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Résumé

Le diabéte sucré (diabétes mellitus, DM) est unomtirse métabolique d’origine
multiple, caractérisé par une hyperglycémie chnoajgrésultant d'un défaut de sécrétion
d’insuline et/ou d’'un défaut de son activitén 2015, 415 millions de personnes étaient
atteintes du diabéte, la projection pour 2040 sinée a 642 millions (ce chiffre ne tient pas
compte du nombre de personnes diabétiques nonaditignes). Il existe principalement deux
types de diabéte: le diabete de type 1 (DT1) didbéte de type 2 (DT2). DT1 se caractérise
par la destruction auto-immune des cellylepancréatiques conduisant a un déficit de la
sécrétion d'insuline. DT1 représente 10% des tast ie plus souvent diagnostiqué chez les
enfants et les jeunes adultes (Patterson, Dahlgtigk. 2009). Les patients atteints de DT1
ont une faible production d'insuline endogéne, panséquent, linjection d'insuline est
nécessaire afin de compenser la perte de sécrdimsalinepar le pancréas. Cependant, la
glycémie doit étre fréquemment contrélée afin dé@vun risque d'hypoglycémie. Le DT2 est
le type de diabéte le plus fréquent (enviror®c9€@es diabétes connusl. est di a une
résistance a l'insuline. Les cellules beta panicpéad produisent davantage d’insuline jusqu’a
ce gu’elles ne puissent plus répondre et finisgEmt s’épuiser, la production d’insuline
devient alors insuffisante, le glucose ne pouvad @ntrer dans les tissus périphériques tels
que les muscles squelettiques et le tissu adipgagcumule dans le sang conduisant a une
hyperglycémie. De plus, le stockage du glucoses sotme de glycogene dans le foie est
diminué, par conséquent, le niveau de glucose sargjéleve. En outre, la lipolyse est
régulée positivement entrainant I'augmentation islaau d'acides gras, substrat potentiel de
la néoglucogenese (Guyton, Hall 2006). D’autre ,danisuline stimule les hépatocytes qui
synthétisent les triglycérides et facilite leur citage dans le tissu adipeux. De ce fait,
I'absence d'insuline provoque une hypertriglycéni@e Par ailleurs, la carence en insuline
augmente la protéolyse conduisant a des concemtsattlevées d'acides aminés dans le
plasma (Charlton et Nair 1998). Etant donné qus tes acides aminés, a I'exception de la
lysine et la leucine, sont des acides aminés gkroesy précurseurs de la gluconéogenese
hépatique et rénale, ils contribuent davantageyadrglycémie (Raju et Raju 2010). Le DT2
est souvent diagnostiqué fortuitement car la presrpériode du développement de la maladie
est asymptomatique, il est donc souvent diagnostitpez les adultes d'age moyen. Le risque

du DT2 augmente proportionnellement avec I'agesetavorisé par I'obésité.



Il a été démontré que le DM augmente le risque ddadies cardiovasculaires
(cardiovascular diseases, CVD) avec une incidera& é six fois supérieure chez les patients
diabétiques, par rapport aux patients non-diabésigyCoutinho, Gerstein et al. 1999;
Buyken, von Eckardstein et al. 2007). De plus,edadies cardiovasculaires représentent
pres de 80 % du taux de la mortalité chez les patidiabétiques (Winer et Sowers 2004). En
dépit d'une nette association entre le diabétesamlaladies cardiovasculaires, les mécanismes
sous-jacents qui relient les deux maladies ne pastencore bien compris. La littérature
récente a indigqué l'importance des facteurs nooéghyques, tels que I'age, le sexe, I'obesite,
I'nypertension et la dyslipidémie dans 'augmergidn risque cardiovasculaire. Ces facteurs
peuvent altérer la fonction de plusieurs types utalles, notamment, les cellules
endothéliales, les cellules musculaires lisses ¢sdmmuscle cells, SMC) et les plaquettes,
conduisant a des complications microvasculairesmatrovasculaires chez les patients
diabétigues (Beckman, Creager et al. 2002). Lesptioations macrovasculaires incluent la
maladie coronarienne, la maladie artérielle péripné et I'accident vasculaire cérébral,
tandis que les complications microvasculaires cempent la néphropathie diabétique, la
neuropathie diabétique et la rétinopathie diabétiqle principal mécanisme des
complications macrovasculaires est I'athérosclérdsathérosclérose est une maladie
inflammatoire chronique initiée dans I'endothdljusuite a linteraction entre les
lipoprotéines oxydées, notamment lipoprotéines atesé densité (LDL), les lymphocytes T,
les macrophages dérivés des monocytes et les aoimestuants de la paroi artérielle. Apres
I'accumulation des lipides oxydés dans I'endothg&liles monocytes infiltrent la paroi
artérielle et se différencient en macrophages,imgurgitent les lipides oxydés pour former
les cellules spumeuses. Une fois forme, les callsfrimeuses stimulent la prolifération des
macrophages et des lymphocytes T. Les lymphocytésldur tour, induisent la prolifération
des cellules musculaires et la production de neagidra cellulaire dans la paroi arterielle. Le
résultat essentiel de ce processus complexe &sintation d'une plague athérosclérose riche
en lipides avec une chope fibreuse. Les complioatimicrovasculaires du diabete sont les
résultats d'une altération de la microvasculaosatians la rétine, les reins et les neurones.
Les caractéristiques physiopathologiques dans leeldgpement des complications
microvasculaires sont similaires dans ces diff&ramganes (Brownlee 2005). Les cellules
endommagées par une hyperglycémie comprennenetleles endothéliales capillaires dans
la rétine, des cellules mésangiales dans le gldméémal et les neurones et les cellules de

Schwann des nerfs périphériques. Ces cellules qieggeun risque particulierement élevé de
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dommages parce gu'elles sont incapables de rétmitesorption du glucose efficacement
pendant I'hnyperglycémie (Kaiser, Sasson et al. 1B@8ig, Concepcion et al. 1995).

Sur la base des preuves convaincantes des étudeemépogiques et
physiopathologiques, il est maintenant admis dgugpérglycémie chronique est en grande
partie responsable de la progression de la mataddtovasculaire dans le diabéte (Pistrosch,
Natali et al. 2011). Il a été suggéré que I'hypednie via le stress oxydant modifie la
fonction de nombreux types de cellules incluantdeltules endothéliales, les SMC et les
plaguettes et modifie en conséquence la structula ®nction des vaisseaux sanguins. La
dysfonction endothéliale, qui est impliquée dansldeeloppement de nombreuses maladies
cardiovasculaires a été observée chez les patiediabetiques. Le mecanisme initial par
lequel I'nyperglycémie modifie la fonction endothid est I'induction d’un déséquilibre entre
la formation de monoxyde d’azote (NOe) et les esper2actives de l'oxygene (reactive
oxygen species, ROS). En effet, les concentratidnsglucose intracellulaire élevées
conduisent & l'activation de la protéine kinas®KQ) et ainsi générent la formation des ROS
par la NADPH oxydase. Par ailleurs, la réactionNiDe avec I'anion superoxyde O,
entraine la formation de I'ion peroxynitrite (ONOQun puissant oxydant, qui traverse
facilement les membranes phospholipidiques et yougdle important dans la nitrosation des
protéines inhibant ainsi leurs fonctions, en effetitrosylation de la prostacycline synthase
altere son activité induisant la diminution de Yathése prostacycline (P£sl un puissant
agent vasorelaxant. La disponibilité réduite du BKD eégalement due a une diminution de
I'expression et de l'activité de la eNOS, en effétyperglycemie diminue la phosphorylation
du site activateur de la eNOS (Serll77) et indaitfdrmation des ROS par la eNOS
découplée. De plus, l'activation de la PKC indpie I'hyperglycémie provoque la synthese
accrue d'endothéline-1 (ET-1), des prostaglandifi®SH) et de thromboxane (TXA
favorisant la vasoconstriction. En outre, la dystmn endothéliale dans le diabete est
également liée a une production accrue des R@Sepamitochondries, I'oxydation de
'ADN nucléaire par les ROS active la poly (ADPa#e) polymérase (PARP). Une fois
activée, PARP procéde a la synthése des polymérd3Pdibose, qui alterent sur la
glyceraldehyde- 3 phosphate déshydrogénase (GAPDRg, enzyme glycolytique clé,
réduisant son activité. Ce phénomeéne perturbérdiftes voies métaboliques telles que : (1)
I'activation de la voie des polyols, qui provoglectumulation de sorbitol et de fructose; (2)
I'activation de la voie hexosamine, (3) l'activatiale la PKC, (4) la formation accrue des
produits avancés de glycation (AGES), ainsi queslmexpression de leurs récepteurs
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(RAGES). Toutes ces voies participent a l'accurmaades ROS, conduisant a la dysfonction
endothéliale. En outre, I'accumulation de ROS dhétle également une régulation positive
des facteurs pro-inflammatoires, tels que la pnet@himio-attractive monocytaire-1 (MCP-
1), les molécules d'adhésion des cellules vasesld¥CAM-1) et les molécules d’adhésion
intercellulaires 1 (ICAM-1), sous la dépendancefdcteur de transcription (NFBk Ces
événements conduisent a l'adhérence des monotytésmation des cellules spumeuses,
qui, a leur tour, libérent un certain nombre deokiytes inflammatoires pour maintenir
I'inflammation vasculaire, ainsi que la proliféoamti des cellules musculaires lisses, ce qui
accélere le processus athérosclérotigue. Pris disermes évenements induisent la
diminution  des facteurs vasorelaxants (NO, FGét l'augmentation des facteurs
vasocontracturants (ET-1, P@HTXA»), linflammation et le remodelage vasculaire,
favorisant ainsi I'apparition des maladies cardgsmedaires (Paneni, Beckman et al. 2013).

Il a été rapporté qu'un mauvais contréle de ladgtyie semble jouer un réle important
dans le développement de maladies cardio-vascsildags le diabéte. (Lehto, Ronnemaa et
al. 1997). Depuis plusieurs décennies, de nombneécticaments antidiabétiques sont sur le
marché afin d’obtenir un contréle glycémiqoptimaldans la gestion du diabéte. Parmi
lesquels, les Biguanides qui inhibent la productiépatique du glucose, les sulfonylurées et
glinides qui sont des agenisulinosécrétagoguesles thiazolidinediones qui sont des
insulino-sensibilisateurs les Incrétinomimétiquesagalogue du glucagelike peptidel
(GLP-1)et les inhibiteurs de la dipeptidyl peptidase-4PH34)) qui stimulent la
sécrétiord'insulinede facorglucosedépendanteet diminuent la sécrétion de glucagon.
Cependant, parmi ces médicaments, seules la mét®r(higuanide) et le liraglutide, un
analoguedu GLP-1, ont montré une réduction du risque caasioulaire chez le diabétique.
Récemment, une nouvelle classe d’antidiabétiquét anise sur le marché, les inhibiteurs
des co-transporteurs sodium-glucose (SGLT) ouogiifles, qui ont un effet protecteur
prononcé sur le systeme cardiovasculaire en consparavec d'autres antidiabétiqgues oraux.
Les Gliflozines réduisent I'hyperglycémie chez [tients diabétiques en diminuant la
réabsorption rénale du glucose. Les SGLT2 sonésitlans les segments S1 et S2 du tubule
contourné proximal du néphron, ils sont responsafiéela réabsorption de 90% du glucose
filtré. lls ont une grande capacité de transporismme faible affinité pour le glucose,
contrairement aux SGLT1 qui ont une haute affimitéis une faible capacité de transport.
Les SGLTs 1 sont situés dans le segment S3 duetydgnakimal et filtrent les 10% restant du
glucose rénal. Les SGLT1/2 transportent le gluaide sodium dans les cellules en utilisant
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un gradient de sodium créé par les pompegKNaATPase, contrairement aux transporteurs
GLUTs, qui transportent le glucose par diffusiosgee.

De maniére intéressante, I'étude clinique EMPA-R&@Gontré que le traitement des
patients diabétiques avec des antécédents cardidaass, par I'empagliflozine (Jardiance®,
Boehringer Ingelheim/Eli Lilly), réduit la mortaditcardiovasculaire de 38%, qui est 2 fois
plus élevée par rapport a la metformine — le tnaétet de premiére intention dans la prise en
charge du diabéte. Ces résultats suggerent quedglifiozine offre une meilleure protection
cardiovasculaire en comparaison avec les autresliamtiques oraux. Toutefois, les
mécanismes par lesquels l'inhibition des SGLT2 itddumortalité cardiovasculaire ne sont
pas bien compris. Plusieurs mécanismes potentitlété proposeés afin d’expliquer les effets
bénéfiques de I'empagliflozine dans I'étude de IEMREG. L'amélioration du contrdle
glycémique n’explique probablement pas l'effehéddgue de I'empagliflozine, de part la
faible réduction de I'hemoglobine glyquée (HbAla@nd le bras traité (0,4% a 0,6%). Cette
réduction modeste de I'HbAlc est similaire a celiteenue par l'inhibition du DPP-4, qui n‘a
pas réussi a mettre en évidence un bénéfice castialaire. De plus, la metformine qui
réduit 'HbAlc d’environ 1,5%, montre une réductidun risque cardiovasculaire inferieure a
celle de I'empagliflozine. Autres mécanismes prdésbcontribuant a expliquer l'effet
cardioprotecteur de I'empagliflozine dans I'étuddAA-REG, sont la réduction significative
du poids corporel, de la pression artérielle samggreenter le rythme cardiaque et méme une
augmentation significative du niveau de cholestéied lipoprotéines de haute densité. Nous
émettons I'hypothése que I'empagliflozine auraitefiiet protecteur de la fonction vasculaire,
cependant, peu d'informations existent quant aptession des SGLTs dans la paroi

vasculaire.

Pour cette raison, le but de la premiere étude éa déttablir des modeles de
dysfonction endothéliale induite par des conceianat élevées en glucose dans des artéres
isolées de rats Wistar et de porc. Nous avons Emgisothése que les transporteurs SGLT1/2
pourraient étre présents dans les membranes dakeseaindothéliales et ainsi contribuer au
transport du glucose menant au stress oxydantdpaequent, SGLT1/2 pourrait contribuer a
l'augmentation du niveau de stress oxydant indaitle glucose élevé (high glucose, HG)
dans les cellules endothéliales dans les vaisssamnguins des patients diabétiques. Un tel

concept expliquerait que les inhibiteurs de SGLTAM un effet direct sur les vaisseaux
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sanguins en diminuant la dysfonction endothélintiuite par des concentrations élevées en
glucose menant finalement a une réduction de risgrdiovasculaire.

Dans la premiere partie de cette étude, nous adnalse par des études de la réactivité
vasculaire la fonction vasculaire d’artéres deWétar soumis a un niveau de glucose élevé
pour induire une dysfonction endothéliale. Une étadtérieure par Ling-Bo Qiagt al. a
montré qu'aprés 30 min ou 1 h d'incubation d’anrebaorte dans un milieu riche en glucose
(44 mM), l'acétylcholine (ACh) induit encore undasetion normale, avec unenkatteignant
respectivement 80,5 + 4,4% et 78,2 + 3,6%; a I'reeeapres 2, 3 ou 4 h d'exposition a une
forte concentration de glucose, laakchute a 70,1 + 11%, 55 + 5,6% et 51,2 + 5,1%,
respectivement. Une autre étude indique égalemetdpis l'incubation pendant 6 h
d’anneaux aortiques dans un milieu riche en glu¢éd4emM), la Emax chute a 43,7 + 16,1%
tandis que les anneaux soumis a une concentrationate de glucose (11 mM) ont atteint
88,4 + 12,3% de relaxation. Par conséquent, nownmsasélectionné les deux temps
d'incubation de 4 h et 6 h dans nos expériencesis Nwons ainsi incubé des anneaux
aortiqgues en présence une concentration élevééueosg (44 mM) pendant 4 h et 6 h dans
les chambres a organes isolée contenant une soldd@oKrebs. Cependant, nos résultats
montrent que 4 h ou 6 h d'incubation d'anneauxcam$ avec 44 mM de D-glucose n'a pas
affecté la réponse de relaxation dépendant dedtbétium a I'ACh.

En outre, nous avons également évalué I'effet donbe concentration en glucose sur la
relaxation dépendante de I'endothélium en répori9eCh dans d’autres lits artériels du rat
Wistar comme l'artére mésentérique principale,t&ee rénale, l'artére carotide et l'artere
fémorale. Il a été rapporté que l'exposition di@semésentériques de troisieme ordre de rat
Wistar femelle a HG (45 mM) pendant 2 h, induit ulysfonction endothéliale (Taylor and
Poston 1994). Selon les protocoles publiés daligdeature, nous avons incubé les anneaux
de l'artére mésentérique supérieure, l'artere gnartére carotide et I'artere fémorale dans
25 mM D-glucose pendant 3 h dans des bains d'osgdde fagon similaire aux résultats
obtenus sur les anneaux d'aorte, les concentraéilmv@es en glucose n’induisent aucune
altération de la relaxation dépendante de I'endintmédans ces 3 types d'arteres.

Par conséquent, nos résultats contrastent avaédefiats, qui ont été publiés dans la
littérature. Ceci pourrait étre lié a la différerae la souche et le sexe des rats utilisés dans
chaque étude: nous avons étudié l'aorte et I'artérsentérique des rats méales Wistar, et les
études publiées ont utilisé les anneaux aortiquess rdts males Sprague-Dawley et des
anneaux artériels mésentériques des rats femel&awVv
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En outre, étant donné que le stress oxydant essid#né comme le principal
contributeur de la dysfonction endothéliale indyage I'hyperglycémie; par conséquent, nous
avons soulevé la question de savoir si le stregdamt induit la dysfonction endothéliale dans
les anneaux aortiques de rat Wistar. Afin de peécs le stress oxydant induit une
dysfonction endothéliale dans les anneaux aortjquesis avons utilisé le composé
pharmacologique - pyrogallol, une source d’aniopesaxyde. Des anneaux aortiques ont été
incubés en présence du pyrogallol aux concenttiten10 uM et 30 uM pendant 30 min.
Nous avons observeé que les anneaux aortiques exagsgogallol (10 et 30 uM) pendant 30
min montrent que la contractilité a la phényléparifPE, 3.1 a 10° M) est
significativement plus élevée par rapport aux aoredans le groupe contréle. En outre,
I'incubation avec les deux concentrations du pytolgd 0 et 30 uM) pendant 30 min a induit
une réduction de la relaxation dépendante de l'éndtiom en réponse a I’ACh par rapport au
groupe contrble. fax a I'ACh était significativement diminué, passamtdd,5 + 3,6% (dans le
groupe contréle) a 67,6 + 3,9% et 34,3 + 5,1% darsgmce du pyrogallol (10 et 30 uM),
respectivement. A l'inverse, il convient de notae gpyrogallol n'a pas affecté la relaxation
indépendante de I'endothélium en réponse a nitsgmte de sodium (SNP)mk par SNP
était inchangé en présence du pyrogallekxEont 101,8 + 1,4%, 102,6 + 1,3%, 100,5 + 2,2%
dans le groupe contrdle et anneaux incubés avegrgallol (10 et 30 uM), respectivement.
Nos résultats sont en ligne avec les études psgbtiées la littérature concernant I'effet de
pyrogallol sur la relaxation dépendante de I'endlitim en réponse a 'ACh dans les anneaux
aortiques (Salheen, Panchapakesan et al. 2015;r&leMcKeown et al. 2008). De ce point,
le stress oxydant est capable d’induire une dysimmendothéliale. Ainsi, I'absence de I'effet
d’HG dans la fonction endothéliale dans les anneaoxtiques avec nos conditions
expérimentales pourrait étre du a un faible nivéaistress oxydant induit par HG dans les
anneaux aortiques.

Par conséquent, dans I'étape suivante, nous avahgd'effet de glucose élevé sur la
fonction endothéliale dans les anneaux aortiguésemtant une dysfonction endothéliale
partielle induite par une faible concentration duwogallol. Des anneaux aortiques ont été
incubés dans HG (25 mM) en présence d'une faibleestdration de pyrogallol (3 uM)
pendant 6 h dans une solution de Krebs dans le diangane. Nous avons observé que
I'incubation des anneaux aortiques avec du pyrolg@luM) pendant 6 h a Iégerement réduit
la relaxation dépendante de I'endothélium en rép@BACh par rapport aux anneaux dans
le contrble. Rax & I'ACh est tombé de 85,7 + 3,6% a 75,0 + 7,2%sdancontrble et les
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anneaux incubées avec du pyrogallol, respectiven@agendant, la co-incubation d'anneaux
aortiqgues avec HG (25 mM) et du pyrogallol (3 uMpgdant 6 h n'a pas affecté la relaxation
dépendante de I'endothélium en réponse a I'AChggport aux anneaux incubés en présence
du pyrogallol seul. Nous suggérons que l'absereféetid'une forte concentration en glucose
sur la relaxation dépendante de I'endothélium ad&ssanneaux aortiques pourrait étre liée au
fait que la combinaison du glucose et pyrogalloumpait induire la formation accrue
du peroxyde d’hydrogén@l>0O.) (Peiro, Lafuente et al. 2001; Ho, Liu et al. 20Q@an, Fu et

al. 2012), qui a été montré comme un facteur hygarigsant dérivé de l'endothélium
(endothelium-derived hyperpolarizing factBDHF) (Shimokawa and Matoba 2004; Graier
and Hecker 2008; Edwards, Li et al. 2008). Il a @bservé une relaxation dépendante de
I'endothélium induite par kD> dans l'aorte de rat (Yang, Zhang et al. 1999; Maad
Martin), dans l'aorte de lapin (Zembowicz, Hatcleetal. 1993), dans I'artere mésentérique de
lapin (Itoh, Kajikuri et al. 2003), dans l'aortesdeats diabétiques STZ (Pieper and Gross
1988) et dans les artérioles coronaires de sobfdbdPark, Capobianco et al. 2008). Sur la
base de ces résultats, nous suggérons qu®. Hpeut agir comme un facteur
hyperpolarisant endothélial (EDHF) pour compenseffet d'une forte concentration en
glucose a atténuer la relaxation dépendante dddtbglium en réponse a I’ACh. Ces effets
pourraient expliquer pourquoi, on n'a pas obsetaédation de la fonction endothéliale dans
notre modeleex vivo Ainsi, d'autres études sont nécessaires enauilia catalase (CAT) et
I'analogue perméant membranaire de la la CAT (PEG3Cpour bloquer l'effet de #D>
extra- et intracellulaire sur les réponses de etlar afin d'évaluer l'effet d'une forte
concentration en glucose sur la relaxation dépderddm 'endothélium médiée par NO dans
les artéres isolées des rats.

En outre, le court temps d'incubation de l'artarepeesence d’'une concentration de
glucose élevée pourrait expliquer lI'absence d’efeur cette raison, nous avons évalué l'effet
de HG sur la fonction endothéliale dans une indabad long terme. Nous avons ensuite
incubé des anneaux aortiques pendant des temps deny5 h et 22 h dans le milieu DMEM
en présence de pénicilline (100 U/ml), streptomgdit00 U/ml), fungizone (250 pg/ml) et
polymixine B (10 pg/ml) afin d'éviter une contantina dans la période d'incubation a long
terme. Malheureusement, nous avons été incapablalder I'effet de glucose élevé sur la
fonction endothéliale aprés une incubation de lendurée en raison que les anneaux ne

relachent plus en réponse a I'ACh, et les réporgmdractiles sont aussi diminuées
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probablement en raison d’'une augmentation de ksgwn de la NOS inductible et de
cyclooxygenase en réponse aux cytokines pro-inflatoires.

Dans la deuxieme partie de I'étude, nous avonssichaitiliser I'artere coronaire du
porc (ACP) car la relaxation dépendante de I'erélntim de 'ACP peut persister méme apres
une incubation a long terme. Du fait le nombre e publications rapportant I'effet d'une
forte concentration de glucose sur les relaxatibégendantes de I'endothélium de I'ACP,
nous avons testé I'effet de 'HG a court et longnies. Dans un premier temps, des anneaux
d'ACP ont été incubés dans la cuve a organe isel@amnt 6 h en présence d'une
concentration normal (11 mM) ou élevé (44 mM) emcgke. Nos résultats n'ont pas montré
de différence concernant entre la relaxation dépatedde I'endothélium en réponse a la
bradykinine (BK) dans les anneaux incubés aveclatoge normal (11 mM) et ceux incubés
avec une concentration en glucose élevée (44 mkijigee 6 h. Dans un second temps, les
anneaux d'ACP ont été incubés en présence du gluassconcentrations 25 mM, 30 mM et
44 mM pendant 24 h dans le milieu RPMI 1640 supplité en polymixine B (10 pg/ml),
pénicilline (100 U/ml), streptomycine (100 U/ml)fenngizone (250 pg/ml). En comparaison
avec le milieu DMEM, le milieu RPMI 1640 est un mid moins riche en nutriments et
contenant moins de calcium et plus de phosphatequcgeut diminuer la libération de
facteurs pro-inflammatoires. Une atténuation faillde la relaxation dépendante de
I'endothélium en réponse a la BK a été observéement dans les anneaux incubés en
présence du glucose de 44 mM par rapport au groapedle (11 mM). En outre, il y a eu un
décalage significatif vers la droite dans la coutbacentration-réponse a la BK a 3%14:
les anneaux du groupe contrdle (11 mM) ont atemviron 72,6 £ 2,91% de relaxation alors
que les anneaux incubés avec une concentratiotudesg élevé (44 mM) ont atteint autour
de 36,9 + 3,51%p(< 0.05). Toutefois, lesnzx des anneaux du groupe contrble et du groupe
HG étaient semblables (95,8 £ 3,01% et 93.61 + %,28spectivement). Il convient
également de noter que les plus faibles concemtisatiiu glucose (25 et 30 mM) n'ont pas
affecté la relaxation dépendante de I'endothéliumréponse a la BK. En outre, 24 h
d'incubation des anneaux de 'APC a 44 mM n'a ffesté la relaxation indépendante de
'endothélium en réponse au sodium nitroprussidBlR)S Ces résultats indiquent que
l'incubation des APC avec HG (44 mM) pendant 24’ihdnit qu’'une atténuation de la
relaxation dépendante de I'endothélium en réporaeéB&. De plus, nous avons évalué I'effet
du SGLT2 inhibiteur (gliflozine) sur la dysfoncti@ndothéliale induite par HG (44 mM).
Malheureusement, la gliflozine & “10M n'a pas affecté la relaxation dépendante de
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I'endothélium des anneaux d’APC incubés avec HGhi#4). Il serait peut-étre lié au fait que
le la dysfonction endothéliale induite par HG daiC était trop petite, par conséquent, nous
avons été incapables d'évaluer I'effet de gliflezin

Dans I'ensemble, nos résultats contrastent ave@tagtats précédents décrits dans la
littérature. Bien que, la littérature a égalemeéindntré la fluctuation de la dysfonction
endothéliale induite par HG dans différents typestére. Certains groupes ont constaté que
I'incubation 6 h avec 44 mM D-glucose induit enmir20% de I'atténuation de la relaxation
dépendante de I'endothélium dans les anneaux aegtighez le rat male Sprague Dawley
(Qian, Wang et al. 2006; Zhang, Yang et al. 2004hdis que d'autres groupes ont observés a
environ 40% ceux dans les mémes conditions d’inmomg\Wang, Xiong et al. 2005). En ce
qui concerne l'artere mésentérique, une variatigilasre a également été observée dans la
littérature. Taylor et ses collegues ont rapporé atténuation de la relaxation dépendante de
I'endothélium en réponse a I'ACh (environ 30%) ob&e dans les artéres mésentériques de
troisieme ordre incubées dans 45 mM de D-glucosedad 2 h chez les rats femelles Wistar
(Taylor and Poston 1994). Par contre, chez lesmdies Wistar, ils ont observé qu'environ
10% et 20% d’une atténuation de la relaxation dngim, respectivement, dans les artéres
mésentériques de troisieme et de second ordre Javeéme temps d'exposition (2 h) avec 40
mM D-glucose (Salheen, Panchapakesan et al. 20t&ywrs, Niessen et al. 2010).
Plusieurs possibilités existent pour expliquerésiltats discordants des études publiées dans
la littérature et de notre étude. Tout d'abordecdifférence peut étre liée a des différences de
sexe des animaux utilisés dans chaque étude. Ef gfa été démontré que la différence
entre le sexe peut contribuer differemment a Iratédion de la relaxation dépendante de
I'endothélium induite par HG dans l'aorte des m®itgles lapins (Goel, Zhang et al. 2007;
Goel, Thor et al. 2008). Goel et ses colleguesapporté que 3 h d'incubation avec un niveau
élevé de D-glucose (44 mM) réduit la relaxationed@&fante de I'endothélium en réponse a
I'ACh seulement dans les anneaux aortiques desfamtslles Sprague Dawley: lenk a
I'ACh est tombé de 77,8 + 4,6% a 56,2 + 4,3% dangrbupe contrble et groupe d’HG,
respectivement. En revanche, la relaxation indugiel’ ACh n'a pas été affectée par HG dans
les anneaux aortiques préleveés sur des rats matague Dawley (Goel, Zhang et al. 2007).
Dans une autre étude, il a été observé que I'HGitinghe atténuation de la relaxation
dépendante de I'endothélium plus élevée dans &€ades lapins femelles que des lapins
males: dans l'aorte des malesakest tombé de 53,60 + 3,42% a 45,84 + 2,84% et dans
l'aorte des femelles d=x est tombé de 57,8 + 3,39% a 43,74 £ 3,74% danariasaux du
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groupe contrble et du groupe HG, respectivemenelGichor et al. 2008). Par conséquent,
I'effet des hormones sexuelles peut étre affeftérdimment la réponse des artéeres au HG.

Deuxiémement, la variation des résultats peut diie a la différence des souches et
des especes des animaux étudiés et a leurs sk@sibariables au diabéte. La littérature a
montré les différents effets d’'HG sur la relaxatd#pendante de I'endothélium en réponse a
I'ACh chez les rats Sprague-Dawley et Wistar. lauge de Dhar a constaté que l'incubation
avec 25 mM de D-glucose pendant 2 h a réduit denws0% de la relaxation maximale en
réponse a I'ACh dans les anneaux aortiques d&pagggue-Dawley males (Dhar, Dhar et al.
2010). En revanche, dans une autre étude aveatbeda méme age Wistar males: la méme
durée d'exposition (2 h) a une concentration éled¢eD-glucose (44 mM) a diminué
significative la relaxation en réponse a I'ACh, snavec un effet plus faible d'environ 20%
(valeurs Eax de contrble: 85.01 + 2.90 et HG: 64,68 + 2,71%gr{R Krishna Chaitanya and
Chris 2013). Par conséquent, les souches et lésesgont des facteurs importants lors du
choix d'un modéle. Idéalement, is devrait étre iétyslus d'une espéce ou des souches
différentes.

