitrosothiols oral administration compared to nitrite ions. Indeed,
S-nitrosothiols would not deplete the intracellular stock of reduced
thiols. Even if S-nitrosothiols are good candidates for NO oral supple-
mentation, they will need appropriate protection from enzymatic de-
gradation using nanotechnologies [20,51-53].
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Chapter 3: Vascular NO storage and its vasoactivity
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3.1 NO storage

In the previous work of our lab', nitric oxide storage has been found in the
vascular wall after the administration of GSNO loaded nanocomposite to Wistar rats.
As described in the Chapter 1, S-nitrosothiol (RSNOs) is one of the main NO storage
forms in our body. The transnitrosation (such as transfer NO from cysteine residue to
another, from GSNO to other proteins) plays an important role in both the production
and degradation of RSNOs. Several studies have proven the existence of NO stores.
For example, photosensitive NO stores have been identified through the relaxation
of precontracted blood vessels after exposition to light'””178 In further study,
photosensitivity was lost after exposed the endothelium removed vessels repeatedly
exposed to light, but it recovered when these vessels were exposed to a NO donor'"®.
Another evidence is the relaxation effect of blood vessels after adding the low
molecular weight thiols like N-acetylcysteine (NAC). NAC can displace NO from other
high molecular weight RSNOs then produce NO to vasodilate the vessels'. The
existence of NO stores has been proposed as the explanation for the persistence of
endothelium-dependent relaxion effects after using inhibitors to block the NO
synthase™'. It is also the reason for the lasting hyporesponsiveness of vessels to
vasoconstrictors elicited by NO donors'82. To conclude, all these studies proven the
existence of NO stores and support the idea that S-nitrosation of thiols in tissues is a
mechanism of NO stores (RSNOs) formation from which NO can be subsequently

released.

Main forms of NO storage

In fact, RSNOs and dinitrosyl iron complexes (DNIC) are the two main forms of
NO transport and storage in the organism. These two types of compounds can be of
high or low molecular weight. The protein complexes are usually more stable
compared to the one with low molecular weight. Among the low molecular weight
nitrosothiols, S-nitrosocysteine has the closest physicochemical and virtually identical
vasodilatory properties to endothelium derived relaxing factor'®. GSNO has been
regarded as the intermediate between NOS activation and free NO formation. It was
suggested that NOS nitrosates glutathione to form GSNO, which releases NO in the
presence of Cu*'7®.184185 |n gddition, low molecular weight RSNOs can also pass NO
to the cysteine residues of proteins through transnitrosylation8. S-nitrosylation or S-

nitrosation of certain proteins give rise to NO transport—storage forms such as S-
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nitrosoalbumin'”:18 and S-nitrosohemoglobin (SNO-Hb)'®. Iron-nitrosyl-hemoglobin
is formed through the interaction of heme-Fe(ll) with NO. Under high Oz pressure, NO
moiety is then transfer from the heme group to the cysteine 93 residue of Hb, resulting
in the formation of SNO-Hb. Conversely, NO is released from SNO-Hb when Oz tension
decreases. This results in vasodilation and the improvement of tissue perfusion and
gas exchange'®. In addition, S-nitrosoalbumin also serves as an important NO-

transporter.

Except RSNOs, DNIC with thiol-containing ligands [(RS):Fe(NO):] are other
possible endogenous NO storage form'®'. DNIC were found in animal tissues over 50
years ago via their specific electron paramagnetic resonance signal’®?. The main
biological activity of DNIC is due to release of NO, transfer NO to cysteine group of
proteins, or transfer Fe(NO)z groups to proteins dithiols to form new DNIC. In the work
of Galagan'®3, exogenous DNIC were administrated to rats and resulted in quickly

spread over tissues followed with hypotensive effects.

These two kinds of NO storage forms (RSNOs and DNIC) are capable of
interconversions according to the level of Fe?*, NO, as well as low molecular weight
thiols in the cell (Figure 16). When thiols content decreases, both DNIC and RSNOs
amount decrease. When NO level decreases while the thiols and iron concentration
remain constant, DNIC and RSNOs mainly serve as NO donors, which transfer NO to
the acceptor cell. Excessive iron accelerates RSNOs dissociation more than DNIC
dissociation. NO is principally stabilized in the form of RSNOs with excessive thiols as
compared to iron'*. Apparently, RSNOs is the main NO transport form between the
cells. When RSNOs arrives in the region where content of non-heme iron and thiols

increased, it initiates DNIC formation, while dissociation of DNIC releases NO195.196
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Figure 16. NO storage in the form of S-nitrosothiols (RS-NO), dinitrosyl iron complexes

(DNIC) with protein ligands, and low molecular weight DNIC®7.

S-nitroso-proteins and its functional significance

As one of the main forms of NO storage in organisms, S-nitroso-proteins (such as
SNO-Hb and S-nitrosoalbumin) play an important role in the transport and prolong the
lifetime of NO. However, the S-nitrosation and denitrosation of proteins (enzymes) may
also change their activity. For example, cysteine 69 (C69) is the nitrosable thiol of Trx'%,
It has been suggested that the S-nitrosation of C69 results in the increase of Trx activity
compared with control. Whereas, this increase is not inducible using the C69S mutant
Trx'9°, In addition, the enzyme PDI, a member of thioredoxin superfamily, has also
proven to be nitrosable in vitro?®®. Some investigations have shown that PDI losses its
activity after S-nitrosation with a fivefold excess of the SNO donor??'. However, no data
has been presented about the existence of PDI-SNO in vivo. Caspases are a family of
proteolytic enzymes that play important role in cellular death. SNO is believed to exert
a portion of its anti-apoptotic effects via nitrosation of cysteine from the active site of

at least two members from the caspase family?°2. To conclude, S-nitrosation activity is
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of significance to the activity of enzyme.
3.2 Endothelial dysfunction

Endothelial dysfunction is characterized by the decrease of the bioavailability of
vasodilators, especiallyNO, and/or an increased production of endothelium derived
contracting factors?%3, It is involved in most forms of cardiovascular diseases, such as
atherosclerosis, hypertension, peripheral artery disease, chronic heart failure,

coronary artery disease, diabetes, and chronic renal failure.

Several factors participate in the formation of endothelial dysfunction, such as
cardiovascular risk factors including aging, smoking, hypertension, hyperglycemia,
hypercholesterolemia, and genetic factors like family premature atherosclerotic
disease history?93.2%4  Endothelial dysfunction causes a chronic inflammatory process
with a reduction of antithrombotic factors as well as an increase in prothrombotic
products and vasoconstrictors, resulting in abnormal vasoreactivity and elevating risk
of cardiovascular diseases?0320%.206 (Figure 17). In addition, endothelial dysfunction
has also been related to obesity, elevated C-reactive protein, and chronic systemic

infection207-212,

Unknown factors

N

Endothelial dysfunction
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Figure 17. The various factors that affect the endothelium and the consequences of

endothelial dysfunction?°4,
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As the imbalance in the production of vasodilating factors (NO) is the key point of
endothelial dysfunction, the formation of a NO store may restore the physiological role

of NO which helps counteracting endothelial dysfunction.

To make clear the NO storage in vascular wall, different rat aorta (endothelium
intact and removed) have been incubated with different NO donors to induce NO

storage. The vasoactivity of NO storage has also been tested, as shown in article 3:
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Article 3: S-nitrosothiols as potential therapeutics to induce a mobilizable

vascular store of nitric oxide to counteract endothelial dysfunction.

Les S-nitrosothiols : de potentiels médicaments induisant la formation d’un
stock mobilisable de monoxyde d’azote au sein des vaisseaux afin de contrer la
dysfonction endothéliale.

Caroline Perrin-Sarrado”, Yi Zhou*, Valérie Salgues, Marianne Parent, Philippe

Giummelly, Isabelle Lartaud, Caroline Gaucher*
# Les deux auteurs ont contribué a parts égales a ce travail.

Article soumis au journal Biochemical Pharmacology le 28 juin 2019.
(FI: 4,7). Q1 Pharmacology and Pharmacy).
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derived (NOx) species, representing the NO store mside the vascular wall, were quantified
using the diaminonaphthalene probe coupled to mercuric ions. The bioavailability of the NO
store and 1ts ability fo induce vasodilation was fested using N-acetylcysteine, then its ability to
counteract vasoconstriction was challenged using phenylephrine (PHE).

All the smdied RSNOs were able to generate 2 NO store materialized a three to five times
merease of NOx species inside aortae. NACNO was the most potent RSNO to produce a
vascular NO store bioavailable for vasorelaxation and the most efficient to induce vascular
hyporeactivity to PHE in endothelium removed aortae. GSNO and SNAP were equivalent and
more efficient than SNP. In endothelinm-intact aortae. the NO store was also formed whereas
it seemed less available for vasorelaxation and did not influence PHE-induced
vasoconstriction. In conclusion, RSNOs - NACNO in a better extent - are able to restore NO
bioavailability as a functional NO store within the vessel wall, especially when the
endothelinm is removed. This was associated with a hyporeactivity to the vasoconstrictive
agent phenylephrine. Treatment with RSNOs could present a benefit to restore NO-dependent

functions in pathological states associated with injured endothelium.
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1. Intreduoction
Cardiovascular diseases (CVD) are an important leading canses of morbidity and mortality in
the world and mainly originate from the disruption of endothelial homeostasis. Various
physio-pathological conditions, including hyperglycemia, hyperlipidemia, hypertension [1]
and aging [2], may impact endothelial function. Endothelinm impairment 15 a complex
pathophysiological event that includes endothelial cells activation and dysfunction.
Endothelial dvsfunction 15 defined as an imbalance in the production of vasodilating and
vasoconstrictive factors, anti- and prothrombotic factors as well as anti- and proinflammatory
factors [3.4]. The production and/or the bioavailability of vasodilating factors like nitric oxide
{NO) or endothelinm-hyperpolarizing factor and prostacyclin decrease [5,6]. In the meantime,
the production of endotheliuvm-dependent vasoconstrictive agents such as endothelin-1
increases [7.8]. The decreased synthesis, release and/or activity of endotheliom derived NO is
the earliest and one of the most important events that characterize endothelial dyvsfunction [9].
In endothelial cells, NO is responsible for the maintenance of vascular homeostasis through
the coordination of the communication between endothelial and smooth muscle cells (SMC)
m the vessel wall for example. The decrease in NO bioavailability results either from (1) a
reduction of WO synthesis, linked to a decrease in eMNOS protein expression [10] and/or eNOS
activify impairment (uncoupling) [11]. or from (11) an increase in NO degradation. NO, as a
gazotransmitter showing a very short half-life (less than 5 s [12]). 15 stored and transported as
S-nitrosothiols (RSNOs), in relation with the S-nifrosation process (the formation of the 5-NO
bond). Thanks to such S-nitrosation processes, NO half-life is drastically extended (af least
several min and up fo several hours, depending of the structure of the carrying thiol) [13.14].
Moreover, S-nifrosation limits the oxidative/nitrosative stress induced by NO oxidation into
peroxynitrite ions (ONOQ™) [13]. So, RSNOs can be envisaged as therapeutics with a

potential use in cardiovascular disorders associated with endothelial dysfunction to restore
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NO bioavailability. Indeed. RSNOs are currently investigated (clinical trials) to reduce
cerebral embolization after carotid angioplasty, recurrent stroke or systemic embolization for
example see [14].

In ex vivo models, these RSNOs, as NO donors, induce an immediate vasorelaxation (e.g.
within 5 min following exposure in isolated aortae). This phenomenon 1s linked fo the fast
release of NO induced by denitrosating enzymes such as protein disulfide isomerase (PDI)
and gamma-glutamyl transferase (GGT) - present at the endothelial level - and subsequent
activation of the soluble guanylate cyclase (sGC)/GMPc pathway within smooth muscle cells
[16.17]. The presence of a functional endothelium is crucial for the NO release from RSNOs
as shown by a higher potency of RSNOs fo induce vasodilation m the presence rather than in
the absence of endothelium [16,18]. This was highlighted by a higher ax vivo vasorelaxant
effects (1 log increase in pDh; values) of RSNOs on endothelium-intact aortic rings than on
endothelium-denuded aortic rings [16].

Besides these immediate vasorelaxant effects related to nitrosylation of sGC (NO
coordination to the iron of the heme), RSNOs are able to induce the vascular storage of NO
either ex vive or in vivo [19-21]. This NO store 1s mainly composed of NO-derived (NOx)
species like nitrite ions and S-nitrosated proteins or peptides made by transnitrosation
reactions [15). Those transnitrosation reactions with circulating or vascular peptides/proteins
play important roles in NO transport and storage as well as NO signaling. The NO store can
be mobilized for sGC activation leading to vasorelaxation [19-22]. Transnitrosation processes
depend on the physico-chemical properties of the molecules carrying SNO [12.23] and their
metabolism by denitrosating enzymes [24].

As endothelivm plays an important role tn the immediate vasorelaxant effect of RSNOs, we
wonder whether it influences the storage of NO from RSNOs. We therefore compare the

ability of three S-nitrosothiols, the S-nitrosoglutathione (GSNO) a physiological RSNO, and
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two synthetic RSNOs, the S-nitroso-N-acetylcysteine (NWACNO) and the S-nitroso-N-
acetylpenicillamine (SNAP) to generate NO storage. Sodium nitroprusside (SNP) is evaluated
as a non-K5SNO NO-donor.
Aortic rings are pre-incubated with RSNOs or SNP in order to stimulate transnitrosation
processes. The generation of a WO store within the vascular wall is evaluated by quantifying
NOx species inside of the vascular wall. Then, the bicavailability of such NO storage to
regulate vasoactivity is revealed by measuring aortic vasoconstriction to phenvlephrine (PHE)
and the vasorelaxation induced in response to N-acetylcysteine (NAC). Indeed. NAC can
enter inside the cells where if is deacetylated in cysteine. Then, the cysteine residue, in the
presence of WO storage. displaces NO by transnitrosation process to produce 5-
nitrosocysteine. This instable S-nitrosocysteine immediately releases NO available to
stimulate the sGC/GMPc pathway inducing vasorelaxation. In the absence of NO store, the
aortic rings do not relax nnder this NAC protocol. These two protocols (NAC and PHE) give
functional proofs of the NO stored within the vascular wall, either in endothelium-intact or in
endothelium removed aortae.