Troisiemement, la durée de ['hyperglycémie pourrégalement affecter une
atténuation dans la relaxation dépendante de Itaetlom. En effet que, 6 h d'incubation
d'APC avec 44 mM de D-glucose n'a pas affectéléation dépendante de I'endothélium en
réponse a la BK. Par contre, on a observé que @hdubation dans les APC avec la méme
concentration du D-glucose a induit une petitenai@ion de la relaxation dépendante de
I'endothélium en réponse a la BK. Donc, une incidoed long terme (24 h) avec HG a induit
une petite atténuation de la relaxation dépenddmtéendothélium, ce qui n'est pas observé
suite a une l'incubation a court terme (6 h). Gesultats suggerent que le temps d'incubation
avec HG affecte differemment la relaxation dépetelde 'endothélium en réponse a la BK.
Nous supposons que le niveau de stress oxydarit passle méme aprés 6 h et 24 h. De
méme, les différents effets d’'HG de la relaxati@pehdante de I'endothélium entre le court
terme et le long terme ont été rapportés dansdédtuvivo. Il a été montré une réponse
différente de la fonction endothéliale a différestades du diabéte dansn un modéle animaul
du diabéte induit par la streptozotocine. La refiaxedépendante de I'endothélium en réponse
a I'ACh a été augmentée a 24 h apres l'injectiostagtozotocine par rapport au contréle,
reste stable aprés 1 et 2 semaines de la maladgseagliiminuée a partir de la 8éme semaine
de la maladie (Pieper 1999). Cependant, dans eéicke, 24 h d'incubation d’APC avec 44
mM D-glucose induit seulement une petite diminutide la relaxation dépendante de
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'endothélium en réponse a la BK; par conséquetdutaes expériences doivent étre

effectuées, comme augmenter le temps d'incubatiea @dHG pour clarifier I'effet d’'HG sur

la fonction endothéliale dans les APC.

En bref, nous concluons que:

L'auto-oxydation de pyrogallol (10 et 30 uM) induit stress oxydant résultant en une
augmentation significative du contraction en régomdsla PE et une atténuation
significative de la relaxation dépendante de I'ehdlbum en réponse a I'ACh dans les
anneaux aortiques de rats males Wistar.

L'incubation a court terme avec HG (44 mM) n'a paslifié la relaxation dépendante
de I'endothélium en réponse a I'ACh dans les annaattiques de rats males Wistar.
Il peut éventuellement étre lié a certains factetels qu'un sexe, I'age, la souche,
'espéce animale étudiée, et les conditions dentege des animaux. D'autres études
sont nécessaires pour clarifier l'effet d’'HG sur relaxation dépendante de
I'endothélium en réponse a ACh dans nétre moslelavo

Le long terme l'incubation des anneaux aortiquesattemales Wistar avec d’HG (44
mM) a déprimé la réponse contractile a la PE.

L'incubation a long terme des APC avec HG (44 midiuit une petite atténuation de
la relaxation dépendante de I'endothélium en répoasla BK. Bien que cette
atténuation soit trop faible, par conséquent, nolasons pas pu examiner |'effet

protecteur de gliflozine sur la dysfonction endtifiié induite par HG.

Nous suggérons que:

D'évaluer l'effet de HG sur la fonction endothéialans les anneaux aortiques
prélevés sur le rat male Sprague Dawley parce gugtérature a montré que une
dysfonction endothéliale dans les anneaux aortigleesat méle Sprague Dawley
induite par HG supeneure a celles chez les ratsaWélstar;

D'ajouter une combinaison de 1400W et I'indométagimhibiteurs de NOS inductible
et COX2, respectivement) dans RPMI 1640 pour évdlefet de 24 h d'incubation
avec HG (44 mM) sur la fonction endothéliale dassdnneaux aortiques.

D'utiliser la catalase et de polyéthylene glycoltatase (I'analogue perméant

membrane de la catalase) pour empécher l'effeto@e $ir la relaxation dépendante
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de I'endothélium et d'évaluer I'effet de HG seulatraur la relaxation dépendante de
I'endothélium médiée par NO dans les vaisseauxssol

D'augmenter le temps d'incubation démsnodele de 'APC de 24 h a 36 et 48 h pour
vérifier si I'incubation plus longue de 'APC avdG (44 mM) serait capable d'induire
une altération importante de la relaxation dépetedda I'endothélium en réponse a la
BK.

D'utiliser des modéles diabétiques vivo. Les modeles les plus classiques sont:
administration de faibles doses répétées de swefuicine (STZ), ce qui induit DT1,
modele combinant un régime alimentaire riche ersgea et une faible dose unique de
STZ pour DT2 et des modeles diabétiques génétigquiedeives tels que y compris
les rats Zucker diabétiques obéses, les souris bol@b db/db. Ces modéles
génétiquement diabétiques sont induits par unetimontdans le gene de la leptine ou
des récepteurs de la leptine. Cependant, les nedi#betiquesn vivo ont des
limites. STZ est une toxine des cellul@spancréatiques, ce qui conduit a une
destruction rapide de [&cellules résultant en I'hyperglycémie. Parce U2 fenetre
dans les cellules par les transporteurs du glu@@k&T2), par conséquent, son action
est non seulement spécifique aux cellufespancréatiques et peut causer des
dommages a d'autres tissus, y compris le foie edite Il a été démontré que le taux
de mortalité des rats est tres élevé aprés l'iojgade STZ. En outre, les modeles
génétiquement diabétiques actuels sont associé&s dyhdromes métaboliques tels
gue une tolérance altérée au glucose, I'hyperm&miie, la résistance a l'insuline, les
dyslipidémies et I'obésité, ce qui peut accéléngpkrglycémie induite la dysfonction

endothéliale.

Le but de la seconde étude a été de caractérsanddifications vasculaires survenant

dans des fragments d’artere mammaire interne hunfaiternal mammary artery, IMA) issus

de patients atteints des certaines pathologiesiovastulaires, tels que le diabete et

I'nypertension. Nous avons divisé les patients guodipes : non-diabétiques et normotendus
(Control), hypertendus (H), diabétigues (DM) etbditiques et hypertendus (DM & HT).

Nous avons évalué le niveau de stress oxydant, @iesle niveau d'expression de la eNOS,

des SGLTs et des composants du systeme de I'angioée Les segments d'IMA ont été

prélevés a partir de 58 patients, ayant subi urtagencoronarien (coronary artery bypass
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graft, CABG) entre juillet 2013 et janvier 2016 @&ein du Nouvel Hopital Civil de
Strasbourg.

En premier lieu, une augmentation du niveau desstogydant a été observée chez les
patients diabétiques et hypertendus et seulemepertgndus. Nous avons utilisé du
dihydroéthidium (DHE), une sonde fluorescente redmnsible, afin de déterminer la
formation des espéces réactives de I'oxygéene (veacikygen species, ROS). Nous avons
trouvé que la formation des ROS est fortement angdeedans les segments d’'IMA de
patients hypertendus ou de patients diabétiqud#raoud'hypertension, en comparaison avec
des patients non-diabétiques et normotendus. Raarndiner la nature des ROS formés, les
segments d’'IMA ont été prétraités avec différemtBoaydants avant la coloration au DHE.
Les résultats ont montré que le signal de fluomseedu DHE a été nettement réduit en
présence de la superoxyde dismutase (SOD), dadimsa (CAT) et d’analogues perméants
membranaires de la SOD et de la CAT (PEG-SOD et-BB®), indiquant I'implication des
anions superoxydes et du peroxyde d'hydrogene.ll3e pous avons cherché a identifier la
source enzymatique de ces ROS en prétraitant ¢eseses d'IMA avec différents inhibiteurs
avant la coloration au DHE. Le signal de fluoreseea été aussi significativement réduit en
présence d’inhibiteurs de la NADPH oxydase (VAS®8de la NO synthase endothéliale
(L-NA), du cytochrome P450 (sulfaphenazol), dedayxygénases (indométacine) et par une
combinaison d'inhibiteurs de la chaine respiratoniéochondriale (KCN, myxothiazol et
roténone). Ces résultats indiquent ainsi I'impiaratde la NADPH oxydase, de la eNOS
découplée, des cyclooxygénases, du cytochrome R:#A5@e la chaine respiratoire
mitochondriale dans la formation des ROS au nivdaua paroi vasculaire des segments
d’'IMA.

En outre, nous avons déterminé le niveau de stregfant grace a la coloration par la
nitrotyrosine. Nitrotyrosine est un produit final geroxynitrite (ONOO), qui est un puissant
oxydant formé a partir de NO et de™O Or, la littérature rapporte que I'oxydation par |
ONOO de la tétrahydrobioptérine, un cofacteur essediela eNOS, peut représenter une
cause pathogéne de formation de eNOS découpléduisant a la production dO a la
place de NO (Forstermann and Munzel 2006; PachekiBan et al. 2007). Par conséquent,
nitrotyrosine est également considéré comme uncatelir du stress oxydant. Une
augmentation significative du niveau de nitrotynesa été observée dans les segments d’'IMA
de patients hypertendus ou de patients diabétigoefrant d’hypertension, en comparaison
avec les non-diabétiques et normotendus. Ces aéswonfirment I'implication de I'oxydant
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ONOOQO dans l'augmentation plus prononcée de stress okydas les segments d’'IMA des
patients hypertendus et les patients diabétiqueffrant d'hypertension. Nos résultats sont en
adéquation avec la littérature existante. En efiéegiroupe de Guzik a mis en évidence du réle
de la NADPH oxydase et de la eNOS découplée dangrtientation de la production dgO

a la place de NO, résultant en 'augmentation deraation de ONOOet I'induction d’'une
dysfonction endothéliale dans les segments d’'IMApdtents diabétiques (Guzik, Mussa et
al. 2002; Guzik, West et al. 2002).

De plus, nous avons évalué les modifications deauvd'expression de la eNOS en
'impact des deux facteurs de risque cardiovasmgaile diabéte et I'hypertension, en
association ou non. Les résultats de lI'immunoflsceace du niveau d'expression de la eNOS
dans les segments d’'IMA des différents patientsdonné une indication de la localisation de
la eNOS majorairement dans I'endothélium. Nous svtwauvé un niveau d'expression
significativement accru de la eNOS dans les se@#VA des patients hypertendus et les
patients diabétiques souffrant d'hypertension, na@port aux patients non-diabétiques et
normotendus. Il convient de noter que, de manigedtendue, le signal de la eNOS est
également observée dans les cellules musculassssli(smooth muscle cells, SMC) des
segments d'IMA chez certains patients. La littémata montré I'expression de la eNOS dans
les cellules endotheliales des segments d’'IMA huaewicependant, les données concernant
I'expression de cette enzyme dans SMC des seguaiévis humaines a été rarement décrite.
Gaudino et ses collégues ont fourni la preuve gueNOS est fortement exprimée dans SMC
des segments d'IMA humaines, mais pas dans la \&pbéne (un autre type de greffe en
CABG). Aucune information sur le role fonctionnet th eNOS dans SMC des segments
d’IMA humaines a été décrite. En outre, nous awegeement évalué le niveau d'expression
de la eNOS dans les segments d'IMA humaines pataffeblot. Cependant, ces résultats ont
montré une fluctuation élevée, par conséquent, moagons pas pu confirmer le niveau
d'expression accrue de la eNOS observé par immuore8cence. Nous supposons que ces
résultats sont liés au fait que les expériencaardiinofluorescence et de Western blot n'ont
pas été realisées avec les méme patients. En leffiille des segments d'IMA obtenus a
partir des patients était particulierement limitBe. plus, 'immunofluorescence a été réalisée
sur des segments d’'IMA obtenus en 2014, et seuleemeB015 pour le Western blot. Or, les
variations d'age, de sexe, de stade d’avancemelat m@ladie et des traitements de chaque

patient pourraient étre la cause de résultatsrdifit§. Par conséquent, d'autres expériences
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doivent étre effectuées avec un plus grand nomlereatients pour préciser le niveau
d'expression de la eNOS dans les segments IMA mamai

En outre, le stress oxydant a été déemontré étnatipdr le systeme d’angiotensine
local dans les cellules endothélials (Pueyo, Aatall. 1998; Sohn, Raff et al. 2000; Nguyen
Dinh Cat, Montezano et al. 2013; Touyz 2004). Nausns donc cherché a déterminer le
niveau d'expression de l'angiotensine Il (Angaipsi que de ses 2 récepteurs (AT1 et AT2)
afin d'évaluer l'implication du le systeme d’angimdine local dans l'induction du stress
oxydant dans les segments d'IMA de patients ayaatau l'autre des deux les principaux
facteurs de risque cardiovasculaire. Nos étudesndlinofluorescence ont montré une
augmentation significative de I'expression d’Angetlde ses récepteurs Adt AT, dans la
paroi des segments d’'IMA chez les patients hypdrsret les patients diabétiques souffrant
d'hypertension en comparaison avec les patients diabétiques et normotendus. Ceci
suggere une association entre le diabéte et lxm@ssion du systéeme local d’angiotensine
dans les segments d’'IMA. Nos résultats sont enrdcaeec la littérature (Berry, Hamilton et
al. 2000; Giacchetti, Sechi et al. 2005). En effayygmentation du niveau de Ang Il et de
récepteur AT1 dans les segments d'IMA de patierdbétiques et/ou hypertendus a été
rapportée (Nguyen Dinh Cat, Montezano et al. 20b8yz 2004). De plus, nos résultats ont
également montré le niveau d'expression du récept€l est prononcé dans les segments
d'IMA des patients hypertendus et les patientsaligbes souffrant d’hypertension. Il a été
rapporté que l'angiotensine Il active le réceptddi2, ce qui entraine une production
augmentée de NO et BK (Gohlke, Pees et al. 1998ggilnagami et al. 1999). Le NO, a son
tour, pourrait réagir avec le;O conduisant a la production ONOQjui accentue le niveau de
stress oxydant, comme mentionné ci-dessus. De ydinsge Wal et ses collegues ont montré
que 'ARNmM du récepteur AT2 est présent dans I'IMAnaine, mais que, la stimulation des
récepteurs AT2 n’induit pas la vasodilatation ddas arteres (van de Wal, van der Harst et
al. 2007). Pris ensemble, nos résultats confirmaetaugmentation significative du systeme
local d'angiotensine dans les segments d’'IMA ddepts hypertendus et de patients
diabétiques souffrant d'hypertension. Il convieatrmbter que I'expression du systeme local
d'angiotensine a été augmentée a la fois danstlegidim et dans SMC. Notre observation
est cohérente avec d'autres études in vitro (GirendMinieri et al. 1994), ainsi que chez
I'nomme (Berry, Hamilton et al. 2000). Ceci sugggue les SMC vasculaires pourraient étre
une source importante de>O génération, en paralléle de la eNOS découplée dans

I'endothelium.
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Certaines études ont montré l'effet des inhibitedes SGLT2 sur la réduction
significativement des événements cardiovasculaitez les patients diabétiqgues (Zinman,
Wanner et al. 2015; Vasilakou, Karagiannis et 813 Dziuba, Alperin et al. 2014; Neal,
Perkovic et al. 2013). Cependant, les mécanismes-jagents de |'effet cardioprotecteur ne
sont pas encore bien compris. Nous émettons I'hggetque les inhibiteurs de SGLT peuvent
avoir un effet direct sur les vaisseaux sanguindieminuant la dysfonction endothéliale
induite par HG, aboutissant finalement a la réadunctiu risque cardiovasculaire. Toutefois,
les études concernant I'expression de SGLT1/2esuvdisseaux sanguins sont rares. Han et
ses collegues ont examiné le niveau d'expressidiAB&mM des sous-types de SGLT dans
les cellules endothéliales ainsi que les SMC d&sesr pulmonaires et coronaires de la souris
et ’'hnomme (Han, Cho et al. 2015). lls ont constaié comme prévu, le niveau d'expression
de SGLT1 ARNm a été détecté fortement dans limedé la souris et chez I'homme.
Cependant, SGLT1 ARNm est moins exprimé dans lbgle® endothéliales et les cellules
musculaires lisses des artéres pulmonaires et avesnde la souris et de 'homme, par
rapport a l'intestin. En ce qui concerne l'expssie SGLT2 ARNmM, elle a été détectée
comme prévu principalement dans les reins de lasetid'hommes, cependant, pas dans les
cellules endothéliales et les cellules musculdieses des artéres pulmonaires et coronaires
chez la souris et ainsi que chez I'hnomme. Un arivape a montré que SGLT1 est exprimé
dans les cellules endothéliales humaines de vemkilicale (HUVEC) et I'endothélium
vasculaire de l'aorte thoracique isolée, ou SGL®tejle rbéle de transporteur de la
delphinidine-3-glucoside (Dp) dans les cellules athdliales (Jin, Yi et al. 2013). En
revanche, les informations relatives a I'expressier8GLT2 dans les vaisseaux sanguins ne
sont pas disponibles. Pour cette raison, nous admsé le niveau d'expression des protéines
SGLT1/2 dans les segments d'IMA des patients diued, en association ou non avec de
I'hypertension en utilisant la technique du WestBtat afin de clarifier la présence de
SGLT1/2 dans les segments d'IMA humaines. Nos té@subnt montré que le SGLT1 a été
détecté des segments d'IMA humaines a un nivegoodis moléculaire inférieur a celui de
SGLT1, du rein de rat comme contréle positif. Ladgomoléculaire inférieur de SGLT1
observé pourrait s’expliquer soit par la dissooratet la dégradation de la protéine, soit par
I'anticorps utilisé non spécifique de la protéinenaine. Ceci n’était pas le cas avec SGLT2,
ou le méme poids moléculaire a été observé erdredgments d’IMA humains et ceux de
reins de rat. Cependant, le niveau d'expressioBGIET2 est assez élevé dans les segments
d’IMA humains, ce qui est en opposition avec ldsrimations trouvées dans la litérature. Par
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ailleurs, les résultats ont montré une forte flattan du niveau d'expression des protéines de
SGLT1 et SGLT2 chez les patients. A partir des desngque nous avons obtenues, il n'est
pas possible de tirer une conclusion sur le nivdéexpression de SGLT1/2 dans les segments
d’IMA humains. Les raisons pour lesquelles le niveke poids moléculaire de SGLT1 est
inférieur et I'expression de SGLT2 est élevée rasem effet peu claires. Des expériences
supplémentaires devront étre effectuées, notammenttilisant un autre contréle positif
provenant de rein humain, afin de clarifier I'exgzien de ces protéines dans les vaisseaux
sanguins humains. Pour approfondir cette études rsuggérons également d'évaluer le
niveau d'expression de I'ARNm des SGLT1/2 dansséggnents d’'IMA humains afin de

préciser le niveau d'expression de ces transpsrtikuglucose au niveau moléculaire.

En résume, notre étude sur les segments d'IMA hesreimis en évidence que:

- Le profil clinique des patients montre que le diabét I'hypertension surviennent
frequemment de maniére conjointe.

- Le stress oxydant est plus prononcé chez les patémec un ou deux des principaux
facteurs de risque cardiovasculaire (diabete etettgpsion). En outre, plusieurs
sources, comprenant la eNOS découplée, le COXARMH oxydase, le cytochrome
P450 et la chaine respiratoire mitochondriale, domiliquées dans la formation
accrue de ROS dans les segments d'IMA de patieypertendus ou de patients
diabétiques et hypertendus.

- Les résultats en immunofluorescence ont indiqué augmentation significative de
I'expression de la eNOS et du systéme local dgjibdensine dans les segments
d'IMA humains avec des facteurs de risque cardiovasre. Cependant, des études
supplémentaires seront nécessaires pour confiregerésultats, notamment par une
autre méthode telle que I'examen du niveau d'egijgresle ces protéines par Western
blot.

- Les niveaux d’expression de SGLT1 et SGLT2 ne pastclaires.

L'étude des segments d'IMA humains a présentéinegdimites:

1. La difficulté de la collecte d’échantillons et lepetite taille. Seulement une petite
quantité de protéines, provenant des segments d’lMmains, a été obtenue. Par
conséquent, tous les marqueurs intéressants resrppyp étre étudiés.

2. Un petit nombre de sujets dans le groupe de patiem diabétiques et normotendus

souleve les difficultés de conclure de maniereipeac
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3. La difficulté dans le contrdle de l'intégrité denidothélium, il est difficile de

distinguer si les résultats sont liés a l'assamiativec le diabete ou de la perte de
lintégrité de I'endothélium. Etre plus précis, sdevons évaluer les échantillons dans
les deux conditions: avec et sans endothélium dbémelium pourrait étre dénudé

mécaniquement). Cependant, la taille limitée ddsasiillons recus est un facteur

limitation.

La forte fluctuation parmi les patients. La fludioa entre les patients peut étre due a
des caractéristiques clinigues hétérogenes deenpati Ces patients ont des

différences génétiques, dans les facteurs de rid@tleérosclérose, de la durée de la
maladie et de la gravité, et des traitements méwhodeux.

Face a ces limites, nous suggérons :

D’augmenter le nombre de patients

D’effectuer une étude de réactivité vasculaire dérclarifier le r6le de la eNOS dans
I'endothélium des segments d'IMA de patients agabi un pontage.

De déterminer le niveau d’expression des acteursydteme local de l'angiotensine
par Western Blot afin de confirmer les résultateenbs par immunofluorescence
D’utiliser un autre contréle positif comme le SGLZ rovenant de rein humain afin
de clarifier le poids moléculaire du SGLT1/2 degrsents d'IMA humains. Et plus
précisément, de déterminer le niveau d'expressdiARNmM d’'SGLT pour mettre en

évidence leur présence dans les segments d’'IMA imsma
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CHAPTER 1

REVIEW OF LITERATURE

1.1. Diabetes mellitus

The term diabetes is the shortened version of tilenbme “Diabetes mellitus”. It was
known since the 17 century that the worDiabetes” comes from a Greeword, which
means “to siphontr "passing though", referring to the excessivaation associated with
the disease. The wordMellitus” derives from a Latirword, which means sweet like honey;
due to the reason that there is an excess sugad fioublood as well as urine of diabetic
patients. Nowadays, diabetes mellitus represeniaarasingly heavy health burden in our
society and has acquired epidemic dimensions. R@h2 to 2015, diabetes was estimated to
have resulted id.5 to 5.0million deaths each year worldwide, every severosds a person
dies from diabetes (Update 2015, IDF). Following tlatest data from World Health
Organization (WHO), all over the world there &¥5 million people with diabetes in 2015;
by 2040 this number will rise t642 million (still not counting the number of undiagsal
diabetic people). In Europe, the number of peopith wiabetes is estimated to be 59.8
million (9% of the population aged 20-79) includigg.5 million undiagnosed cases. It has
also been estimated that diabetes was responsib@% of total health expenditure in the
Europe (IDF Diabetes Atlas, 7 ed). In order to p=dthe global burden of diabetes and its
effects on lives and economies worldwide, it isessary to have an improved understanding
of its etiology, pathogenesis and pathophysiolagyocus therapeutic and research efforts

appropriately.

1.1.1. Definition of diabetes

Diabetes mellitus is a group of disorders charaastdrby chronic or sustained abnormally
high blood glucose levels resulting either fromuins deficiency and/or from insulin
resistance (Taylor, 1999)he acceleration of the diabetes is naturally atsmmpanied by an
increase in diabetic vascular complications, whicth the major causes of heart disease,

blindness, renal failure and lower limb amputation.

1.1.2. Pathophysiology of diabetes
T1D and T2D are common cases of diabetes. T1Dagckerized by the autoimmune

destruction of pancreatfcells leading to a deficiency of insulin secretibmaddition to the
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loss of insulin secretion, it has been also fourat the glucagon secretion is not suppressed
by hyperglycemia in patients with T1D. Consequertthe metabolic defects are exacerbated
in T1D patients. Unlike T1D, patients with T2D hadetectable levels of circulating insulin
but they are often resistant to the action of imsuBeside the fact that insulin resistance is the
primary cause of T2D, the level of insulin is afsoind declined in patients with advanced
T2D. Most T2D patients have both insulin resistaand insulin deficiency (Raju and Raju,
2010).

Normally, insulin is released into the blood by paaticp-cells, in response to rising
levels of blood glucose. Insulin regulates bloodcgke levels by stimulating glucose uptake
in peripheral tissues, increasing the storage ofage as glycogen through glycogenesis in
liver and inhibiting hepatic glucoce production ¢Apff, Berkowitz et al. 2004). In addition,
insulin also inhibits lipolysis in adipose tissyBsiley, Gross et al. 2010) and has an effect on
increasing the rate of protein synthesis and dsorgahe rate of protein degradation (Raju
and Raju, 2010). Due to the lack of insulin seorefind insulin resistance, the metabolism of
all the main foodstuffs is altered. Firstly, thetake of glucose is impaired in peripheral
tissues like skeletal muscle and adipose tissé&gure 1). Reduced glucose uptake by
peripheral tissues, in turn, leads to a reduceslghglucose metabolism. In addition, diabetic
conditions with deficiency of insulin or insulingistance lead to decrease the expression level
of glucokinase in hepatocytes (Haeusler, Camastah 2015). Glucosekinase is the enzyme
catalyzes glucose phosphorylation, which is anaingvent in glucose metabolism by the
liver (Ferre, Pujol et al. 1996). Therefore, a @l rate of glucose phosphorylation in
hepatocytes leads to increased level of glucoskearblood. Secondly, storage of glucose as
glycogen in the liver is reduced; consequentlyoblg@lucose levels will become elevated.
Thirdly, lipolysis is upregulated resulting in tivereased levels of fatty acids (Guyton, Hall
2006). Besides, insulin stimulates hepatocyteymthesize and store triglycerides in adipose
tissue therefore the absence of insulin resultshypertriglyceridemia. Moreover, in
hepatocytes under low or absent insulin, the migjarf the fatty acyl-CoA is metabolized
into ketone bodies (acetoacetate @nldydroxybutyrate) (Laffel 1999; Stojanovic and lhle
2011). Production of ketone bodies in excess obthdy’s ability to utilize them will lead to
ketoacidosis, which is more pronounced in patientis T1D. Forthly, insulin deficiency will
lead to increased rate of proteolysis resultinglevated concentrations of amino acids in
plasma (Charlton and Nair, 1998). Since all ofdh@no acids except lysine and leucine are
glucogenic amino acids, which are precursors fqgratie and renal gluconeogenesis further
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contributing to the hyperglycaemia (Raju and Rafu1.0). In all, as the glucose concentration
exceeds the renal reabsorption capacity, dehydratévelops via glucosuria and osmotic

diuresis and these cause the first typical symptoinasabetes: polyuria and thirst.
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Figure 1. Metabolic defects induced by insulin deficiencgdainsulin resistance in diabetes.
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In normal conditions, blood glucose levels are aalgd by insulin-stimulated glucose uptake
and the suppression of hepatic glucose productimulin also inhibits lipolysis in adipose
tissues. In diabetic patients, insulin deficieney ansulin resistance induce hyperglycemia
leading to augmented blood glucose levels and aseréevels of circulating fatty acids. T1D:
type 1 diabetes; T2D: type 2 diabetes; GLUT: glecwansporter. Modified from (Stumvoll,
Goldstein et al. 2005).

1.1.3. Classification of diabetes
Diabetes mellitus can be classified into the folligvgeneral categories:

a) Type 1 diabetes (T1D) also called insulin dependiaibetes mellitus (IDDM) is
caused by a pancreatfizcell destruction, usually leading to absolute imsu
deficiency, representing around 5-10% of all casféscting approximately 20
million people worlwide;

b) Type 2 diabetes (T2D) also called non-insulin deleem diabetes mellitus

(NIDDM) is caused by a progressive insulin secrettefect on the background of
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insulin resistance (decreased sensitivity of targgtues to insulin). NIDDM
represents 85-95% of all cases of diabetes, andcittence is rapidly expanding,
concomitant with the epidemic of obesity;

c) Gestational diabetes mellitus: diabetes diagnasdide second or third trimester of
pregnancy;

d) Specific types of diabetes due to other causes,raanogenic diabetes syndromes
such as neonatal diabetes and maturity-onset éslo¢the young; diseases of the
exocrine pancreas such as cystic fibrosis; and-dsughemical-induced diabetes
such as in the treatment of HIV/AIDS or after orgamnsplantation (Raju and
Raju, 2010).

1.2. Association between diabetes and cardiovascular diase

Diabetes can lead to several complications inclydismscular complications. It has been well
established that cardiovascular disease (CVD)agtincipal cause of death and disability in
patients with diabetes (Nesto, 2004; Ceriello, 308®o0ple with diabetes have a 2- to 4-fold
greater risk for having a CVD event than peoplehaut diabetes after controlling for
traditional risk factors for CVD, such as obesthacco use, dyslipidemia, and hypertension
(Coutinho, Gerstein et al. 1999; Buyken, von Eckgeith et al. 2007). It has been estimated
that CVD account up to nearly 80% of mortality iralwetic patients (Winer and Sowers
2004). It has also been shown that patients witdipbetic conditions, such as impaired
fasting glucose levels, impaired postprandial ghecdevels (DECODE, 2001), are at
increased risk of CVD as well (Kirpichnikov and Sara, 2001). Several studies have
suggested that impaired glucose tolerance incretheesisk for macrovascular disease by
approximately 2-fold (Ford, Zhao et al. 2010). Desp clear association between diabetes
and CVD, the underlying mechanisms that link the thiseases are still not fully understood.
Recent literature has indicated the importance aih mon-glycemic factors, such as age,
gender, insulin resistance, hypertension and dgslipia, and hyperglycemia in increasing
CVD (Stern, Williams et al. 2004; Nathan, Clearykt2005; Stratton, Adler et al. 2000).

1.2.1. Hyperglycemia - an independent cardiovascular riskactor in diabetic patient
1.2.1.1. Diagnosis hyperglycemia in diabetes

The diagnosis of diabetes is based on the critm@mmended by the World Health
Organization (Table 1; WHO, 2005). Diagnostic cfitamints for diabetes are fasting plasma
glucose (FPG} 7.0 mmol/l or 2-hour plasma glucose concentrafizh PG)> 11.1 mmol/l
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in an oral glucose tolerance test. Besides, impafesting glucose (IFG) and impaired
glucose tolerance (IGT) represent intermediat@stat abnormal glucose regulation that exist
between normal glucose homeostasis and diabet@sislirow defined by an elevated FPG
concentrationX 6.1 and < 6.9 mmol/l) and an elevated 2-h PG aainggon (< 7.8 mmol/l).
IGT is defined by an elevated 2-h PG concentrgtion.8 and < 11 mmol/l) with the presence
of FPG concentration (< 7 mmol/l). This state isoatalled pre-diabetes, since it precedes
full-blown disease in T2D patients (WHO, 2005). @émt estimates indicate that most
individuals (perhaps up to 70%) with these pre-eiimbstates eventually develop diabetes
(Tabak, Herder et al. 2012).

Table 1. Diagnostic criteria for diabetes and intermediateyferglycemia (IFG and IGT)
(WHO 2005).

Diagnostic criteria for diabetes and intermediate gperglycemia
(impaired fasting glucose, IFG and impaired glucoséolerance, IGT)
Fasting glucose (mmol/l) 2-hour post-glucose load (mmol{l)

Plasma Wholeblood Plasma Wholeblood

(venous)| Venous | Capillary] (venous) | Venous Capillary
Normal <6.1 <5.6 <5.6 AND <7.8 <6.7 <7.8
IFG 6.1-69| 56-60 56-6.0 AND <78 <6.7 <7.8
IGT <7.0 <6.1 <6.1 AND 7.8-11.p 6.7-99 7.8-01
Diabetes >7.0 >6.1 >6.1 OR >11.1 >10.0 >11.1
1.2.1.2. Relationship between hyperglycemia and cardiovascait diseases

People with diabetes (particularly, T2D) frequerithve many traditional risk factors
for CVD, including age, insulin resistance, centadiposity, dyslipidemia, hyperglycemia,
chronic inflammation and hypertension. These factt cumulatively over time and can
alter the function of multiple cell types, includirendothelial cells, smooth muscle cells
(SMC) and platelets, leading to macrovasculopatiy microvasculopathy in people with
diabetes (Beckman, Creager et al. 2002). Whilertie of non-glycemic factors, such as
insulin resistance, hypertension, dyslipidemia, atiters, has been clearly documented in
association with CVD, hyperglycemia remains a prynacus linking diabetes to vascular

diseaseKigure 2).
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Figure 2. Association between diabetes and CVDs diabetes, hyperglycemia, excess free
fatty acid and insulin resistance can cumulativahgr the function of multiple cell types
leading to augment cardiovascular risk factors. YLRery low density lipoprotein; sdLDL.:
small dense low density lipoprotein; HDL: high diéndipoprotein; PKC: protein kinase C;
AGEs: advanced glycation end-products. Modifiedrfr@Creager, Luscher et al. 2003).

A number of epidemiological studies have suggettatithe effect of hyperglycemia
on cardiovascular risk is independent of other kmowgk factors. The epidemiological
analysis from the UK Prospective Diabetes Study RPDI) in patients with T2D within the
range of glycated hemoglobin (HbA studied (5.5-10.5%), suggested that the 6.5%has t
threshold above which there is a significant insesask in cardiovascular events and death in
diabetes patients: every 1% higher Hbkevel was associated with a 38% higher risk of a
macrovascular event and a 40% higher risk of aouascular event (Zoungas, Chalmers et
al. 2012). Another epidemiological analysis of thetion to Control Cardiovascular Risk in
Diabetes (ACCORD) study in patients with T2D aldwowed that 1% (11 mmol/mol)
increase in average HhAduring 3.4 years’ duration of the study was asged with 22%
increase in mortality (Riddle, Ambrosius et al. @D1A meta-analysis of observational
studies, in which involved three studies in pasewith T1D (n = 1688) and 10 studies in
patients with T2D (n = 7435), reported the assamiabetween HbA and CVD (Selvin,
Marinopoulos et al. 2004). This study showed thatgooled relative risk for CVD was 1.18;
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this represented a 1% point increase in Hdével (95% confidence interval, 1.10 to 1.26) in
T2D patients. Results in patients with T1D wereilsinbut had a wider confidence interval
(pooled relative risk, 1.15; 95% confidence intén@92 to 1.43). Moreover, in another
study, Selvin and her colleagues have reportedHbai. was not only associated with a risk
of diabetes but also strongly associated with thle of CVD and death from any cause as
compared with fasting glucose in 15,792 middle-aged-diabetic adults from four U.S.
communities (Selvin, Steffes et al. 2010). AfteryEar follow-up, an increase in HhAof
1% (11 mmol/mol) was associated with hazard ratB)(of 1.19 (1.11-1.27) for coronary
heart disease and 1.34 (1.22-1.48) for stroke. T &kgether, chronic hyperglycemia can be
considered as an independent risk factor in theldpment and progression of CVD.

In contrast to chronic hyperglycemia, which is wiallown to impair cardiovascular
function, the role of acute hyperglycemia is stidlss clear. Acute hyperglycemia is
contributed by fasting plasma glucose, postprangliatose levels and glucose variability.
Recently, existing evidences demonstrate that aoyperglycemia can add to the effect of
chronic hyperglycemia in inducing cardiovasculakactors (Milicevic, Raz et al. 2008). In
the DECODE (Diabetes Epidemiology: Collaborativealgsis of Diagnostic criteria in
Europe) group has reported that the acute hypergliac correlates with cardiovascular risk in
10 prospective European cohort studies includin@8%men and 7126 women aged 30 to 89
years, with a median follow-up of 8.8 years (20#4zards ratios (95% confidence intervals)
in subjects with diabetes on 2 h-blood glucose we® (1.45-2.06) for all causes, 1.40
(1.02-1.92) for CVD, 1.56 (1.03-2.36) for corondrgart disease, and 1.29 (0.66-2.54) for
stroke mortality, compared with the normal 2 h-lboglucose group. Whereas, the
corresponding hazards ratios in subjects with desben fasting blood glucose were 1.21
(1.01-1.44), 1.20 (0.88-1.64), 1.09 (0.71-1.67)d ah.64 (0.88-3.07), respectively, in
comparison with the normal fasting blood glucosasugr Thess findings suggest that the 2 h-
blood glucose level is a better predictor of dedtbm all causes and CVD than is fasting
blood glucose. A number of other authors have adported that postprandial blood glucose
levels correlate more strongly with cardiovasculak than fasting blood glucose levels in
polulations without known diabetes (de Vegt, Dekéeal. 1999; Meigs, Nathan et al. 2002).
Besides, several studies performed in patients WD have shown a significant positive
association between glucose variability and theelbgpment or progression of diabetic
retinopathy, CVD, and mortality (Nalysnyk, HernaméMedina et al. 2010). However,
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further studies are required to clarify the roleghicose variability as a potential additional
component in the network of vascular complicatiohdiabetes.

1.2.1.3. Role of hyperglycemia in development of cardiovastar disease in
diabetic patients

Based on convincing evidences from epidemiologacal pathophysiological studies,
it is now concluded that chronic hyperglycemiaaggkly responsible for the progression of
the CVD in diabetes (Pistrosch, Natali et al. 201tlhas been suggested that hyperglycemia
through oxidative stress alters the function oftipld cell types including endothelial cells,
SMC and platelets, and consequently alters thectstiei and function of blood vessels
(Figure 2). The main biochemical mechanisms to explain hgygehglycemia may lead to
vascular damage is thought through increased ptioduof oxygen free radicals, which will
be discussed the more details in the later pathefthesis 1.2.4. Briefly, these pathways
include the increased formation of advanced glgcaéind-products, the activation of protein
kinase C-beta (PK{), and increased activation of the polyol and haruse pathways
(Brownlee, 2001). Overall, hyperglycemia througksh pathways induces oxidative stress,
which, in turn, causes profound alterations in émelothelium. The endothelial alterations
include the down-regulation of the major endogeneasodilator nitric oxide (NO) which,
coupled with increased endothelin-1 and angiotefisformation, causes vasoconstriction,
the activation of nuclear factor kappa B @8} and inflammatory gene expression, leading to
the increased expression of leucocyte-attractingmakines, inflammatory cytokines, and
cellular adhesion molecules, and the enhanced ptioduof tissue factor and plasminogen
activator inhibitor-1, thereby promoting coagulatiand decreasing fibrinolysis (Creager,
Luscher et al. 2003). Taken together, all theseratibns can lead to decreased vasodilation,
increased vasoconstriction, enhanced cell protifama increased coagulability, augmented
matrix formation, decreased fibrinolysis, and iras@d vascular permeability; all of which are
known to be involved in the formation of atherogaaen CVD.

In addition to its effects on endothelial cellsplgglycaemia has been shown to alter the
function of vascular SMC. Hyperglycemia inducesoatsidative stress in vascular SMC by
activation of PKC, receptors for advanced glycat@md-products, and MB. During the
development of the fatty streak, SMC migrate frowa arterial media to the intima, where they
proliferate under the influence of growth factansl &y down a complex extracellular matrix that
contributes to the progression of the fatty stieéd the advanced atherosclerotic pladusestly,
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diabetes is associated with increased plateletagictn, which, in conjunction with pro-coagulant
changes and impaired fibrinolysis, yields to aesthat favours thrombus formation (Kakouros,
Rade et al. 2011; Eckel, Wassef et al. 2002). Ta&gather, hyperglycaemia through several
pathological effects enhances the atherogenic @mwient characterised by oxidative stress,

endothelial and vascular dysfunctions, inflammatérd pro-thrombotic changes.

1.2.2. Vascular complications in diabetes

Diabetes is not only a metabolic disease but atswidered as a vascular disease,
which is characterized by chronic hyperglycemiauitidg alterations of cellular homeostasis,
leading to diffuse vascular complications. Gengratliabetic vascular complications are
separated into macrovascular complications (cokoratery disease, peripheral arterial
disease, and stroke) and microvascular complicat{diabetic nephropathy, neuropathy, and
retinopathy) Figure 3). Diabetic macrovascular complications mostly invtg large arteries
and microvascular complications involving small sels, such as capillaries have similar

etiologic characteristics (Mokini and Chiarelli,(8).

Complications of Type 2 Diabetes

Microvascular Complications Macrovascular Complications

Diabetic Retinopathy
Leading cause of
blindness in

working-age adults

Diabetic Nephropathy
Leading cause of

end-stage renal disease

a3y Stroke
2- to 4-fold increase
in cardiovascular
mortality and stroke

Heart
V- Disease

7, Peripheral

= Vascular Disease

Diabetic Neuropathy e
Leading cause ol
nontraumatic lower
extremity amputations

Figure 3. Vascular complication of diabeteédapted fromhttp://www.diabetes.org

1.2.2.1. Microvascular complications

The microvascular complications of diabetes, resyltfrom a damage of the
microvasculature of retina, kidneys and neuronsluge diabetic retinopathy, nephropathy
and neuropathy. Despite the differences in targgares, the main pathophysiological

characteristics in the development of microvascotemplications are similar. Hyperglycemia
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induces tissue damage through mitochondrial sujpazoanion production (Details of the
mechanism will be diccussed in the next part of tthesis 1.2.4.4). Briefly, hyperglycemia
initiates diabetic vascular complications throughanym metabolic and structural
derangements, including elevated production of tremcoxygen species (ROS), the
production of advanced glycation end products (AGEBbnormal activation of signaling
cascades such as protein kinase C, and abnormallation of hemodynamic regulating
systems such as the renin-angiotensin system (Beewn2005). Cells damaged by
hyperglycemia include capillary endothel@lls in the retina, mesangial cells in the renal
glomerulus, and neurons and Schwann cells in pergbhnerves. These cells are at
particularly high risk for damage because they amable to regulate glucose uptake
effectively during hyperglycemia (Kaiser, Sassoalefil993; Heilig, Concepcion et al. 1995).
- Diabetic retinopathy is diabetic complication that affects the eyesslone of the
leading causes of blindness in people because waisctalar complications can affect
the peripheral retina, the macula, or both. Clilycaliabetic retinopathy is seperated
into non-proliferative and proliferative diseaseagds. In the early stages,
hyperglycemia can lead to intramural pericyte deattl thickening of the basement
membrane, which contribute to changes in the iitiegf blood vessels within the
retina, altering the blood-retinal barrier and wdac permeability (Frank, 2004).
Further, the increased inflammatory cell adhesionrdtinal blood vessels, and
capillary blockage can result in hypoxia in thenatKohner, Patel et al. 1995). These
progressive events contribute to the disease iht groliferative phase where
neovascularization and accumulation of fluid witte retina, termed macula edema,
contribute to visual impairment. The most significdactor in the development and
progression of diabetic retinopathy is the poorcgiyic control (Henricsson, Nilsson
et al. 1997)Besides, other factors like hypertension, hypetépiia, the duration of
diabetes and smoking also take a part in the dpredat of diabetic retinopathy. In
studies including people with both T1D and T2Derf80 years of diabetes, most
patients had some form of diabetic retinopathy;pteavith type 1 diabetes and taking
insulin had the highest prevalence of diabeticnogiathy, and people with type 2
diabetes diagnosed after age 30 had the lowesalprese of diabetic retinopathy
(Kempen, O'Colmain et al. 2004).
- Diabetic nephropathy is diabetic complication that affects the kidney#e first
manifestation of diabetic nephropathy is typicaiicroalbuminuria, which progresses
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to overt albuminuria (ie, increased albumin level¢he urine, indicating more severe
renal dysfunction) and eventually to renal failarel is the leading cause of end-stage
renal disease (Drummond and Mauer, 2002). Charsiiterfeatures of diabetic
nephropathy are thickening of glomerular basemergmbranes, glomerular
hyperfiltration and podocyte loss leading to mesangentral part of the renal
glomerulus) extracellular matrix expansion andHartincreases in urinary albumin
excretion resulting in microalbuminuria and macdpoahinuria. Other features of
diabetic nephropathy include increased serum ciieati increased blood pressure
progressing to glomerular and tubular sclerosis r@m@l failure (van Dijk and Berl,
2004). The main risk factors for development ofbeéizxc nephropathy include
hyperglycemia, hypertension, dyslipidemia, smokamgl genetic risk factors. It has
been published that about 20-30% of patients with ©r T2D develop evidence of
nephropathy, but in type 2 diabetes, a considersibigller fraction of these progress
to end-stage renal disease (Molitch, DeFronzo. &G4l4).

- Diabetic (peripheral) neuropathy is characterized by the dysfunction of the
microvasculature supplying the nerves. Neuronal ron&sculature is impaired
because of the increased oxidative stress, endtiagisfunction, which potentially
leads to neuronal dysfunction (Feldman, 2003). bieair dysfunction includes
demyelination, axonal degeneration, basement merabtiaickening, pericyte loss,
loss of microfilaments (ie, cytoskeletal filamem@mprising actin and myosin), and
decreased capillary blood flow, leading to decrdaserve perfusion and neuronal
hypoxia (Dyck and Giannini, 1996). Like those fdalwktic nephropathy, the risk
factors for peripheral neuropathy include poor ghpec control (ie, elevated glycation
hemoglobin levels and impaired glucose toleranagg, duration of diabetes, tobacco
use, dyslipidemia, and hypertension (especiallystdie) (Tesfaye and Selvarajah,
2012). It was estimated that more than half ofradividuals with diabetes eventually

will develop neuropathy (Tesfaye, 2011).

1.2.2.2. Macrovascular complications
Macrovascular complications include cardiovascdigease, cerebrovascular disease
(stroke), and peripheral arterial disease. The menhanism of marcovascular complications

is the atherosclerosis.
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Cardiovascular diseaseg(coronary artery disease and myocardial infargti@VD is
a major cause of morbidity and mortality amonggras with diabetes mellitus. It was
reported that 70 % of people age 65 or older with diabetes thenfsome form of

heart disease (Retrieved fronttp://www.americanheart.ofg/People with diabetes

have a 5-fold-greater risk for a first myocardiafarction (MIl) and a 2- to 4-fold-
greater risk of developing coronary artery dise@saffner, Lehto et al. 1998). The
central pathological mechanism in CVD is the prscesf atherosclerosis.
Atherosclerosis is a chronic inflammatory conditimitiated in the endothelium in
response to injury and maintained through the actésns between oxidized
lipoproteins, particularly low-density lipoproteiiDL), T lymphocytes, monocyte-
derived macrophages, and other constituents of aherial wall. After the
accumulation of oxidized lipids from LDL particleés the endothelium, monocytes
then infiltrate the arterial wall and differentiateéo macrophages, which accumulate
oxidized lipids to form foam cells. Once formedaro cells stimulate macrophage
proliferation and attraction of T-lymphocytes. Tdghocytes, in turn, induce smooth
muscle proliferation in the arterial walls and agkn accumulation. The central result
of the process is the formation of a lipid-richettsclerotic plague with a fibrous cap.
Some of the diseases that may develop as a rdsatlh@rosclerosis include coronary
heart disease, angina (chest pain), and carotetyadisease. In coronary artery
disease, atherosclerotic plaques lead to narrowiagdiameter of coronary arteries
and consequently increased coronary arterial tangioberts 1998; Ishida and
Sakuma, 2014). Further, complex atheroscleroticqy#a may then destabilize and
rupture, resulting in myocardial infarction, undtabangina (Boyle 2007).
Hyperglycemia is now recognized a major factoti@ pathogenesis of atherosclerosis
in diabetes. Hyperglycemia induces a large numbaitterations at the cellular level
of vascular tissue that potentially acceleratedtmerosclerotic process (Aronson and
Rayfield, 2002).

Cerebrovascular disease (stroke)Approximately 20% of patients with diabetes die
as a result of stroke, the leading disease of deatbng diabetic patients (Phipps,
Jastreboff et al. 2012). The cerebrovascular deseadudes the ischemic stroke and
the hemorrhagic stroke. From a clinical perspectiiabetes increases the risk of
ischemic stroke more than hemorrhagic stroke, tieguin a greater ischemic to
hemorrhagic stroke ratio in people with diabetempared with the general population

39



(Cheng, 2013). It has been estimated that in pateith T2D range from a 2- to 3-
fold increase in men and a 2- to 5-fold increas&a@men for ischaemic stroke (Lehto,
Ronnemaa et al. 1996; Karapanayiotides, Piechowskiviak et al. 2004).The high
stroke risk in diabetes may be due to the compldgrplay between the various
hemodynamic and metabolic components of the diabsymdrome. Experimental
stroke models have revealed that chronic hypergijgeleads to deficits in
cerebrovascular structure and function that maylagxpsome of the clinical
observations. The most consistent mechanisms of déketerious effects of
hyperglycemia on the brain is acidosis, excitataryino acids release, edema
formation, blood-brain barrier injury, hemorrhadransformation of the infarct and
carotid plague (Kagansky, Levy et al. 2001). Besidmicrovessel structural and
functional changes due to acute and chronic hypeeghtia also lead to increased
incidence and worsened outcomes from stroke inetii@lpatients (Ergul, Kelly-
Cobbs et al. 2012).

Peripheral artery disease Peripheral artery disease is characterized by
atherosclerotic occlusion of the lower extremityedes (Kullo, Bailey et al. 2003),
which can cause intermittent claudication and passpecially upon exercise and
activity, and which can result in functional impagntsand disability (Schainfeld
2001; Vogt, Cauley et al. 1994). Peripheral artetiaease affects approximately 12
million people in the U.S.; approximately 20% td@a80f these patients have diabetes
(Marso and Hiatt 2006). People with diabetes havesevarterial disease and a poorer
outcome than non-diabetic patients (Jude, Oyibal.€2001). The pathophysiology of
peripheral arterial disease in the diabetic poputats similar to that in the non-
diabetic population. However, the distribution e@fripheral atherosclerosis in patients
with peripheral arterial disease and diabetes tenofmore distal than in patients
without diabetes (Haltmayer, Mueller et al. 2000he abnormal metabolic state that
accompanies diabetes directly contributes to theeldpment of atherosclerosis; pro-
atherogenic changes include increases in vascoflammation and alterations in
multiple cell types. In addition, elevated levels ©-reactive protein (CRP) are
strongly associated with the development of PADdKRr, Cushman et al. 1998).
Furthermore, CRP has procoagulant effects relatéd ability to enhance expression
of tissue factor (Cermak, Key et al. 1993). CRP dnaarease production of
plasminogen activator inhibitor-1, which inhibiteetformation of fibrinolytic plasmin
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from plasminogen (Chen, Nan et al. 2008; Devaraj,eKal. 2003)In addition, CRP
also inhibits endothelial cell nitric oxide (NO)rdfiase (Signorelli, Fiore et al. 2014;
Venugopal, Devaraj et al. 2002), resulting in albmalr regulation of vascular tone.
Overall, all of these factors enhance the susaéiptibf vascular wall to the formation

of atherosclerosis in peripheral arteries of di@hedtients.

1.2.3. Endothelial dysfunction — a hallmark of cardiovasclar disease

During the last two decades, it has been well &stwu that endothelial dysfunction
represents as a key early step in the developniie@therosclerosis and is also involved in the
plague progression and the occurrence of atherosicle&eomplications in patients suffering
CVD (Anderson, Gerhard et al. 1995).

1.2.3.1. Key role of the endothelium in the control of vasclar homeostasis

The endothelium is formed by a monolayer of end@heells lining the surface of a blood
vesselsigure 4). For many years, this cell layer was thoughteésimply a physical barrier

between circulating blood and the underlying tissue#t is now recognized to be a
predominant endocrine organ, releases a numbewulmdtances in order to maintain the
vascular tone, blood fluidity and platelet aggregatas well as to control the regulation of

immunology, inflammation and angiogenesis.
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Figure 4. The structure of blood vessel$he arterial wall has three layers: the intinte t
media, and the adventitia. Intima is the most inager consisting of the endothelium lining

the luminal surface. Adapted froBlausen.com staff

Under physiological conditions,the endothelium plays a pivotal role in maintagnin
cardiovascular homeostasis by releasing a numbewvasbdilator and vasoconstrictor
substances, which act to regulate the vascular andehence to limit the increase in blood
pressure, consequently controlling tissue blood ffmd maintaining blood fluidity. Besides,
endothelium also releases a number of substancdschwhave antiproliferative,
antithrombotic and antiplatelet effects to regul#te antiproliferation, inflammatory cell
adhension and the platelet aggregatibaib{e 2). Moreover, endothelialells also regulate the
formation of reactive oxygen species (ROS) andtrneaaitrogen species (RNS) involved in
oxidation and nitrosylation of proteins and lipidsd growth factors promoting cell growth
(Galley and Webster, 2004)In pathological conditions there is a shift toward
vasoconstrictors, proliferative and inflammatorpstances. Thus, the endothelial dysfunction
Is characterized by impaired endothelium-depengasbdilatation and a prothrombotic and
proinflammatory state of endotheliatlls. The alterations of the endothelial functiuave
been consistently found in hypertension, atherossig, coronary heart disease, diabetes,
sepsis, obesity and aging (Widlansky, Gokce e2@03). Thus, endothelial dysfunction is an
early and independent predictor of poor prognasismost forms of CVDs (Endemann and
Schiffrin, 2004).

Table 2 Summary the main endothelial-derived substances.

Funtions Substances released from endothelium

Vasodilatation NO, prostacyclin, endothelium-derived hyperpolarigi

factor, bradykinin, adrenomedullin, C-natriureteppide

Vasoconstriction ET-1, angiotensin-Il, thromboxane foxidant radicals,

prostaglandin K

Inhibition of NO, prostacyclin, transforming growth facterheparan
proliferation sulfate
Proliferation ET-1, angiotensin-Il, oxidant radicals, plateletided

growth factor, basic fibroblast growth factor, ifistlike
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growth factor, interleukin 1, 2, 3, 6, 11

Inhibition of NO, prostacyclin, plasminogen activator, proteirti€sue
thrombosis factor inhibitor, von Willebrand factor

Stimulation of ET-1, oxidant radicals, plasminogen-activator intioib1,
thrombosis thromboxane 4, fibrinogen, tissue factor

Inflammatory P- and E-selectin, vascular cell adhesion moletule-
responses (VCAM-1), and intracellular cell adhesion molecule-

(ICAM-1), chemokines, nuclear facterB

Permeability Receptor for advanced glycosylation end-products

Angiogenesis Vascular endothelial growth factor

As the principle role of endothelium is a regulatiof the vascular tone of the
underlying vascular SMC by releasing various relgxand contracting factors, we will focus

on review of endothelium-derived relaxing and caciing substances.

a) Endothelium-derived relaxing substances
The most important endothelium-derived relaxingtdes (EDRF) released by endothelium
are nitric oxide (NO), prostacyclin (P£land an endothelium-derived hyperpolarizing facto
(EDHF). The three mediators are not always equailyortant — NO may predominate in
large arteries, whereas EDHF takes over in smblteyd vessels or in certain large arteries

such as coronary arteries when the release of NQriailed.

Nitric oxide (NO)

Among endothelium-derived vasodilators, NO occumesentral position because
changes in the release of endothelial NO play ai@ruole in the perturbation of vascular
homeostasis and in the development of endothelafudction associated with various
cardiovascular disorders (Annette Schmidt, 2018jclkrgott and Zawadzki in their landmark
study discovered that the endothelium releasestarfavhich is identified as endothelium-
derived relaxing factor (EDRF), relaxing the unglierdy vascular smooth muscle and this was
later shown to be nitric oxide (NO) (Furchgott afalvadzki, 1980). In the endothelium, NO
plays a pivotal role in controlling vascular tonedablood pressure (Moncada and Higgs

1993). In addition, NO is also considered as amatrd@rogenic and antithrombotic molecule,
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which can inhibit platelet aggregation, inflammatarell adhesion, smooth muscle cell
proliferation and migration (LIloyd-Jones and BlotB96).

NO is synthesized by endothelial NO synthase (eNO&)ich catalyzed the
conversion reaction from L-arginine to L-citrullirend NO, a NADPH-dependent enzyme
that requires calcium-calmodulin (€&CaM), flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN) and tetrahydro-L-biopterin (Blds cofactors (Forstermann, Closs et
al. 1994). The production of NO depends on sevietbors, including eNOS mRNA and
protein expression, its interaction with caveotiamodulin and heat shock protein 90 (hsp90)
(Garcia-Cardena, Fan et al. 1998) and its tramsiatimodifications such as phosphorylation
(Rafikov, Fonseca et al. 2011) and S-nitrosylatadndifferent sites (Ravi, Brennan et al.
2004). Besides, the production of NO also depemdthe availability of L-arginine, which is
influenced by arginase (which catalyzes arginineotaoithine and urea), therefore, this
enzyme can compete with eNOS for arginine (Li, Neger et al. 2001), and the abundance
of asymmetric dimethylarginine (ADMA, an endogen@MOS inhibitor that competes with
L-arginine for binding to eNOS (Cooke 2004). In diddi, NO production is also dependent
on the availability of cofactors (including BHNADPH and C#) (Katusic, 2001). Regarding
BH4, many studies have shown that the loss of ByHoxidation to BH leads to reduced BH
bioavailability for eNOS. Besides, the oxidatiort naly directly reduced Blbioavailability,
but also the oxidized Bilwhich has no cofactor activity, may compete vidths for binding
to eNOS (Bendall, Douglas et al. 2014).
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Figure 5. Nitric oxide synthesisCalcium (C&") binds to calmodulin (CaM) activating eNOS,

which catalyses the oxidation of the terminal gdamyl nitrogen of the amino acid L-arginine

44



to form L-citrulline and nitric oxide (NO) in thergsence of oxygen, NADPH and co-factors
such as flavin mononucleotide (FMN), flavin adenideucleotide (FAD), haem and
tetrahydrobiopterin (Bk). (Adapted from Forstermann, Closs et al. 1994).

After its synthesis NO diffuses towards the adjacascular smooth muscle cells
(VSMC) and binds to the heme group of soluble gidngyclase (sGC) promoting the
conversion of guanosine triphosphate (GTP) to gsiaeo 3',5'-cyclic monophosphate
(cGMP). Then, cGMP triggers a reduction in fGathrough the activation of cGMP-
dependent protein kinase PKG. Activated PKG phosgpaies several key target proteins,
including voltage-gated [G§ channels, promoting to the reduction of fgaln addition, the
activations of C#/ATPase pump in the plasma membrane and the sassof reticulum
lead to the extrusion of [€§ across the plasma membrane and the uptaké'][@a
sarcoplasmic reticulum, respectively, also mediagereduced cytosolic level of €aTaken
together, the reduction of the cytosolic fJdeads to smooth muscle relaxation (Lehen'kyi,
Zelensky et al. 2005; Bruckdorfer 2005; Carvajari@ain et al. 2000Hgure 6).
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Figure 6. Endothelial-derived relaxing factors Relaxation of VSMC by diffusable
vasodilator substances from endothelial cells.iiNibxide (NO) activates soluble guanylyl
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cyclase, yielding increased levels of cyclic guame®s3’,5’-cyclic monophosphate (cGMP).
Prostacyclin (PG) activates adenylyl cyclase, leading to increapeaduction of cyclic
adenosine 3’,5’-cyclic monophosphate (cCAMP). Endbtim-derived hyperpolarizing factor
(EDHF), which causes &adependent K channels activation leading to the
hyperpolarization of VSMC. eNOS, NO synthase; C@}clooxygenase; GTP: guanosine
triphosphate; ATP: adenosine triphosphate; PKA: éAdkpendent protein kinase; PKG:
cGMP-dependent protein kinase; &K small conductance calcium-activated potassium
channels; lika intermediate conductance calcium-activated patasschannels; ADP:
adenosine diphosphate; Blue sphere: NO moleculeserGsphere: P@imolecules; Purple
sphere: EDHF. Modified frorhttps://s3.amazonaws.com

Prostacyclin

Prostacyclin (PG) is considered as the major endothelial cycloorgge (COX) metabolites
(Bogatcheva, Sergeeva et al. 2005). PiSlgenerated from arachidonic acid by COX in
endothelial cells in response to neurohumoral mediaand physical forces, such as the shear
stress exerted by the flowing blood (Furchgott &fahhoutte, 1989; Okahara, Sun et al.
1998). After synthesis, P&ldiffuses to the smooth muscle, where it activadsnylyl
cyclase through G-protein-coupled receptors, leattinincreased production of 3',5’-cyclic
adenosine monophosphate (CAMP), which, in turnivaigts protein kinase A (Bogatcheva,
Sergeeva et al. 2005). The activation of proteimage A causes *Kchannels to open and
produces smooth muscle hyperpolarization (Parkmg@oleman et al. 2004). In addition,
voltage-sensitive CGa channels will close, resulting in decreased imiatar free C&
concentration, which, in turn, causes VSMC relatatfigure 6). Additionally, PG} also
inhibits platelet aggregation and prevents platielekocytes adhesion to the vascular wall
(Egan and FitzGerald, 2006).

Endothelium-derived hyperpolarization factor (EDHF)

In various blood vessels, endothelium-dependentixations are accompanied by
endothelium-derived hyperpolarizationFigure 6). EDHF-mediated dilation occurs
independently of a NOS or COX metabolite (Feleté@D). Currently, it is well known that
EDHF-mediated responses are initiated by an inergasthe endothelial G& and the
consequent activation of endothelial small condum#acalcium-activated potassium channels
(SKca) and intermediate conductance calcium-activatgdgstum channels (dg) channels,

which elicit the hyperpolarization of the endothékells. The endothelial hyperpolarization
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could then spread to the adjacent SMC through nmgtp#elial gap junctions or the efflux of
K™ through the endothelial SK and IKca channels and elicit the hyperpolarization of the
surrounding myocytes by activating inwardly redtify K* (K\r) channels and/or the N&K*-
ATPase (Busse, Edwards et al. 2002). The relatmportance of the EDHF mediated
mechanisms to NO mediated mechanisms alters witiselesize. NO is an important
endothelium-dependent mediator of vascular toneeiatively large arteries and larger
arterioles. EDHFs are shown to be involved in vdatdn of smaller arteries (Feletou and
Vanhoutte, 2009). However, the role of EDHF in EDhuman CVDs remains elusive. This
may be related to the difficulty that the functioh EDHF can only be deciphered after
impairment of NO and prostacyclin-mediated respsnse

b) Endothelium-derived contracting substances
Major endothelium-derived vasoconstrictors are émelon-1, thromboxane A and
prostaglandin B angiotensin Il and ROS. In addition, endogendoisgxample, arachidonic
acid, noradrenaline, thrombin) and pharmacologisabstances (for example, calcium,
nicotine, high potassium), and physicochemical glinfshear stress, mechanical stress,
hypoxia) can also stimulate endothelium-dependasbeonstriction.