2. Marerial and methods

2.1. Chemicals
All reagents were of analytical grade. Mercuric chloride (HgClz) and sodium hvdroxide
{(MNaOH) were purchased from Prolabo (VWR). Carbachol, PHE, SNP and all other reagents
were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France). Ultrapure deionized
water (18.2 M€ cm) was used to prepare all solutions.
GSNO, SNAP and NACNO were synthesized extemporaneously at a final concentration of
107 M. by S-nitrosation of ghitathione, N-acetylpenicillamine or N-acetylcysteine with
sodimm nitrite (ratio 1:1) under acidic condition as previously described [25]. The purity of

RSNO was assessed by ultraviolet spectrophotometry using the specific molar absorbance of
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the 5-NO bond at 334 nm (zeswo = 922 M em™: exacwo =200 M cm™) and at 340 nm for
SNAP (egqap= 1020 M cm'lj. All RSNO selutions were used in a concentration range =95%
of the in1tial concentration. All manipulations and assays involving NO donors were
performed with subdued lighting, in order to minimize light-induced degradation of RSNOs.
1.2, Rats and ethical statements
All expeniments were performed in accordance with the Enropean Community guidelines
(2010/63/E10) for the nse of experimental animals in the respect of the 3 Rs’ requirements for
Ammal Welfare. The projects untitled “Nitro-Vivo™ and “BisNitro-Vive™ (n"APAFIS#1614-
2015090216575422v2 and #15598-2018061619129620v3, respectively) were positively
evaluated by the regional ethical committee for animal experiments and approved by the
French Ministry of Research.
Twelve week-old. male, normotensive Wistar rats (300-325 g) were purchased from Janvier
Laboratories (Le Genest St Isle, France) and kept under standard conditions (temperature: 21
= 1°C, hvgromeiry 60 = 10%, light on 6 am fo § pm). They ate standard diet (A04, Safe,
Villemoisson-sur-Orge, France) and drank water (reverse osmosis system, Culligan. Brussels,
Belgium) ad {ibitum.
Rats were anesthetized with sodium pentobarbitone (60 mg kg™, intraperitoneal injection,
Sanofi Santé Nutrition Animale, Libourne, France) and the adequacy of anesthesia was
checked by testing the loss of the comneal and pinch paw withdrawal reflexes. If a change in
the reflexes occurred, a bolus of sodivm pentobarbitone was immediately administered. Affer
administration of heparin (1000 IU kg heparine Choay. penis vein). rats were sacrificed by
exsanguination and segments (3 cm) of the descending thoracic aorta were removed, cleaned
from surrounding connective tissues, cuf info 2-mm long rings (8 rings per rat) and
immediately used for vasoactivity. In some rings, the endothelinm was removed by gently

mbbing the intimal surface with forceps. For NOx species quantification, aortas
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(endothelivm-intact or endothelinvm-removed) were frozen in liquid nitrogen immediately
after collection and stored at -80 °C (less than 2 months) until the incubation with NO donors.

2.3.Quantification of NO derived species
The NOx species (RSNO and nitrite ions) were quantified inside endothelivm-intact and
endothelinm-removed aortae. Aortae were thawed at 37 °C for 2 min and cut into fwo pieces
of 20 = 2 mg each (one piece for control and one piece for RSNO incubation). All
experiments were performed in the same condition as vasoactivity studies (section 2.4): each
piece of aorta was equilibrated during 60 min at 37 °C in 75 mL of Krebs™ solution containing
119 mM NaCl, 4.7 mM KC1, 1.2 mM EH,PO., 1.2 mM MgS0., 1.6 mM CaCl,, 24 mM
NaHCO;, 5.5 mM glucose, adjusted to pH 7.4 and under 95% O; and 5% CO; continuous
bubbling. Then, GSNO, SNAP, NACNO or SNP (2 uM). or Krebs” solution as control, were
incubated during 30 min (n = 3-15 per group. from 3-15 different rats in each group) Aortae
were rinsed 3 times during 20 min with 75 mL of Krebs™ solution to remove the excess of
ESNO and dried with a paper tissue. Dry aortae were then snap frozen in liquid nifrogen and
crushed with a pestle in a mortar. Aortae powder was mixed for 30 s with 600 pL of 0.105
mM 2. 3-diaminonaphthalene (DAN) and 1.05 mM HgCl; prepared in HC1 0.6 M. The mixture
was incubated 10 min at 37 °C under rotation. The reaction was stopped with 40 uL of 10 M
NaOH to reach the maximum of naphthotriazole (NAT) fluorescence. After 15 min of
centrifugation 18,000 g at 4 °C, the supernatant intensity of fluorescence was read in a black
96-wells plate at 415 nm after excitation at 375 nm (JASCO FP-8300, France). WOx species
quantity was calculated upon a standard curve built with GSNO (0.1 to 2 pM).

2.4. Vasoactivity studies
Vasoactivity was evaluated on endothelinm-intact or endothelivm-removed aorfic rings vsing
an isometric tension recording system in 10 mL organ chambers (EMEABATH, Emka

Technology, France) [18]. The organ chambers were filled with Krebs® solution (10 mL.
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37°C) and continuously bubbled with 953% O, and 5% CO,. Following 60-min equilibration at
a basal resting tension of 2 g, rings were exposed 2 times to KC1 (60 mM. 5 min) to check
viability.

Aortae were exposed for 30 min to GSNO, SNAP. NACNO or SNP (2 pM) [20,22]. followed
by 3 times of washing (20 min each) with Krebs® solution to remove the excess of RSNO.
Then, aortae were submitted to two different protocols to evaluate (1) NO storage in the aortic
wall (INAC protocol) and (ii) vasoreactivity to a vasoconstrictor (PHE protocol):

1. NAC at 10° M (n = 8-10 per group. from 4-8 different rats in each group) was added on
pre-constricted aortae (1 oM PHE) in order to displace NO from cysteine-NO residue
and mobilize NO for nitrosylation of soluble guanylate cyclase, cGMP production and
vasodilation.

2. Cumulative concentration response curves to PHE from 3 x10"" M 1o 3x10° M n=06-17
per group, from 3-7 different rats in each group) were performed in order to evaluate
whether the NO storage decreases vasoconstrictive capacities.

The role of the endothelivm was investigated by performing experiments in either

endothelivm-intact or endothelivm-removed aortae. Endothelivm integrity or removal was

assessed on 10° M PHE pre-constricted aortae using 10 pM carbachol, a muscarinic

acetylcholine receptor agonist inducing vasorelaxation when the endothelium is intact. Aortic

rings showing less than 17+1% of relaxation were considered as endothelinm-removed.
2.5.Data analysis and statistical rests

All the results were presented as means + standard deviation and analyzed (Graph Pad prism®

software version 6.0); p=0.05 was considered as significant.

Results of NOx species quantification were analyzed using the Kmiskal Wallis test for non-

parametric (as some groups contained only 3 aortic rings) values followed by a Dunn’s post-

test. The vasorelaxant effect of NAC was calculated using the following equation (Eq. 1):
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Results were analyzed by the One-Way ANOVA test followed by the Bonferroni’s multiple
comparisons test. For PHE response curves, half maximal effective concentrations (ECsg) and
maximal responses (En.) were caleulated by fitting each concentration response curve using
the Hill logistic equation (Eq. 2):

Emax - Em['n

% Contraction = Ep, + (

1 + 10\(10EECs, — Concentration) « Hill slops)
The pD; values were calculated as -log ECsp and analyzed by the One-Way ANOVA test
followed by the Bonferroni’s multiple comparnisons test.

3. Results
Endothelinm-intact (Fig. 1A) and endothelivm-removed (Fig. 1B) aortae showed an increase
m NOx spectes confent following each NO-donor treatment compared to control. The control
represents the physiological NO store inside of the aortic wall, which was higher in
endothelium-intact aorta compared fo endothelium-removed aorta. The amount of NOx
species was greater for NACNO treatments in both types of aortae compared to other NO-
donor treatments, and reached similar values whatever the presence or the absence of the
endothelivm. However, for GSNO, SNAP and SNP treatments, the amount of NOx species
tended to be higher in endothelinm-intact compared to endothelinm-removed aortae.
To assess whether the NO store formed following NO-donors mcubation 1s available for
vasorelaxafion, aortae were submitted to the NAC protocol, which allows the release of NO
from S-nitrosated peptides or proteins (Fig. 2). In endothelinm-intact aortae, WAC-induced
vasorelaxation was only shown for NACNO treatment with 13% of vasorelaxation from PHE-
preconsiricted aorfic rings (Fig. 2A). In endothelivm-removed aortae, NAC-induced

vasorelaxation was shown for GSNO, NACNO and SNAP treatments with 27 + 4%, 43 + 3%

and 23 £ 4% of vasorelaxation from PHE-preconstricted aortic rings, respectively (Fig. 2B).
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The highest values of NAC-induced vasorelaxation were reached for NACNO treatment in
both endothelium-intact and endothelinvm-removed aortae. The vasorelaxation induced by
NAC following SNP treatment did not lead to significant vasorelaxation compared to the
confrol (Fig. 2B).
The functional availability of this mobilized NO store was challenged by comparing PHE-
mduced vasoconstriction curves with or without NO-donor pretreatments (Fig. 3).
Concentration-dependent response curves to PHE were not modified by any NO-donor
treatment compared to the control condition in endothelium-intact aortae (Fig. 3A). However,
in endothelivm-removed aortae the curves were shifted to the right (one log unit) for GSNO,
NACNO, SNAP and SNP treatments compared to confrol (Fig. 3B). The curves shifting to the
right was materialized by an increase in ECsp and a decrease of pD; values, without any
change in Ep,, values (Table 1). Moreover, the treatment of endothelivm-removed aortae with
GSNO, NACNO, SNAP and SNP decreased the pD); values close to the pD; values of
endotheliim-intact aortae. As expected, Ep,, values of PHE were higher in endothelium-
removed compared to endothelium-intact aortae.

4. Discussion
FRSNOs as a physiological storage and transport form of WO may be potential therapeutics to
restore NO bioavailability. In this study, we evaluated whether (1) a RSNO treatment is able to
produce NO store in vascular tissues - this was measured as the NOx species content - and
whether (ii) this NO store is available to achieve the physiological roles of WO. For the first
time, the NO store produced by RSNO treatment was quantified in both endothelium-intact
and endothelivm-removed aortae. We used endothelivm-removed aortae as a model of
endothelial dysfunction. The three RSNO treatments studied here increased NOx content, and
thus NO store in the aortic wall. This NO store is available for the NAC-induced vasodilation.
as well as for the opposition to PHE-induced vasoconstriction. However, while endothelium-

10
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intact and endothelinm-removed aortae seemed to accumulate NO store in the same quantities
{a little bit higher in endothelivm-intact aortae certainly due to the endogenous production of
NO by the endothelium), the physiological responses to its mobilization did not follow the
same profile.

This might be explained by a higher catabolism of RSNOs and SNP by enzymes present both
at the endothelial and smooth muscle cell levels in endothelivm-intact aortae. Gamma
glutamyl] transferase (GGT, responsible for GSNO catabolism) and redoxins like PDI and
thioredoxin (Trx) are distributed on endothelial cells and smooth mmuscle cells [15.16.24] (Fig.
4). In previous studies, we showed that the GGT activity is higher on endothelial cells
{2.46=0.20 nmol/'min/mg proteins) than on smooth muscle cells (1.35=0.20 nmol'min/mg of
proteins) [15.16.24]. That could explain the small increase in NOx species in endothelium-
mtact aortae. Concerming SINP, its transfer of WO has been shown to be catalyzed by thiols
like glutathione [26]. As our system does not include GSH in the medium surrounding aortae,
the transfer was probably assumed by thiols present at the cell membrane level (Fig. 4).
However, this transfer seems less efficient than those catalyzed by GGT and redoxins for
GSNO, NACNO or SNAP (Fig. 4). The NACNO treatment produced a similar amount of NO
store either in endothelinm-intact and in endothelium-removed aortae. This phenomenon was
probably due to the mechanism of NACNO incorporation into the cells nsing the L-type
amino acid transporter (L-AT) present either on endothelial cells [27] or on smooth muscle
cells [28] without any catabolism.

In order to proof the bioavailability of NO following treatments, NAC was applied to displace
NO from the NO store and induce vasorelaxation. The NO store produced by NACNO
treatment was shown to be more available for vasorelaxation compared to GSNO, SNAP and
SNP either in endothelivm-intact and endothelivm-removed aortae. However, the NAC-
induced vasorelaxation was higher in endothelium-removed than in endothelivm-intact aortae.

11
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This might be explained the formation of a bigger NO store in the endothelivm due to the
presence of more active enzymes than the ones present on smooth muscle cells. The NAC-
induced release of NO from this endothelial store can either create a new store through protein
S-nitrosation process or diffuse in smooth muscle cells before inducing the vasorelaxation
(Fig. 5A). The access of NAC fo smooth muscle cells 15 weaker (Stated in greyv in Fig. 5A) so
the direct release of NO from the NO store present in smooth muscle cells is less implicated in
the vasorelaxation. In endothelinm-removed aortae, the NO store is made directly in smooth
muscle cells when upon release induced by NAC can produce directly the vasorelaxation (Fig.
5B)

Concerning the responses to alpha-1 adrenergic receptor agonists, it 1s well known that the
vasoconstriction induced by PHE in endothelium-intact aortae is a balance between the
activation of alpha-1 adrenergic receptors on smooth muscle cells (vasoconstriction) and that
of alpha-1 adrenergic receptors on endothelial cells (leading to the activation of the NO/sGC
signaling pathway and then attenuation of the smooth muscle cells vasoconstriction). In the
present study, as in others [19-22]. the vasoconstriction induced by agonists of alpha-1
adrenergic receptors was modified by RSNOs treatment only in endothelium-removed aortae.
Furthermore, as pD: values of PHE are equivalent in control endothelium-intact aortae and
endothelmm-removed aortae treated with NO-donors, we may hypothesize that these
treatments, through the storage of NO in smooth muscle cells, might mimic the role of the
(lacking) endogenous NO production and the function of the endothelium. However. as Emax
was not modified. the vasoconstriction efficiency of PHE is refained even after NO-donor
treatments. This phenomenon was already described — but only for GSNO - in a model of
mduced endothelial dysfunction [29].