Endothelin-1

Endothelin 1 (ET-1), which is a 21-amino acid peetiis known as one of the most potent
vasoconstrictors (Yanagisawa, Kurihara et al. 1988human, ET-1 acts through specific
receptors named ERTand Ek. ETa receptors are represented only on SMC and have the
function of promoting growth and mediating contrags. ETa receptors have been shown to
be coupled to the a1 protein leading to activation of phospholipaseT@e activation of
Gg11 stimulates cleavage phosphatidylinositol 4,5-bigphate (PIE) into inositol 1,4,5-
trisphosphate (I and diacylglycerol (DAG) resulting in increased?Cinflux through C&
channels (Neylon, 1999). Consequently, the incekaseracellular [C&] stimulates
phosphorylation of myosin light chain leading toaath muscle contraction (Wynne, Chiao
et al. 2009). In contrast, BTreceptors are located on both endothelial and Siwith
different effects Figure 7). Smooth muscle cell ETreceptors evoke contractions, whereas
endothelial E& receptors induce relaxation by the production afiathelium-derived
relaxing factors, including nitric oxide (NO) andoptacyclin. Thus, this explains the

mechanism why ET-1, which is a physiological substa can shift from a physiological to a
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pathological role in CVD (Haynes and Webb 1998)blood vessels, the ETA receptor is
dominant under normal conditions in terms of ETH&ats on contraction.
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Figure 7. Release of endothelial-derived contracting facorAl: angiotensin |; All:
Angiotensin 1l; AT1: angiotensin Il receptor 1; ATangiotensin Il receptor 2; ACE:
angiotensin-converting enzyme; ECE: endothelin editvg enzyme; ET-1: endothelin-1;
ETa, ETs: endothelin-1 receptors; NADPH Ox: nicotinamidesmidedinucleotide phosphate
oxidase; NO: nitric oxide; PGH prostaglandin; TXA thromboxane; TX: thromboxane
prostanoid receptor; ACh: acetylcholine; M: mustiarireceptor for acetylcholine; 5-HT:
serotonin; S1: serotonin receptor; Thr: thrombin; Thrombin receptor; TGH:
Transforming growth factor beta 1; PLC: phosphdagaC; PLD: phospholipase D; BiP
phosphatidylinositol 4,5-bisphosphatez:lfhositol 1,4,5-trisphosphate; dR: inositol 1,4,5-
trisphosphate receptor; SR: sarcoplasmic reticu(ivodified from Ruschitzka et al. 1999)
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Vasoconstrictor prostanoids

Vasoconstrictor prostanoids produced by endothehueincluded prostaglandin KPGH),
prostaglandin £ (PGR.) and thromboxane A(TXA?2) (Feletou, Huang et al. 2010). Firstly,
PGH is formed from arachidonic acid by COX. Then, PG# metabolized to PGE and
TXA? by specific synthase (Smith 1992). The vasocatstriprostanoids are recognized by
the thromboxane prostanoid receptors (TX) located$SMC (Figure 7). Once activated, TX
are coupled to eitherdaz: or G213 proteins, which, in turn, evokes the biosynthesisP; by
coupling to the phospholipase C and activates Rhask (Momotani, Artamonov et al.
2011). The generation of dPstimulates intracellular G4 release from the sarcoplasmic
reticulum into the cytoplasma (Hisatsune, Nakanairal. 2005; Berridge, Lipp et al. 2000).
Consequently, the increase intracellularCéeads to open the Eachannel on the cellular
membrane, resulting in the elevation of {gawhich initiates contractile response by
activation of myosin light chain kinase (Hill-Eulda Werner et al. 2011). Moreover, the
activation of Rho kinase leads to inhibition myoBght chain phosphotase (Tsai and Jiang,
2006). Overall, the phosphorylated myosin lightichacreases the activity of actin-activated
Mg?*-ATPase leading to actin-myosin interaction and tfmo muscle contraction
(Wakabayashi, 2015). It has been published thathatanic acid induces endothelium-
dependent contractions in arteries and veins, wheh be inhibited by cyclooxygenase
blockers. In addition, TXAis also a potent activator of platelets, whilewated platelets, in

turn, release a large amount of TX# promote thrombosis (Taddei, Ghiadoni et al.3J00

Angiotensin |l

Angiotensin Il (Ang II), which is the bioactive ptp in the renin-angiotensin system, plays
the major role in regulation of blood pressure,evand sodium homoeostasis and neuronal
function. Ang Il is converted from Angiotensin | lBpzyme angiotensin-converting enzyme
(ACE). ACE is found mostly in the lung, but it alpeesents in endothelial cellBigure 7)
(Higuchi, Ohtsu et al. 2007). The effects of Angate mediated by two G-protein-coupled
receptors (AT1 and AT2), which are expressed ogwas SMC (Ohtsu, Suzuki et al. 2006).
In SMC, Ang Il signaling cascade via AT1 receptiimsilates phospholipase C, which leads
to cleavage IP3 and DAG, and phospholipase D, whado generates DAG. Like
prostanoids, Ang Il rapidly increases the intradall [C&'] by its release from the
sacroplasmic reticulum. Then the sustained incréad€a’"] facilates increased cytosolic
[C&®*] from extracellular space resulting in the aciimatof myosin light chain kinase.
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Besides, the binding of Ang Il to AT1 receptor alaativates RhoA/Rho kinase, which
inhibits the dephosphorylation of myosin light ahdy myosin light chain phosphotase.
Consequently, both of these processes lead tootiteaction of SMC (Touyz and Berry 2002;
Kanaide, Ichiki et al. 2003). In contrast to ATXkeptor, angiotensin Nia AT2 receptors
stimulates vasorelaxation by increased productioN® and cGMP (Lemarie and Schiffrin
2010; Wiemer, Scholkens et al. 1993). Besides, ¥EEgptor is also found in endothelial cells
(Pueyo and Michel 1997). Although the endotheli@llAsignal transduction and function are
much less known than those in VSMC, it has beegestgd that the AT1 receptor signaling
regulates the balance between NO and ROS in erlddtbells (Nickenig 2002; Watanabe,
Barker et al. 2005).

Reactive oxygen species (ROS)

Reactive oxygen species are reactive moleculesfreedradicals derived from molecular
oxygen. Many ROS are free radicals, which possapsited electrons, including molecules
such as superoxide anion(Q, hydroxyl radical (HO, nitric oxide (NO), and lipid radicals.
Other ROS are molecules derived from molecular eryguch as hydrogen peroxide@),
peroxynitrite (OONO-), and hypochlorous acid (HORd\ve oxidizing effects that contribute
to oxidant stress. The cellular production of onadkof ROS may lead to the production of
several others via radical chain reactions. ROSpanduced by various oxidase enzymes,
including nicotinamide-adenine dinucleotide phosphdNADPH) oxidase, uncoupled
endothelial NO synthase (eNOS), xanthine oxidagelpoxygenase, lipooxygenase, glucose
oxidase, cytochrome P450, and mitochondrial electransport (Cai and Harrison, 2000).
Under physiological conditions, ROS are producedlow concentrations and act as a
signaling molecule that regulate VSMC contractiéiig@re 7) and participate in VSMC
growth (Touyz and Schiffrin, 1999). A number ofdigs has been shown the ROS-induced
contractile response in the basilar artery of thg (Katusic, Shepherd et al. 1987); (Katusic,
Schugel et al. 1993) and the renal artery of th€Gao and Lee 2005). In other blood vessels,
they may act as a facilitator of endothelium-degedcontractions by reducing the
bioavailability of the NO produced by the endotaklcells (Cosentino, Sill et al. 1994;
Miyagawa, Ohashi et al. 2007). Moreover, severahoellular signal events stimulated by
ROS have been defined, including the two membersibbgen-activated protein kinase
family (ERK1/2 and big MAP kinase, BMK1), tyrositknases (Src and Syk) and different
isoenzymes of PKC (Abe and Berk 1999; Sundaresargt™al. 1995). ROS regulate of signal
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transduction components including the modificatiorthe activity of transcriptional factors
such as NReB and others that result in changes in gene expressid modifications in
cellular responses. Thus in the vascular systen§ Ri@ys a physiological role not only in the
regulation of differentiation and contractility MSMC, but also in the control of vascular
endothelial cell proliferation and migration, inethinduction of platelet activation and
haemostasis, and in the immune response (Varaw@adZ914).

1.2.3.2. Endothelial dysfunction

Endothelial dysfunction is characterized by a sinifthe actions of the endothelium toward
reduced vasodilation, a proinflammatory state, prathrombic properties, by the increased
vasocontraction, the enhaced expression of adhesaecules and upregulation of smooth
muscle cell proliferation and migration. It is asisted not only with most forms of CVD,
such as hypertension, coronary artery disease,nichidweart failure, peripheral vascular
disease, but also with diabetes, chronic kidnelyraj and severe viral infections. Initially,
endothelial dysfunction is characterized by theidismed production or availability of NO
and a disrupted balance in the relative contributtd endothelium-derived relaxing and
contracting factors. This imbalance predisposes viigculature to vasoconstriction, pro-
oxidation, leukocyte adherence, platelet activatiehrombosis, impaired coagulation,

vascular inflammation, mitogenesis, increased pehifiey and atherosclerosigigure 8).

Figure 8. Endothelial dysfunctionis characterized by the imbalance between vadmidila
and vasoconstriction, thrombolysis and thrombgsistelet aggregation and disaggregation,
growth inhibition and growth promotion, anti-inflamation and proinflammation, and also

antioxidation and pro-oxidation.
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It is well accepted that endothelial dysfunctiorcwrs in response to cardiovascular
risk factors and precedes the development of atbknmsis (Shimokawa 1999; Ross 1999).
Endothelial dysfunction actively participates i throcess of lesion formation by promoting
the early and late mechanisms of atherosclerosisluding upregulation of adhesion
molecules, increased chemokine secretion and |gt&ko@dherence, increased cell
permeability, enhanced LDL oxidation, platelet @&tion, cytokine elaboration, and vascular
smooth muscle cell proliferation and migration. Btietlial dysfunction has been implicated
in the pathogenesis and clinical course of all km@¥Ds and is associated with future risk
of adverse cardiovascular events (SchachingerieBriet al. 2000; Verma and Anderson
2002). Molecular processes contributing to enddahetlysfunction include impaired
endothelium-dependent vasorelaxation by decreas&tibavailability, increased generation
of ROS, increased secretion of others vasocomstsiguch as endothelin-1, angiotensin I,
increased expression of adhesion molecules, syathafls pro-inflammatory and pro-
thrombotic factors, enhanced permeability, reducednber of circulating endothelial
progenitor cells and increased molecular markersdafmage (circulating endothelial
microparticles derived from activated or apoptatédls) (Reriani, Lerman et al. 2010). An
impaired endothelium-dependent vasorelaxation isiadmark of the development and

progression of endothelial dysfunction.

Mechanism involved in the impairment of endotheliudependent vasorelaxation

The impaired endothelium-dependent vasorelaxatiay arise from several mechanisms,
including decreased production of endothelium-dativelaxation factors (EDRF), enhanced
generation of endothelium-derived constricting dast (EDCF), enhanced inactivation of
EDRF, impaired diffusion of EDRF to the underlyi8IC and decreased responsiveness of
the smooth muscle to EDRFi@gure 9) (De Vriese, Verbeuren et al. 2000).
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Figure 9. Mechanisms of impaired endothelium-dependent uataxation. Impaired
endothelium-dependent vasodilatation arises frovers¢é mechanisms: decreased production
of endothelium-derived relaxation factors (EDRFEs)hanced inactivation of EDRF, impaired
difusion of EDRF to the underlying VSMC, decreasesponsiveness of the smooth muscle
to EDRF and enhanced generation of endotheliumgiériconstricting factors (EDCF).
Abbreviation: R: receptor of agonist; EDRF: endd&the-derived relaxing factor; EDHF:
endothelium-derived hyperpolarizing factor; RGdrostacyclin; EDCF: endothelium-derived
constricting factors; TXA thromboxane A& PGH: prostaglandin b 5-HETE: 5-
hydroxyeicosatetraenoic acid; TX: tromboxane pmsic receptor; @ superoxide anion;
cGMP: cyclic guanosine 3',5’-cyclic monophosphat&MP: cyclic adenosine 3’,5’-cyclic
monophosphate; GTP: guanosine triphosphate; ATénasine triphosphate. Modified from
(De Vriese, Verbeuren et al. 2000).

Although mechanisms leading to the impaired endiiimedependent vasorelaxation
are multiple, a reduction in NO bioavailability ptathe fundamental roléigure 10). A lack
of L-arginine, a substrate for eNOS, an abundah@symmetric dimethylarginine (ADMA:
an endogenous eNOS inhibitor that competes withginane for binding to eNOS) (Cooke,
2004) and the availability of cofactors such agsatetdrobiopterin (Bl) and NADPH
(Katusic, 2001) can contribute to reduce the bidaldity of NO. Specially, a decline in NO
bioavailability could be due to decreased eNOS esgion. However, several studies have
shown that cardiovascular risk factors are assediaith an increase rather than a decrease in

eNOS expression (Li, Wallerath et al. 2002). Thaéased expression of eNOS in vascular
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disease is likely to be a consequence of an exgeskiction of HO.. H>O», the dismutation
product of @, can increase eNOS expression through transangdtend posttranscriptional
mechanisms (Drummond, Cai et al. 2000). On therdihad, an accelerated degradation of
NO' (by its reaction with @) is likely to occur in vascular disease (Mashapdbale et al.
2011). It has been shown that the interaction betmwO and Q™ occurs at an extremely
rapid rate of 6.7x10mol/L™Ys. This is 3 times faster than the reaction ratedt"~ with SOD.
Given this rapid reaction rate, there is alwaygljikexisting Q" reacting with NO within
cells and in the extracellular space (Cai and Karrj 2000). Under physiological conditions,
endogenous antioxidant defenses minimize thisantem and maintain what seems to be a
tenuous balance between™@nd NO. This balance is altered in a CVD state. NO- agid O
react avidly to form peroxynitrite (ONOQ which in turn leads to eNOS uncoupling and
enzyme dysfunction. Since ONO@ a highly cytotoxic reactive nitrogen specig¢savidly
reacts and damages proteins, lipids, and DNA. Rstance, ONOOreacts with tyrosine
residues of proteins to produce nitrotyrosine, Wwhian be detected in the plasma and various
tissues. Alternatively, ROS can initially react hvityrosine to produce tyrosyl radicals that
can, in turn, oxidize NO and generate nitrotyrosineaddition, nitrotyrosine can be formed
from an interaction of nitrogen dioxide with tyrpnei residues of proteins. Consequently,
nitrotyrosine abundance is generally considerec@rasndicator of NO oxidation by ROS
(Forstermann 2010; Higashi, Noma et al. 2009). d&loee, enhanced NO inactivation caused
by excess ROS production plays often an importalet in the impairment of endothelium-
dependent vasodilation rather than decreased NQ@Quption. Endothelial dysfunction has
been shown to be associated with an increase in iR@#erosclerotic animal models and
human subjects with atherosclerosis (Cai and Haryi2000). In addition, NADH/NADPH
oxidase, which is a major source of production @Rin vessel walls, is activated in
experimental models of atherosclerosis (Hegde aStava et al. 1998). The concentrations of
antioxidant scavengers, such as SOD, GPx cataaseyitamins C and E, are decreased in
patients with atherosclerosis (Irani, 2000).
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Figure 10. Mechanisms by which cardiovascular risk factorsduce ED.ROS: reactive
oxygen species; NO: nitric oxid€,"": superoxide anion; OONOperoxynitrite; LOO:
peroxyl radical; LQ alkoxyl radical; OH hydroxyl radical; HO.: hydrogen peroxide;
NADPH: nicotinamide adenosine dinucleotide phosphadOD: superoxide dismutase;
eNOS: endothelial NO synthase; SMC: smooth muselé Reproduced from (Higashi,
Noma et al. 2009).

1.2.4. Endothelial dysfunction in diabetes

In diabetic patients, endothelial dysfunction isoatharacterized by the reduced endothelial-
dependent vasodilation response to an endothelgpertient vasodilator (Nitenberg, Valensi
et al. 1993; De Vriese, Verbeuren et al. 2000), thereased proinflammatory and
prothrombotic state (Devaraj, Dasu et al. 2010rdiseSalas, Galvan-Plata et al. 2014); Sena,
Pereira et al. 2013), the enhanced expression leésawh molecules (Nozaki, Ogura et al.
2002; Rubio-Guerra, Vargas-Robles et al. 2009), amickgulation of smooth muscle cell
proliferation and migration (Panchatcharam, Mirgy&t al. 2010; He, Xue et al. 2012). The
combination of all these phenomenons leads to nidetbelial dysfunction and provides the
foundation for the development of micro- and magaseular disease. Therefore, diabetes is

also considered as a vascular disease because affatt on macro and microcirculation of
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many vascular beds. Endothelial dysfunction has lwkeeumented in patients with type 2
diabetes (Hogikyan, Galecki et al. 1998; Watts, r@iB et al. 1996; Avogaro, Fadini et al.
2006) and also in individuals with type 1 diabe(€arkson, Celermajer et al. 1996;
Johnstone, Creager et al. 1993; Funk, Yurdagull.e2@?2). The endothelial dysfunction
phenomens, such as the reduced NO production Ifloiret al. 2002; Tessari, Cecchet et al.
2010), the increased platelet aggregation (AndpolBernardo et al. 2006; Kajita, Ishizuka et
al. 2001; Vinik, Erbas et al. 2001), the enhancqutession of adhesion molecules (Bai, Tang
et al. 2003; Nozaki, Ogura et al. 2002), chemokewed cytokines (Alba, Planas et al. 2008;
Goldberg, 2009), and the increased production oSRm the endothelium have been
observed in diabetic subjects (Kolluru, Bir etz012).

Various risk factors converge on the artery to pstenthe alteration of its functions
under diabetic conditions. These factors includesulin resistance, hyperglycemia,
hyperinsulinemia, hypertension, oxidative stressd @enetic predisposition. In addition,
increased advanced glycation end products (AGHEs)jrecreased free fatty acids (FFAs) and
enhanced circulatory proinflammatory and prothrotitooytokines also contribute to induce
endothelial dysfunction. Besides, multiple lifestybehaviours such as physical inactivity,
smoking, poor diet and alcohol consumption alsdrdmute into the induction of endothelial
dysfunction (Pilacinski and Zozulinska-Ziolkiewi2d14; Patino-Alonso, Recio-Rodriguez et
al. 2015). It has been demonstrated that hypergligeinsulin resistance, hyperinsulinemia
and increased free fatty acids, which are the nma@thanisms, can induce endothelial
dysfunction Figure 11,Beckman, Creager et al. 2002).

In diabetic patients with defiency of insulin orsulin resistance, skeletal muscles
decrease the utilization of glucose and free fatigs, causingyperglycemiaand increased
levels of circulating free fatty acids (FFAs). Moxer, in diabetic patients with the insulin
resistance, the pancreaffccells initially try to compensate by producing moinsulin,
resulting in hyperinsulinemia (Wilcox, 2005). However, this period of pancreaficcell
compensation is followed by the failure of pancreaich secretes insufficient insulin and
diabetes ensues (Kasuga, 2006). Consequenltly, rédcedes the development of
hyperglycemia and usually associated with elevated levels of $-FlAbby and Plutzky,
2002). Thisexcess of FFAawill lead to the overproduction of triglycerideshi lipoprotein
particles.Hypertriglyceridemia is accompanied by a concomitant decrease in HiMallly,
the formation of advanced glycation end productSEA&) from glycated macromolecules can
damage vasculature through different mechanisnssds details in section 1.2.4.4) (Nesto
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2004). Although the aetiology of vascular dysfuoctiin diabetes has been extensively
investigated in humans and in animal models of etedy no one clear pathway emerges as

the basic mechanisms underlying endothelial dysfondn diabetes.
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Figure 11 Endothelial dysfunction in DiabetesModified from (Beckman, Creager et al.
2002)

1.2.4.1. Role of insulin-resistance in endothelial dysfunctin

Approximately 90-95% of patients with diabetes medl have T2D, which is
characterized by insulin resistance or the ingbibt insulin to exert its metabolic actions.
Numerous studies have demonstrated that the inssgistance is commonly associated with
endothelial dysfunction (Wiernsperger, 1994; Arca@etti et al. 2002). The actions of
insulin are mediated through two major pathwayse @athway is through the activation of
insulin-receptor  substrate-1/2  (IRS-1/2), phospmhyditiositol  3-kinase  (PI3K),
phosphoinositide-dependent kinase 1 (PDK-1), and. Akhis pathway can lead to
phosphorylation and activation of eNOS, which imtuegulates endothelial production of
NO. The other insulin-signaling pathway leads te #ctivation of mitogen-activated protein
kinases (MAPK), including mitogen-activated protdimase kinase MEK-1, ERK-1, and
ERK-2, which have major effects on growth, prokfiton and differentiation but are also
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involved in insulin-stimulated secretion of the eesnstrictor ET-1 Kigure 12, (Cusi,
Maezono et al. 2000).
Insulin
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Figure 12 Insulin-signaling pathways in endotheliumIRS-1/2: insulin-receptor substrate-

1/2; PI 3K: phosphatidylinositol 3-kinase; eNOSdethelial nitric oxide synthase; NO: nitric
oxide; MEK: mitogen-activated protein kinase kina®8APK: mitogen-activated protein

kinases; ET-1: endothelin-1; ECE: endothelin-conimgrenzyme. Adapted from (Potenza,
Addabbo et al. 2009)

In states of insulin resistance, only the PIl-3Kategent signaling is impaired, whereas
the MAPK pathway is unaffected (Cusi, Maezono et2800). This explains how insulin
resistance induces a relative loss in NO bioagtiwiith subsequent endothelial dysfunction
(Figure 12). Experimental and clinical evidences support tbencept that defects
immediately upstream or downstream from PI3K-signgapathways result in the insulin-
mediated endothelial dysfunction. For example, dgamic mice with insulin resistance in
endothelium show a significant reduction in NO baiability secondary to increased
generation of ROS even in the absence of a metapbknotype (Duncan, Crossey et al.
2008). Similarly, it has been shown that Akt/eNO®gphorylation is decreased in aorta of
diabetic animals, as well as in type 2 diabetiogmas (Cai, Khoo et al. 2005; McVeigh,
Brennan et al. 1992).
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1.2.4.2. Role of hyperinsulinemia in endothelial dysfunction

As suggested by many vitro andin vivo studies, hyperinsulinemia overdrived the unaltered
MAPK-dependent pathways leading to an imbalancevdset PI3K- and MAPK-dependent
pathways of insulin. As a consequence, it promtitessecretion of ET-1 and decreases the
production of NO resulting in endothelial dysfucti(Potenza, Gagliardi et al. 2009; Piatti,
Monti et al. 1996). Besides, in endothelial célisvitro, elevated insulin levels stimulate the
increased expression of adhesion molecules VCANM E-selectin via MAPK-dependent
signaling pathway, thus facilitating the interanti@f activated monocytes and further
contributing to the endothelial dysfunction andeatisclerosis (Hink, Li et al. 2001). Hence,
the increased insulin signaling via MAPK-dependpathway can accelerate endothelial
dysfunction by mediating vasoconstriction, inflamima and thrombosis (Potenza,
Marasciulo et al. 2005).

1.2.4.3. The excess of free fatty acids

As insulin inhibits lipolysis in adipose tissue astimulates the uptake of free fatty acids
(FFA) for skeletal muscle, diabetic patients ararahterized by deficiency of insulin or
insulin resistance leading to elevated circulatiegel of FFA (Boden, 1999; Kelley and
Simoneau 1994). In response to the excess of FR&,liver produces very-low-density
lipoprotein  production and increases cholesterylteres synthesis resulting in
hypertriglyceridemia, dyslipidemia and obesity. \Ed triglyceride concentrations lower
HDL by promoting cholesterol transport from highndity lipoprotein to very-low-density
lipoprotein (Sniderman, Scantlebury et al. 2001)hds been shown that infusion of FFA
reduces endothelium-dependent vasodilation in dnimadels and in human#é vivo
(Steinberg, Tarshoby et al. 1997; de Kreutzenb@rgpaldi et al. 2000; Kim, Tysseling et al.
2005; Sarabi, Vessby et al. 2001). Co-infusion hed antioxidant ascorbic acid improves
endothelium-dependent vasodilation in humans tdeat#th FFA, which indicates that
oxidative stress contributes to FFA-mediated erel@hdysfunction (Pleiner, Schaller et al.
2002). In addition, the elevation of FFA concentriag¢ activates PKC and decreases insulin
receptor substrate-1-associated phosphatidylifdsitanase activity (Inoguchi, Li et al.
2000). These effects on signal transduction mayedse NOS activity. Besides, it has been
also demonstrated that both hypertriglyceridemid Emv HDL have been associated with
endothelial dysfunction (Kuhn, Mohler et al. 199 Man, Weverling-Rijnsburger et al.
2000). Based on the published studies, FFA may imgpalothelial function through several
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mechanisms, including the increased production OfSRthe activation of PKC, and the
exacerbation of dyslipidemia leading to endothetigfunction (Dresner, Laurent et al.
1999).

1.2.4.4. Role of hyperglycemia in endothelial dysfunction

A number of studies in endothelial cedmimal models and clinical studies have consiktent
reported that hyperglycemia is strongly associatéd endothelial dysfunction. It has been
reported that the presence of hyperglycemia inhibi¢ eNOS and increases the production of
ROS, leading to further inhibition of eNOS (De \&#e Verbeuren et al. 2000; Du, Edelstein
et al. 2001). The vascular endothelium also losesbility to produce NO-activated tissue
plasminogen activator, a fibrinolytic (anti-clotyn protein that inhibits the ability of
inflammatory cells to adhere to the endotheliafae (Grant 2007). In addition, the high D-
glucose-induced impairtment of endothelium-depehdetaxation also was observed in
human brachial arteries (Bhargava, Hansa et al3;2R0n, Park et al. 2003). However, a
complete biochemical understanding of the mechanibymn which hyperglycemia causes
vascular functional and structural alterations eisded with the diabetes still is not well
understood.

The literature has reported that hyperglycemiahis major causal factor in the
development of endothelial dysfunction in diabeteslitus. The tissue-damaging effects of
hyperglycemia occur only in the few cell types hemamost cells are able to reduce the
transport of glucose inside the cell when they exposed to hyperglycemia, so that their
internal glucose concentration stays constant. @b selectively damages cells, like
endothelial cells in blood vessels, mesangial cellghe renal glomerulus, neurons and
Schwann cells in peripheral nerves because thewmable to regulate uptake of glucose
during hyperglycemia, allowing intracellular glueot® rise concomitantly with extracellular
glucose concentrations (Kaiser, Sasson et al. 198dlig, Concepcion et al. 1995;
Mandarino, Finlayson et al. 1994). Since only tbxeel of intracellular glucose was different
amongs the cells, we focus on mechanisms inducduypgrglycemia going on inside these
cells, particurlally endothelial cells (Brownle€(5).

In diabetic cells with high intracellular glucosencentration, there is more glucose-
derived pyruvate being oxidized in the tricarboccid cycle, increasing the flux of electron
donors (such as NADH and dihydroflavine-adeninaudieotide (FADH)) into the electron
transport chain. As a result of this, the voltagadgent across the mitochondrial membrane
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increases until a critical threshold is reachedthd point, electron transfer inside complex
Il is blocked, causing the electrons to back ugdenzyme Q, which donates the electrons
one at a time to molecular oxygen, thereby gemegatuperoxide anion, consequently,

leading to an increased level of oxidative strésgure 13; Brownlee, 2005).
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Figure 13. Hyperglycemia-induced production of superoxide anidy the mitochondrial

electron transport chainModified from (Brwolee, 2005).

ROS, which are generated in mitochondria, causndtibreaks in nuclear DNA,
which activate poly-adenosine diphosphate ribosdyfDP-ribose) polymerase (PARP).
Once activated, PARP splits the NABolecule into its two component parts, nicotinbida
and ADP-ribose. PARP then proceeds to make polyofed®P-ribose, which accumulate on
glyceraldehyde- 3 phosphate dehydrogenase (GAPRBHgey glycolytic enzyme, thereby
reducing its activity. Finally, decreased GAPDH idty activates different metabolic
pathway, (1) increased flux of sorbitol throughymblpathway; (2) overactivity of hexoamine
pathway; (3) activation of PKC and (4) increasedriation of advanced glycation end-
products (AGEs) and activation of their recept®@so(nlee 2005). Through these pathways,
there are an increased synthesis of growth factytekines, and angiotensin Il and other
EDCF; a decreased bioavailabity of NO and decreastdity of eNOS. The imbalance
between NO bioavailability and accumulation of teecoxygen species (ROS) and EDCF,

in turn, induces a diffuse endothelial dysfunctiand contributes to the progressive
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development of micro- and macrovascular complicetiand multiorgan damaggigure 14;
(Giugliano, Ceriello et al. 1996).