In conclusion, our study proposes WO-donors as a potential treatment for endothelial
dysfunction using endothelinm-removed aortae in direct comparison with endothelium-intact
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aortae. These NO-donors were shown to induce the formation of a store of WO, which was
gquantified and assessed for vasoactivity. The bicavailability of the NO store was challenged
with NAC-induced vasorelaxation and PHE-induced vasoconstriction. The NO store formed
by NO-donor, mainly by NACNO, was available for vasorelaxation and produced a
hyporeactivity to PHE. However, these functional results (PHE and NAC protocols) were not
in total agreement with the WO store formed by NO-donors prefreatments. Indeed. on one
side, increased quantities of NOx species in both endothelinm-intact and removed aortae was
highlighted and on the other side. higher functional mobilization and vasoactivity capacities
were observed only in endothelivm-removed aortae. The WACNO treatment was more potent
than other treatments regarding the amount of NO store and the amplitude of its impact on the
functional study. We also showed that the bioavailability of the NO store for vasorelaxation is
not only a matter of quantity, buf is also dependent from the presence of the endothelivm. And
finally, we suggested that NO-donors, mainly NACNO, should be used as therapeutics to

compensate endothelivm function lost along cardiovascular diseases.
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FIGURE CAPTIONS

Fig. 1. Quantity of nitric oxide-derived (NOx) species in endothelivm-intact (A) or
endothelinm-removed (B) rat aortae after incubation or not (control) with 2 pM of 5-
nitrosoglutathione (GSNO), S-nitroso-N-acetyleysteine (NACNO), S-nitroso-N-
acetylpenicillamine {SNAP) or sodivm nitroprusside (SNP) for 30 min. Results are presented
as mean = 5D of n = 3-15 per group, from 3-15 different rats in each group and compared
with a Kruskal-Wallis test; * p < 0.05 versus control.

Fig. 2. Vasorelaxant effects of Macetylcysteine (10° M) in endothelium-intact (A) and
endothelinm-removed (B) rat aortae after incubation or not (control) with 2 pM of 5-
nitrosoglutathione (GSNO), S-nitroso-N-acetylcysteine (NACNO), S-nitroso-N-
acetylpenicillamine {SNAP) or sodivm nitroprusside (SNP) for 30 min followed by one hour
of washing with Krebs™ solution. Results are expressed as the percentage of 10° M
phenylephrine preconstriction, presented as mean = SD of n = 8-10 per group. from 4-8
different rats in each group and compared with one-way ANOVA; *p<0.05 versus control,
#pc:t].{}i versus NACNO (Bonferront’s multiple comparisons test).

Fig. 3. Concentration-dependent responses curves to phenylephrine of endothelinm-intact (A)
and endothelinm-removed (B) rat aortae after incubation or not {control) with 2 pM of 5-
nitrosoglutathione (GSNO), S-nitroso-N-acetvlcvsteine (NACNO), S-nitroso-N-
acetylpenicillamine {SNAP) or sodivm nitroprusside (SNP) for 30 min. Results are presented
as mean = 5D of n = 6-17 per group, from 3-7 different rats in each group and analyzed using
the Hill equation.

Fig. 4. Schematic representation of S-nitrosoglutathione (GSNO), S-nitroso-N-acetylcysteine
(WACNO), S-nitroso-N-acetylpenicillamine (SNAP) and sodinm nitroprusside (SNP)
metabolism to produce a WO store of S-nitrosated proteins (Pr-SNQO) in cells. Protein disulfide
1somerase (PDI), gamma-glutamyltransferase (GGT). L-tvpe ammo acid transporter (L-AT),
S-nitrosocysteine (Cys-NO).

Fig. 5. Schematic representation of N-acetyleysteine (NAC)-induced vasorelaxation either in
endothelinm-intact (A) and in endothelium-removed aortae (B). NAC enters inside
endothelial cells (A) or smooth muscle cells (B) using the L-fype amino acid transporter (L-
AT). Then, NAC is deacetylated in cysteine residues that, in the presence of a NO store (Pr5-
WNO). forms Cys-NO by transnitrosation process. The unstable Cys-NO immediately releases
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Table

Table 1. Pharmacodynamic parameters calculated from phenylephrine concentration curves
established on endothelium-intact and endothelium removed aortae subjected or not to 2 pM
of S-nitrosoglutathione (GSNO), S-nitroso-N-acetyleysteine (NACNO), S-nitroso-N-

acetvlpenicillamine (SNAP) or sodium nitroprusside (SNP) treatment.

Control | GSNO NACNO SNAP SNP
Endothelium | pD: | 612043 | 50+02 [ 50+02 | 50+02 | 58+01
Intact Ema(g) | 20205 | 19104 27103 221 21
Endothelium | pD; | 75204 | 65£02% | 63+02% |65+£02% | 6.3+0.3*
Removed | Epg(g) | 40206 [35+060 | 41207 [37+067] 33+13
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Figure 3.
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Figure 4
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Chapter 4: Nano or micro? Three different particles to deliver
GSNO through oral route.
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As described in the chapter 2, GSNO showed a middle-class intestinal
permeability preferentially through transcellular way. It was therefore postulated that
GSNO can be administrated via the oral route. Oral delivery of GSNO seems to be a
good method to apply GSNO with its advantages such as patient compliance,
convenience, low cost, non-injection as well as lower infection risk. These merits are
important especially when applied to chronic disease like cardiovascular diseases.
However, GSNO is easy to degrade through different in vitro parameters and enzymes
in vivo. The protection of GSNO through gastrointestinal tract is crucial for its
applications through oral administration route. As shown in Tables 1-4, few oral
formulations have been developed to deliver GSNO, which is a small hydrophilic
molecule and easy to diffuse. To develop GSNO-loaded formulation through oral

administration adapted to CVD application, several factors should be considered:

=

Material adapted to oral route.

2. Efficient encapsulation efficiency of GSNO
3. Sustained release

4. Intestinal permeability enhancement

5. Stability of encapsulated GSNO

As described in the Chapter 1, GSNO-NP have been developed in our lab using
polymer Eudragit® RL PO through a water-in-oil-in-water (W/O/W) double
emulsion/solvent evaporation method. In addition, microparticles share the
advantages of nanoparticles but with additional ones such as higher drug loading and
longer sustained release time. Thus, modification of GSNO-NP was considered in

order to reach the four requirements above.

Eudragit® RL PO: The proper selection of material is of significant importance to
develop a formulation. Eudragit® RL PO used in the GSNO-NP preparation belongs to
Eudragit® family, which are nonabsorbable (in water), non-biodegradable and non-
toxic polymers. Eudragit® RL PO is a copolymer consisting of methyl methacrylate,
ethyl acrylate and methacrylic acid ester (low content) with quaternary ammonium
groups. As a solid substance (white powder) with a faint amine-like smell, Eudragit®

RL PO is used as coating material to get sustained drug release and is also suitable
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for matrix structures. It is widely used in the development of drug delivery systems
such as mucoadhesive tablets, nanoparticles, solid dispersions. Singh et al?'3,
described that Eudragit® RLPO with iron oxide combination presented a high-level
potential for developing gastroretentive and mucoadhesive drug delivery systems.
Pandey et al?'* developed a site-specific patch using Eudragit® RLPO and RSPO, with
a 12 h sustained release as well as mucoadhesion effect. Thus, Eudragit RLPO is a

good candidate polymer for oral delivery system with sustained release.
Double emulsion (W/O/W and S/O/W)

After determining the polymer used to prepare the particles, the next step is to
choose the preparation process. Several methods are potentially useful for the
nano/microparticles preparation. One of the most common is single emulsion, it can
encapsulate drugs, which are poorly soluble or lipophilic drugs successfully but it is not
suitable for the highly water-soluble drugs. This problem can be solved using the

double emulsion technique (also called “multiple emulsion”)315.
Water in oil in water (W/O/W) double emulsion

The water in oil in water double emulsions separate the internal aqueous phase
from external aqueous phases using an oil layer. The oil layer in the middle acts as a
liquid membrane to constrain the hydrophilic drugs inside. Thus, this double emulsion
system is regarded as a good candidate for controlled release of hydrophilic drugs.
The water in oil in water double emulsion/solvent evaporation is the main method to
prepare W/O/W microparticles. As shown in Figure 18, drugs are dissolved in an
agueous phase (inner agueous phase, W1). W1 is then emulsified in an oil phase
which is always the solution of polymer, resulting in the water in oil emulsion (W1/0).
Then, this primary emulsion (W1/O) is dispersed in another aqueous phase (outside
agueous phase, W2) to produce the W1/O/W2 double emulsions. After removing the

organic solvent through evaporation, the double emulsion particles can be collected
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through centrifugation or filtration?'®.

Drug Volatile Pri Water
; . . rimery i
+ + |organic solvent Emulsification . (large J: olume)
Water + 7  W/O emulsion -
(small volume) Surfactant Stabiliser

Solvent . . :
Collection/ drying = Microparticles = W/O/W emulsion (—I

evaporation
Figure 10. Scheme of the preparation procedure for drug loaded microparticles by the double emulsion

solvent evaporation method?'®.
Solid in oil in water (S/O/W) double emulsion

W/O/W double emulsion technique is the most commonly used for the
microparticles preparation. However, some drugs may lose their activities during this
process, or tend to aggregate such as proteins. When protein solution is emulsified
under high shear with organic solvent, it is easy for protein to be adsorbed to the
interface between water and oil phase?'"2'8, Thus, S/O/W methodology has been
applied to solve this problem since it can improve the protein stability during
encapsulation, as it avoids the W1/O interface. The S/O/W double emulsion is
prepared through a similar way than the W/O/W double emulsion, except that the solid
drugs are dispersed directly in the polymer solutions to get the primary emulsion. This
primary emulsion is then emulsified into a large volume of aqueous solutions with
emulsifying agent. Compared with W/O/W double emulsion, S/O/W emulsion has
several advantages. It avoids the first W/O emulsion, which limits the possible
degradation or diffusion of inner drugs. Thus, it provides a more stable drug state and
higher loading capacity. In addition, Lautner?’® and colleagues found that the
encapsulation efficiency and release profile of S/O/W microparticles may be related to
the size of inner phase, through preparation of SNAP loaded S/O/W PLGA
microparticles.

In the article, three different particles (nanoparticles or microparticles) have been
obtained through W/O/W double emulsion or S/O/W double emulsion using Eudragit®
RL PO to deliver GSNO through oral route. As shown in article 4:
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Article 4: Enhancing intestinal permeability of nitric oxide with storable

microparticles for S-nitrosoglutathione oral delivery

Des microparticules préparables a I'avance pour la délivrance de S-
nitroglutathion par voie orale et capables d’augmenter la perméabilité

intestinale du monoxyde d’azote

Yi ZHOU, Caroline GAUCHER, Isabelle FRIES, Mehmet HOBBEKAYA, Charléne
MARTIN, Clément LEONARD, Frantz DESCHAMPS, Anne SAPIN-MINET, Marianne
PARENT*
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Abstract

Three kinds of particles encapsulating a physiological donor of nitric oxide, i.e.
S-nitrosoglutathione (GSNO), were developed using the same raw materials but
various double emulsion/solvent evaporation processes. W/O/W Nano- or
micro-particles were compared to S/O/W micro-particles regarding size.
encapsulation efficiency. in vitro release. cytocompatibility and intestinal
permeability of GSNO (Caco-2 cells). All particles had an ~ 30% encapsulation
efficiency but microparticles had a slower in vitro release and enhanced drastically
GSNO permeation through the model of intestinal barrier. Moreover, size and GSNO
content of all particles were maintained after Iyophilization. and up to 1 month
(microparticles) and 3 months (nanoparticles) after storage at 4°C. In conclusion,
these GSNO-loaded particles might represent a new alternative for chronic oral

treatment of pathologies associated with a deficit in nitrie oxide.

Keywords: nitric oxide, S-nitrosoglutathione, nanoparticles, microparticles, oral

delivery
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1. Introduction

Nitric oxide (NO) 1s a gaseous messenger, produced by different cells like endothelial
cells, macrophages or neutrophils, thanks to NO synﬂlases'. Depending on the context
and on its concentration, NO is implicated in controlling blood pressure (through
relaxation of smooth muscle cells), wound healing and tissue regeneration, immune
response, neurotransmission or anti-cancer defense”®. As a result of these pleiotropic
actions, the dysregulation of NO homeostasis through NO deficiency is linked to
disorders like atherosclerosis, pulmonary hypertension, thrombosis and ischemia®®. A
treatment able to restore the physiological NO levels would therefore represent a
major therapeutic advance for a growing number of patients. This is however quite
challenging as NO gas may not be used directly in many cases. Its radical nature
results in high reactivity and very short half-life (< 1s)°.

In this context, WO donors have been developed over the past decades, including
organic nitrates®, nitrosamines’ . or metal-NO compltxs. Among these NO donors,
S-nitrosothiols (RSNO)™* " and diazeniumdiolates (NONOates)'" are the most
studied as promising drug candidates. NONQates are purely svnthetic compounds,
while RSNO are the physiologic forms of transport and storage of NO in our body". In
particular, S-nitrosoglutathione (GSNO) has recently gained a lot of attention for
different biomedical appljcatiunslz. This leadership could be explained by several
advantages over other RSNO. in addition to its antiplalelat” and arterioselective
vasodilator'? effects: i) it is physiologic and safe. because the NO residue is grafted to
glutathione (GSH), an anti-oxidant abundant in the cells; 11) it 1s relatively stable
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compared to other endogenous RSNO; 111) it can release NO under the action of
several enzymes. Most of them catabolize all types of RSNO (e.g. protein disulfide
isomerases, thioredoxins'® . .} but the gamma-glutamyl transpeptidase is dedicated to

GSNO metabolism.