.'CLUEDEE 15

. L ) ROS:
s & ‘
;GAF‘DI-I
| [ — |
Paolyn| Hexosaming pyg AEEs
pathway pathway
L fhyx Tl ]
OB s o
B

| bicaviilahllit‘; )

[ ENDOTHELIAL ]
DYSFUNCTION

Figure 14. Mechanism of endothelial dysfunction induced by gmglycemia.ROS, reactive
oxygen species; PARP, poly-adenosine diphosphat®msei polymerase; GAPDH,
glyceraldehyde- 3 phosphate dehydrogenase; PKQeiprkinase C; AGEs, advanced
glycation end-products.

a) Activated the polyol pathway flux

The polyol pathway has been implicated in the pg¢hesis of vascular complications,
through the action of aldose reductase (AR), thst fand rate-limiting enzyme in this
pathway. AR reduces the aldehyde form of glucossottitol. In physiological situations,
sorbitol is then oxidized to fructose by sorbit@hgdrogenase and then enters again into
glycolysis Figure 15). In the presence of HG concentrations, the probomoof sorbitol
overcomes the potential of its oxidation, with aoclation within the cells. This causes
deregulation of the cellular osmotic status, a céidn of Na/K™-ATPase activity, an
increased cytosolic NADH/NAD and a decreased cytosolic NADPH (Oyama, Miyastital.
2006). In addition, the reduction of glucose tdusot by AR consumes NADPH. As NADPH
is required for regenerating reduced glutathion8H{and GSH is an important scavenger of
reactive oxygen species (ROS), this could inducexaicerbate intracellular oxidative stress
(Brownlee, 2001;Figure 15. Ramana and colleaguesiggest that NO inhibits AR by

reversible S-thiolation of the protein, indicatiagnew role of NO in regulating glucose
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metabolism (Ramana, Chandra et al. 2003). It has laéso demonstrated that restoring the
NO levels in diabetic animals increases glutathiotaof cellular proteins, inhibits aldose
reductase activity and prevents sorbitol accumutatGiacco and Brownlee, 2010). Based on
those findings, potential therapeutic strategies facused on AR inhibitors (ARIs) like
ranirestat, epalrestat. However, the majority oiA\® date have been less effective in human
patients than in experimental models (Funk, Yurdlagal. 2012).
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Figure 15.Hyperglycemia increases flux through the polyol patay. ROS, reactive oxygen

species, SDH, sorbitol dehydrogenase; NAD+, oxdlin&otinamide adenine dinucleotide;
NADH, reduced nicotinamide adenine dinucleotide;IN®, oxidized nicotinamide adenine
dinucleotide phosphate; NADPH, reduced nicotinamétkenine dinucleotide phosphate;
GSH, reduced glutathione; GSSG, glutathione didelfAdapted from (Brownlee, 2001).

b) Overactivity of hexoamine pathway

In the physiological setting, glucose is metabalilerough glycolysis, going first to
glucose-6 phosphate, then fructose-6 phosphatethandon through the rest of the glycolytic
pathway Figure 16). However, in case of the excess intracellularcgbe, there is an
increased flux of fructose 6-phosphate into theokarine pathway. In this way, fructose 6-
phosphate is converts to glucosamine-6 phosphatalgnzyme called glutamine, fructose-6
phosphate amidotransferase (GFAT) and finally tdine diphosphat&l-acetyl glucosamine
(UDPGIcNACc). UDPGIcNAc is a nucleotide donor utdit in the endoplasmic reticulum and
Golgi for glycosylation of various glycoproteingitls, and proteoglycans. For example, O-
linked glycosylation by O-GIcNAc transferase (OGWhich involves the addition of N-
acetylglucosamine (GIcNAc) to the intracellular f@io’s serine and threonine residues.
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Many cytoplasmic and nuclear proteins and transongdactors are dynamically modified by
O-linked GIcNAc, resulting in induction of pertutins in normal enzyme functiofrigure

16). For example, hyperglycemia-induced O-GIlcNAcylatof eNOS leads to decrease serine
1177 phosphorylation in eNOS (a regulator site MO& activation) and therefore reduced
NO production (Du, Edelstein et al. 2001). In addif Federici and colleagues found that
endothelial O-GIcNAcylation is increased in cargbidques of type Il diabetic patients, and
inhibition of the hexosamine pathway is sufficidot reverse O-GIcNAcylation-mediated
eNOS inhibition in human coronary endothelial catishyperglycemic conditions (Federici,
Menghini et al. 2002; Sayeski and Kudlow 1996). dddition, GIcCNAc has also been
implicated in the activation of the transcriptionf@ctor Spl, which is associated with
increased synthesis of transforming growth fa@tbrand plasminogen activator inhibitor-1,
which in turn are associated with the developménvascular complications (Brownlee,
2001). In contrast to the polyol pathway, until now therapeutics have been developed
targeting hexosamine stress. Although the glutaramsogs 6-diazo-5-oxo-L-norleucine and
azaserine are frequently used to study the hexosapdthway by inhibiting GFAT activity,
the role of GFAT in glycosylation, and the ubiquisonature of O-GIcNAcylation make
GFAT an unattractive therapeutic target (Frunk,201
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Figure 16. Hyperglycemia increases flux through the hexosamipathway The glycolytic
intermediate fructose-6-phosphate (Fruc-6-P) isreded to glucosamine-6-phosphate by the
enzyme glutamine, fructose-6-phosphate amidotreasste (GFAT). Intracellular
glycosylation by the addition of N-acetylglucosami(GICNAc) to serine and threonine is
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catalyzed by the enzyme O-GIcNAc transferase (OGigreased donation of GIcNAc

moieties to serine and threonine residues of trgsigin factors such as Spl, often at
phosphorylation sites, increases the productidiacbrs as plasminogen activator inhibitor-1
(PAI-1) and transforming growth fact@t (TGF$1). AZA, Azaserine; AS-GFAT, antisense
to GFAT. Reproduced from Brownlee, 2001.

c) Protein kinase C (PKC) activation

Hyperglycemia can stimulate the synthesis of diglggerol (DAG), followed by the
activation of protein kinase C (PKC). DAG, whichf@med from glycolytic intermediates
such as dihydroxy-acetone phosphate and glycenali@eB-phosphate, is the major
endogenous cellular co-factor for PKC activatiffigure 17). Once activated, PKC is
responsible for different structural and functiorddanges in the vasculature including
alterations in relaxation, cellular permeabilitymflammation, angiogenesis, cell growth,
extracellular matrix expansion, and apoptosis ({@esand King 2010). PKC family has at
least 11 isoforms that are widely distributed innmaalian tissues. The specific PKC isoform
activated by hyperglycemia varies across tissuessaecies (Kang, Alexander et al. 1999).
Particularly, hyperglycemia primarily activates tfeand ¢ isoforms of PKC in cultured
vascular cells (Xia, Inoguchi et al. 1994; Koyapusek et al. 1997).

In vascular endothelial cells, hyperglycemia-indueetivation of PKC increasesO
production via NADPH oxidase (Christ, Bauersachsakt2002). After generated, 0O
inactivates NO to form OONO-, which is a powerflidant, easily penetrates across
phospholipid membranes and induces substrateiaitré®rotein nitrosylation blunts activity
of antioxidant enzymes and eNOS (Hink, Li et alO20 In addition, PKC affects NO
availability not only via intracellular accumulatioof ROS but also by decreasing eNOS
activity through increasing eNOS phosphorylationtla¢ inhibitory site (Thr 495) and
reducing the phosphorylation at activator site $&r7 (Hirata, Kuroda et al. 1995; Du,
Edelstein et al. 2001). Experimental evidences supghe notion that hyperglycemia
decreases NO bioavailability in diabetes. When mbrmabbit and rat’'s aortic rings are
incubated in a hyperglycemic milieu, endotheliunpeledent relaxations are impaired
(Tesfamariam, 1991; Zhang, Dellsperger et al. 20R¥nilarly, endothelium-dependent
vasodilation is reduced in healthy subjects duhgpgerglycemic clamping (Masha, Dinatale
et al. 2011).
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Endothelial dysfunction in diabetes is not only thesult of the impaired NO
availability but also of the increased synthesisE®ICF. Hyperglycemia increases PKC
activation, leading to an increased production misfanoid substances by the endothelium
(Tesfamariam, Brown et al. 1991). Besides, PKC-atedi COX-2 up-regulation is associated
with an increase of TXAand a reduction of Pgltelease (Cosentino, Eto et al. 2003). PKC
also leads to an increased production of ET-1 ptomgovasoconstriction and platelet
aggregation Kigure 17). The enhanced ET-1 production caused by hypeegha is partly
mediated via activation of PK@-andé isoforms (Park, Takahara et al. 2000). In addjtion
Cardillo and colleagues have demonstrated thatbtbekage of EX receptor results in
vasodilation in patients with diabetes but not ontcols suggesting that the activity of
endogenous ET-1 on &Teceptors is enhanced in resistance vessels iehpatvith diabetes
(Cardillo, Campia et al. 2002). These findings ®sjghat PKC is the upstream signalling

molecule affecting vascular homeostasis in thengettf hyperglycemiaKigure 17).
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Figure 17. Consequences of hyperglycemia-induced activationpoftein kinase C (PKC)
DAG, diacylglycerol; eNOS, endothelial NO synthakd-1, endothelin-1; VEGF, vascular
endothelial growth factor; TGPB; transforming growth factds: PAI-1, plasminogen
activator inhibitor-1; NReB, nuclear factor xB; NAD(P)H oxidase, nicotinamide
adeninedinucleotide phosphate oxidase; ROS: reactixygen species. Adapted from
(Brownlee, 2005).

In addition, in the vessel wall, hyperglycemia-indd ROS production triggers NF-
kB-mediated vascular inflammatiofigure 17). Indeed, ROS lead to up-regulation of the
nuclear transcription factor NEB subunit p65 and, hence, transcription of proaimiinatory
genes encoding for monocyte chemoattractant prdtgiWiCP-1), selectins, vascular cell
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adhesion molecule-1 (VCAM-1), and intracellularl @hesion molecule-1 (ICAM-1) are up
regulated. These latter events lead to monocyteesaalh, rolling, and diapedesis with
formation of foam cells in the sub-endothelial layeonsequently forming atherosclerosis
plagues (Kouroedov, Eto et al. 2004). The PKC i
the endothelium, such as vascular endothelial drdadtor (VEGF), epidermal growth factor

wes the production of growth factors by

(EGF) and transforming growth factor (T@lr- These reactions lead to the migration and
proliferation of SMC.

To date, there are several studies suggesting RK& inhibitors may regulate
endothelial dysfunction and activation in animaldals. The expression and activation of
PKCa and PK@II have been shown to be enhanced in the diabetecowasculature (Das
Evcimen and King 2007), and the general PKC inbibivisindolylmaleimide-I blunted
hyperglycemia-induced leukocyte binding to mesengostcapillary venulem vivo (Booth,
Stalker et al. 2002). It has been shown that th€fPidhibitor ruboxistaurin reduced retinal
and renal complications in diabetic rats while emwag acetylcholine-induced aortic
vasodilation (Nangle, Cotter et al. 2003). In liwgh these studies, transient hyperglycemia
blunted endothelium-dependent vasodilation in et healthy human subjects, and BKC
inhibition with ruboxistaurin restored normal enldelial function in these patients (Beckman,
Goldfine et al. 2002).

d) Increased formation of advanced glycation end-pradsi (AGES)

Hyperglycemia-induced ROS formation also increa#ies intracellular levels of
advanced glycation end products (AGEs) synthesie Monenzymatic reaction between
glucose and proteins or lipoproteins forming adeahglycation end-products (AGES) in
arterial walls is one of the most important mechas responsible for the accelerated
vascular complication in diabetes. It has been shtivat receptor-independent effects of
AGEs include extracellular matrix modification, N€cavenging, and glycation of both
signaling proteins, low density lipoprotein (LDLhé nucleic acids (Funk, Yurdagul et al.
2012). The accumulation of AGEs on macromoleculas mterfere with their normal
functions by disrupting molecular conformationealenzymatic activity, reduce degradation
capacity and interfere with receptor functions ¢BinBali et al. 2014). Hyperglycemia causes
excessive glycation of proteins found in serum.(atbumin, hemoglobin, and LDL) and in
the vessel wall (e.g., collagen, fibronectin). #shbeen demonstrated that hyperglycemia
stimulates considerable glycation of extracelluheatrix proteins resulting in vessel stiffening
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through cross linking type | collagen and elastne¢g 2007). In addition, AGEs can also
increase the transcription of adhesion moleculeswity factors, cytokines and chemokines
promoting oxidative stress, inflammation, endotieinjury, vessel wall hypertrophy, thus,

promoting to atherosclerosis (Singh, Bali et all40

It has been noted that AGE formation by intracalujlycolysis-derived dicarbonyl
precursors occurs at a rate several orders of matmhigher than non-enzymatic glycation,
suggesting that these intermediates may be priynegiponsible for both intracellular and
extracellular AGE production (Degenhardt, Thorpalei998; Brownlee 2001). For example,
methylglyoxal, one of AGE precursors, is producednf the glycolytic intermediates
glyceraldehyde-3-phosphate and dihydroxyacetonepitaie. Methylglyoxal is detoxified by
conversion into pyruvate via the multienzyme glyasa system, of which glyoxalase-I is
rate-limiting enzyme. Brouwers and colleagues fouhdt transgenic overexpression of
glyoxalase-l in a rat model reduced vascular AGEnfdion and improved vasoreactivity

(Brouwers, Niessen et al. 2014).

Hours e Days sl Waska-months

| ner—pe | | mH—n1 |
= I I
MH. — R
||-| i : ] CH: 'Cl‘l-i
= H—C—H G-0 =  G-0
e=0 3 ViNH =R |
(GHOH), — [ ML =B 7 iopeyy 7T [CHOH), —— ——= ?-m
| |
sy CH,OH OHOH CH,
|
HDGH_—L‘i:H
| HH,—R2:
Glucose Protein Schiff basze Amacon product Gross-inked &GE
(e HEA

Figure 18 Formation of advanced glycosylation end-productsGE). Formation of the
Schiff base from carbonyl group of glucose and &ieno group of protein is relatively fast
and highly reversible and represents an equilibrreaction in which the amount of Schiff
base formed is dictated by glucose concentrationeMglucose is removed or lowered, the
unstable Schiff base reverses within minutes. Foomaf Amadori product from the Schiff
base is slower but much faster than the reverssioeaand therefore tends to accumulate on
proteins. Equilibrium levels of Amadori productseareached in weeks. Proteins bearing
Amadori products are referred to as advanced gyatisn end-products, which are stable

and virtually irreversible. (Adapted from Doron Awson, 2002).
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Moreover, AGEs interact with a specific receptoAdE) present on endothelail cells,
SMC and monocyte-derived macrophages. The interacd AGEs with their receptor leads
to the induction of oxidative stress and proinflaatony responses resulting cellular
dysfunction (Bierhaus, Humpert et al. 2005). It he®en demonstrated that AGE-RAGE
interaction stimulates endothelial ROS productidfan, Schmidt et al. 1994), decreases
eNOS expression and L-citrulline production (readmfuNO production) in endothelial cells
(Xu, Ji et al. 2005), and inhibits histamine-inddicHO production in endothelial cells
associated with reductions in eNOS serine 1177 gitmylation (Xu, Chibber et al. 2003).

The AGEs concentration is directly related to ghe@oncentration. The formation
and accumulation of AGEs has been observed in waiissues such as coronary atheroma,
renal cortex, mesangial and glomerular basement braama. Such histological findings
suggest AGEs to be related with the pathogenesisabktic complications. Pharmacological
inhibitors of AGE formation (alagebrium chloridel(A-711), pyridoxamine dihydrochloride)
significantly reduced atherosclerotic plague foiorain animal models of diabetes (Watson,
Soro-Paavonen et al. 2011; Forbes, Yee et al. 208th, Kendirci et al. 2006). Moreover,
early clinical trials using ALT-711 demonstratechanced arterial compliance (Kass, Shapiro
et al. 2001) and improved flow-mediated vasodilat{@ieman 2007) in aged hypertensive
patients. At the moment, no clinical data is avddaon the effect of ALT-711 in the
prevention of diabetic macro- and microvascular glications. Despite these early successes,
Alteon (the producer of ALT-711) encountered finahchardship and halted drug
development (Funk, 2012). Besides, RAGE antago(iist®488) and humanized sRAGE are
making their way through early clinical trials fdiabetic nephropathy, Alzheimer’s disease,
and acute lung injury. However, no trials for CVi2 aurrently underway (Calcutt, Cooper et
al. 2009).

1.3. New therapeutic approaches for diabetic patients

1.3.1. Oral antidiabetic treatment of vascular protection

Recently, it has been demonstrated that a pooralooft hyperglycemia appears to play a
significant role in the development of CVDs in dééds (Lehto, Ronnemaa et al. 1997).
Diabetes control and complications trial/ epidemgyl of diabetes interventions and
complications study for 30 years (DCCT/EDIC) indl4subjects with T1D has demonstrated
the effectiveness of intensive glucose control (TMiTreducing the long-term complications

of T1D and improving the prospects for a healtlfiy ipan compared to conventional therapy
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(CONV). TNT aimed at achieving levels of glycemia @ose to the nondiabetic range as
safely possible, otherwise, CNV aimed to mainta#ie sasymptomatic glucose control.
DCCT/EDIC demonstrated a 35—-76% reduction in thiyedages of microvascular disease
with INT, with a median HbAlc of 7%, compared WIONV, with a median HbAlc of 9%.
The major adverse effect of INT was a threefoldeased risk of hypoglycemia, which was
not associated with a decline in cognitive function quality of life (Nathan 2014). In
addition, another group has selected five prospecandomised controlled trials of 830
patients with T2D to assess the effect of an intenglucose-lowering regimen on death and
cardiovascular outcomes compared with a standgichem (Ray, Seshasai et al. 2009). They
found that the mean HhAwas 0.9% lower for participants given intensivaatment than for
those given standard treatment. Intensive glycaamitrol resulted in a 17% reduction in
events of non-fatal myocardial infarction (oddsad-83, 95% CI 0.75-0.93), and a 15%
reduction in events of coronary heart disease (0M857-0.93). Intensive glycaemic control
had no significant effect on events of stroke (0.@81-1.06) or all-cause mortality (1.02,
0.87-1.19). In addition, another meta-analysisreasrted no benefit of intensive glycemic
control on macrovascular and microvascular comptioa (@ > 0.1) in the intensive control
group when the target HbAlc level was < 7.0%, ewerse that INT gave a higher rate of
severe hypoglycemig (< 0.00001). When the target HbAlc level was loweme7.0 — 7.9%,
intensive glycaemic control showed benefits on réduction of microvascular events €
0.05) without increasing the risk of severe hypogipia p = 0.74), but no influence on
macrovascular complicationp ¢ 0.1). They have suggested that a target HbAZal l&f 7.0-
7.9% may be a better glycaemic control target thahof < 7.0% in patients with established
T2D mellitus (Ma, Yang et al. 2009).

Treatment of hyperglycaemia in DM is necessaryeigeve acute symptoms and to
reduce the risk of chronic vascular complicatioigestyle interventions, notably diet and
exercise, are important but are generally inswdfitito achieve or maintain glycaemic control.
Therefore, pharmacologic therapy, using orally adstered antidiabetic drugs (OADS), is
necessary to achieve optimal glycemic control anrttanagement of diabetes. The number of
available OADs has increased significantly in thstldecade. Most of the available OADs
target the liver, pancreas, small intestine, skélaetuscle, or adipose tissue, in order to
modulate pancreatig-cells dysfunction and insulin resistance, consetiydower the blood
glucose level in patients. For example, biguaniaésbit hepatic glucose production and
possibly also improve insulin sensitivity. Sulfonggas and meglitinides (glinides) are insulin

70



secretagogues, whereas thiazolidinediones (gliegoare insulin sensitizers. Incretin-based
therapies (glucagon-like peptide-1 receptor agenatd dipeptidyl peptidase-4 (DPP-4)
inhibitors) stimulate glucose-dependent insulinease and decrease glucagon secretion.
Alpha-glucosidase inhibitors slow the intestinajefition/absorption of carbohydrates (Luna
and Feinglos 2001).

However, the efficacy of the current anti-diabetieatments vanishes over time,
leading to a progression of the disease. This phenon is mostly explained by the reduction
of the [-cells’ capacity to secrete insulin andabgesensitization of the insulin signalling
pathways, while most of the treatments aim to iedinsulin release or to improve insulin
sensitivity. Likewise, in contrast to conventioraaiti-diabetics, a novel treatment option for
diabetes — the sodium-glucose cotransporter 2 (2Elohibition is now available. Its action
is independent of insulin secretion and signalimgréfore it will not share these drawbacks.
SGLT2 inhibitors reduce renal glucose reabsorptionproximal nephrons, leading to
enhanced urinary glucose excretion (UGE) (Cheng Rantus 2005). Interstingly, some
studies have been published that this new clagBugf has effect on reducing significantly
cardiovascular events in diabetic patients (Zinm&vianner et al. 2015; Vasilakou,

Karagiannis et al. 2013; Dziuba, Alperin et al. 20Mleal, Perkovic et al. 2013).

Figure 19. Sites of action of OADsMetformin targets both the liver and skeletal meisthe

thiazolidinediones (TZDs) improve insulin sensityyireduce hepatic glucose production, and
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improve glucose disposal indirectly by altering idipmetabolism in adipose tissue.
Sulfonylureas, meglitinides (glinides) and GLP-tapgtor agonists target pancredticells
and increase insulin secretion. GLP-1 agonists edslnce excess glucagon secretion by
pancreatica-cells and slow gastric emptying. DPP-4 inhibitoesluce the breakdown and
increase the levels of endogenous incretin hormoGé®-1 and GIP.a-Glucosidase
inhibitors (AGI) slow the rate of carbohydrate digen by the small intestine. Selective
SGLT2 inhibitors reduce glucose reabsorption by Kiwgney. Abbreviations, AGl,a-
glucosidase inhibitor; DPP-4i, dipeptidyl peptid@sanhibitor; GIP, glucose-dependent
insulinotropic polypeptide; GLP-1, glucagon-like ppee-1; SGLT2i, sodium glucose
cotransporter-2 inhibitor; SU, sulfonylurea. Moddifrom (Bailey, 2011).

1.3.2. New class of oral antidiabetic medication — Glifloms

1.3.2.1. Physiological function of sodium - glucose cotranspters

a) Sodium - glucose cotransporte(SGLTSs) family
The SGLTs are members of a sodium solute sympoftersly, which plays a role in
transport both molecule Nand glucose across the membrane with the sametiditre The
human SGLT protein family comprises 12 memberduthing Na-cotransporters for sugars,
myo-inositol, iodide, short-chain fatty acids, adldoline, all encoded by th8LC5 genes
(Wright, Loo et al. 2011). Table 3 summarised n#@LTs in human.

Table 3. Sodium-glucose cotransporters’ familyAdapted from (Wright, Hirayama et al.
2007).

SGLT member  Substrates Distribution in human tissue

SGLT1 Glucose, Intestine, trachea, kidney, heart, brain,
galactose testis, prostate

SGLT2 Glucose Kidney, brain, liver, thyroid, muscle
heart

SGLT3 Glucose Intestine, testis, uterus, lung,Mrai
thyroid

SGLT4 Glucose, Intestine, kidney, liver, brain, lung,

mannose trachea, uterus, pancreas
SGLT5 Glucose, Kidney

galactose
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SGLT6 D-chito-  Brain, kidney, intestine

inositol

These 12 family members share an amino acid igewmtit 21-70%. There are
characterized by 14 transmembrane domains, wheee Nkand C-termini face the

extracellular (luminal) side of the ceRfigure 20; Augustin and Mayoux, 2014).
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Figure 20. The secondary structure of human SGLTHuman SGLT1 is an amino acid
sequence arranged on a 14-transmembrane-helix mattelboth the N- and C- termini

facing the extracellular side of the cell membrafbke glucose-binding and translocating
domain is located towards the COOH terminal of phetein. Adapted from Augustin and
Mayoux, 2014).

b) Role of SGLT1/2 in glucose homeostasis in kidney

Among this family, SGLT1 and SGLT2 are the mostlwbhracterized cotransporters. SGLT
1/2 play an important role in glucose homeostasiskidney. Normal kidneys (with a
glomerular filtration rate o~125 mL/min) filter approximately 180 L of plasmacbaday.
Thus, a healthy individual with an average plasreage concentration of 5-5.5 mmol/L
(90—-100 mg/dL) will filter approximately 160—-180aj glucose daily, all of which will be
reabsorbed (Wright, Hirayama et al. 2007). The Irghacose handling occurs at two main
sites. Firstly, SGLT2 is a high-capacity and lovirafy transporter, which is located in the
S1 and S2 segments of proximal convoluted tububepunts for 90% of reabsorption
through. Secondly, a high-affinity low-capacity rtsporter SGLT1 is located in the S3
segment (more distal and straight section) of thexipal tubule, which scavenges the

remaining 10% filtered renal glucosBidgure 21). SGLT1/2 transports molecules Tdad
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glucose into the cells using sodium gradient cobde Na/K* ATPase pumps. Glucose is
then transported passively by GLUT1/2 along itscemtration gradient into the interstitium
(Bakris, Fonseca et al. 2009).
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Figure 21 Role of sodium glucose cotransporters (SGLT1 a8&LT2) and facilitative
glucose transporters (GLUT1 and GLUT?2) in maintamg glucose homeostasiSGLT1
and SGLT2 are secondary active cotransportersemlty the Na/K*™ -ATPase pump, which
actively extrudes sodium across the basolateral breame. Modified from (Tahrani, Barnett
et al. 2013).

c) Renal glucose homeostasis in diabetic patients

In patients with T2D, both renal and hepatic glecaoslease are increased in the post-
absorptive state. It has been found that patierits T2D have increased renal glucose output
in the post-absorptive state, causing increase@dsel of glucose into the blood not only from
the liver, but also with a significant contributitwy the kidneys (Wilding, Woo et al. 2012).
Specially, in another study, in patients with TiBe maximum glucose transport capacity of
glomerulus was reported to be up to 20% higher atiepts with T1D than in healthy
individuals (Jabbour, Hardy et al. 2014). In additithe increase in glucose release over the
4.5-hour postprandial period has been shown tabghly 30% higher in patients with T2D

compared with healthy individuals, primarily dueincreased endogenous glucose release. It
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has been reported that glucose uptake by the kidisesaised by more than twofold (21.0 £
3.5 vs. 9.8 £ 2.3 g in diabetic vs. non-diabetidiwiduals) during a 4.5-h period following

ingestion of 75 g of glucose (Meyer, Woerle et24104). Specially, the increased glucose
reabsorbtion from glomerular filtrate is well recized in people with diabetes mellitus. One
study has been reported that the transport maxifium) increased from approximately 350
mg/min in normal individuals to approximately 42@/min in those with diabetes mellitus

(Gerich, 2010). Due to these reasons, the kidnéys diabetic person continue to reabsorb
glucose. Consequently, hyperglycemia remains uacted and contributes to the ensuing

problem of hyperglycemia.

1.3.2.2. Sodium - glucose cotransporter 2 inhibitors

This new class of drugs — the SGLT inhibitors — &agery long history. The first compound
in this drug is phlorizin — O-glucoside phlorizinhgdrochalcones (a type of flavonoid),
which was isolated in 1835 by French chemist frbw® apple tree bark. Later, in 1886, the
famous diabetologist Joseph Vas Mering first déscripharmacological role of phlorizin as
ingestion caused glycosuria (Ehrenkranz, LewisleR@05). Then phlorizin was found to
improve glycemic control in diabetic animals (Rdgs&mith et al. 1987; Rossetti, Shulman
et al. 1987). However, the majority of phlorizintgeonverted into an intermediary before it
can be of any use, thereby requiring an increasgose to achieve desired hypoglycemic
effect. In addition, phlorizin is poorly absorbedthe small intestine and it has a short half-
life, because the O-glucoside bond is highly sutsclep to hydrolysis by intestinal
glucosidases. Especially, the lack of selectivitydrds SGLT2, which caused sufficient
gastrointestinal side effects, is one main reasdry \whlorizin was precluded as an
antidiabetic drug.

As the majority of glucose reabsorption occurs vie SGLT2 transporter,
pharmaceutical companies have focused on the dawelot of SGLT2 inhibitors. They
aimed to find an ideal renal glucose reabsorptidrbitor for T2DM treatment, which would
selectively inhibit SGLT2 and could exert some satective inhibition of SGLT1 to avoid
the reduction of glucose absorption in the sma#stne. In addition, it would require good
bioavailability, safety and tolerability, and predbly a plasma half-life that would suit once-
daily oral administration (Tahrani, Barnett et2013). The search for such an ideal inhibitor
led to the discovery of molecules such as canaglil dapagliflozin, empagliflozin,
ipragliflozin (Table 4). They are all SGLT2 selective inhibitors, havelGeoside linkage so
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they are not hydrolyzed by intestinal glucosidasiss class of antidiabetic medications
effectively lowers blood glucose levels and offeadditional benefits, including low
propensity for causing hypoglycemia, weight logs] eeduction in blood pressure (Inzucchi,
Zinman et al. 2015). It has been reported thabfithese agents induce significant urinary
glucose excretion, reduce blood glucose and retiody weight in obese diabetic models
(Bailey 2011).