All these properties could be of great interest in many conditions, including chronic
cardiovascular diseases. In this context of long-term treatment, an oral delivery will
be the most acceptable for the patients. Previousljf's. we showed that RSNO can cross
the infestinal barrier (Caco-2 intestinal model) with a medium apparent permeability
rate using a passive mode, so they can be administrated throngh the oral route.
Nevertheless, RSNO-delivery svstems are needed to reveal the full potential of RSNO
oral treatment. On the one hand, these systems could protect RSNO from the
gastro-intestinal degrading factors (such as temperature, pH variation, metallic ions,
enzymes...). On the other hand, they could modulate and/or sustain the NO release.
Two approaches are commonly distingnished: S-nitrosation of thiol-containing
prodmgs or encapsulation of RSNO in polvmeric nano- or micro-structures. As
examples of the first approach, dextran derivatives modified with cysteamine and
cystetne have been S-nitrosated at their terminal thiol functions by Damodaran et al'®,
generating a stable NO-releasing compound with antiplatelet effect. Shah et a1’
obtained a polymeric S-nitrosoglutathione-oligosaccharide-chitosan through the
linkage of G5H to chitosan followed by a post-nitrosation with sodium nitrite. This
new polyvmer showed a sustained release of NO for at least 6 hours. Similarly,
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Katsumi et al'® prepared a PEG-conjugated S-nitrosobovine serum albumin through
the S-nitrosation of the cysteine residue of the protein. thereby increasing NO half-life
and prolonging its vasorelaxant action. The encapsulation approach can itself be
divided into two strategies: direct encapsulation of ESNO (one-step) or encapsulation
of a thiol followed by its S-nitrosation (two-steps). For example, chitosan
nanoparticles encapsulating G5H have been prepared, then nitrosated before
incorporation in a Pluronic F-127 hydrogel for topical administration'®. Some
attempts of direct encapsulation were reported in various delivery systems. Parent et
al’® formulated GSNO and SNAP into in situ implants or microparticles. A sustained
and mild decrease in mean arterial pressure versus free drugs has been found after
their subcutaneous injection to rats. Moreover, beneficial effects of these formulations
have been observed in an acute model®! of stroke. Regar et al** grafted
S-nitrosocysteamine onto the surface of polyilactic-co-glveolic acid) (PLGA)
nanoparticles, thus increasing the antibiotic efficiency of tetracycline against £ Coli,
without any cytotoxicity to fibroblasts. Through the solid-in-oil-in-water (5/0/W)
double emulsion method, Lautner et al*. have encapsulated SNAP within
biodegradable PLGA microspheres with a high encapsulation efficiency (up to §1.9 %)
and long-time release. In sum, most of the systems described above focused on topical
or parenteral RSNO delivery, not oral one. Moreover, GSNO is poorly represented in
all previously reported studies, despite its specific strengths: this could be explained
by its high hydrophilicity, making it difficult to trap into polymeric matrices.
Nevertheless our lab succeeded previously” ‘in encapsulating GSNO in polymeric

6/33

134



109

110

111

112

113

114

118

119

120

121

122

123

124

128

129

130

nanoparticles, with a satisfactory encapsulation efficiency and a delayed protein
S-nitrosation in smooth muscle cells compared to free GSNO. The nanoparticles were
prepared with a water in oil in water (W/0/W) double emulsion/evaporation process
(suitable for such a hydrophilic drug) with Fudragit® RL PO polymer. commonly
used for tablet coating. To enhance the encapsulation efficiency of GSNO and sustain
its release, these nanoparticles have been incorporated into an alginate/chitosan matrix.
A single oral administration of the resulting composite particles to rats was sufficient
to generate a NO store in their aorta. Despite these very interesting results, the
preclinical development of these composite formulations 15 hindered by several points.
First, the multi-step preparation and adequate characterization of the composites take
more than 6 hours, which is far too time-consuming. Second, these formulations are
not stable and should be used immediately after preparation (no possibility to transfer
them to other labs to be tested in preclinical models).

As a result, in this work we explored the possibilities to prepare GSNO-loaded
microparticles from the same raw materials and double emulsion/evaporation process
than for the previous nanoparticles. Microparticles were prepared with the W/O/W
process (GSNO-MPW) but also with a S/0/W process (GSNO-MPS), as it often
allows better encapsulation and more sustained release of drigs in the literature™.
These particles were compared to nanoparticles (GSINO-NP) in terms of size,
encapsulation efficiency and in vifro release. Moreover, o gef particles i a stable
solid state, a lyophilization process was applied. Potential modifications of crifical
product attributes (encapsulation efficiency and size) after drying were assessed, as
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well as the stability of dried products. Caco-2 cells were used to evaluate the
cytocompatibility of the 3 particle types. Intestinal permeability of NOx species was

evaluated in an ix vifro model of intestinal barrier.

2. Materials and Methods

All solutions were prepared with ultrapure deionized water (>18.2 MQ cm). GSNO
was synthesized, purified and stored as previously described’®. Eudragit® RLPO was
a gift from Evonik industries (Germany). Mercuric chloride (HgCly) was purchased
from Prolabo (Switzerland), sodinm nitrite (NaMNO,) from Merck (Germany), sodium
hydroxide (NaOH) from VWR Chemicals (Czech Republic), methanol from Carlo
Erba Reagents (France) and Nitrite/nitrate fluorimetric kit from Cavman Chemical
(Bef 780051, USA). 2 3-diaminonaphthalene (DAN), sulfanilamide, N-{1-naphthvl)
ethylenediamine (NED)) and all other reagents (including Kolliphor P188) were

obtained from Sigma—Aldrich (France).

2.1. Preparation of GSNO-loaded nanoparticles (GSNO-NP), and GSNO-loaded
microparticles by water-in-oil-in-water (GSNO-MPW) or solid-in-oil-in-water
(GSNO-MPS) and lyvophilization

GSNO-NP were prepared by a water-in-oil-in-water (W/0/W) emulsion/solvent
evaporation technigque. Briefly, 500 uL of 0.1% (w/v) Kolliphor P188 solution
containing 10 mg of GSNO was emulsified by sonication for 60 s (11 W, 100%
amplitude, Vibra cell™ 72434, France) in 5 mL of methylene chloride containing 00
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169

170
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174

mg of Eudragit. over an ice bath. The resulting primary emulsion was then poured in
195 mL of 0.1% (w/v) Kolliphor P188 solution with sonication (30 W, amplitude
maximum, Vibra cell™ 75022, France) for 30 s, to get the W/O/'W emulsion. The

final NP suspension was obtained after 10 min of solvent evaporation.

GSNO-MPW were prepared as the GSNO-NP, except that the second emulsification
was performed with a vortex (VV3, VIWE., USA) at maxinum speed for 60 s, rather
than with ultrasonication. The whole process was conducted at controlled temperature
(24 £ 0.5 °C). The resulting suspension was hardened with a similar step of solvent

evaporation.

GSNO-MPS were prepared as GSNO-MPW, except that 10 mg of GSNO powder

(sieved at 40 um) were directly suspended in the Eudragit/DCM solution.

After the preparation of particles. the suspensions were centrifuged (42,000 g, 4°C,

WP for 30 min and MP for 10 min) and the pellets were re-suspended in 10 mL of 10%
{w/v) sucrose solution. The re-suspensions were frozen at -80°C for 15h =1 h then
lvophilizated for 24 h =1 h (FreeZonet LABCONCO USA| setups: condenser at

-50°C and pressure at 0.04 mbar). A preliminary study was conducted to optimize the
lvophilization of NP. Freezing the particles at -80 °C (instead of liqmd nitrogen) and
using sucrose as protectant (instead of trehalose, and no mannitol) were selected as

the best and lowest-cost conditions.
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After drving. the residual water content in the Ivophilizate was immediately tested
with a Karl-Fischer apparatus (756 KF coulometer, France). All powders were placed

under nitrogen and stored at 4°C protected from light.

1.2, Physicochemical characterization of particles

The hydrodynamic diameter, polydispersity index (PDI) and zeta-potential of the NP
were measured in triplicate in 0.001 M NaCl by dynamuc light scattering (Zetasizer
Nano Z5, Malvern Instrument, France). All measurements were performed at 25°C
after 30 s of equilibration with an angle detection of 173" backscatter.

The sizes of the MP were also measured in triplicate in 0.001 M NaCl by a
Mastersizer (hydro 2000 SM, Malvern Instruments, France). Span was calculated as
follows:

Span = (Dysg — Dy10) Disa

where Do, Dyso, Dyeo are values of size below which 10%. 50% or 90% of the
particles are contained.

The surface morphology of the particles was investigated by scanning electron
microscopy (SEM. Hitachi 54800, Japan, accelerating voltage 1 kKV). Briefly, fresh
suspension of NP was diluted 10°-fold. Then. a drop was deposited and dried
overnight at room temperature, and flash carbon coated (4 5). In the case of MP,

lvophilizates were observed after carbon coating.
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197 2.3, Determination of GSNO encapsulation efficiency

198  The encapsulation efficiency (EE) was determined by quantifying the GSNO

199  contained inside the particles. After particles centrifugation (42,000 g, 30 min for NP,
200 10 min for MP), the pellets were collected and destroved by methvlene chloride.

201 GSNO was then extracted with phosphate buffer saline (0.148 M PBS, pH=7 4) (ratio
202 methylene chloride/PBS 1:10) using high speed shaking (2000 rpm, Heidolph

203 Vibramax 110, Germany). After centrifugation (2500 g for 10 min), GSNO was

204 ¢uantified in the supernatant using Griess and Griess-Saville reactions” . Total

205 recovery of GSINO during the extraction process has been verified and potential

206  matrix effect with polvmer residues have been miled out in preliminary experiments.
207 The encapsulation efficiency was assessed immediately after particles preparation and
208 again affer lyophilization, and was calculated according to:

209 EE = (m, /m;) *100%

210 Where EE is encapsulation efficiency (%), m. the mass of dmg entrapped in particles,
211 and mj is the mass of initial drug. The residual water content in the powders after

212 lyophilization can affect the EE value, and calculations were therefore corrected

213 accordingly.

215 2.4, Stability of particles before and after Iyophilization.

216 After preparation, fresh suspensions were centrifuged (42,000 g, 4°C. WP for 30 min

217 and MP for 10 min) and the pellets were re-suspended in 1 mL water and stored at 4 °C
218 protected from light. After 1. 2, 3, or 4 days, size and encapsulation efficiency were
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measured as previously described.

After lvophilization, the particle powders were separated and stored at 4 "Cunder
nitrogen and protected from light. After 1. 2. 3. 4. 5. 8 and 12 weeks, size and
encapsulation efficiency were checked as previously described and compared to the

values obtained immediately after lyophilization.

2.5, Kinetics of GSNO release

Immediately after preparation, 1 mL of fresh particles suspensions were centrifuged
(42,000 g. 4 °C NP for 30 min and MP for 10 min) and the pellets were suspended in
1 ml of 0.148 M PBS (pH 7.4) and transferred into dialysis cellulose membrane
(average flat width 10 mm (0.4 in), cut-off 14.000 Da). The membrane was immerged
in 200 mL PBS at 37 *Cprotected from light with magnetic agitation at 200 rpm. The
GSNO and nitrite ions released in the medium were quantified using the DAN and
DAN-Hg"™ methods'? at different time intervals (every 30 min during two hours and

every hour from two to six hours).

2.6. Cytocompatibility of particles

Intestinal Caco-2 cells (ATCC® HTB-37™) were grown in complete medium
consisting of Eagle's Minimum Essential Medium supplemented with 10% {v/v) fetal
bovine serum (FBS). 4 mM of glutamine, 100 U/mL of penicillin, 100 U/mL of
streptomyein, 1 % (v/v) of non-essential amino acids. Cells were cultivated at 37 °C
under 5 % CO; (v/v) in a humidified incubator. Cells were then seeded in a 96-well
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253
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plates at 10° cells/well. After 24h, they were exposed to free GSNO (from 25 to 2500
ubd} or to the lyophilizate particles (3 batches, in duplicate, at equivalent
concentrations of GSNO 25 to 2500 puM) for 24 h in complete medium. After
mncubation, cytocompatibility was checked by the MTT" method. The absorbance
was read at 570 nm with a reference at 630 nm using EL 800-microplate reader
{Bio-TEEK Instrument, France). Metabolic activity in the presence of treatments was

compared to the control condition, i¢. medinm alone (as 100%).

1.7. Intestinal Permeability

Caco-2 cells were seeded at 2 x10° cell/cm” on cell culture inserts (Transwell®,
Corning, USA) with 0.4 pm pore size disposed in a 12-wells plate. The medium
{complete medinm containing FBS) was replaced every two days during the first
week and every day during the second week. The intestinal barrier was validated
when the differentiated cell monolaver was obtained after 14-15 days of culture. This
was verified by a transepithelial electrical resistance (TEER) value = 500 Q.cm’.
Intestinal permeability of the 3 different lvophilizate particles (GSNO concentration
100 pM in all cases, 3 batches, in triplicate) was compared to free GSNO in HBSS ™~
(containing Ca' and L{gH}. HBSS  and HBSS ~were used as controls for
permeability and integrity of the intestinal barrier model, respectively. After 1 h of
incubation, the amounts of WOX species (7.e. RSNO + nifrite ions + nitrate ions) were

assessed in the apical medmim, inside the particles and in the basolateral medium. A
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278
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283

TEER value higher than 300 ©.cm’ and a fluorescein permeability lower than 5% at
the end of the test validated the integrity of the intestinal monolayer.

The apparent permeability coefficients (Papp) were calculated as follows:

Papp = (dQ/dt) = (1/(A~Cq))

Where dQ/dt (mol.s™) refers to the permeability rate (mol) of RSNO or NOx in the
basolateral compartment at the time of quantification. A (cm®) to membrane diffusion
area, and Cg (mol.mL) to the initial concentration in the apical compartment.

The recovery rate of NOx species (mass balance of GSNO) was checked by
comparing the amount of NOx species quantified in the different compartments

(apical. basolateral, in the particles) with the initial amount of GSNO deposited.

2.8, Statistical analysis

All the results are shown as either mean + standard deviation (sd, for characterization)
or mean + standard error of mean (sem, for cells results). In all cases, three
independent batches (preparation and lyophilization) were used.

The one-way ANOVA or two-way ANOVA (Dunnett's multiple comparisons test or
Tukey's multiple comparisons test) were used for the analysis of particles stability,
release and Caco-2 cells experiments. p < 0.05 was considered as significantly
different. Statistical analyses were performed using the GraphPad Prism software

{(GraphPad Software, USA).

3. Results
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3.1. Formulation and lvophilization of particles

The three types of particles encapsulating GSNO were prepared starting from the
same amount of the same raw materials (GSNO and E1.J,+:i:r:ig:ifE RL PO) using different
processes based on double emulsion/solvent evaporation. Microparticles were
obtained by decreasing the energy of the second emulsion (GSNO-MPW) and using
solid GSNO in the first emulsion (GSNO-MPS). These modifications were efficient to
increase particles size from 225.1 nm = 3.3 nm for GSNO-NP to 689 pm = 7.1 um
for GSNO-MPW and 165.1 pm = 13 9 pm for GSNO-MPS (Figure 1). However. the
process did not modify GSNO encapsulation efficiency (27 9% = 1.9% for
GSNO-MPW, 25 8% = 3.1% for GSNO-MPS versus 33 4% = 6.1% for GSNO-NP).
In all cases, the amount of nitrite ions was lower that the LOQ value of the method
used, meaning that the encapsulation process is suitable for a sensitive dmg such as
GSNO. The zeta-potential of GSNO-NP was highly positive (+ 38.3 mV = 1.0 mV)
due to the positive charges of the Eudra g:itﬂo polymer. This mav explain the stability of
the size of GSNO-NP when stored as suspensions (Figure 2). However, their GSNO
content decreased quickly during storage. highlighting the poor overall stability of
these suspensions. A lvophilization process with sucrose was implemented to stabilize
the three particles tvpes and did not modify their characteristics (size, zeta potential,
GSNO encapsulation efficiency. Figure 1).

SEM images show that the three kinds of particles are roughly spherical, with a more
or less smooth surface and no visible pores at the surface (Figure 1d). It was not
possible to observe freeze-dried powder of GSNO-INP (instead, fresh particles were
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observed). because the sucrose included in the Iyophilizate generated structures in the

same range of size than WNP.

3.2, Stability of the particles as fresh suspensions

Although the sizes of all particles staved stable (in the range of 90% to 110% of initial
values) during three days (Figure 2), their GSNO content dropped to less than 80% of
the tnifial value for all types of particles within two days, and below 0% after three

days. Similar results were previously obtained for NP,

3.3. Stability of the particles after Ivophilization

After lyophilization, the powders of the three particles types were stored at 4 °C
protected from light and oxygen. The size and EE were measured on separated
aliquots every week during the first five weeks then after two and three months
(Figure 3).

During storage, the size of all particles stayed stable in the range 20-110% of the
post-lyophilization size. In contrast, the GSNO content in NP started to decrease
slowly after the 4 first weeks, with 90% of mitial GSNO remaining after 3 months.
The GSNO content in MP decreased significantly after 3 or 4 weeks of storage. These
results might be linked to the different residual water content of the lyophilizates:
GSNO-NP 7.4% = 4.6%; GSNO-MPW 8.9% = 4.7%; GSNO-MPS 26.0% = 10.8%.
However, more than 30% of imitial GSNO remained inside GSNO-MPS after 1 month
and GSNO-MPW after 2 months. In the end. lyophilizate NP could be considered
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stable for 3 months and MP for at least 1 month.

3.3, In vitro velease
The in vitro release kinetics of GSNO from the fresh suspensions were determined in

a dialysis bag (Figure 4).

The in vitro release profiles of GSNO showed an initial burst in the first 1.5 h for all
tvpes of particles. At 2 h, the cumulative release from microparticles is lower (around
70-75%) than for free GSNO and GSNO WP (around 90% released). Complete release
was achieved after 6h (no more GSNO released from the particles from 6h to 24h).
Howewver, the GSNO already released in the medium continued to degrade into nitrite

ions (around 50% at 24 h).

34, Cytocompatibility of particles.

The 24-h cytocompatibility of the three tvpes of particles is presented in Figure 5. For
all tested conditions, the cell viability decreased while increasing the GSNO
concentration. It went below 80% for concentrations above 500 uM of free GSNO,
and 50 pM of eq [GSNO] for all kind of particle. The ICs; value of free GSNO was
17179 = 1.3 uM. It decreased for the particles, in the order GSNO-MPS (3098 =1.1

M), GSNO-MPW (198.5 = 1.1 M) and GSNO-NP (140.0 = 1.1 uM).

3.5, Intestinal Permeahility of NOx from different particle types
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The intestinal permeability of NOx species from particles compared to free GSNO

was evaluated using an in vifro intestinal barrier model (Figure 6).

The mass balance (Table 1) and the values of apparent permeability coefficient (Papp)

(Table 2) were then calculated for all NOx species.

The mass balance calculated at the end of the permeability study showed that most of
the GSNO initially encapsulated or added (free) was recovered under RESNO, nitrite
ions and mostly nitrate ions species.

At the end of incubation, the amount of GSNO in the apical media was significantly
lower for GSNO-MPs conditions (circa 60% of initial load) than for GSNO-INP
(~75%) and free GSNO (~90%). While around 10% of GSNO remained inside NP,
almost 20% were still inside MP. This confirms the slower release of GSNO for MP
than NP, previously observed in the in vifro experiment. In the meantime, MP led to a
drastically higher concentration of nitrate 1ons in the basolateral side compared to free
GSNO or NP conditions.

The Papp values of each NO species are higher for GSNO-MPs than for GSNO-NP or
free GSNO (Table 2). This led to a global Papp (INOx species) at least two times
higher for GSNO-MPW and GSNO-MPS than for GSNO-NP and free GSNO. This
situation is mainly driven by a higher permeability of nitrate ions than nitrite ions and

RSNO.
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372 4. Discussion

373 As mentioned previously, the therapeufic use of mitric oxide has been linuted by its
374 high reactivity and short half-life. Therefore, several NO donors such as ESNO have
375 been developed for NO supplementation. As physiological intermediates in the

376  metabolism of NO, RSNO (and especially GSINO) have been extensively studied for
377  their potential therapeutic effects in cardiovascular diseases™*!'*!**"_ Although using
378 donors improve the half-time of NO, the gain is often limited to few hours.

379 Additionally. a fine tuning of NO concentration within time matters as NO mav

380 trigger different signalizations depending on its concentration. As a result. designing
381 NO delivery systems is an on-trend challenge to achieve both increased half-life and
382 controlled release. Several routes of administration have been considered in

383  accordance with the targeted therapeutic applications. For example. many groups

384 administered topical formulations of RSNO for wound hea]mgmj"ﬂ'”_ Parenteral
385 formulations were also developed to study biclogic effects of RSNO™. alleviate liver
386 fibrosis/portal h}pf:rtf:minﬂ;s, or decrease brain damages after stroke” . As far as oral
387 admimstration of RSNO is concerned, our team previously proved it feasibility,

388  showing first that unformulated RSNO can cross an in vitro intestinal barrier model®*
339 and second developing GSNO-NP able to delay GSNO delivery to cells by 18 h**.
390 Due to the hydrophilic nature of GSNO, the nanoparticles were obtained through a
391 W/OMW double emulsion/solvent evaporation method using Fudragit RL PO as

392 polymer. These GSNO-NP were next embedded in an alginate/chitosan matrix

393 forming nanocomposite particles to constitute a releasable store of WO in aorta wall of
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rats after a single oral administration®®. The surrounding matrix improved NO loading.
slowed down NO release and provided mucoadhesion to optimize the contact between
the formulation and the intestine. Despite the promising proof of concept obtained
with these nanocomposite particles, their application in preclinical models is
drastically prevented by their low stability and high time-consuming preparation and
charactenization before use.

As a result, the formulation process of the GSNO-NP has been modified starting from
the same raw materials. The double emulsion/solvent evaporation processes (W/O/W,
W/0/0 or 5/0/W) was adapted in order to produce microparticles. The two aims were
(1) to increase the encapsulation efficiency and (i1) to slow down the GSNO release
from these parficles, thanks to their longer pathway of drug diffusion compared to

nanoparticles.

As a first step, the energy of the 2™ emulsion of the W/O/W process was reduced.
Ultra-sonication at low energy resulted in sub-micrometric particles, mechanical
stirring to aggregation. GSNO-MPW were finallv obtained using vortex agitation,
with similar encapsulation efficiency compared fo GSNO-NP. In an attempt to counter
the likelv drug leakage from infernal to external aqueous phase that can occur duning
W/O/W emulsion™, W/0/O processes were also tested with paraffin oil as external
phase“‘”. In some cases, resulting MP aggregated, in others they were quite difficult
to 1solate, while EE was not significantly modified. Finally, the encapsulation of
hydrophilic dmgs is often increased using 5/0/W processes. For example, Castellanos
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et al succeeded in enhancing the EE of PLGA-Bovine serum albumin MP to 80%
using 5/0/W process™ compared to less than 40% for the W/O/W one™. This
approach was also tested and led to the GSNO-MPS, although the 5/0/W process
failed to increase EFE in our case (still around 30% thus corresponding to a load of
0.02 pmol GSNO/mg particles). Nevertheless, the in vifro release profile of GSNO
from these GSNO-MPS particles was modified compared to W/O/W particles
(GSNO-NP or GSNO-MPW, see Fig 4). Although the in vitro GSNO release from our
particles (around 90 pmol.mg" particles min" for a 3h duration time) could be
improved, it is in the range of other systems described in the literature (2. g. from 40
puml.mg'l.1111'11'1 for particles encapsulating SNAP* to 400 1:|1|1t:-1_111g'1 min” for

particles encapsulating DETA NONOQate*!).

S/0/W microparticles of RSNO have been previously described in the literature.
Lautner et al. prepared SNAP-loaded microspheres with different PLGA polymers,
after cryo-milling reduction of SNAP powder size to 25 pm. They obtained a loading
up to 0.56 pmol of SNAP/mg of microspheres and an in vifro release sustained from
10 days to 4 weeks, depending on the polymer™. Recently, Hliang er al. described
GSNO-loaded microparticles obtained with PLGA, aimed at healing cutaneous
wounds infected with drug-resistant bacteria’. They are loaded with 0.15 pmeol of
GSNO/mg of particles and allowed a 1 week-release in vifro. Although there is no
mention of a specific pretreatment of the GSNO powder, it seems that the size of their
GSNO grain in particles is around 10 pm. according to a picture displayed in the
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article. In our case, the size of raw GSNO grain was near 40 pm. Reducing the size of
dmig particles up to a critical threshold is known to improve EE in S/0/W or S/0/0
proces ses™ " As a result, and because of the fra gility of GSNO, we tried to reduce

the size of GSNO grain with supercritical fluid tech.ﬂﬂ]ﬂg}’ﬂ (Table 3). We used first a
SAS (supercrifical antisolvent) process with DMSO but it led to a non-acceptable
degradation of the dmg (=40% loss). Secondly, we tested a GAS (gaseous anti-solvent)
process in which we failed to obtain any solid product. Finally, the SAS process with
milder condifions led fo a pink powder, with =80% purty, but so hygroscopic that it
turned to a sticky product before we could characterize it. As a result, we used directly
the raw GSNO powder in our experiments. EE was not significantly improved
compared to GSNO-MPW, which may be explained by a non-homogeneous
dispersion of GSNO particles, due fo their size, and their consequential leakage during
emulsification™ . We obtained an approximately 8 times lower loading than Hliang et
al.. related to their lower size of GSNO particles and/or fo the polyvmer (PLGA 50:50)
they used, which is less hydrophobic than ours (Eudragit RLPO). Interestingly, we
first tested PLGA with W/O/W processes but as Hliang et al., we obtained very low
EE. We then have switched towards Eudragit polymer, because Eudragit are classical
polvmers for oral drug delivery systems, with good biocompatibility as well as high
stability through the gastro-intestinal fract, on the contrary to PLGAS*. Additionally,
Eudragit imparts a positive charge at the surface of the particles. This charge will
foster the interaction between particles and intestinal cells, which may result in a
better drug bioavailability. Indeed, the three types of particles showed an

21/33

150



460

461

462

463

464

466

467

468

469

470

471

472

473

476

477

478

479

480

451

improvement of the intestinal permeability of NOx species (GSNO-MPS =
GSNO-MPW = GSNO-NP) after only 1h and without damaging the cells monolayer
{Figure 7). The Papp parameter characterizes the intestinal permeability of a drug in
in vitro or ex vive models. Dmgs could have low permeability (Papp < 1 * 10° 4:111.5'1}
or high permeability (= 10 10 cm.s™). or be in a medium permeability class*’. Asa
result, considering NOx species, GSNO is in the medium permeability class when

administered as free GSNO or GSNO-NP, and reaches the high permeability class

using GSNO-MPs (= 10 x10™ em.s™).

In our study. we also overcame the challenge of getting stable and easy-to transport
particles. A lvophilization process was developed on GSNO-NP and transferred to MP
using sucrose as protectant. Critical parameters of the particles (7.2 size and GSNO
content) were maintained after drying. and the resulting products were stable at last 1
meonth for MP and 3 months for NP. when stored at 4°C protected from oxygen. In
this way. the lyophilization process has brought a very significant improvement, since
initial suspensions had to be wsed right after preparation. The discrepancies in water
residual content of the particles afier dryving indicate that MP (especially the
GSNO-MPS ones) still retain a high amount of water. This might be due to the
hygroscopic properties of GSINO powder. As GSNO is less stable in solution than in
dry state, optimization of the lyophilization process could be conducted in the future
in order to reduce residual water content and therefore to improve the stability of
these GSNO-MPS.
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As a result, we prepared and characterized three types of particles loaded with a
physiological RSNO, suitable for oral administration. Based on the same raw
materials but obtained with different processes, they have similar EE of GSNO, with
different in vifro release kinetics and different modulation of NOx species intestinal
permeability. Moreover, they were stabilized by lyophilization thus facilitating their

translation to preclinical testing.
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Figure captions

Figure 1. Charactenization of GSNO-loaded particles before and after lyophilization.
Size and polydispersity index (PDI) of the GSNO-NP (a) as well as size and span of the
GSNO-MP (b). encapsulation efficiencies (¢} are presented as mean + sd (n=3). Fepresentative

Scanning Electron Microscopy images are also presented (d).

Figure 2. Stability (size (a) and remaming GSNO content (b)) of GSNO-NP, GSNO-MPW and
GSNO-MPS suspensions stored at 4 °C. Results are presented as mean + sd (n= 3) and compared
to the values obtained just after preparation (day 0, 100%:). The grey areas delimit the sizes
between 90% and 110%: of the mitial values. The percentages of remaiming GSNOQ were analyzed

with One-way ANOVA p =0.0001 (Dunnett's multiple comparisons test): * p = 0.05 versus day 0.

Figure 3. Evolution of size and GSNO remaining for the GSNO-NP (a), GSNO-MPW (b) and
GSNO-MPS (c) stored at 4 °C under inert atmosphere after lyophilization. Values measured
immediately after lyophilization are considered as 100%. The grey areas delimit the sizes between
90% and 110% of the initial values. Results are presented as mean + sd (n = 3). The data about
GSNO remaining were analyzed with One-way ANOVA p = 0.01 (Dunnett's multiple
comparisons test: GSNO-NP: p = 0.0043; GSNO-MPW: p=0.0016; GSNO-MP5: p = 0.0003): *

p = 0.05 versus week 0 (100%).

Figure 4. Dmug release in PBS. Results are presented as mean = sd (n =3, free GSNO as control),

two-way ANOVA (Turkey's multiple compansons test): * p = 0.03 versus free GSNO and
/33
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Figure 5. Cytocompatibility of Caco-2 cells after 24 h of incubation with GSNO (a), GSNO-NP
(b}, GSNO-MPW (c), GSNO-MPS (d). Control condition = culture medium without fetal bovine
semum. Feesults are presented regarding GSNO loading, in equivalence of free GSNO from 25 M

to 2500 pM. Besults are shown as means + sem. n =3 in duplicate. ND = not determined

Figure 6. Quantity of GSNO, nitrite ions nitrate lons remaining in the apical medium (2, b and ¢,
respectively), as well as in the basolateral medium (e, f and g, respectively), and GSNO (d)
remaining mside the particles after 1 h of permeability study (GSNO initial amount = 50 nmeol in
all cases). Results are shown as means = sem, n=3 in duplicate, one-way ANOVA (Tukey's

multiple comparisons test): *p = 0.03 versus GSNO and # p = 0.03 versus GSNO-NP.