Table 4. New SGLT2 inhibitors and their status and selectyviData is adapted from

http://www.drugs.com/

Name of SGLT 2 selectivity Dose

drug Brand name Status over SGLT 1 (fold)  (once daily)

Canagliflozin  Invokana Available in >250 100 mg;
USA 300 mg

Dapagliflozin  Farxiga Available in >1200 5 mg;
USA, EU, 10 mg
Australia

Empagliflozin Jardiance Approved in >2500 10 mg;
Europe, USA 25 mg

Ipragliflozin  Suglat Submitted in >550 25 mg;
Japan 50 mg or

up to 100 mg

Tofogliflozin  Apleway Approved in >1,875 20 mg
Japan

Sotagliflozin  LX 4211 Phase-Il clinical Dual SGLT1/2 200 mg;
trials inhibitor 400 mg

Mechanism action of SGLT2 inhibitors

SGLT2 inhibitors are a unique class of antidiabeliugs, which works independently of
insulin, and thereby its efficacy should be presdrwithout regard to the advancement of the
pancreati@-cell failure. SGLT2 is considered to mediate apprately 90% of renal glucose
reabsorption. Therefore, SGLT2 inhibitors enhancmany glucose excretion in kidney

leading to remove the glucose from the body, camsetly decreasing the blood glucose
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level. It has been reported that SGLT2 inhibitargliove both fasting and postprandial
hyperglycemia without causing weight gain and hypogmia (Dardi, Kouvatsos et al. 2015).
In addition, SGLT2 inhibitors also contribute toetlsurvival of pancreatic islet cells and
preserve insulin production (Inzucchi, Zinman et 2015). SGLT2 inhibitors have been
demonstrated to be effective in treatment of p&dieith T2D and are anticipated to be also
effective in treatment of patients with T1D in nusnbof clinical trials (Vasilakou,
Karagiannis et al. 2013; Hattersley and Thoren2@€rkins, Cherney et al. 2014; Henry,
Thakkar et al. 2015).
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Figure 22 Mechanism action of SGLT2 inhibitordModified from (Dardi, Kouvatsos et al.
2015).
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1.3.2.3. Pharmacological actions of sodium-glucose cotransger 2 inhibitors

a) Effect on urinary glucose excretion
Since approximately 90% of renal glucose is redimbby SGLT2, the inhibition of SGLT2

activity reduces the tubular glucose reabsorptiod kEads to the excretion of glucose in
urine, hence reducing hyperglycemic state evemn gftecose loading. However, in clinical
studies, SGLT2 inhibitors inhibit only 30-50% ofetHiltered glucose load in healthy
individuals (Dardi, Kouvatsos et al. 2015). A numbé explanations have been proposed to
explain this paradox, the more satisfactory explana are:

(i) high plasma protein binding reduces the filtereatlof SGLT2 inhibitors and results
in insufficient drug concentration in the tubulammen to inhibit SGLT2 (Liu, Lee et al.
2012);

(i) renal secrection and slow off rate of SGLT2i coaldo explain the limitation of
SGLT2 inhibitors (Liu, Lee et al. 2012);

(iif) under conditions when SGLT2 is inhibited, SGLis forced to reabsorb glucose at its
maximum capacity resulting in the less amount afcgée excreted in the urine (Abdul-
Ghani, DeFronzo et al. 2013).

b) Effects on plasma glucose levels (HbAlc, FPG and®P
It has been well known that the SGLT2 inhibitorgndiicantly reduce the level of plasma

glucose, which is shown by a reduction of the Hbkevels (Dardi, Kouvatsos et al. 2015).
For example, at 24 weeks, dapagliflozin lowered I#pbBy 0.44 % (placebo-adjusted) in
patients with a baseline HhA< 8.0 %, by 0.54 % in patients with baseline HbA 8.0 to <

9.0 %, and by 1.01% in patients with baseline A9 % (Chao 2014). In addition, another
study has shown placebo-adjusted reductions inidirAm baseline to week 24 of 0.74 ® (

< 0.001) and 0.85 %p(< 0.001) for the empagliflozin 10 mg and 25 mge$psespectively.
Corresponding, the reduction of HhAvalues (~0.8%) was accompanied with a decrease in

fasting plasma glucose (~2 mmol/L) (Hedrington &ais 2015).

c) Effect on fasting hypoglycemia
Although hypoglycemia is the most potential sidke@f of several oral antidiabetic agents,

SGLT2 inhibitors work independently from insulinawe minimal risk of producing
hypoglycemia and do not overstimulate pancreatia loells. However, hypoglycemia may
occur when SGLT2 inhibitors are used in combinatath other antidiabetic drugs. For
example, a low risk of hypoglycemia has been olexkramong patients treated with

canagliflozin taken as monotherapy. In 26-week,doanized, double-blind, placebo-
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controled, phase 3 trial, 584 subjects receivedgi#iozin 100 or 300 mg or placebo once
daily. They reported that the percentages of stbjatth hypoglycemia were similar with
canagliflozin 100 or 300 mg and placebo (3.6, 3@ 2.6%, respectively) (Stenlof, Cefalu et
al. 2013). Nevertherless, it has been documentadathincreased incidence of hypoglycemia
when canagliflozin was used in combination withuiivs or sulfonylureas. The randomizes,
double-blind, placebo-controlled evaluated cankglih as an add-on to metformin plus
sulphonyluruea in T2D patients over 52-week treatmd@hey found that more patients
treated with canagliflozin 100 and 300 mg than @lec had documented hypoglycemia
(33.8%, 36.5% and 17.9%, respectively) (Wildinga@tentier et al. 2013). Similar findings
were observed with empagliflozin, a low rate of bglycemia (< 1%) has been shown for
empagliflozin used as monotherapy (Rosenstockskizlat al. 2014); (Roden, Weng et al.
2013). However, for empagliflozin added to metfarnplus sulfonylureas in T2D, the
frequency of hypoglycemia was greater for empagifi 10 mg (16,1%) and 25 mg (11,5%)
versus placebo (8,4%) in 24-week, randomized, dasbbhd, placebo-controlled trial
(Haring, Merker et al. 2013).

d) Effect on total body weight
In addition to improving the glycemic control, tkeagents also lead to other beneficial

effects such as a reduction in weight. The gludasaduced by SGLT2 inhibitors is typically
associated with a net calorie loss of approxima28§ — 30&kilocalories per day leading to
weight reductions about 2 k8 over 24 — 53%veeks (List, Woo et al. 2009).

e) Effect on blood pressure
This group of drugs exerts a therapeutic contrerdkie high blood pressure. All studies with

SGLT?2 inhibitors to date demonstrated significaductions in blood pressure, with greater
reductions seen in systolic (-1.66 mmHg to —6.9 ngntHan diastolic (—0.88 mmHg to —-3.5

mmHg), possibly by acting through net sodium lostheut apparently changing the heart
rate (Rosenwasser, Sultan et al. 2013). Importarttis has been observed without a
compensatory increase in heart rate (Bailey, Gevsd. 2010; Vasilakou, Karagiannis et al.
2013).

f) Unexpected effects
First of all, as sodium is cotransported with gedy SGLT2, sodium is lost due to SGLT2-

inhibited diuresis. This loss of sodium preventpdmatremia, the trigger for thirst, which
interferes with the ability to compensate for wdtess, possibly leading to dehydration and
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hypovolemia-related events. Second of all, due rioreasing glucosuria, urinary tract

infections and mycotic genital infections have begported in patients treated with SGLT2

inhibitors, particularly in females. Third of all2 June 2015, the US Food and Drug
Administration and the European Medicines Agenegpectively, have been reported that
life-threatening cases of diabetic ketoacidosisshasen found in patients with type 2 diabetes
treated with SGLT2 inhibitors (Dardi, Kouvatsosa&t2015).

g) Cardiovascular benificial effects
Since inhibition of SGLT2 leads to glucosuria wdah accompanying diuresis, weight and
blood pressure reductions, all of which are theca#y beneficial in patients with CVD.
Besides, recent studies have also suggested thah@ng glucosuria with SGLT2 inhibitors
improves insulin sensitivity as measured by penighglucose uptake (Merovci, Solis-
Herrera et al. 2014)t has been reported that SGLT2 inhibitors are @ased with a small
increase in high-density lipoprotein as well asirgrease in low-density lipoprotein with
concomitant reductions in triglyceride levels (MaonaNardini et al. 2014). Whether these
small lipid changes could potentially offset anytgrdial CV benefit with SGLT2 inhibitors
will need further clarification. Moreover, SGLT2hibitors may also improve endothelial
function by decline collagen, elastin, advancedalipn end-products and other components
of connective tissue that participate in the precafsarterial stiffening (Zimlichman, 2014;
Cherney, Perkins et al. 2014). It is also concdevdlttat SGLT2 inhibitors have been shown
to reduce leuokocytosis, inflammation and oxidasuess, which are processes involved in
the pathophysiology of atherosclerosis in animaldet® (Tahara, Kurosaki et al. 2013;
Osorio, Coronel et al. 2012).

1.3.3. Empagliflozin and cardiovascular benefits

Among SGLT2 inhibitors, empagliflozin was approvea,January 2014 in Europe
and August 2014 in USA. Empagliflozin (Jardianaefjch is commercialized at the doses of
10 mg and 25 mg once daily, is indicated for tleatiment of T2DM with conditions as add-
on to a background glucose-lowering therapy inelgdmetformin (Scheen 2015). Recent
results from a randomized, placebo-controlled eaa@scular outcome trial of empagliflozin
(EMPA-REG Outcomes) were highly impressed. It hasrbreported that empagliflozin led
to significant reductions in HbAlc (by ~0.3-0.6%)eight (by ~2 kg) and systolic blood
pressure (by ~3 mmHg) without any compensatoryeim®e in heart rate. There were also
significant rises in LDL-cholesterol and HDL-chdle®| levels as expected. Suprisedly,
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empagliflozin significantly lowered death from cenascular causes (by 38%), heart failure
hospitalisation (by 35%) and death from any cabse3@%) (Zinman, Wanner et al. 2015).
However, it also raises many questions, includimeymechanisms behind these benefits, the
cardiovascular benefits of empagliflozin is becaoksecondary effects of glycemic control,

or a direct effect on the cardiovascular system.

-oH

Jardiance® (Empagliflozin)

Figure 23. Chemical structure of empagliflozinAdapted from (Dardi, Kouvatsos et al.
2015).

Before the application of SGLT2 inhibitors as glsedowering drugs, metformin has
been considered as the first choice in oral diab&tatment thanks to its potential
cardiovascular protective effect. Metformin exeits antidiabetic activity by increasing
peripheral glucose uptake and utilization, and e#sing hepatic gluconeogenesis. It has been
reported that the metformin group experienee86% relative risk reduction in all-cause
mortality (@ = 0.01), a 39% relative risk reduction in myocatdnfarction ¢ = 0.01) and a
30% relative risk reduction in all macrovasculad eoints p = 0.02) compared with the
conventional group in patients with T2D in a 104yé&alow-upp study (UKPDS 34, 1998).
Thus, metformin is the only OAD to demonstrate gigant cardiovascular benefit over and
above its glucose lowering effect in diabetes ()98®wever, it has been mentioned some
disadvantages of this class in treatment for pttiemith renal insufficiency. Because
metformin is excreted by the kidney, therefore, foretin may accumulate in patients with
kidney failure, leading to elevated blood lactaeels and ultimately inducing lactic acidosis
(Inzucchi, Lipska et al. 2014). Consistently, matiom has also been found to associated with
lactic acidosis (Fitzgerald, Mathieu et al. 200R)erefore, the dose of metformin should be
reviewed and reduced (e.g., by 50% or to half-makighose) in those with estimated
glomerular filtration rate (€GFR) < 45 mL/min pe73 nt, and renal function should be
monitored closely (every 3 months). This drug sdm stopped once eGFR falls to < 30
mL/min per 1.73 ra(Lipska, Bailey et al. 2011).
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Regarding the insulin sensitizer, some studies hademonstrated that
thiazolidinediones (TZD) reduced triglyceride levednd lower blood pressure. However,
rosiglitazone, one of thiazolidinediones, was wigtveh of the trade because of its increased
risk of heart problem including heart attacks aedrhfailure (Nissen and Wolski 2007; St.
Onge, Motycka et al. 2009). The mechanism for tteeeased cardiovascular risk associated
with rosiglitazone related to the fluid retentidhe elevation of LDL (Palee, Chattipakorn et
al. 2011). In regard to sulfonylureas, it is not ydear whether sulfonylureas directly
contributes to the increased risk of CVD (Shimodd &aku 2016). The UK Prospective
Diabetes Study demonstrated that intensive glycesoittrol with either sulfonylureas or
insulin resulted in significant reductions in micascular complications, (1998) and a
subsequent epidemiologic analysis demonstratedwctien in macrovascular complications
associated with improved glycemic control (Strattéwller et al. 2000). In contrast, other
studies have shown no significant effect on thesaif major cardiovascular events with
sulfonylureas (Gerstein, Miller et al. 2008; Duckt Abraira et al. 2009). Moreover, other
disadvantages of sulfonylureas are the risk of tgggin and hypoglycemia.

In contrast with the traditional OADs, it has besavealed in recent studies that
empaglifiozin decrease the HbAlc, systolic blooglspure without significantly changing the
heart rate and the body weight (Neumiller 2014)sTug also has a low intrinsic propensity
to cause hypoglycemia. Although, the decrease im acid and increase in hematocrit is
noticed as an additional beneficial effect, ther@a impact on liver toxicity or elevation of
liver enzymes (Malhotra, Kudyar et al. 2015). Relgay bone mineral density or bone
fracture, the U.S Food and Drug Administration hstsengthened the warning for
canagliflozin related to the increased risk of bmaetures and decreased risk of bone mineral
density (FDA Drug Safety Communication, 2015). Thes$fects of empagliflozin have not
yet been reported.

Empagliflozin has been used as a monotherapy irergatuncontrolled by diet and
exercise; as an add-on therapy to metformin, ofarmatn plus sulfonylurea, or pioglitazone
plus metformin; and lastly as an add-on to insulna 24-week trial. Empagliflozin
monotherapy proved significantly beneficial in rechg the HbAlc levels by 0.74% (10 mg
dose) and by 0.85% (25 mg dose) compared with btacand also reduced fasting blood
glucose levels across all studies (25 mg prefeoest 10 mg daily) (Roden, Weng et al.
2013). In addition, it has been also published dmapagliflozin 10 and 25 mg for 24 weeks as
add-on to metformin therapy significantly improvgigcemic control. In this study, patients
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with HbAlc levels of>7% to < 10% while receiving metformin>500 mg/day) were
randomized and treated with once-daily treatmerth vempagliflozin 10 mgn = 217),
empagliflozin 25 mgr{= 213), or placeba(= 207) for 24 weeks. At week 24, adjusted mean
(SE, standard error) changes from baseline in Hbw&ce —0.13% (0.05)% (-1.4 [0.5]
mmol/mol) with placebo, —0.70% (0.05)% (7.7 [OrBinol/mol) with empagliflozin 10 mg,
and -0.77% (0.05)% (-8.4 [0.5] mmol/mol) with emiidagin 25 mg (bothP < 0.001)
(Haring, Merker et al. 2014). These studies alsowsll significant reductions in fasting
glucose, body weight and systolic blood pressurmapared to placebo. The similar results
were also found in evaluation studies of empaglifion combination with metformin plus
sulfonylurea, and pioglitazone plus metformin (lHgriMerker et al. 2013; Lewin and Frias
2015; Kovacs, Seshiah et al. 2014). Moreover, itreésently shown that empagliflozin
improved glycemic control and reduced weight withmereasing the risk of hypoglycemia
and with lower insulin requirements in obese inadgly controlled T2D patients
(Rosenstock, Jelaska et al. 2014).

However, loss of glucose-lowering efficacy over dis a common limitation of
existing treatments for diabetes and the long-teandiovascular effects of SGLT2 inhibitors
remain unknown. Several long-term vascular outctmaés are ongoing to assess specifically
the cardiovascular safety of the various SGLT2hitbrs (Table 6). The CANVAS study
with canagliflozin as add-on to normal care waststhpreapproval. CANVAS is following
about 4400 patients with T2D for more than 4 yeargparily to capture major adverse
cardiovascular events (Retrieved framtps.//clinicaltrials.gov/ct2/show/NCT010326§29 he

DECLARE study with dapagliflozin as add-on to noftngare also will investigate major
adverse cardiovascular events in about 17 000msatand is planned to continue for about 6
years (Retrieved from https,//clinicaltrials.gov/ct2/show/NCT01730534 Regarding
empagliflozin, the EMPA-REG OUTCOME, was recentlybpshed (Zinman, Wanner et al.
2015). In this trial, patients with T2D at high devascular risk were randomized to receive

empaglifiozin 10 mg or 25 mg or placebo once dadlgtients treated with empagliflozin had
lower rates of the primary outcome, which was ddedim cardiovascular causes, nonfatal
myocardial infarction, or nonfatal stroke [10.5% %2.1%, HR 0.86 (CI 0.74, 0.99)], with a
P-value of 0.04 for superiority. This was primaridlfiven by lower rates of death from
cardiovascular causes, 3.7 vs. 5.9%, 38% relaisle neduction, which i2-fold higher
compared with metformin — the best treatment fabdtic patients to reduce cardiovascular
events. These findings suggested that empaglifieiaals more cardiovascular benefits than
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others OADs. In addition, hospitalization for hetailure (2.7 vs 4.1%, 35% relative risk
reduction) and all-cause mortality (5.7 vs. 8.3%%3relative risk reduction) were both
significantly reduced with empagliflozin versus @dao. This is the first study of a glucose

lowering agent to demonstrate CV risk reduction ihedicated cardiovascular outcomes trial.
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Table 5. Ongoing trials regarding cardiovascular outcome&dapted from (Katz and Leiter 2015)

Clinical trials Treatment

N Population

Results

Endpoints
po! expected

Canagliflozin (100 and

CANVAS-R
300 mg) vs placebo
Canagliflozin (100 and
CANVAS
300 mg) vs placebo
Canagliflozin (100 m
CREDENCE J ( 9)
vs placebo
Dapagliflozin (10 m
DECLARE bad ( 9

vs placebo

3,627  CVD or high risk for CVD

4,363  CVD or high risk for CVD

eGFR > 30 and < 90
3,627 mL/min/1.73 nt on ACEi or

ARB

27,000 CVD or high risk for CVD

Primary: Progression of albuminuria
Secondary: CV death, nonfatal Ml or non 2017
fatal CVA

June
CV death, nonfatal bt non fatal CVA
2018
Primary: ESRD, doubling of serum
creatine, renal or CV death
2019

Secondary: CV death, nonfatal Ml or non
fatal CVA

CV death, nonfakél or non fatal CVA 2019

ACE, angiotensin-converting enzyme; ARB, angiotemsceptor blocker; CV, cardiovascular; CVA, cawdiscular accident; CVD,

cardiovascular disease; eGFR, estimated gloméilifation rate; ESRD, end stage renal disease;miocardial infarction.
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The underlying mechanism for the cardioprotectiffect is unlikely to be solely due
to the reduction of the glucose reabsorption im&id Since empagliflozin reduced by about
0.6% the level of HbAlc while metformin by about5%, the protective effect of
empagliflozin most likely involves besides improyimglycemia also other effects such as
possibly on the vascular system.

To our knowledge, there are only few reports timaestigated the effect of SGLT
inhibitors on vascular function in normal conditsoand diabetes. Oelze and colleagues have
demonstrated that chronic treatment of streptonoto(STZ)-treated rats with the
empagliflozin prevents the development of endo#thellysfunction, oxidative stress,
AGE/RAGE signaling and inflammation in a well-chetexrized animal model of T1D. In
comparison with control rats, STZ injection causediothelial dysfunction in diabetic rats,
the ACh-dependent relaxation was reduced from 2@Ql31% to 80.3 + 2.3%. This impaired
ACh-dependent relaxation was improved up to 91&7%6 and 85.5 + 2.4% after 7 weeks’
treatment with empagliflozin 10 and 30 mg/kg/d pesgively. In addition, in the same study,
treatment with empagliflozin reduced oxidative s¢ran aortic vessels and in blood of
diabetic rats. It has been shown that oxidativesstiwas increased in the diabetic rats and
reduced by both SGLT2 inhibitors doses, although,hégher than to the control. Moreover,
the phosphorylation of eNOS at Serll177, which a®es eNOS activity, was impaired in
STZ-treated rats, and also found to be improvedregtment with empagliflozin (Oelze,
Kroller-Schon et al. 2014). Another study invedtigg the role of canagliflozin in the
regulation of vascular relaxation in mouse pulmgrard coronary arteries has observed that
the acuteex-vivotreatment (20 min) with canagliflozin exerts averde effect on pulmonary
arterial function (inhibited pulmonary vasodilat)prwhereas chronic treatment (16 weeks)
with canagliflozin has a beneficial effect on theranary arteries (enhanced coronary
vasodilation) in T2D mice (Han, Cho et al. 2015he%e findings suggested that SGLT2
inhibitors differentially regulate vascular relaxet depending on the type of arteries, duration
of the treatment, and the health condition sucthiasetes.

The in vitro andin vivo studies regarding expression of SGLT1/2 and tiecebf
SGLT1/2 on blood vessels are still limited. Besi#iemey, several investigators demonstrate
that SGLT1/2 are also expressed in other organstiasdes including heart, lungs and
pulmonary and coronary arterial endothelial celhdn, Williams et al. 2010; Taubert,
Rosenkranz et al. 2004; Wright, Hirayama et al.7Z20Blan and colleagues have examined the
MRNA expression level of SGLT subtypes in mouse haachan endothelial and SMC of

pulmonary and coronary arteries (Han, Cho et al520They found that SGLT2 are not
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detected in both endothelial and SMC of pulmonarg eoronary arteries, whereas SGLT1
was detected but had much less expression levgbaad to that of the intestine and kidney.
Another group has demonstrated that, delphinidgit@oside (Dp) - a member of a family of
bioactive compounds known as anthocyanins, is p@msd into endothelial cells in a
temperature, concentration, and time-dependent erana SGLT1 bothn vitro andin vivo
studies (Jin, Yi et al. 2013). SGLT1 was noticeadkpressed in the human umbilical vein
endothelial cells (HUVECSs) and vascular endothelafrthe isolated thoracic aorta. They also
found that Dp uptake by HUVECs in Naontaining medium was dramatically higher than
that in Nd-free medium. Dp uptake by HUVECs in the present&®.60 mM phlorizin
resulted in a reduction of approximately 96%, (QtA¥.27 vs. 20.18 £ 0.66 nmol per 106 cells
for phlorizin and control groups, respectively), embas a reduction of > 95% occurred
following treatment with 3 M of D-glucose (0.94 28 nmol per 1®cells). Furthermore,
there was a significant reduction in Dp uptake BLF1 mRNA suppression. Together, these
results support the hypothesis that the carriertated process of Dp uptake was SGLT1-
dependent in HUVECSs. In contrast, the informatibow the expression of SGLT2 in blood
vessels is still questionable.

Overall, a novel therapeutic approach by SGLT2hitinn plays a central role in the
diabetes management nowaday. They have glucoseihgvabilities similar to others
existing glucose — lowering medications. Moreovbey have the other advantages such as
weight loss, blood pressure reduction and a low fis hypoglycemia. They are generally
well tolerated and have favourable safety profi@knical trials have consistently confirmed
the antihyperglycaemic efficacy of SGLT2 inhibitjoas monotherapy or add-on to other
glucose-lowering therapies. However, the informatiegarding the impact of SGLT2
inhibitors on cardiovascular outcomes is still bed. Initial results indicate not only
cardiovascular safety, but also a significant réidacin major cardiovascular events, as well
as cardiovascular and total mortality (Zinman, Wanat al. 2015). The result of another
additional ongoing long-term  studies is awaited rmnsoo(Retrieved from
http,//www.ndei.org/conference-coverage-empa-retgaue-trial-empadgliflozin-reduces-
cardiovascular-deaths-SGLT2-inhibitor-EASD-cong+28%5.aspk

87



AIM OF THE STUDY

To our knowledge, diabetes is one of the most ehglhg public health problem that
is approaching epidemic proportions globally. Despnany treatments available for diabetic
patients on the market, the mortality of diabetitignts is still increasing every year. Since
cardiovascular complications are commonly seeniabeatic patients this is the major risk
factor for mortality. Regardless of other contribgt factors, hyperglycemia remains a
primary focus linking diabetes to vascular dise&&ical and experimental investigations
have shown that oxidative stress induced by hypeeghia plays an important role in the
pathogenesis and development of cardiovascular lkcatipns in diabetes. However, the
exact mechanism by which oxidative stress contebtid and accelerates the development of
cardiovascular complications in diabetes remainsetalarified. A number of evidences have
supported the view that hyperglycaemia through atke stress mediates the impairment of
endothelium-dependent relaxation by decreasindit@vailability of NO and increasing the
release of endothelial constrictor factors, patidy ROS. Besides, a recent therapeutic
approach for diabetic patients — SGLT2 inhibitdras shown a significant effect not only on
reducing blood glucose levels, but also on decngasie cardiovascular risk in animal models
of diabetes and patients with T2D. Although the n@@ism by which SGLT2 inhibitors
reduce the cardiovascular risk factors is still mall understood. There are increasing
evidences showing the beneficial effect of SGLTRibiors on control of blood glucose
level. However, reduction of plasma glucose conegion often has little effect on CVD risk
as shown with other antidiabetic drugs. We hypoteesthat SGLT 1 or 2 might exist on
endothelail cells, and contribute to the transpoirt glucose. Therefore, SGLTs could
contribute to reduce the increased level of oxidattress induced by high glucose (HG) in
endothelial cells in blood vessels in diabetes.hSacconcept would explain that SGLT
inhibitors have a direct effect on blood vesselsibgreasing endothelial dysfunction induced

by HG leading ultimately to a reduced cardiovasauask.

For these reasons, initially, our first goal wasetdablish arex vivomodel of HG
induced endothelial dysfunction in different typefsisolated arteries from animals (male
Wistar rat and porc). Then, our goal was to clatii contribution of SGLTs in the transport
of glucose in endothelial cells under HG condititm&valuate the protective effect of SGLT
inhibitors (for example, empagliflozin) on the etidial function. Contratry to our
expectation, HG did not show any alteration eithrercontractile nor on relaxation responses

in all tested types of artery. The absence of effaised the question regarding the
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contribution of oxidative stress to the impairmehtendothelial relaxation of blood vessels.
Therefore, our next mission was to determine tliigtion of endothelial dysfunction via
oxidative stress by examining the effect of pyré@aWwhich is known to be a generator of
superoxide anions, on endothelial function in tla¢ aorta. Since, we have found that
pyragallol significantly enhanced the contractiled aattenuated the endothelium-dependent
relaxation responses in aortic rings; we concludat toxidative stress is able to cause
endothelial dysfunction in the rat aorta. Howeuer,our ex vivo model, oxidative stress
induced by HG was not sufficient to impair the ethétium-dependent relaxation responses
in aortic rings. In other word, the effect of HG emdothelium-dependent relaxation responses
might too small to alter significantly vascular cgaity of healthy rats. It might also be
related to certain factors, such as a gender, stgain, species of studied animals, and
conditions of housing of animals. Therefore, weiremibated aortic rings with HG and
pyrogallol in order to evaluate the effect of HG endothelium-dependent relaxation
responses in aortic rings with an increased leVaxaative stress (a lower healthy status)
induced by a low concentration of pyrogallol. Indamn, the lack of effect can also be
accounted for a too short incubation time to HGe,;hwe also examined the effect of a long-

term incubation with HG on the relaxant activitytaith rat aorta and porcine coronary artery.

In addition, our aim was also to characterize bleedsels of diabetic patients, either
alone or in association with main cardiovasculsk factors such as hypertension and age by
evaluating the level of oxidative stress and thpression levels of eNOS, SGLTs and the
components of angiotensin system. We have collebtedan internal mammary arteries
(IMA) harvested operatively from 58 patients undemv coronary artery bypass grafting
between July 2013 and January 2016 in the New ®Ewipital of Strasbourg. Since the
alterations of the endothelial properties of eaklA Igrafts in the presence of single or
combined risk factors may have some relevancearclimical setting. Therefore, firstly, we
have analyzed the clinical charecteristics of thgepts by several categogies including the
time of havesting artery, age, sex, smoking, an@atlearance, body mass index, duration of
hospitalization and preoperative medications ugesldiabetes and hypertension were the
most frequent risk factors in bypass patients, wedeld the patients into three groups:
normotensive and non-diabetic, hypertensive, anabalic and hypertensive patients.
Secondly, we have evaluated the level of oxidasitress in IMA from patients in different
groups in order to indicate the contribution of kdites and hypertension in the level of

oxidative stress. We also have determined therdiffesources of ROS in IMA from each
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group. The results from identifying sources of Re showed that eNOS is one of the
potential sources of ROS; hence, thirdly, we haxauated the expression level of eNOS in
IMA from diabetic patients. It has been found thia¢ increased ROS induced by local
angiotensin Il in endothelial cells; therefore, iy, we also evaluated the expression level
of components of the angiotensin system in IMA frahabetic patients. Finally, the

expression level of SGLTs in the IMA has also besmluated in order to clarify the

association between diabetes with/without hyperdensind the transport of D-glucose in
endothelial cells.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Reagent Information

Details of all reagents studied in this thesispaovided in Table 6.

Table 6. Reagents InformationAbbreviation: dHO: distilled water

Reagents Abbreviations Purchased from Solvent

i g%rftzg’;zol(g[f";r_‘é]"pxy?izrﬁ:é"i)rfz'° VAS-2870  Sigmal-Aldrich  DMSO
Acetylcholine ACh Sigmal-Aldrich Krebs' buffer
Acrylamide 30 % Sigmal-Aldrich diD

Alexa 633-conjugated goat anti-Alexa anti- Invitrogen Blocking buffer
mouse IgG mouse

gggﬁ |693§ -conjugated goat anti-gggﬁ anti- Invitrogen Blocking buffer
Ammonium persulfate APS Sigmal-Aldrich olBl

Bovine serum albumin BSA Sigmal-Aldrich TBST buffer
Bradykinin BK Sigmal-Aldrich d:=O

Calcium chloride CagGl Sigmal-Aldrich dHO

Catalase CAT Sigmal-Aldrich 0:5)

Clarity Western ECL Substrate  ECL Bio-rad

Dako fluorescence mounting Dako France SAS,

medium DAKO Les Ulis

DC™ Protein Reagent Assay Kit Bio-rad

D-glucose D-glucose Sigmal-Aldrich Krebs' buffer
Dihydroethidium DHE Sigmal-Aldrich DMSO
DMEM media DMEM Gibco

Fungizone Cambrex

Indomethacin Indo Sigmal-Aldrich do
Magnesium sulfate heptahydrate MgS®LO  Sigmal-Aldrich dHO

Mouse anti-eNOS Ab eNOS BD Biosciences Blockingduf
Mouse anti-Glyceraldehyde 3- = ) - apppy Merck Millipore Blocking buffer

phosphate dehydrogenase
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Abbreviations Purchased from

Solvent

Reagents

Mouse anti-nitrotyrosine Ab OONO-
Mouse anti-tissue factor Ab TF
Myxothiazol Myx
N,N,N',N"-

Tetramethylethylenediamine TEMED
N(w)-nitro-L-arginine L-NA
N-acetylcysteine NAC

OCT compound OCT
Penicillin

Peroxidase-labeled anti-mouse
IgG

Peroxidase-labeled anti-rabbit anti—rabbit IgG

IgG

Phenylephrine PE
Phogphate-buﬁered saline PBS
solution 10x concentrated
Polyethyleneglycol - catalase PEG-CAT
S’i(;%itt?;lgneglycol - superoxide PEG-SOD
Polymyxin B sulfate Pol-B
Potassium chloride KCI
Potassium cyanide KCN

Potassium dihydrogen phosphate R4
Prestained markers
Pyrogallol Pyr
Rabbit anti-nox1 (gp91phox) Ab gp91phox

Rabbit anti-angiotensin

; Ab ACE
converting enzyme
Rabbit anti-angiotensin I Ab Ang Il
Rabbit anti-AT1 receptor Ab AT1
Rabbit anti-AT2 receptor Ab AT2
Rabbit anti-cyclooxygenase -1 Ab COX-1

Merck Millipore

Blocking buffer

Sekisui Diagnostics

Sigmal-Aldrich
Sigmal-Aldrich

Sigmal-Aldrich
Sigmal-Aldrich

Tissue-Tek, Sakura

Finetek

Cambrex

anti-mouse IgGInvitrogen

Invitrogen
Sigmal-Aldrich
Euromedex
Sigmal-Aldric
Sigmal-Aldrich

Sigmal-Aldrich
Sigmal-Aldrich
Sigmal-Aldrich
Sigmal-Aldrich
Invitrogen
Sigmal-Aldrich

Santa Cruz
Abbiotec

Peninsula

Laboratories
Santa Cruz
Santa Cruz

Abcam

Ethanol
dHO

diO
¢:S)

Blocking buffer

Blocking buffer
Krebs' buffer
(0:5)
dHO
dyO

¢.3)
de
£ibl
deD

dkO
Blocking buffer

Blocking buffer

Blocking buffer

Blockimgjfer
Blockimgjfer
Blogkbuffer
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Reagents Abbreviations Purchased from Solvent
Rabbit anti-cyclooxygenase -2 Ab COX-2 Abcam Blogkbuffer
Rabbit anti-p22phox Ab p22phox Santa Cruz Bloclongfer
Rabbit anti-p47phox Ab p47phox Santa Cruz Bloclongfer
Rabbit anti-P-eNOS (Serl1177) Ab P-eNOS Cell Sigugli Blocking buffer
EZESSO?E tli-Sodium-qucose Ab SGLT1 Santa Cruz Blocking buffer
E:ES&)?E t2i-Sodium-qucose Ab SGLT2 Santa Cruz Blocking buffer
Rotenone Rot Sigmal-Aldrich Ethanol
RPMI 1640 media RPMI 1640 PAN-Biotech

Sodium bicarbonate NaHGO Sigmal-Aldrich dHO

Sodium chloride NacCl Sigmal-Aldrich dHO

Sodium dodecyl sulfate SDS Sigmal-Aldrich M

Sodium nitroprusside SNP Sigmal-Aldrich pilyl
Streptomycin Cambrex

Sulfaphenazol Sulfa Sigmal-Aldrich o 5]
Superoxide dismutase SOD Sigmal-Aldrich 20H
Thromboxane Aanalogue U46619 Cayman Chemical dH.O

U46619 Company

Tris HCI 1.0 M pH = 6.8 Euromedex aeé

Tris HCI 1.0 M pH = 8.8 Euromedex ae
I(girslglrﬁ(r:g:g dBuffer 10x TG 10x Euromedex O
Tris/Glycine/SDS Buffer 10x TG-SDS 10x Euromedex )
concentrated

Iéirslél;l:;frzrtiz saline solution 1OxTBS Euromedex b0

L e e Sobon 10 gps
Tween 20 Euromedex TBS buffer
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2.2.  Ethics statement

This study conforms to the Guide of Care and the &fdaboratory Animals published by the
US National Institutes of Health (NIH publicatioroN85-23, revised 1996) and the present
protocol has been approved by the local Ethics Cibimen(Comité Régional d’Ethique en
Matiere d’Expérimentation Animale, France, apprauainber AL/01/09/09/05).