Figure 7. Summary of NOx species permeability for each condition (free GSNO, GSNO-NP,
GSNO-MPW and GSNO-MPS). The width of each section of the arrows i1s correlated with the

amounts (from left to right) of NO*, NO¥ and GSNO.
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Table 1

Table 1. Mass balance of NOx species for GSNO, GSNO-NP and GSNO-MPs conditions

after 1 h of permeability study (GSNO initial amount 50 nmol). Results are presented as mean

= sem, n=3 in duplicate.

Amount in nmol (%)

Free Apical In particles Basolateral Total
eNo LTy : 16209 010220
GNONe TN jheese  Goire  @seers
GNOMPW  55T5  geeiie  sosin  ss4srs
osNOMPS 0I5 oitie  dstyy  ssriin
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Table 2

Table 2. Values of apparent permeability coefficient for RSNO, nifrite 1ons, mitrate 1ons and NOx (sum of
all species) after 1 h of free GSNO, GSNO-NP or GSNO-MPs incubation. Results are presented as mean +

sem, n=3 in duplicate.

Papp values {K]D'ﬁ cm.s'l)

Treatment ESNO NO; NOy NOx
GSNO 084 =041 026017 1.97=020 3.07=0.65
GSNO-NP 063025 002027 430=1.15 587158
GSNO-MPW 1.14£0.74 1.78=029 747128 1020=1.56
GSNO-MPS 1.11 £ 0.57 1.31=031 823200 10.60 =230
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Table 3

Table 3. Conditions used in supercritical trials to decrease the size of GSNO grain and

subsequent results.

Gaseous anfisolvent (GAS) and supercritical antisolvent (SAS) processes rely on the use of

the supercritical CO, as an anti-solvent. The crystallization of GSNO is induced by the mass
transfer of the solvent (DMSO) in the supercritical phase.

Supercritical trials operating conditions and results

Treatment Crystallization conditions Drying conditions Yield Issue(s)
¢ Crystallization pressure: 300 bar
s Crystallization temperature: 40°C Probable too  high
¢ GSNO 1%wt in DMSO 300 bar/40°C solubility of GSNO in
GAS ¢ 109 g of solution injected o . COy/DMSO mixture
o s CO: pressurization: 130 bar/min €0: f!.C-‘l’i'iﬂ'[] En'cﬂ'ﬁ. kgh 0
¢«  Equilibrivm: agitation 54 tpm 10 Duration: 3 Too ) high ~ DMSO
min before drying fraction
¢ 20 ml autoclave
¢ Crystallization pressure: 300 bar
¢  Crystallization temperature: 40°C 434
B ; 4 mg
SAS : ?Ss’?o Ulf' :;1&5222 » 300 bar/40°C (27.5%) Probable too  high
(Ftal) + Mol £ O, facts _Jo 02 CO; flowrate: 1.0 kg/h solubility of GSNO in
- j;‘; ,h : D”g“- e ) Duration: 2h30min Purity:  CO,/DMSO mixture
. —= EEoop il — L. 5ol [yl
¢+ Coaxial nozzle (100 umi.d) '
s 300 mlL avtoclave
¢  Crystallization pressure: 160 bar Lower i solubility ~ of
s Crystallization temperature: 40°C - GSNO in CO,DMSO
«  GSNO 1%wt in DMSO . 1578 mg  mixture but  probable
SAS ¢ 221 g of solution injected 160 bar/40°C (716%)  higher ~final DMSO
(2™ 1ral) » Molar CO, fraction: 0.971 €O flowrate: 1.1 kgh residual | content in
- . 11k *1:1—11:1 « Duration: 3h00min Punty:  powder resulting i a
- By 0 g:o/min) =80%  quasi-instantanecus

Coaxial nozzle (130 ym i.d.)
300 mL autoclave

product melting due to a
hygroscopic effect
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Figure 4.
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Figure 5.
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Figure 6.
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General discussion, conclusions and perspectives
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General discussion

As an important second messenger, nitric oxide plays important roles in our body.
NO deficiency is one of the key factors for the CVD. Due to its short half-time and the
inconvenience of its application as gas, NO donors are good candidate drugs for CVD
treatment. NO donors decompose in the body to generate NO or NO-derived species.
NO donors have been applied in CVD for many years, in particular sodium
nitroprusside for the treatment of hypertensive emergencies and organic nitrates for
angina pectoris. However, long-term administration of organic nitrates generates
tolerance, oxidative stress and other side effects. New NO donors, especially RSNOs
offer advantages over existing drugs. They do not share side effects with organic
nitrates and initial clinical studies suggest their therapeutic potential in a variety of

cardiovascular disorders.

However, the application of RSNOs is limited by their poor stability. RSNOs are
sensitive to different parameters in vitro (such as metal ions, light, oxygen, light,

temperature) and are easy to be degraded by enzymes in vivo (as described in chapter

1).

In order to apply RSNOs to chronic CVD, oral delivery system with sustained
release effect sounds like the best choice. In previous studies of our lab, Wu et al'?’
developed GSNO-acNCP. After a unique oral administration of these GSNO-acNCP to
Wistar rats, GSNO permeated through intestine and entered into vessels, resulting in
the formation of a NO store within the vascular wall. However, some drawbacks arose:
GSNO-acNCP are not easy to reproduce due to a time-consuming and multi-steps
process of production; and they should be prepared right before administration due to

their low stability as suspensions.

In this study, we aimed at evaluating the future of RSNOs to treat cardiovascular
diseases through oral route and at developing suitable delivery systems. To that

purpose we:
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1. Made clear the intestinal permeability mechanisms of different RSNOs

2. Evaluated RSNOs capacity to form a bioavailable NO store within the vascular

wall

3. Optimized the oral delivery system for S-nitrosoglutathione

The oral bioavailability of proteins, peptides or drugs depends mainly on their
intestinal absorption?2022!, As the RSNOs studied here are derived from peptides (GSH)
or amino acids (cysteine, valine), it is therefore critical for us to evaluate the intestinal
permeability (free or from particles). In the article 2, the intestinal permeability of
RSNOs have been followed through the quantification of different NOx species
(RSNOs, NO2 and NO3’). Indeed, as described in chapter 1, RSNOs are easy to
degrade and produce NO2 and NOs". NO2" and NO3s™ are capable of interconversion or
able to release NO in a physiological environment, so both of them have been regarded
as meaningful parts of NO intestinal permeability. Basically, NO, NO2- and NOsz
constitute a complex biological cycle under physiological conditions in mammals.
Several different mechanisms are thought to be involved in this cycling, such as
reduction or oxidation through bacteria??>-?%4, hemoglobin??°-22” or other heme
proteins??®, NOS?2°:2%0  xanthine oxidoreductase?®'-235 hypoxia2%, acid catalyzed?3’-
240 and UV radiation?*'. Nitrate ions in the blood can be circled and concentrated in
the salivary glands and secreted into our mouth???-224 where they are finally reduced
to nitrite ions. Nitrite ions can also be reduced to NO under acidic conditions in the
stomach?*2, and enter the blood vessels as RSNOs after permeating the intestine.
Nitrite ions in the blood are reduced by enzymes (such as xanthine oxidoreductase) or
via hemoglobin under hypoxic conditions. Thus, NO2- and NOs™ can also be regarded

as possible NO sources in the body.

In order to develop the proper formulation for RSNOs oral delivery, RSNOs were
classified according to the BCS. BCS is a system which has been widely used to

differentiate the drugs according to their solubility and intestinal permeability. The
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permeability of three different RSNOs (physiologic GSNO and two synthetic RSNOs:
SNAP and NACNO) was evaluated using an in vitro model of intestinal barrier made
of Caco-2 cells, which has been widely used for intestinal permeability evaluation and
drug screening?*3244_As presented in article 2, NACNO showed the highest Papp value,
which means the best intestinal permeability of these three RSNOs. GSNO displayed
similar intestinal permeability as SNAP. However, all the three RSNOs belong to the
medium intestinal permeability class. The intestinal permeability of NACNO belongs to
the middle of medium class and GSNO and SNAP belong to the beginning of medium
class. So, NACNO tends to be closer to the class | type drugs (according to BCS) and
should be a better option for formulations than other RSNOs (GSNO and SNAP).
However, these three RSNOs display different biological properties linked to their own
chemical structures. SNAP and NACNO are synthetic RSNOs derived from valine and
cysteine, respectively. Furthermore, SNAP is made of N-acetyl-D-penicillamine an anti-
inflammatory drug, used to treat rheumatoid polyarthritis, with an antioxidant thiol
function. NACNO is made of N-acetyl-L-cysteine, a mucolytic, showing an antioxidant
activity linked to the thiol function of the cysteine. Less RSNOs and nitrite ions have
been found in the cells incubated with SNAP compared to NACNO and GSNO. We
speculated that SNAP may cross the intestine mainly through paracellular way,
whereas NACNO and GSNO mainly through transcellular way. In fact, SNAP has been
shown to promote intestinal absorption of different model drugs (insulin, fluorescein-
labelled compounds) by reversible opening of tight junctions?*3°, In addition, we
demonstrated that the transport of RSNOs through the intestine barrier is driven by
passive diffusion rather than active transport. With high solubility and medium intestinal
permeability, RSNOs can be regarded as drugs classified between class | and class I
according to BCS. As described by Le Ferrec et al.?*°, the results obtained in vitro with
high permeability molecules (class | and class Il) can be easily transposed to in vivo
intestinal absorption unlike results obtained for low permeability molecules (class Il
and class V). Thus, RSNOs can be regarded as suitable for oral administration route

with their medium class of permeability.

After permeating the intestine barrier, RSNOs enter in the bloodstream where they
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promote the formation of NO store. This latter is vital to vascular homeostasis, as
described in the chapter 3, thus the reconstitution of this stock is mandatory in the
context of cardiovascular diseases linked to NO depletion. In the literature, two main
methods were described to evaluate the vascular NO store: one is the relaxation of
vessels representing the existence of photosensitive NO store, during the exposure of
the precontracted blood vessels to light'78-180; the other is the usage of NO scavengers
such as low molecular weight thiols. For example, NAC can displace NO from the NO
store especially from S-nitrosated proteins or protein-bound dinitrosyl-iron complexes.
Thus, the relaxation induced by NAC in precontracted vessels also indicates the
presence of a NO store81:250, \We evaluated the NO store produced by GSNO, SNAP
and NACNO on endothelium-intact and endothelium-removed aortae in order to mimic
healthy condition and endothelial dysfunction, respectively. As shown in article 3, the
three RSNOs, with NACNO as the leader, were able to form a NO store within the aorta,
no matter which kind of aorta was studied. The NAC-induced vasodilation protocol
confirmed also the superiority of NACNO, being the RSNOs forming the highest NO
store with the highest bioavailability in both types of aortae. This may probably due to
the mechanism of NACNO incorporation into cells using the L-type amino acid
transporter without metabolism?°2%2) whereas other RSNOs (GSNO and SNAP)
transfer into cells using enzymes activity present either on the endothelium or on
smooth muscle cells?>32%4, Moreover, the NO store produced by NACNO induces also
a higher hyporeactivity to vasoconstrictor than other NO donors. In addition, all these
NO donors showed their ability to counteract the vasoconstriction induced by
phenylephrine in endothelium-removed aorta. It has been illustrated that endogenous
NO or NO derived from exogenous NO donors is responsible for the vascular
hyporeactivity to vasoconstrictors?°%2%_ In fact, in the study of Alencar et al.?®, they
induced NO storage in rat aorta by administration of GSNO through infusion, which
finally caused similar aortic hyporeactivity to vasoconstrictors like phenylephrine. In our
study, we have not only checked the ability of RSNOs to induce NO store as well as
its vasoactivity, but we also linked this pharmacological action to the quantification of

NOx species either in endothelium-intact or endothelium-removed aortae.
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Phenylephrine effect on vessels is a balance between the activation of alpha-1
adrenergic receptors on smooth muscle cells (vasoconstriction) and alpha-1
adrenergic receptors on endothelial cells (leading to the activation of the NO/sGC
signaling pathway and then attenuation of the vasoconstriction). We confirmed that the
vasoconstriction induced by agonists of alpha-1 adrenergic receptors was modified by
three different RSNOs treatment only in endothelium-removed aortae, which has been
supported by the work of others (mainly treatment of GSNO and DNIC)127.250.257,258 |
addition, it was suggested that S-nitrosation of alpha-1 adrenergic receptors by RSNOs
was also one possible mechanism of alpha-1 adrenergic receptors inhibition2>°. To
conclude, RSNOs, in particular NACNO, are able to induce NO storage, which present
a benefit to restore NO-related functions especially when the endothelium is absent

(mimic of endothelial dysfunction).

For the quantification of the NO store, a lot of work has been focused on the
optimization of the DAN/DAN+Hg?* method. We first transferred the DAN/DAN+Hg?*
method from simple media (PBS, Kreb’s buffer...) to the quantification in more complex
media like cell lysates from smooth muscle cells (article 1) or intestinal cells (article 2).
Basically, the cells were lysed in a medium containing a complex of sodium tetraborate
and L-serine?® (as GGT inhibitor) as well as N-ethylmaleimide?® (free thiols blocker)
and the NOx species were quantified with the DAN/DAN+Hg?* method. However, with
a more complex matrix and lower concentrations of NOx species, the quantification in
tissues like aortae (article 3) is more difficult. First, the tissues (aorta) were crushed in
liquid nitrogen with a mortar and then reacted directly with an overdosage of DAN+Hg?*
reagent in acidic solution. During this procedure, by avoiding lysis buffer, the dilution
of samples has been eliminated. However, this method did not enable us to quantify
nitrite ions and RSNOs separately, but small amount of NOx species (nitrite ions +

RSNOs) could be quantified.

After studying the ability of RSNOs to cross the intestinal barrier and
developing suitable methodology to study the NO store in vascular wall they can trigger,

we also developed an oral delivery system to administer them. This formulation is
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aimed at protecting the RSNOs from degradation all along the gastrointestinal tract,
increasing their intestinal permeability as well as their release time. Regarding articles
2 and 3, NACNO seems to be the best drug candidate to formulate with both the
highest intestinal permeability and the induction of the highest and most bioavailable
NO store compared to SNAP and GSNO. However, we choose GSNO as the RSNOs
model in the preparation of oral delivery systems due to its several advantages: it is a
physiological RSNOs and its skeleton, reduced GSH, is very abundant in the body,
which means lower side effects; GSNO can be synthesized and stored as solid, which
is a prerequisite for the preparation of S/O/W particles (NACNO cannot). Thus, GSNO

was chosen as the drug candidate to prepare oral delivery systems.

As it has a simple and reproducible preparation method with efficient
encapsulation efficiency (about 30%), the GSNO-NP'?® has been chosen as the
starting material for optimization. In recent literature''21°, different RSNOs were
successfully encapsulated in PLGA microparticles through S/O/W double emulsion. As
described in chapter 1 and chapter 3, micropatrticles display several advantages over
nanoparticles such as higher loading capacity as well as longer sustained release time.
Moreover, among microparticles, S/O/W microparticles are often described as
surpassing W/O/W microparticles, with possible higher encapsulation efficiency as well
as better release profile. So, two different types of particles (GSNO-MPW and GSNO-
MPS) were obtained through the modification of the energy of the 2" emulsion and the
inner phase during GSNO-NP preparation. However, the encapsulation efficiency of
these two microparticles kept similar to the GSNO-NP. This may result from the quick
diffusion of GSNO as a small hydrophilic molecular, and regarding the GSNO-MPS it
may also result from the big size of inner solid GSNO powder. Increasing the
encapsulation efficiency was not our principal aim, but it could be beneficial, as high
encapsulation efficiency presents several advantages: 1) efficient therapeutic effects
with higher possible drug concentration; 2) economical and fewer side effects with less
excipient like polymer; 3) compliance of patient with less dosage and lower frequencies.
In the work of Castellanos?%2 et al, the EE of PLGA-Bovine serum albumin W/O/W MP

(less than 40%) has been enhanced to 80% using S/O/W process. However, for our
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particles, the encapsulation efficiency still kept around 30% (corresponding to a load
of 0.02 umol GSNO/mg particles). Nevertheless, microparticles presented a sustained

release time (2-4 hours) compared to GSNO-NP.

Stabilizing the formulations to get storable and easy-to-transport products was
however a key objective of our work. Transforming particles suspensions to dry drug
products can indeed provide several advantages?%3, such as easier delivery and
storage of the drug product, with long stability. Several methods could be applied to
remove the liquid medium and get dry drug products?63-265; spray-drying, direct drying,
vacuum drying, lyophilization and so on. However, with the low stability of GSNO, it is
important to control the environment during the drying of GSNO loaded particles, such
as the light, oxygen, temperature, and to get a low residual water content.
Lyophilization, often used for pharmaceutics, can achieve those requirements and
therefore was tested in this work. However, microparticles powders displayed a high
residual water content after lyophilization, which may be related to the lyophilization
process or the hygroscopic properties of GSNO. Lyophilization is a stressful process
for both the particles and the drug. We did not explore in this work the optimization of
this complex process, in particular because we had nor the time neither the suitable
apparatus to do it properly. It might also be difficult to obtain lower residual water

content without destroying the drug, due to its peptidic, hygroscopic and labile nature.

Even with their high residual water content, our particles had a satisfying stability,
lower for GSNO-MPS (one month) than for GSNO-NP (more than 3 months). Besides,
all these three types of particles displayed an enhancement of GSNO intestinal
permeability: GSNO-NP promoted the intestinal permeability of GSNO to the middle of
medium class whereas GSNO-MPW and GSNO-MPS enhanced GSNO to the high
permeability class. This improvement may be attributed to the positive charge at the
surface of particles, which comes from the methacrylic acid and ethylacrylate polymer
(Eudragit). The particles may interact with intestinal cells (negative charge) and cause
an increase in bioavailability, enhanced in the case of microparticles by a sustained

NO delivery. These microparticles seem to be good candidates for the oral delivery of
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GSNO.

When applying RSNOs through oral administration, they have to cross not only
the intestinal epithelium (after surviving the harsh conditions in the upper tract), but
also the mucus layer and the intestinal microbiota. The drug delivery system might
offer some key features for the interaction with the mucus layer. In the meantime, NO,
the main product of RSNOs decomposition, has anti-bacterial effect through several
possible ways?66.267: jt attacks DNA of bacterial, disturbs protein (enzymes) synthesis
and damages the amino acids in membrane. GSNO and NACNO are bactericidal
against common Gram-negative and Gram-positive pathogens?6’-269, GSNO is
bactericidal at low concentrations (4.6 + 3.2 mM), which are safe to human cells:
around twice the concentration of GSNO in serum?%°270, The antibacterial effect of
NACNO not only comes from NO but also from NAC. On the one hand, the interaction
of RSNOs with microbiota in intestine provides another application of RSNOs loaded
particles; on the other hand, the interaction may decrease the bioavailability of RSNOs
in the treatment of CVD. Thus, it could be important to evaluate the impact of GSNO
loaded particles/free GSNO on the intestinal flora of animals if we want to apply them

to the in vivo experiment.
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Conclusion and Perspectives

This work aims at making clear the mechanisms of intestinal permeability of
different RSNOs as well as their ability to form NO store within the vascular wall, which
helps to improve RSNOs-loaded oral delivery system dedicated to CVD treatment. We

demonstrated that:

1. All the three RSNOs can cross the intestinal barrier (medium class of permeability)
by passive diffusion. GSNO and NACNO preferentially cross intestinal barrier by the
transcellular pathway and SNAP followed not only the transcellular but also
paracellular way. They belong to class | or class lll according to BCS and can be

administrated through oral route.

2. All RSNOs showed their ability to induce the formation of a NO store, which
represent a three to five times increase in NOx species content inside aorta
(endothelium-intact or endothelium-removed). The vascular NO store, produced by
each RSNOs (NACNO was the most potent), was available for vasorelaxation and
induced hyporeactivity to the vasoconstrictive agent PHE. RSNOs, particularly NACNO,
are able to restore NO bioavailability within the vascular wall, especially for the
endothelium-removed aortae. They can be regarded as potent therapeutics to

counteract endothelial dysfunction.

3. Two microparticles types (GSNO-MPW and GSNO-MPS) were obtained through the
modification of GSNO-NP preparation with similar encapsulation efficiency (about 30%)
but longer GSNO release time (more than 2 hours). Through lyophilization, all these
three particles were transferred to powders with long time stability (more than 3 months
for GSNO-NP and 1 month for two microparticles). In addition, all these three particles
presented an ability to enhance the intestinal permeability of GSNO. They might
represent a good choice for chronic oral treatment of NO deficiency caused

pathologies like CVD.

With regard to these studies, several parts deserve further study or our attention.

In the study of amidoxime (article 1), compound 2d bearing aromatic and aliphatic
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amidoximes functions was the most potent molecule for NO release with
cytocompatibility with human smooth muscle cells. In order to study its potentiality for
CVD, its intestinal permeability and ability to induce NO storage could also be
evaluated using similar experiments as in article 2 and 3. During these procedures, the
logP value may also guide the selection of amidoximes molecule. According to
‘Lipinski’s Rule of 5’ (developed at Pfizer) the logP of a compound intended for oral
administration should be smaller than 527!, A suitable logP value is important for the
oral administration, a more lipophilic compound (logP > 5) will have low aqueous
solubility and result in compromising bioavailability; or it may be easy sequestered by
fatty tissue and difficult to excrete. Normally, for oral administration through intestinal
absorption, the idea logP value is 1.35-1.8271272, The amidoximes tested in article 1
had logP values between 0 and 2, thus suitable for oral administration and also
probably easier to encapsulate into polymeric formulations than GSNO (logP - 2.7) with
more sustained release. However, the decomposition of amidoximes exclusively by
CYP450 could raise a tolerance issue under chronic administration, as observed with

organic nitrates.

The future of RSNOs application either in free or formulated form will pass by an
evaluation of their in vivo properties after oral administration. First the pharmacokinetic
of these compounds should be followed using methods developed in the literature?’3,
especially, the one based on N' developed in our 1ab%%83, Indeed, Yu et al, developed
a DAN assay followed by liquid chromatography with tandem mass spectrometry
based on N*° quantification. This method deciphers between naturally occurring NOx
species (nitrite ions, nitrate ions and RSNOs) and N° enriched administrated GSNO.
This method was validated on Caco-2 cell* as well as intestine tissue?’®> (Ussing
chamber) with a 5 nM limit of quantification (for memory, Griess method has a limit of
quantification about 10 to 10> M whereas DAN with 107 to 2*10-® M). The possibility
to quantify NOx species in the nanomolar range, in cells and in tissues, will render
easier the in vivo pharmacokinetic studies (release, distribution, degradation and

excretion) of RSNOs and RSNOs formulations.
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In addition, the study of the effects of RSNOs on the intestinal mucus and flora
could also be interesting. As RSNOs have anti-bacterial effect, the intestinal flora
balance may be destroyed, which may cause the changes of intestinal absorption of
RSNOs. In addition, some of RSNOs could be degraded during the reaction with
different bacteria during the intestinal tract. As described by Bjorne et al.?’®, nitrite-
containing human saliva increases not only gastric mucosal blood flow but also mucus
thickness in the rat. Similarly, the degradation of RSNOs can produce nitrite, which

could change the thickness of mucus and impact the intestinal permeability of RSNOs

The description of the vascular NO store should be also continued in terms of
localization and identification. The NO store could be localized within vascular wall
either by comparing the quantity of NO store in the whole versus in an endothelium-
removed vessel, or by immunofluorescence microscopy. To further make clear if the
NO store is within organelles, in extracellular matrix, or in the cytosol, we can use an
intracellular NO probe such as 4,5-Diaminofluorescein diacetate?’”, combined with
specific probes of each cell compartment or tissue layer. The identification of S-
nitrosated proteins forming the NO store in the vascular wall could be achieved using
the biotin switch method coupled with mass spectrometry already developed in the
lab?”®. S-nitrosated proteins identification might help us to find new NO target and will
open further studies on the impact of the S-nitrosation process on these proteins’

activity and/or expression.

As mentioned in the discussion part, NACNO could be an interesting treatment for
CVD, so we can also prepare NACNO loaded nanoparticles and microparticles through
W/O/W method, starting from NACNO solutions. However, the initial NACNO
concentration after preparation is always 0.01 M in our lab, which is six times lower
than the one of GSNO (about 0.06 M). Thus, NACNO solution should be condensed
to get a higher concentration before particles preparation. In addition, NACNO cannot
be entrapped through S/O/W double emulsion method without way to isolate NACNO
solid powder. The post-S-nitrosation of NAC (previously encapsulated as solid powder)

with NaNO2 might be another potent way to get NACNO S/O/W micropatrticles. As
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described in the work of Nacharaju?’® et al, NACNO loaded nanoparticles were
successfully prepared through the S-nitrosation of NAC by NaNO2. These
nanoparticles were suspended in tetramethoxysilane based sol-gel and showed long
time (24 h) release. In addition, Souza?®® et al have found a novel way to deliver
NACNO through the oral route using the intratablet S-nitrosation of NAC. Basically, a
tablet containing NAC and NaNO:2 powder were obtained and NACNO was sustain
released during the absorption of water. Thus, NACNO loaded particles can be
obtained with W/O/W method through direct encapsulation, and with S/O/W by indirect

way.

Lyophilization has been applied to get long time stability. However, the stability
time of microparticles (1 month) is less than nanoparticles (3 months). To get a longer
stability time (more than 3 months or longer), we can optimize the lyophilization
procedure for GSNO loaded particles according to the property of GSNO: the
annealing procedure to decrease the duration time; the temperature and duration time

of primary drying and second drying?®1-283,

It is possible to enhance the encapsulation efficiency and to sustain the release

through different methods:

1. Choose the proper Eudragit: It has been suggested that the mechanism of drug
release from dosage forms coated with Eudragit is mainly through control of fluid
permeation with subsequent dissolution and diffusion of the active substance. However,
the pores of Eudragit films have been shown to be larger (which means the diffusion
of the drug through these pores is higher) in Eudragit RL films than in Eudragit RS
films. The larger pores can cause the quick release speed of GSNO from the patrticles.
Besides, the high permeability of Eudragit RL PO may also induce the low drug loading

capacity?84.285,

2. Use two different emulsifiers to prepare the double emulsion. In the double
emulsion of these three patrticles, only one surfactant Kolliphor P188 has been applied
as emulsifier. The polymer Eudragit RL PO acts partly as emulsifier, which may be not
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so efficient.

After optimization of the particles, we can obtain different particles and choose the
right one (size, encapsulation efficiency, release, dosage) for in vivo experiments.
Then, capacity of chosen particles to counteract CVD can be determined through in
Vivo experiments after oral administration to murine model of atherosclerosis or stroke

for example.
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Appendix A, supplementary data in article 1

Synthesis of Novel Mono and Bis Nitric Oxide Donors with High

Cytocompatibility and Release Activity

Tanya Sahyoun®, Caroline Gaucher®, Yi Zhou®, Na'm Ouaini®, Rapha& Schneider?, Axelle

Arrault®™

2Laboratoire de Chimie Physique Macromolé&ulaire, Universitéde Lorraine, CNRS, LCPM, F-54000 Nancy,
France

b Universitéde Lorraine, CITHEFOR, F-54000 Nancy, France

¢ Faculty of Sciences, Holy Spirit University of Kaslik, BP446, Jounieh, Mount Lebanon, Lebanon

d|_aboratoire Réactions et Génie des Proc&lé&s, Universitéde Lorraine, CNRS, LRGP, F-54000 Nancy, France

Materials

B-Nicotinamide adenine dinucleotide 2'-phosphate reduced tetrasodium salt hydrate (NADPH,
>97%), rat liver microsomes (20 mg/mL in saccharose), hydroxylamine hydrochloride (99%),
hydroxylamine solution 50 wt. % in H>O were purchased from Sigma-Aldrich. 4-
hydroxybenzamidoxime (>98%) and 4-methoxybenzamidoxime (99%) were purchased from
Alfa Aesar. Potassium cyanide (KCN, >97%) was purchased from Merck. Calcium carbonate
(Na2CO3, >99.8%) was purchased from Carl Roth. Commercial products were used as received.
Ultrapure deionized water (>18.2MQ.cm) was used to prepare all the solutions.

The cells used were from human smooth muscular cells issued from human thoracic aorta

(CRL-1999).