2.3. Preparation of isolated blood vessels

2.3.1. Isolated arteries from rat
Male Wistar rats (10-15 weeks old and weighing ange 200-350 g) were housed at a

constant temperature of 21-22°C, with a 12 h ldgnt cycle, and fed on standard pellet chow
and waterad libitum. Before sacrifice, rats were anesthetized withtqearbital (50 mg/kg,
intraperitoneally). The interested artery (aortaaiirnmesenteric, renal, carotid, femoral
arteries) was rapidly removed and immersed in ethilKrebs' solution, composed of (mM),
NaCl, 119; KCI, 4.7; MgS®@7H0, 1.2; KHPQ, 1.2; CaCl, 2.5; NaHCQ, 25; and D-
glucose, 11. After the connective tissue was cHyefemoved, rings approximately 4 mm in
length were cut. Each arterial ring was mountediwa stainless steel hooks/clips placed
through the lumen. One clip was anchored to theobobf the organ bath while the other was
connected to a strain gauge for measurement ofgelsaof isometric tension with the aid of
the pVessel software in an organ bath (10 mL)dilleth Krebs’ solution, maintained at 37°C
and bubbled with 95% £ 5% CQ (pH 7.4).

Carabid

arfory . _ [
Hardio urct
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Aldoeminal
nrFks
Main meoscntoric Lett rnn)
artary RFtery
Right ronal |
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Famoral
artcry

i I ;‘.._5:
Figure 24. Schematic of the target rat arteries studiedPicture modified from

http,//www.biologycorner.con/
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2.3.2. Porcine coronary artery
Pig hearts were collected from the local slaugluese (Copvial, Holtzheim). The left

circumflex coronary arteries were excised, immeisethilled Krebs' solution and cleaned of
loose connective tissue. Then, rings of porcineomary arteries approximately 5 mm in
length were cut and suspended in organ baths. rire sexperiments, the endothelium was
removed from the rings by gently rubbing the intirmarface of the blood vessel with a pair

of watchmaker’s forceps.

2.3.3. Human internal mammary artery
The study population comprised patients who woddit from elective CABG. Permission

was obtained from our local Ethics Committee, algatients gave their written informed
consent. Biological waste segments of internal mamgnartery (IMA) from 58 bypass
surgery patients were kindly provided by the vaacsurgeons of the New Civil Hospital of
Strasbourg between July 2013 and January 201@rativere divided into three groups, the
control group included patients without cardiovdacusk factors, they are normotensive and
non-diabetic; the second group incuded hypertengateents and the third group included
diabetic patients with hypertension. Details infation regarding patients were described in
Table 7. After removal, the IMA segment was incubated irelss’ solution, transported at
room temperature to the laboratory and process#unn8 h. Segments were cleaned of fat
and connective tissues and cut into rings of 3-4 lemgth. One ring of IMA was stored at -
80°C for Western blot. Rings of IMA were frozenamitrogen bath, grinded using a mortar
and pestle and then homogenized in extraction b(fife details see section 2.5). One ring of
IMA was embedded in OCT tissue Tek, stored at -8@t@valuation of the formatioim situ

of reactive oxygen species (for details see se@i6hand immunofluorescence staining (for

details see section 2.7).
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Figure 25.Internal mammary artery (Adapted fromhttp,//drbenzur.cony/
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Table 7. Clinical profile of the study patientsValues are mean = SD or percentage.
Abbreviations, M, male; F, female; BMI, body masslex; ACE, angiotensin-converting

enzyme; OAD, oral antidiabetic agents.

Studied patients (n = 58)

(Mean + SD)
Risk factors
Age, years 68.0 £ 9.3
Sex, male/female 51/7
BMI, kg/m? 27.8+45
Creatinin clearance (ml/min) 79.1+35.1
Hypertension, n (%) 42 (72.4)
Diabetes, n (%) 20 (34.5)
Dyslipidemia, n (%) 42 (72.4)
Smokers, n (%) 6 (10.3)
Ex-smokers, n (%) 25 (43.1)
Preoperative medications used n (%)

Treatment with beta-blocker 47 (81.0)
Treatment with aspirin 46 (79.3)
Treatment with statin 44 (75.9)
Treatment with ACE Inhibitor 34 (58.6)
Treatment with diuretic 21 (36.2)
Treatment with OAD 17 (29.3)

2.4. Vascular reactivity studies

2.4.1. Arteries from rat
Vascular reactivity was performed to determine ¢gesnn isometric tension. The target rings

were stretched step by step until an optimal rggension (2 g for aortic rings and 1 g for all
other arteries rings) was reached and then allawestuilibrate for at least 45 min. During
this period, tissues were washed every 10 min.rAlte equilibration period, the rings were
exposed to Krebs bicarbonate solution containihggh concentration of potassium (KCI, 80
mM) until reproducible contractile responses weneamed in order to check the function of
the vascular smooth muscle. After three times wagshiith Krebs bicarbonate solution, the

rings were precontracted with tle adrenoreceptor agonist phenylephrine (PES M) to

96



reach a stable plateau about 80% of the maximatraction by high K solution over
approximately 15 min, before addition of acetyl¢hel(ACh, 16° M) to check the presence
of a functional endothelium. Endothelium was coestd to be functional when the ACh-
induced relaxation was at least 80%. Endotheliure d&emed absent when its response was
not developed or was smaller than 20%. Then, eacghwas washed and re-equilibrated for
30 min. After washout and equilibration period,gsnvere exposed to high D-glucose (Sigma
Aldrich). The conditions of incubation includingnte, concentrations of D-glucose and
additional pharmacological agents required for ef@sh are described in the corresponding
specific chapters. After incubation time, rings eagain contracted with PE (10/) before

the application of increasing concentrations ohaitACh (10'° — 10° M) and/or sodium
nitroprusside (SNP), (1 — 10° M, a NO donor) to construct concentration-relaati
curves. SNP, breaks down spontaneously to yield M@reby causing endothelium-
independent relaxation by the same effector meshamms NO released from endothelium
(i.e. activation of sGC) (Murad 1986); (Bolotinaajibi et al. 1994); (Perez-Vizcaino,
Cogolludo et al. 1999). In some experiments, poymB (10 pg/ml) was added to avoid
contamination (an inhibitor of lipopolysaccharidels) all cases, ACh or SNP was added to
yield the next higher concentration only when tbgponse to the earlier dose reached a steady
state.

The experiment data were recorded then analysew) ysVessels software. Tension
values were collected for the baseline, for thetramtion to KCI (plateau), and PE (plateau)
and also for each concentration of the cumulativecentration-relaxation curve to ACh and
SNP. Data were entered into Excel software andk@é&, PE-induced increase in tone
calculated (tension at KCI, PE plateainusrespective baseline tension). Each data point of
the cumulative concentration-relaxation curve tohAfas then subtracted from the baseline
tension and calculated as a percentage revers&Eahduced tone (% relaxation). The
concentration response data were fitted to a sigahaturve using nonlinear regression
(GraphPad Software) to calculate the pi(@egative logarithm of the half maximal effective
concentration). The maximum relaxationmggg to ACh or SNP was determined as a
percentage of the PE precontraction (af M). The cumulative concentration-contraction
curve to PE was determined as the developed teirsigrams (g) to PE. The data were then
entered into Graphpad Prism Version 5.0 softwarme ciarve construction and statistical

analysis (more details in section 2.8).
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2.4.2. Porcine coronary artery
The porcine coronary artery (PCA) rings were shretcstep by step until an optimal resting

tension (5 g) was reached and then allowed to ibgatié for at least 60 min. During this
period, tissues were washed every 15 min. After ébailibration period, the rings were
exposed to Krebs bicarbonate solution containihggh concentration of potassium (80 mM)
until reproducible contractile responses were oleidi After three times washing with Krebs
bicarbonate solution, the rings were precontractétth the U46619, a thromboxanez A
receptor agonist (U46199, 1-63M) to reach a stable plateau about 80% of the malxi
contraction to high K solution over approximately 60 min, before additiof bradykinin
(BK, 3.107 M) to check the integrity of the endothelium. Etidgium was considered to be
present when the BK-induced relaxation was at 188%. Endothelium was deemed absent
when its response was not developed or was snialler20%. Then, each ring was washed
and re-equilibrated for 30 min. After washout andigbration period, rings were exposed to
high D-glucose (Sigma Aldrich). The conditions n€ubation including time, concentrations
of D-glucose and additional pharmacological agesdsiired for each test are described in the
corresponding specific chapters. After incubationgs were again contracted with U46199
before the application of increasing concentratiohsither BK (10t° — 10 M) or SNP, (10
10_ 10° M) to construct concentration-relaxation curveatdDwere then analysed similarly as

those for rat arteries (for details see in sec?ignl).
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Figure 26. Schematic representation of vascular reactivity saeement systemModified
from the Department of Pharmacology, Universityvaitreal).

2.5. Western blot

2.5.1. Tissue lysate preparation

Human internal mammary artery rings (IMA) afterefaily removing the connective tissue
were frozen in a nitrogen bath and stored at -80%&n, frozen samples were grinded to a
fine powder using a mortar and pestle prechilleth\wguid nitrogen. Frozen sample powders
were transformed to ice-cold RIPA extraction buffeomposition in mM, Tris/HCI 20 (pH
7.5; QBiogene), NaCl 150, BO4 1, sodium pyrophosphate 10, NaF 20, okadaic a€i#l O
(Sigma), a tablet of protease inhibitor (Roche) &fal Triton X-100 (QBiogen). In general,
150 pul RIPA buffer was added for approximately 30 mg t&sue. The samples were
homogenized thoroughly and kept on ice for 30 maortex occasionally. Then in order to
break the cells or tissue up further and to shé@A[the samples were sonicated twice at a

power of about 40 Watts (in rounds of 10 seconascation/10 seconds rest for each cycle).
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The samples were kept on ice during the sonicakorally, by centrifugation at 16,000 g for
30 min at 4°C, the supernatants were collectedlble proteins. The concentration of total
proteins were determined by using Bio-ra@™ Protein Reagent Assay Kit HyLISA at
wavelength 650 nm. Samples were frozen at -80°Mfay-term storage, or used immediately
for Western blotting

2.5.2. Western blot

Total proteins (2ug) from IMA were separated on 10% SDS-polyacrylar(ifigma) gels at
70 V for 30 min to allow the proteins compact ie thorder of the gels, then 100 V for 60 min
to start proteins seperation. Separated proteinge wansferred electrophoretically onto
polyvinylidene difluoride membranes (Amersham) @0 v for 120 min. Membranes were
blocked with blocking buffer containing 5% bovinersm albumin Tris-buffered saline
solution (Biorad) and 0.1% Tween 20 (Sigma) (TBSHKIN) 1 h. For detection of interested
proteins, membranes were incubated with an antiblirdgted against either eNOS (1/10000),
P-eNOS Ser 1177 (1/1000), nitrotyrosine (1/200B3sue factor (TF, 1/500) angiotensin-
converting enzyme ACE (1/500), AT1 receptors (LMOAT2 receptors (1/1000), p47phox
(1/1000), p22phox (1/1000), COX-1, (1/10000), COX10000) and SGLT1, (1/1000) and
SGLT2, (1/1000) overnight at 4 °C. After five timaeashing by TBS-T, membranes were
incubated with an appropriate secondary antibodgrofpgdase-labeled anti—rabbit IgG,
(3/10000) or anti-mouse IgG (1/10000); Cell Sigmalirechnology) at room temperature for
60 min. Prestained markers (Invitrogen) were usad rmolecular mass determinations.
Ponceau staining was performed to verify the qualftthe transfer and equal amounts of
proteins in each lane. Immunoreactive bands wetecttsl by enhanced chemiluminescence
(Clarity Western ECL Substrate (Bio-rad). Then,using densitometry, the quatification of
protein bands from Western blot were assessed agdmJ 1,4 2q software (National
Institutes of Health, USA).

2.6.  Dihydroethidium staining

The redox-sensitive fluorescent dye dihydroethid{ihlE, G1H21N3) by virtue of its ability
to freely permeate cell membranes and in the poesehsuperoxide anion $0) is oxidized
to form a red fluorescent product (ethidium) witkcigation/emission peaks (520/610 nm)
(Munzel, Afanas'ev et al. 2002). Although, there some limitations in & quantification by
using DHE, such as DHE might increase thg @ismutation rate to #D», which also
oxidized DHE forming fluorescent oxidation productgth excitation/emission peaks
(490/600 nm) near the excitation/emission peaksthef ethidium, and this may cause
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interference problems with the fluorescent detectd the Q™ by using DHE. In spite of
these limitations, DHE is perhaps the most speaifid least problematic dye, which is used
extensively as ROS indicator (Owusu-Ansah, Yavaale2008). DHE is used to determine
the level of ROSn several animals and human tissues (Gomes, Féesagt al. 2005). For
example, recent study using DHE has shown incre&@8 levels in human tissue in the
setting of diabetes (Guzik, Mussa et al. 2002). drRdigg our experiment, human internal
mammary arteries (3—4 mm length) were embedded @T ©@ompound (Sakura Finetek,
Villeneuve d'Ascq, France) and frozen in a nitrogath for cryostat sections. DHE (2.5 uM)
was applied onto 25 um unfixed cryosections ofresefor 30 min at 37°C in a light-
protected humidified chamber to evalueteitu formation of ROS.

To determine the nature and source of ROS, ringee wacubated with several
inhibitors including the antioxidant N-acetyl-cyiste (NAC, 10 mM), polyethylene glychl
superoxide dismutase PEG-SOD (membrane-permeamtrcstge dismutase, 5Q0/mL),
polyethylene glycol-catalase PEG-CAT (membrane-gamh catalase, 5Q0I/mL),
superoxide dismutase (SOD, 300nL), catalase (CAT, 500/mL), VAS-2870 (NADPH
oxidase inhibitor and antioxidant, 300 uM), L-NA @\synthase inhibitor, 300 pM),
sulfaphenazol (cytochrome P450 inhibitor, 100 uiddomethacin (cyclooxygenase inhibitor,
10 uM) or inhibitors of the mitochondrial respitichain (myxothiazol, 0.5 UM + rotenone,
1 uM + KCN, 1 pM) for 30 min at 37°C before the dsh of DHE. Sections were then
washed, mounted in fluorescence mounting mediunkdP&aes Ulis, France) and cover-
slipped. Images were obtained using a confocartssEnning microscope (Leica confocal
microscope TSC SPE (x 63 HCX Pl Apo 1.32 NA objexti Wetzlar, Germany).
Quantification of staining levels was performedngsimage J 1,4 2q software (National
Institutes of Health, USA).

2.7. Immunofluorescence determination of target proteis

Segments of the human IMA (3—4 mm length) were aeded in OCT compound (Tissue-
Tek, Sakura Finetek) and snap-frozen in liquidogiém. Frozen arteries were cryosectionned
at 14 um. Sections were air-dried for 15 min amdest at —80°C until use. Sections were first
fixed with paraformaldehyde at 4%, washed and ecatith 10% milk in PBS containing

0.1% Triton x100 for 1 h at room temperature tockloon-specific binding. Sections were

! Poly(ethyleneglycol) (PEG) is the most commonly duseandidate for drug delivery, which covalently
conjugates to the molecule of interest like SOD @Ad'. Therefore, PEG-SOD and PEG-CAT are membrane-
permeant thank to the high aqueous solubility oEPE
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then incubated overnight at 4°C with an antibodsected against either eNOS (1/100),
nitrotyrosine (1/200), angiotensin Il (1/500), ATdceptor (1/400), AT2 receptor (1/400), and
ACE (1/200). Sections were then washed with PB&jbated with the secondary antibody
(Alexa 633-conjugated goat anti-rabbit IgG or Ale33-conjugated goat anti-mouse IgG)
diluted (1/400) in the same buffer for 2 h at rommperature in the dark, and washed before
being mounted iDako fluorescence mounting medium (Dako France 34&S,Ulis, France)
and cover-slipped. For negative controls, primarybadies were omitted. The samples were
observed using a confocal laser-scanning micros¢bgea confocal microscope TSC SPE
(x 63 HCX PI Apo 1.32 NA objective, Wetzlar, GerganQuantification of proteins levels
was performed using Image J 1,4 2q software (Natibmstitutes of Health, USA).

2.8.  Statistical Analysis

Data are presented as mean + SEM of n experimdfgan values were compared by
Student’st test (for paired data) or two-way ANOVA (for daftam vascular reactivity
experiments) and one-way ANOVA (for data from Wastelot) followed by the Bonferroni
post-hoc test to identify significant differencetween treatments, using GraphPad Prism
(Prism version 6.0, GraphPad Software, San Diedq, \TSA). In addition, the categorical
data of patients are counted in percentage todta¢ mumber of patients in the group, then
were compared by CHI-square test using GraphPatnPfihe difference was considered to

be significant when thp value was less than 0.05.
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CHAPTER 3

EFFECT OF HIGH D-GLUCOSE ON ENDOTHELIAL FUNCTION IN  RAT
ISOLATED ARTERIES

3.1. Introduction

As mentioned above, hyperglycemia-induced oxidastress leads to DNA damage and
activation of nuclear poly(ADP-ribose) polymerasehich can increase production of
polymers of ADP-ribose reducing glyceraldehyde B8guhate dehydrogenase activity
(Brownlee 2005). Consequently, the accumulatiorglg€olytic intermediates is increased,
which in turn activate damaging mechanisms: polgod hexosamine pathways, PKC
pathway, and AGEs formation. Ultimately, all of $kemechanisms lead to oxidative stress
inducing a low-grade proinflammatory condition doehe activation of transcription factors
such as nuclear factaB (NF-«B), to alter the functional property of matrix cooments, to
enhance the vascular permeability, increase vasdalee and in particularly to induce
endothelial dysfunction (Brownlee 2005).

Different methodological approaches have been tsevyaluate the alterations of the
endothelial function by high D-glucose (HG) in expeental studies. They includa vivo
studies with diabetic animals (Lash and Bohlen )94Eava, Azzopardi et al. 1997);
(Tesfamariam, Jakubowski et al. 1989); (Kuusistojkkénen et al. 1994), studies with
isolated arteries of diabetic animals (Tesfamarialakubowski et al. 1989); (Oyama,
Kawasaki et al. 1986); (Taylor, Oon et al. 1994i}hwsolated arteries of non-diabetic animals
exposed to high concentrations of D-glucose foredain period of time (Tesfamariam,
Brown et al. 1990); (Tesfamariam, Brown et al. J99Tesfamariam and Cohen 1992);
(Dorigo, Fraccarollo et al. 1997); (Wang, Xiong &t 2005); (Qian, Wang et al. 2010);
(Salheen, Panchapakesan et al. 2015), and withiresltof endothelial cells exposed to a
medium with high concentrations of D-glucose (Kasgi, Asahina et al. 1996); (Asahina,
Kashiwagi et al. 1995); (Kashiwagi, Asahina et &PR94). Although an endothelial
dysfunction has been observed in numerous animaletsoof diabetes and in diabetic
patients, a clear mechanism explaining the dirdigtce of hyperglycemia on endothelial
dysfunction has not been reported. It is due tordason that the hyperglycemia is usually
associated with insulin resistance, obesity andigdgiemia in diabetic model. Therefore, it is
hard to evaluate the effect of hyperglycemia withcaunting the contribution of the others

factors. In our study, we have choseneanvivomodel of HG (exposure isolated arteries to
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physiological salt solution containing an elevaghacose) to evaluate the direct effect of HG
on endothelial function in isolated arteries frdre hon-diabetic animals.

Using such of protocol, Tesfamariam reported thmags of rabbit aorta incubated for 6
h in 44 mM (790 mg/dL) D-glucose showed signifitardecreased endothelium-dependent
relaxations to ACh compared with rings incubatedDhglucose solutions of 5.5 mM (99
mg/dL) and 11 mM (198 mg/dL). Furthermore, relazasi in response to the endothelium-
independent agent SNP was not different betweegs raxposed to control and elevated D-
glucose, indicating that the hyperglycemia altgesipminant the endothelium (Tesfamariam,
Brown et al. 1990). Similarly, a Chinese group dtmand that a 6-h incubation of aortic rings
of male Sprague-Dawley (SD) rats with HG (44 mmpl#sulted in a significant inhibition of
the endothelium-dependent relaxation to ACh, bdtma effects on endothelium-independent
relaxation to SNP. Thenkx for ACh of rings exposed to 44 mM D-glucose was/4816.1%
while the rings in control D-glucose (11 mM) reagh#8.4 + 12.3% (Wang, Xiong et al.
2005). In contrast, Qian and colleagues showed aftat 0.5 or 1 h incubation of male
Sprague-Dawley’s aortic rings in HG (44 mM), ACIlillstvoked a normal relaxation. The
Emax reached 80.5 + 4.4% and 78.2 + 3.6%; but afte3 8r 4 h exposure to HG, thenk
decreased to 70.1 £ 11%, 55 + 5.6% and 51.2 + 5ré%pectively (Qian, Wang et al. 2006).
Another study using SD rat aorta also observedttieendothelium-dependent relaxations to
ACh in rat aortic rings exposed to HG (44 mM) foh 4s markedly decreased to 44.8 £ 3.2%
in comparison with rings exposed in normal D-gled¢$l mM) Emax was 72.6 £ 6.0%)
(Qian, Wang et al. 2010).

Besides, it has also been reported that the endotirdependent vasodilation to
methacholine was attenuated by acute hyperglycemhealthy subjects (Williams, Goldfine
et al. 1998).The group of Williams has assessed the endothdliependent vasodilation
through brachial artery infusion of methacholinéodlde both before and during a 6 h period
of local hyperglycemia (300 mg/dL) achieved by anarrterial infusion of 50% dextrose. The
forearm blood flow was determined by plethysmogyapfhey observed that at the highest
dose of methacholine (10 mg/min), forearm blooavflocreased by only 13.3 + 2.8 mimin’

1. 100 mL? during hyperglycemia compared with 14.7 + 1.5 min? - 100 mL?* during
euglycemia.

Therefore, the aim of this chapter is to charaztethe effect of HG on endothelium-
dependent relaxation in male Wistar rat isolatadres (including aorta, mesenteric, renal,
carotid and femoral arteries) in order to determine effect of gliflozin on HG-induced

endothelial dysfunction.
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3.2.  Method

Male Wistar rats were sacrificed and arterial rirgggdied under isometric condition as
described in 2.3 and 2.4. The rings were maintaatediresting tension of 2 g for aortic rings
and 1 g for all other types of rings for at leastSamin equilibration period. After checking
the presence of a functional endothelium, ringsewesmashed and prepared for another
equilibration period before studing the effect @& ldn the endothelium-dependent relaxation.
Based on the studies by Tesfamariam et al and €iah we exposed rat isolated arteries to
HG for 4 h or 6 h. D-glucose was added at a conagon of 14 or 33 mM to give a total
buffer concentration of 25 or 44 mM, respectivdly.some experiments, polymixin B (10
png/ml) was added to avoid the effect of contamimgalipopolysaccharides.

For long-term incubation studies, rings were in¢atdan Dulbecco’s modified Eagle’s
medium (DMEM) media for 15 h and 22 h with addiad®-glucose of 5 mM and 25 mM for
normal and HG condition, respectively. In additi@VIEM media was supplemented with
penicillin (100 U/ml), streptomycin (100 U/ml), fgizone (250 pg/ml) and polymixin B (10
pg/ml) in order to avoid contamination in long-teimaubation period.

After the incubation time, rings were contractedhwiPE before the application of
increasing concentrations of either ACh-{16- 10° M) to construct concentration-relaxation

curves. Data were collected and analysed as deslaril?.4.

3.3. Results
3.3.1. Effect of short term incubation in high D-glucose a the endothelial relaxation in
the rat aorta
The effect of a short-term incubation with HG on-iRBuced contraction and ACh-
induced relaxation in aortic rings are shown inl€aband Figure 27. The incubation with 44
mM D-glucose for 4 and 6 h did not affect the ralatxresponse to ACh in aortic rings from
male Wistar rat (n=6; Figure 27; Table 8). Neitlibe Enax for ACh nor PE-induced
contraction level (Table 8) were affected by indidrawith HG. Control data were obtained
from rings incubated for a similar period in stamd&rebs’s buffer containing 11 mM D-

glucose.
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Table 8 Effect of HG on the contractile response to PE arehdothelium-dependent

relaxation to ACh in rat aortic rings following alsort time incubation in HG

_ PE-induced
. Time . Emax by ACh
Interventions ) _ N contraction +
incubation + SEM (%)
SEM (9)
Aorta
Control ih 5 3.6+05 934+14
D-glucose (44 mM) 3.5+04 845+40
Control 6h 5 35+04 89.0+24
D-glucose (44 mM) 28x0.5 91.1+44
A Incubation period: 4 h B Incubation period: 6 h
s e~ D-glucose (11 mM) -e- D-glucose (44 mM) = -o- D-glucose (11 mM) -e- D-glucose (44 mM)
“?S 04 ‘;‘ 0}~
i i
o o
S S
= 50- = 50
S S
[4]
& 100- X 1004
0 o 8 7 6 5 0 o 8 7 & 5
Acetylcholine, Log [M] Acetylcholine, Log [M]
n=6 n=6

Figure 27. Effect of HG on the endothelium-dependent relaxatesponse to cumulative
concentrations of ACh in aortic rings with additmpre-contracted with PE (£0M). Rings
were exposed to 44 mM D-glucose for 4 h (A) and @hin organ bath containing 10 ml
Krebs’ solution at 37°C bubbled with 95%,®% CQ. The concentration-relaxation curves
to ACh were unaffected by 44 mM D-glucose after ar4 h incubation period. Data are
presented as the mean = S.E.M of 6 different erpents.

Notably, although the incubation with 44 mM D-glseofor 6 h did not affect
endothelium-dependent relaxation response to Al@retwas a non significant tendency of a
reduced contraction induced by PE f1d) in the HG group compared to the control group
(PE-induced contraction of HG group: 2.83 + 0.48gontrol group 3.48 £ 0.44 g).
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3.3.2. Effect of short term incubation in high D-glucose a the endothelial relaxation in

other types of rat arteries

The effect of a short-term incubation with HG on-iRBuced contraction level and
ACh-induced relaxation in other types of rat agsyincluding main mesenteric, renal, carotid
and femoral arteries are shown in Table 9 and Ei@&: Incubation with 25 mM D-glucose
for 3 h did not affect relaxation to ACh in all yipes of arterial rings from male Wistar rast
(n=5-9; Figure 28; Table 9). Neither thedzfor ACh nor the PE-induced contraction level
(Table 9) were affected by incubation with HG. Timatched control data were obtained
with rings incubated for a similar period in starti&rebs’s buffer containing 11 mM D-

glucose.

Table 9. Effect of HG on the contractile to PE and endotheth-dependent relaxation to

ACh in different types of arterial rings following short-term incubation

_ PE-induced
Interventions Incu.batlon N contraction Emax by ACh
time + SEM (q) + SEM (%)

Mesenteric artery
Control 1.2+0.1 99.3+05
D-glucose (25 mM) 3h > 1.1+£0.2 959125
Renal artery
Control 1.9+0.3 61.7+9.1
D-glucose (25 mM) 3h ? 1.70+£0.2 46.8 + 8.8
Carotid artery
Control 1.2+0.1 87.5+7.2
D-glucose (25 mM) 3h ° 1.4+£0.2 83.3 £5.030
Femoral artery
Control 1.1+0.1 81.4+45
D-glucose (25 mM) 3h ? 1.2+£0.1 825+4.3
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Incubation period: 3 h
-2 D-glucose (11 mM) —& D-glucose (25 mM)

A Main mesenteric artery B Renal artery
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Figure 28 Effect of HG on the endothelium-dependent relaxatto cumulative
concentrations of ACh in main mesenteric (A), reiigl carotid (C) and femoral (D) arterial
rings from male Wistar rat. Rings were exposed Son#M glucose for 3 h in organ bath
containing 10 ml Krebs’ solution at 37°C bubbledhv®5% Q, 5% CQ. Concentration-

relaxation curve to ACh was unaffected by 25 mMcghke after 3 h incubation period. Data

are presented as the mean + S.E.M of 5-9 differepériments.

The data in Table 9 and Figure 28 showed thatrtbegbation with 25 mM D-glucose

for 3 h did not affect both contraction level to RIBd relaxation response to ACh in
mesenteric, carotid and femoral artery rings. Iditah, it should be noted that in renal
arterial rings, there was a non significant treacatdecreased ACh-mediated endothelium-
dependent relaxation. Although, the differencedlaxation response to ACh between renal
arterial rings in control and HG groups was nomngigant, it has been observed that the

108



maximum relaxation to ACh in renal arterial ringgpesed to HG fell from 61.68 + 9.06 to
46.76 + 8.83/scontrol (n = 9, Table 9 and Figure 28, B).

3.3.3. Effect of long term incubation of rat aortic rings in high D-glucose on the
endothelial relaxation

Since there was no induction of endothelial dysfiomcin the previous experimental
protocols using short-term incubation period oéaal rings in elevated glucose. The effect of
a long-term incubation period (for either 15 h & B) in DMEM media, which was
supplemented by penicillin (100 U/mL), streptomy¢i®0 U/mL), fungizone (250 pg/mL)
and polymixin B (10 pg/ml) in order to avoid bacécontamination was assessed.