Characterization
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All reactions were monitored by TLC silica plates. Melting points were measured on a Buchi
M-560 Melting Point apparatus. FT-IR spectra were recorded by a Bruker Tensor 27
spectrometer equipped with liquid nitrogen cooled MCT-detector. FT-IR spectra were obtained
at 6 cm™ resolution using the Attenuated Total Reflectance (ATR) technique. NMR spectra
were measured with a Bruker Avance 300 (300 MHz for 'H and 75 MHz for 3C) with
tetramethylsilane as standard. Chemical shifts are reported in parts per million. Electron spray
ionization mass spectra (ESI-MS) were recorded on a Brucker MicroTof-Q HR spectrometer,
Faculté des Sciences et Techniques, Vandoeuvre-les-Nancy, France. HPLC spectra were
recorded on a Shimadzu High Performance Liquid Chromatography apparatus with UV
detection (245 nm). HPLC parameters: Reprospher RP-C18 (5 uM); 250x4.6 mm; gradient
elution of solvent A= CH3CN + 0.1% THF and solvent B = H2O + 0.1% THF; eluent flow: 1
mL/min; volume of injected sample: 20 uL; UV detector at 254 nm.

The absorbance for the Griess assay was measured by using EL 800 microplate reader (Bio-
TEK Instrument, INC®, France). All fluorescence for DAN assay was measured by using the
FP-8300iRM fluorescence spectrophotometer (JASCO, France) coupled with FMP Micro-well

plate reader.

Synthesis of nitriles 1c and 1d

To a stirred solution of the bromo derivative (15 mmol) in DMF (15 mL), was added potassium
cyanide (4 eq). The mixture was heated to reflux for 72 h. After cooling to room temperature,
the mixture was filtered over sintered glass and Celite and the solvent evaporated under reduced
pressure. The residue was extracted with ethyl acetate (4 x 40 mL) and the organic phase washed
with a 1M NaOH. The organic layer was dried over MgSO4 and concentrated. The product was

purified by flash chromatography using ethyl acetate/petroleum ether (8/2) as eluent.

5-Phenoxy-pentanenitrile 1c
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O\/\/\ O\/\/\
©/ Br KCN, DMF cN
B

Reflux, 65%

1c

Analytical Data:
Transparent oily liquid. C11H13NO. Yield: 1.71 g (65%).

IH NMR (300 MHz, DMSO-ds, 25°C): & = 7.31-7.25 (m, 2H, Har), 6.94-6.90 (M, 3H, Har), 3.99
(t, J = 6.0 Hz, 2H, O-CHy), 2.57 (t, J = 6.9 Hz, 2H, CN-CHy), 1.83-1.69 (m, 4H, (CH)2).

13C NMR (75 MHz, DMSO-ds, 25°C): § = 158.4, 129.4, 120.6, 120.4, 114.4, 66.3, 27.7, 21.7,
15.9.

IR (neat): 3398 (br), 2924 (w), 2875 (W), 2246 (W), 1598 (m), 1495 (m), 1474 (m), 1427 (w),
1394 (w), 1294 (w), 1243 (s), 1173 (w), 1081 (w), 1058 (w).

4-(4-Cyano-butoxy)-benzonitrile 1d

O\/\/\ O\/\/\
Br KCN, DMF CN
_—
Reflux, 41%
NC NC

1d

Analytical Data:
Yellowish crystals. C12H12N20. Yield: 1.23 g (41%)
mp: 74.2<C.

IH NMR (300 MHz, CDCls, 25°C): 8 = 7.60-7.57 (m, 2H, Ha), 6.95-6.92 (m, 2H, Har), 4.06 (t,
J=5.6 Hz, 2H, O-CHy), 2.46 (t, J = 6.8 Hz, 2H, CN-CHy), 2.03-1.84 (m, 4H, (CH,)2)

13C NMR (75 MHz, CDCls, 25°C): 8= 162.6, 134.7, 119.9, 119.8, 115.8, 104.9, 67.8, 28.6,

23.0,17.7.
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IR (neat): 2961 (w), 2934 (), 2225 (s), 1699 (w), 1606 (), 1510 (s), 1646 (w), 1407 (w), 1299
(W), 1254 (s), 1176 (s), 1036 (m).
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Amidoximes Synthesis Conditions

Table 1. Conditions used for the synthesis of amidoximes 2.

Entry  Product Conditions Yield
(%)
1 2a NH2OH.HCI (3 x 2eq), Na2COs (3 x 2 eq), EtOH, reflux 98
2 2b NH,OH.HCI (2 x 2eq), Na;COs (2 x 2 eq), EtOH, reflux 95
3 2¢c  NH;OH.HCI (2 x 2eq), Na2COs (2 x 2 eq), EtOH, reflux 37
4 2c NH20H 50 wt. % in HO (1.5 eq), EtOH, reflux 60
5 2d NH2OH 50 wt. % in H2O (2.5 eq), EtOH, reflux 40

Oxidation of amidoximes using rat liver microsomes

The incubation media was prepared by mixing the substrate (111 uM) with rat liver microsomes
(0.25 mg of proteins) and 148 mM phosphate buffer pH 7.4 (final volume, 450 pL). This media
was pre-incubated for 1 min at 37<C. NADPH (1.11 mM) was added to start the reaction and
the mixture was incubated for 10 min at 37 <C. The reaction was stopped by heating the mixture
for 3 min at 100<C. The proteins were precipitated by centrifugation for 15 min at 10000 rpm
at4<C.

Griess assay

Briefly, 100 pL of sample were diluted with 100 i acetoacetic solution 11% (v/v) (pH 2.5)
and added with 40 i of sulfanilamide solution in 0.4 M HCI. Finally, the diazonium salt
formed was made to react with 10 L of a 0.6% (w/v) N-(1-naphthyl) ethylenediamine solution
in 0.4 M HCI to form a chromophoric azo product that absorbs at 540 nm. Results are expressed
as means =*standard error of the mean (SEM). Statistical analyses were performed using one-
way ANOVA test followed by Bonferroni’s multiple comparisons test. The GraphPad Prism
software (GraphPad Software version 5.0, San Diego, USA) was used for all the presented

results.

Cytocompatibility assay
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HVSMC cells (CRL-1999, ATCC, USA) were grown in F-12K (ATCC-30-2004) medium
supplemented with 10% (v/v) fetal bovine serum, 1 % (v/v) penicilline-streptomycin cocktail
(10000 units penicillin and 10 mg streptomycin per mL), 0.01 mg/mL insuline, 0.05 mg/mL
acid ascorbic, 10 mM TES, 0.01 mg/mL transferrine, 10 ng/mL sodium selenite, 0.03 mg/mL
ECGS et 10 mM HEPES. Cells were cultured at 37<C under 5% (v/v) CO: in a humidified
incubator. HVSMC cells were seeded at 6.25x10* cells/cm? in 96-wells plates for 24 h before
being incubated with amidoximes 2. After 24 h at 37 <C with 0.001 to 100 M of compounds 2,
cytocompatibility regarding metabolic activity was checked using the MTT assay. Briefly, 0.5
mg/mL MTT was incubated with the cells for 3 h. Then, 50 pl. DMSO was added under stirring
for 5 min to extract the formazan crystals. The absorbance was read at 570 nm with a reference
at 630 nm using EL 800 microplate reader (Bio-TEK Instrument, INC®, France). Metabolic

activity in the presence of treatments was compared to the control condition.

NO release experiments

The reference GSNO was synthesized as previously described by Parent et al.* Briefly, reduced
glutathione (GSH) was incubated with an equivalent amount of sodium nitrite under acidic
conditions (0.626 M HCI). The concentration of GSNO was calculated using the specific molar
absorbance of S-NO bond at 334 nm (¢ = 922 Mcm™) and the Beer-Lambert law.

HVSMC cells were seeded at 6,400 cells/cm? in 6-wells plates 48 h before incubation with
amidoximes 2. After 1 h at 37 <C with 100 M (a concentration of 50 M was used for 2d) of
each amidoxime, or 100 pM of GSNO, cells were washed with PBS and lysed in 50 mM of
Tris, 150 mM of NaCl, 1% of Igepal CA-630 (v/v), 0.1% of SDS (v/v), 1 mM of EDTA, 0.1
mM of neocuproine, 20 mM of sodium tetraborate and 10 mM of NEM. RSNO and nitrite ions
were immediately quantified using a fluorimetric method as previously described by Wu et al.?
Briefly, N2Os generated from acidified nitrite ions reacts with 1.05 mM 2,3-diaminonaphthlene
with or without 1.05 mM of HgCl> producing naphthotriazole that emit fluorescence at 415 nm
after excitation at 375 nm (JASCO FP-8300, France).?

Intracellular RSNO and nitrite ions were quantified after 1 h of incubation with different

treatment (amidoxime or GSNO) in contact with smooth muscle cells. Control cells incubated
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with PBS added with 0.1% DMSO were under the limit of detection for both RSNO and nitrite

ions.

References
1. Parent, M.; Dahboul, F.; Schneider, R.; Clarot, I.; Maincent, P. Curr. Pharm. Anal.

2013, 9, 31.
2. Wu, W. ; Gaucher, C.; Diab, R.; Fries, I.; Xiao, Y.-L.; Hu, X.-M.; Maincent, P.; Sapin-

Minet, A. Eur. J. Pharm. Biopharm. 2015, 89, 1.

Analytical data for nitrile compounds
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Analytical data for lead compounds
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'H and 3C NMR Analysis: solvent DMSO-ds
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Mécanismes de franchissement de la barriére intestinale et de stockage vasculaire des S-nitrosothiols
pour I'amélioration de formulations orales de NO

Les S-nitrosothiols (RSNO) comme le S-nitrosoglutathion (GSNO) sont des donneurs de monoxyde d’azote (NO) prometteurs
pour le traitement des maladies cardiovasculaires. Cependant, ce sont des candidats médicaments peu stables. Précédemment,
des nanoparticules chargées en GSNO (GSNO-NP) ont été incluses dans une matrice d’alginate/chitosan. Les particules
composites ainsi produites avaient une bonne encapsulation et une libération prolongée de GSNO. De plus, leur administration
orale a des rats produisait un stock de NO au niveau de la paroi de I'aorte. Elles avaient cependant plusieurs limitations :
préparation et caractérisation longues, manque de stabilité et de reproductibilité. Ce travail avait donc trois objectifs : (1)
déterminer le mécanisme d’absorption intestinale des RSNO non formulés ; (2) évaluer la capacité des RSNO non formulés a
créer un stock vasculaire de NO ; 3) optimiser la formulation de GSNO.

Nous avons montré, dans un modele in vitro de barriére intestinale, que la perméabilité intestinale de GSNO, S-nitroso-N-
acétylcystéine (NACNO) et S-nitroso-N-acetylpénicillamine (SNAP) se fait par un mécanisme passif, principalement par voie
transcellulaire (également paracellulaire pour SNAP), avec une perméabilité moyenne. Apres avoir traversé la barriere intestinale,
les RSNO atteindront les vaisseaux sanguins. Pour comparer leur capacité a former un stock vasculaire de NO dans des aortes
(avec endothélium intact ou retiré), nous avons quantifié le stock, vérifié sa biodisponibilité pour la vasorelaxation et évalué son
impact sur une vasoconstriction induite par la phénylephrine (PHE). L’incubation des aortes avec les RSNO augmente le stock
basal de NO par un facteur trois a cing. Ce stock est mobilisable pour induire la vasorelaxation et efficace pour diminuer la
réactivité vasculaire a la PHE (NACNO>GSNO = SNAP), seulement dans les aortes dont I'endothélium a été retiré. Comme la
perméabilité intestinale des RSNO est moyenne, l'intégration du GSNO dans une formulation appropriée est nécessaire. Vu
limpossibilité de résoudre les problémes liés aux particules composites, le protocole de production des GSNO-NP a été modifié
pour produire des microparticules (deux types selon I'état liquide ou solide de GSNO dans la phase interne de I'émulsion). Les
deux types de microparticules avaient une libération de GSNO ralentie par rapport aux GSNO-NP. Les nano- comme les micro-
particules ont pu étre stabilisées par lyophilisation, et amélioraient la perméabilité intestinale de GSNO (jusqu’a une forte
perméabilité avec les microparticules). Par conséquent, une administration orale de nano/microparticules chargées en
GSNO/RSNO pourrait représenter une nouvelle approche thérapeutique pour les maladies cardiovasculaires.

Mots clés : S-nitrosoglutathion, particules, systémes de délivrance pour la voie orale, stockage de monoxyde d’azote,
perméabilité intestinale

Mechanisms of S-nitrosothiols intestinal permeability and NO store formation within vascular wall to

improve NO oral delivery systems

S-nitrosothiols (RSNOs) such as S-nitrosoglutathione (GSNO) are promising nitric oxide (NO) donors for cardiovascular diseases
treatment. However, they are poorly stable drug candidates. In previous studies, GSNO-loaded nanoparticles (GSNO-NP) were
embedded into an alginate/chitosan matrix. Resulting nanocomposite particles showed high encapsulation and sustained release
of GSNO, and led to the formation of a NO store in the wall of aorta after a single oral administration to rats. However, these
nanocomposite particles have several limitations such as time-consuming preparation, lack of both stability and reproducibility.
This thesis work aimed at: 1) Elucidate the mechanism of free RSNOs intestinal absorption; 2) Evaluate ability of free RSNOs to
form a vascular NO store; 3) Optimize the GSNO formulation.

In this study, we showed that the intestinal permeability (in vitro model of intestinal barrier) of GSNO, S-nitroso-N-acetylcysteine
(NACNO) and S-nitroso-N-acetylpenicillamine (SNAP) was a passive diffusion, following the transcellular pathway (and also the
paracellular way for SNAP) and belonging to the medium permeability class. After crossing the intestinal barrier, RSNOs will reach
the vasculature. In order to compare the ability of free RSNOs to form a vascular store of NO either in endothelium-intact or
endothelium-removed aortae, we quantified the store, verified its bioavailability for vasorelaxation and evaluated its impact on
phenylephrine (PHE)-induced vasoconstriction. Incubation with RSNOs increased the basal NO store three to five times. This
store is still bioavailable to induce vasorelaxation and efficient to induce vascular hyporeactivity to PHE (NACNO> GSNO = SNAP)
only in endothelium-removed aortae. As intestinal permeability of RSNOs was in the medium class, the integration of GSNO into
an appropriate delivery system is essential. Limitations of previously developed nanocomposites particles were impossible to
bypass so the production process of GSNO-NP was modified (liquid or solid GSNO in the internal phase of the emulsion) to
produce microparticles. Both kinds of microparticles exhibited a slower release of GSNO than GSNO-NP. Nano-and micro-
particles were stable after lyophilization and presented an enhancement of GSNO intestinal permeability (up to high permeability
class for microparticles). Thus, oral administration of GSNO/RSNO loaded nano/micro particles seems to be a promising avenue
for the treatment of cardiovascular diseases.

Keywords: S-nitrosoglutathione, particles, oral delivery systems, nitric oxide storage, intestinal permeability
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