The effect of HG for a long-term incubation on #helothelium-dependent relaxation
response to ACh in aortic rings from male Wistds are shown in Table 10 and Figure 29. It
should be noted that the contraction level to PE depressed after long-term incubation
period, possibly due to the induction of inducibMOS and COX expression by
proinflammatory cytokines. In contrast, relaxatidaasACh were not detected either in rings
incubated with 25 mM D-glucose for 15 and 22 h afwb not in the time-matched control

rings.

Table 10.Effect of a long-term incubation with HG on the caractile to PE in rat aortic

rings with endothelium

_ PE-induced
_ Incubation _
Interventions ) contraction (g)
period
n=1| n=2| n=3
Control 193 | 241
15h
D-glucose (25 mM) 0.66] 2.06
Control 0.84 | 0.98| 0.88
22 h
D-glucose (25 mM) 0.59] 0.75% 0.68
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Figure 29. Effect of HG on the endothelium-dependent relaxatm ACh (1 M) in aortic
rings pre-contracted with PE (£01). Rings were exposed to 25 mM glucose for 22 Hhidh

in DMEM media supplemented by penicillin (100 U/mL3treptomycin (100 U/mL),
fungizone (250 pg/mL) and polymixin B (10 pg/ml)an incubator at 37°C supplied with 5%
COy, before the organ chamber assay. Similar effectse vadrserved in one (for 15 h
incubation) and two (for 22 h incubation) additibegperiments.

3.4. Discussion
The principal finding of this chapter was that theubation with 44 mM D-glucose for 4 and
6 h did not affect the endothelium-dependent rdiaraesponse to ACh in aortic rings with
endothelium from male Wistar rat. Similar negatigsults were also observed in other types
of artery (main mesenteric, renal, carotid and fexharteries) following incubation with 25
mM D-glucose for 3 h. In addition, the long timeubation for 15 h and 22 h in 25 mM D-
glucose reduced markedly the contractile respondeH, therefore it was difficult to assess
the endothelium-dependent relaxation response toiA@uced by HG in aortic rings.
Although, the literature has shown that hyperglyeeappears to be a main cause of
endothelial dysfunction, particularly, HG has beeported to attenuate the ACh-induced

endothelium-dependent relaxation responses (Tdble 1
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Table 11.Experimental studies showing impaired endotheliuregendent relaxations in arterial rings exposed t@GHAIl the endothelium-
dependent relaxations were significantly differeatween HG and control rings. Abbreviatidhis: Wistar; SD: Sprague Dawley; NZW: New
Zealand White rabbits; endothelium-dependent rélexaEDR.

_ D-glucose concentration
N° Reference Diabetes model Vessel o . EDR response
time incubation

1 Tesfamariam et Male NZW rabbits Abdominal aorta = D-glucose 44 mM; 6 h attenuated E®RCh, Enaxfor ACh reduced
al. 1990 (2.2-2.5 kg) about 35%ys control (D-glucose 11 mM)

2 Tesfamariam et Male NZW rabbits Abdominal aorta . D-glucose 22; 44 mM; 6impaired EDR to ACh, kaxfor ACh reduced
al. 1991 (2.2-2.5 kqg) about 15% and 35% in aortic rings in 22 and 44
mM D-glucose, respectivelyscontrol (D-

glucose 11 mM)

3  Tesfamariam & Male NZW rabbits Abdominal aorta = D-glucose 44 mM; 6 h impaired EDRACh, BEnaxfor ACh reduced

Cohen. 1992  (2.2-2.5 kQ) about 35%ys control (D-glucose 11 mM)
4 Taylor et al. Female Wis rats  Third-order D-glucose 45 mM; 2 h impaired EDR to AChydfor ACh reduced
1994 (220-250 g) mesenteric arteries about 27%vs control (D-glucose 5.5 mM)

5 | Brouwers et al. Male Wis rats Second-order D-glucose 30 and 40 mMimpaired EDR to ACh, gaxfor ACh reduced
1994 (300-450 g) mesenteric arterie h about 17%vs control (D-glucose 5 mM)

6 Zhangetal. Male SD rats Thoracic aorta;  D-glucose 44 mM; 5 h; impaired EDR to ACh, kaxfor ACh reduced
2004 9-month-old D-glucose 20 mM in 7 h; about 20 %vscontrol (D-glucose 11 mM)
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7 Wang et al. Male SD rats Thoracic aorta D-glucose 44 mM; 6 h impaired EDR@h, Enaxfor ACh reduced
2005 (180-200 g) about 40%ys control (D-glucose 11 mM)
8 Qian et al. 2006 Male SD rats Thoracic aorta D-glucose 44 mM; 0.5; dmpaired EDR to ACh, gaxfor ACh reduced
(average 250 Q) 2;3;4h about 10, 15 and 20% for 2, 3 and 4 h incubation,
respectivelyyscontrol (D-glucose 11 mM)
9 Goel et al. 2007 SD Rat Thoracic aorta D-glucose 46 mM; 3 h impaired EDR@h, Enaxfor ACh reduced
(225-250 q) about 20%vs control (D-glucose 6 mM) in female
rat; no significant difference in male rat
10 Goel et al. 2008 NZW rabbit Thoracic aorta D-glucose 46 mM; 3 h impaired EDRACh, Enaxfor ACh reduced
(2.5-3 kg) about 20%vs control (D-glucose 6 mM) in female
rabbit; approximately 10% in male rabbit
11 Ellis et al. 2008 C57BL/6 mice; 8 Aorta; D-glucose 30 mM; 20 h  impaired EDR to ACh (50 pdput 20%vs
weeks age; main mesenteric control (D-glucose 11 mM) in aortic rings;
artery impaired EDR to ACh about 10%s control in
mesenteric arterial rings.
12 Qian et al. 2009 Male SD rats Thoracic aorta D-glucose 44 mM; 4 h impaired EDR@h, Enaxfor ACh reduced
(average 250 Q) about 28%vs control (D-glucose 11 mM)
13 Dhar et al. Male SD rats Thoracic aorta D-glucose 15, 25 mM; 2dttenuated ACh-induced relaxation of rat aortic
2010 11-week old rings about 25 and 50% in 15 and 25 mM D-

glucose, respectivelys control (D-glucose 5 mM

1
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14

Sun et al. 2011

SD rats of both
genders
(180-200 g)

Thoracic aorta

D-glucose 11, 25 mM;
24 h

impaired EDR to ACh, gaxfor ACh reduced

about 17% and 40% in aortic rings incubated in 11

and 25 mM D-glucose, respectivels control (D-

glucose 5.5 mM)

15 Rama Krishna Male Wis rats of Thoracic aorta D-glucose 44 mM; 2 h impaired EDR@h, Enaxfor ACh reduced
Chaitanya and (average 300 * 25 about 21%ys control (D-glucose 5.5 mM)
Chris 2013 0)

16 Salheenetal. Male Wis rats Third order branchD-glucose 40 mM; 2 h impaired EDR to ACh, the sevisy to ACh
2015 (average 250 g) = mesenteric artery pPEGso significantly reduced from 6.96 + 0.10 to

6.36 = 0.12 compared with control (D-glucose 11

mM)
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Our results contrast with the previous results regb in the literature. Several
experimental studies reported attenuated endothaliependent relaxation in both isolated
arteries of diabetic models (Oyama, Kawasaki e1286); (Pieper and Gross 1988); (Kamata,
Miyata et al. 1989); (Abiru, Watanabe et al. 199@ameron and Cotter 1992) and also in
arteries of non-diabetic animals exposed to highcentrations of D-glucose for a certain
period of time (Table 11). Even though these resuliffer to some extent between
publications as shown in Table 11. Several possdsilexist to explain the discrepant results.

First of all, it has been documented that the gerdifierence can contribute
differently to the impairment of endothelium-depentvasodilation after acute exposure to
HG both in aorta from rats and rabbits (Goel, Zhah@l. 2007); (Goel, Thor et al. 2008)
(Table 11). Goel and colleagues have reportedth®atncubation of aortic rings taken from
female rats for 3 h in Krebs containing 46 mM Daglse attenuated ACh-induced relaxation
compared to normal D-glucose (11 mM). ThesBo ACh was 77.8 + 4.6% (before exposed
to D-glucose) and 56.2 + 4.3% after incubation WG whereas that the sensitivity to ACh
as assessed by -logksC(pEGo) was similar for both cases. In contrast, ACh ot
relaxation was not affected by HG in aortic ringkein from male rats (Goel, Zhang et al.
2007). These findings suggested that that a 3 Wbatoon with elevated level of D-glucose
impairs ACh responses only in the female rat aomigs. In another study by the same group,
it has been observed that the extent of HG indummdbthelium-dependent vasodilation
impairment was significantly greater in female thaale rabbit aorta: in male rabbit aorta
Emax fell from 53.60 + 3.42 to 45.84 + 2.84% and in denrabbit aorta & fell from 57.8 +
3.39 to 43.74 + 3.74% in control and HG rings, extppely (Goel, Thor et al. 2008). It is
consistent with the clinical data suggesting theb@asiderably higher diabetes-related relative
risk for a major coronary heart disease event abelic women (hazard ratio 14.7) than in
men (hazard ratio 3.8) (Juutilainen, Kortelainemale2004). A meta-analysis of 37 studies of
T2D and fatal coronary heart disease among a tdtédl7 064 patients has reported that the
relative risk for fatal coronary heart disease eisded with diabetes is 50% higher in women
than in men (Huxley, Barzi et al. 2006). Althouglle £xact mechanism of gender bias has not
been elucidated. It has been suggested that in sas®s this is due to the effects of sex
hormones (Inada, Arai et al. 2007). Indeed, thect¢fdbf sex hormone can be contradictory in
different animal models with, for example, male gdectomy protecting against diabetes in
some models such as non-insulin-dependent diabat#gus in a model rat (Otsuka-Long-

Evans-Tokushima Fatty; (Shi, Mizuno et al. 1994)jilev being ineffective or increasing
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incidence in other models such as in transgeni@ mipressing an insulin-ras hybrid gene
(Efrat 1991).

Second of all, strain and species differences shalslo be carefully considered when
choosing a model as background strains and diffesgecies have different susceptibilities to
diabetes and treatments. Studies in the Table 14 $taown the different effect of HG on the
endothelium-dependent relaxation response to ACBDrand Wistar rats. The group of Dhar
has found that the incubation with 25 mM D-glucéme2 h significantly reduced about 50 %
the maximum relaxation response to ACh in aortiggifrom male SD rats (Dhar, Dhar et al.
2010). In contrast, in another study with the mattage male Wistar rats: the same exposure
time (2 h) to higher concentration of D-glucose (@¥!) significantly decreased ACh-induced
relaxation, but with a smaller effect approximat20f6 (Enax values of control: 85.01 + 2.90
and HG: 64.68 £ 2.71%) (Rama Krishna Chaitanya@hnds 2013). The different degree of
impairment of endothelium-dependent relaxation ©GhAwas shown in these two studies
suggesting that the different types of animal sgaontribute differently to the effect of HG
on endothelial dysfunction. In addition, Goel amlleagues have reported that the incubation
of in aortic rings from male SD rats 46 mM D-gluedsr 3 h did not affect the endothelium-
dependent relaxation to ACh, but did significamdguced by about 10 % those in aortic rings
from male New Zealand white rabbits (Goel, Zhan@let2007); (Goel, Thor et al. 2008).
Therefore, the conflicting results may be due ® different strain and species of the animal
models studied. Ideally, more than one speciesrainsshould be investigated.

Third of all, the literature has also reported filnetuation in the degree of impairment
of endothelial relaxation induced by HG in differdypes of artery (Table 11). Data from
Table 11 have shown the variation in the degreenpiairment of endothelium-dependent
relaxation to ACh in aortic rings exposed to eledaD-glucose. Some groups have found that
the incubation in 44 mM D-glucose for 6 h inducedoat 20% impaired endothelial
relaxation in male SD rat aortic rings (Qian, Waatgal. 2006); (Zhang, Yang et al. 2004),
while others groups observed about a 40 % thosengy\Wéiong et al. 2005). With regard to
the mesenteric artery, a similar variation was abserved in the literature. Taylor and
colleagues have reported a significant impairmaho(t 30%) of the endothelium-dependent
relaxation to ACh observed in third-order mesentarieries incubated in 45 mM D-glucose
for 2 h in female Wistar rats (Taylor and Posto®4)9 In male Wistar rats, it was observed
only about 10% and 20% impairment of endotheliddxation in third- and second-order
mesenteric arteries, respectively, with the sammosuxre time (2 h) to 40 mM D-glucose
(Salheen, Panchapakesan et al. 2015); (Brouweessbin et al. 2010) (Table 11). This
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discrepancy may be related to differences in tipe ©f vessels studied and possibly also to
differences in gender.

Regarding the other types of artery, unlike thetsa@nd mesenteric artery, the
literature about endothelial relaxation responseaenal, carotid and femoral arteries are
limited. In contrast with our result, Tadros andlegueas have studied the effect of HG
concentration and oxidative stress on transiengpteec potential vanilloid 4 ion channel-
mediated relaxation in rat carotid artery ringsriradult male Wistar rats. They found that 2 h
incubation in 40 mM D-glucose impaired the endatheldependent relaxation to ACh in
carotid artery rings. The sensitivity psGnd Enax to ACh were both reduced significantly
(PEGsomannitol = 7.17 + 0.14, pEHG = 6.65 + 0.15; Rax mannitol = 97 + 4%, kxHG =
78 = 7%) (Tadros, 2015). It should be noted that ¢bncentration of D-glucose (40 mM)
used in this study is much higher than the onenf®9 used in our protocol. It is possible that
due to this reason we did not observe the samédt rasuradros’s group. Regarding the
femoral artery, no information has been publishddwever, one group has studied the
contractile responses to potassium chloride (KGlyat coronary and femoral arteries in
solutions containing varying concentrations of Degise (2.75, 5.5 and 11 mM). When
femoral arteries were superfused with 2.75 and M [aglucose and stimulated with KCI,
the tension was significantly reduced when compwasigdthose in normal glucose (5.5 mM):
from 100% to 71.08% + 8.51% in 2.75 mM and 79.30%.63% in 11 mM D-glucose. In
contrast, when coronary arteries were superfusdéd Wi mM glucose the tension was
significantly increased from 100% to 165.09% * 5.9%8&ontrol (5.5 mM) (n = 6) (Nava,
Carbo et al. 2002). These findings indicate thatdHferent type of artery could contribute
differently to the PE-induced contraction level arterial rings incubated in elevated D-
glucose. Thus, the individual vascular beds exfifferences in vascular reactivity therefore
their relaxation and contraction responses mayfteetad differentially by hyperglycemia.
Particularly, our results were not consistent i previous findings. It might also be related
to the different baseline of their health statustoflied animals due to the diversity in animal
age, food and water supplied, conditions of cagingousing system such as the temperature,
humidity and cleanliness of stored room or the b&haof animals induced differently due to
stress caused during the performance of experiments

Forth of all, the duration of hyperglycemia mighsa affect the impairment of
endothelial relaxation. It has been shown the &#oh response of endothelial function at
different stages of diabetes induced in animal rsodly streptozotocin. In aortic rings

contracted with noradrenaline, endothelium-dependestaxation to acetycholine was
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increased at 24 h following injection with strepiticin compared with controls, kept stable
after 1 and 2 weeks of disease, and then impaiced the § weeks of disease (Pieper 1999).
Sincein vivo studies have shown that the ACh-mediated endathetiependent relaxation is
impaired in long-term period rather than in shertt period, similar tendency might be also
found in ex vivo conditions. It may explain why we did not obsethie HG-induced the
impairment of endothelium-dependent relaxation easp to ACh after 3 or 6 h incubation.
Therefore, we changed the protocol with 15 and 2@chbation aortic rings in 25 mM D-
glucose. However, we were unable to establish dmg-term incubation in HG model to
induce endothelial dysfunction because of a depde$ésvel of PE-induced contraction in
aortic rings after long-term incubation. It is p$s that this might be due to the induction of
inducible NOS and COX expression by proinflammatoyiokines. In contrast, the group of
Sun and Su has shown that the incubation of adrngs with HG for 24 h resulted in a
significant inhibition of endothelium-dependentasation, but had no effect on endothelium-
independent relaxation. They reported that the sxy@of aortic rings to elevated D-glucose
(11 and 25 mM) for 24 h significantly attenuatedaxation responses to ACh in a dose-
dependent manner compared with the control growax © ACh was 73.18 + 1.51% and
49.21 + 1.65% in 11 mM and 25 mM groups90.87 £ 1.97% in control group (5.5 mM),
respectively (Su, Liu et al. 2008); (Sun, Su eRall1).

Regarding the results in human tissues, it has desronstrated that the endothelium-
dependent vasodilation is impaired by acute hygeeghia not only in diabetic patients
(Ceriello, Taboga et al. 2002); (Kawano, Motoyamale 1999); (Arora, Lidor et al. 2006)
but also in healthy humans (Williams, Goldfine etl®98); (Beckman, Goldfine et al. 2001);
(Grassi, Desideri et al. 2012). Although, the atere also showed the different effect of HG
on endothelial relaxation in human blood vessele $tudy of Williams et al has reported
that after 6 h of local hyperglycemia (300 mg/dh)orachial artery achieved by intra-arterial
infusion of 50% dextrose, the forearm blood flowr@sponse to a maximal concentration of
methacholine chloride (10 mg/min) was significardBcreased from 14.7 + 1.5 #nhin/100
mL to 13.3 £ 2.8 mL/min/100 mL (Williams, Goldfinet al. 1998). In contrast, the study of
Houben and colleagues failed to demonstrate imgpaii®@—mediated vasodilation to ACh in
the human forearm during a 24 h hyperglycemia (M m270 mg/dL) induced by infusion
of 5% glucose into the brachial artery (Houben, &pehn et al. 1996). In addition, another
study also indicated that 3 h exposure to hypegagiya (14 mM~ 252 mg/dL) induced by
infusion of 33% glucose did not affect the vasddita response of coronary microcirculation

in healthy subjects (Capaldo, Galderisi et al. 2005
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Overall, althoughn vivo studies in animals and human showed differenteffef HG

on the vasodilatory response, #evivoexperiments in animals consistently showed that HG

induced the impairment of ACh-mediated endotheldgpendent relaxation. Unexpectedly,

our results did not confirm these previous findingsmight be connected to the following

factors:

The different species, strains, age and gendeaaniofal used;

The differences in health status of animal usedichvimight be affected by the
conditions of housing system or the performancexpkeriments;

The diversity in the type of the vessel used;

The different incubation period of vessels in etedaD-glucose;

The different material and facilities used.
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CHAPTER 4

EFFECT OF PYROGALLOL ON ENDOTHELIAL FUNCTION IN RAT AORTA

4.1. Introduction

Although the literature has shown that the HG imgmhithe endothelium-dependent
relaxation in isolated arterial rings of nondiabetnimals such as in rabbit aorta
(Tesfamariam, Brown et al. 1990); (Tesfamariam,vBrcet al. 1991); (Tesfamariam and
Cohen 1992)), in guinea-pig aorta (Dorigo, Fraclharet al. 1997), in rat aorta (Wang, Xiong
et al. 2005); (Qian, Wang et al. 2010) and in rasemteric artery (Salheen, Panchapakesan et
al. 2015), our results in the previous chapter dat confirm this phenomenon. Since
oxidative stress is regarded as the major contiibtt the HG-induced impairment of
endothelium-dependent relaxation response to AGhcensidered that is oxidative stress
could lead to impaired endothelium-dependent reélamaesponse to ACh in isolated blood
vessels. Oxidative stress is the overproductionrRAfS including a major component -
superoxide anion £. Superoxide anion, in turn, can elicit direct vamustriction and
scavenge NO, the most potent endogenous vasoditat@roduce peroxynitrite (OONQ
which oxidizes proteins, breaks DNA strands andiced intracellular antioxidants such as
glutathione and cysteine (Gryglewski, Palmer etl8B6) resulting in the ED. Therefore, the
direct inactivation of NO by & is a key event in the decrease of the endothetlanved
NO bioactivity (Beckman and Koppenol 1996); (Thom@hen et al. 2003); (Tomasian,
Keaney et al. 2000). In this chapter, we aimeddtemnine the oxidative stress induced the
impairment of endothelium-dependent relaxation kgn@ning the effect of pyrogallol - a
generator of superoxide anion — on the endothetlependent relaxation in rat aorta.

Pyrogallol [GHeOs; 1,2,3-trihnydroxybenzene or 1,2,3-benzenetriollkimown as a
generator of @ . This compound is often used to investigate tHe od Q" in biological
systems. For example, pyrogallol has been showmatdxedly increase the intracellular levels
of O in human glioma cells US7MG (Sawada, Nakashimalet2001), human brain
microvascular endothelial cells (Li, Yang et al12)) human umbilical vein endothelial cells
(Han, Moon et al. 2010) and in hypercholesterolenaigbit aorta (Ohara, Peterson et al.
1993). It has been demonstrated that pyrogallauded oxidative stress leads to impaired
endothelium-dependent relaxation response to AGmM{zi, McKeown et al. 2008); (Yeh-
Siang, Subramaniam et al. 2011). The group of Da&rhas studied the effect of pyrogallol on

vascular reactivity in aortic rings obtained fro@ -114 weeks old male SD rats. Surprisingly,
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they showed that the 20 min incubation with pyrtmalt low concentrations (10 nM -iM)
improved ACh-mediated relaxationqf& to ACh was increased about 10% in rings exposed
to pyrogallol vs control). Otherwise, during the same time expagspsgogallol at high
concentrations (10 and 1@®1) attenuated endothelium-dependent relaxation@ A&nax to
ACh was decreased by about 20 to 50% in rings e@dgds pyrogallolvs control,
respectively, (Demirci, McKeown et al. 2008). Decniand his colleagues also showed that
pretreatment with a £©-scavenger, namely Tiron (4, 5-dihydroxy-1, 3-berehsulfonic
acid, 1uM) or mercapto-propionylglycine (MPG, @M) for 20 min prevented the pyrogallol
(10 uM)-induced impairment of endothelium-dependentxal@n response to ACh in aortic
rings from SD rats. In addition, Yeh-Siang and eafjues also studied the ACh-mediated
endothelium-dependent relaxation in the presengeyafgallol in isolated aortic rings from
12-weeks old male SD rats. This group reported tti@incubation with pyrogallol (10M)

for 30 min reduced the maximal relaxation respottséACh (10° M) to about 30.3%
compared to 93.4% in the control (Yeh-Siang, Sulardam et al. 2011). However, the pigC
of ACh-induced relaxation in the presence of pyhHofjadid not significantly change
compared to the control (6.30 + 0.687.18 + 0.13, respectively). In contrast, anothadg
showed that 20 min incubation with 3 pyrogallol significantly reduced the sensitivity
ACh (pEGp fell from 7.66 = 0.06 to 7.07 = 0.06 in the comtend pyrogallol group,
respectively) in the third-order branch of the nmésgc artery from male Wistar rats (~ 8-
weeks of age; (Salheen, Panchapakesan et al. 28a@jever, the maximum relaxation to
ACh was not affected: dax (control) = 96 = 1% and dax (pyrogallol) = 95 + 3%.
Interestingly, these studies found that the additibsuperoxide dismutase (SOD, 50 U/ml) as
a scavenger of superoxide anion, improved pyrogatiediated impairment of endothelium-
dependent relaxation both in the aorta and meseragerial rings (Salheen, Panchapakesan
et al. 2015); (Yeh-Siang, Subramaniam et al. 20@%rall, these evidences have shown that
pyrogallol induced the overproduction of2Q which in turn leads to the impaired
endothelium-dependent relaxation response to Ach.

For this reason, our goal in this chapter was terdane the effect of pyrogallol on
the ACh-mediated endothelium-dependent relaxatiorat aorta to clarify whether oxidative
stress can induce an impaired endothelium-dependi&ntation to ACh in our experimental
model of isolated blood vessels. Then, as discuabede, the different baseline in health
status of the studied animals due to certain factocluding gender, age, strain, species of
studied animals, and conditions of caging or haysimight contribute to the lack of the effect

of HG on endothelium-dependent relaxation to ACbunex vivomodel. Probably, the effect
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of HG on the ACh-mediated endothelium-dependeraxetlon might be too small in our
studied healthy rats. Therefore, it could not beected. Thus, we have incubated aortic rings
with HG in the presence of pyrogallol in order imkiate the effect of HG on endothelium-
dependent relaxation response in aortic rings wiplartially impaired endothelial function by
a low concentration of a O generator — pyrogallol. Then we intended to eualuae
protective effect of a gliflozin on the impairmesftendothelial relaxation induced by HG in
the presence of a low concentration of pyrogallol.

4.2. Method

Male Wistar rats were sacrificed and aortic ringsled isometrically as described in sections
2.3 and 2.4. The aortic rings were maintained adsting tension of 2 g for at least 45 min
equilibration period. After checking the presendeaofunctional endothelium, rings were
washed and prepared for another equilibration peoiefore studying the effect of pyrogallol
on the endothelium-dependent relaxation responsgsRvere exposed to pyrogallol 10 and
30 uM for 30 min. After incubation with pyrogallotumulative concentration-contraction
curves to PE were determined. Then, rings werenggraicontracted with PE (M) before
application of increasing concentrations of ACltémstruct a concentration-relaxation curve.
In addition, the endothelium-independent relaxataas also studied by constructing
cumulative concentration relaxation curve to SNP.

In addition, in order to evaluate the effect of ld®endothelium-dependent relaxation
response to ACh in aortic rings with a lower healstatus induced by pyrogallol, we have
co-incubated aortic rings for 30 min in 3 uM pyrbbgjathen the 25 mM D-glucose was for 6
h in Krebs’ solution in organ baths. After inculoati rings were again precontracted with PE
(10° M) to evaluate the endothelium-dependent relaratiesponse by constructing
cumulative concentration relaxation curve for AGNe chose the low concentration of
pyrogallol (3 uM) in co-incubation with HG to evake the effect of HG on the endothelial
relaxation of aortic rings already slightly stimield by pyrogallol. It is related to the reason
that HG might induce oxidative stress in 6 h indidmg but the level of oxidative stress
during this period is not enough to attenuate tidothelial relaxation in aortic rings of our
highly healthy control rats. We hypothesized tlmat &ortic rings with a lower healthy status
induced by 3 uM pyrogallol might be more sensigivaffected by HG. In addition, the low
concentration of pyrogallol in co-incubation wittGHan raise the level of oxidative stress, but
not dominate the effect of HG. Moreover, in ordeevaluate the protective effect of gliflozin,
this inhibitor was added 30 min before incubatiorHiG. During incubation, polymixin B (10

png/ml) was added to avoid contamination (an inbrtof lipopolysaccharides).
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4.3. Results

4.3.1. Effect of pyrogallol on contractile and endotheliumdependent relaxation

responses

The results of the studies of evaluating the eft#cpyrogallol on PE-induced contractile

responses and relaxation responses to Ach and 8N\$hawn in Table 12 and Figure 30 and

31, respectively. The data showed that 30 min iattab with pyrogallol enhanced the

contractile response to PE and attenuated the leeldonh-dependent relaxation to ACh, but

did not affect the endothelium-independent relaxatiesponse to SNP in aortic rings from

male Wistar rats.

Table 12. Effect of pyrogallol on PE-induced contractile respses and ACh-mediated

endothelium-dependent relaxations in rat aortic gs (n = 5)

ncubation| T EmAUCed | E by ACh | PECss | Emaxby SNP
Interventions ) tone + SEM
time @ + SEM (%) + SEM + SEM (%)
Control 43+0.6 91.5+3.6 7.3+0.1 101.8+1.4
Pyr (10 uM) _ 51+£0.3* 67.6+39* 7.0+0.1 102.6 £ 1.3
30 min
Pyr (30 uM) 58+05* 343+5.1* 7.0+0.2 15& 2.2
Gfz (107 M) 30 min 43+0.2 92.9+3.2 7.3+0.1 104.1 2.7
Pyr (10 uM) +| 30 min
_ 51+04* 57.8+12.2* 7.2+0.2 102 +1.9
Gfz (10" M) 30 min
30 min 6.1+05* 39.8+88* 7.0+0.2 100.6 £ 1.2
Gfz (107 M)
Pyr: pyrogallol; Gfz: gliflozin — SGLT2 inhibitor
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Incubation period: 30 min

-~ Control
-4 Pyrogallol (10 pM)
-e— Pyrogallol (30 pM)

Contraction (g)

-10 -9 -8 -7 -6 -5
Phenylephrine, Log [M]

n=>5

Figure 30. Effect of pyrogallolon concentration—dependent contractile curves iirPrat
aortic rings. Rings were incubated in 10 and 30 mibgallolfor 30 min before the addition
of PE in organ baths containing 10 ml Krebs’ saoatat 37°C bubbled with 95%>05%
CO». Contractile responses are expressed as the gedetension in grams (g) to PE. Values
are the mean + SEM of 5 different experimenfs<*0.05 indicates a significant difference

control.

As is shown in Figure 30, aortic rings exposed ymgallol (10 and 30 uM) for 30
min showed a significant higher contractile resgofiem 3.108 to 10° M to phenylephrine
compared with control rings (Figure 30, Table Ipreover, incubation with both 10 and 30
uM pyrogallol for 30 min significantly attenuated A@nduced endothelium-dependent
relaxation as compared with the control group (Feg@d A; Table 12). Although, as the data
is showing in the table 12, the p&@f ACh-induced relaxation in the presence of 10 aa
uM pyrogallol were not significantly different in ogarison with the control. In constrast,
the BEnax to ACh were significantly decreased in the preseat pyrogallol (Eax reduced
about one and a half and three times in the ringssed to 10 and 30M Pyr, respectively,
compared to control rings (Table 12)). Conversplyrogallol completely did not affect the
endothelium-independent relaxant responses to 3B by SNP were unaltered in the
presence of pyrogallels control, data are shown in Figure 31 B, Table 12).
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Incubation period: 30 min
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Figure 31. Effect of pyrogallolon endothelium-dependent relaxation response talaiive
concentrations of ACh (A) and SNP (B) in aorticgsncontracted with PE (fOM). Rings
were exposed to 10 and 30 uM pyrogaftol 30 min in organ bath containing 10 ml Krebs’
solution at 37°C bubbled with 95% (% CQ. Data are presented as the mean + S.E.M of 5
different experiments.pf< 0.05 indicates a significant difference versoistiol.
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4.3.2. Effect of high D-glucose on endothelial function irthe presence of low
concentration of pyrogallol in the aorta

In another series of experiments, rat aortic rimgse incubated separately with elevated

glucose (25 mM) and low concentration of pyroga({®luM), and their combination. Data

obtained in these experiments are summarized ineTHR, and the results of studying the

effect of HG on the endothelial relaxation respotts&Ch in the presence of pyrogallol are

showed in Figure 32.

Table 13 Effect of D-glucose on contractile responses anddethelium-dependent

relaxation to ACh in rat aortic rings (n = 6)

. Incubation | PE-induced tone| Emax (%) by pECso =
Interventions )
time + SEM (g) ACh + SEM SEM
Control 3.3+£04 85.7+ 3.6 7.6+0.1
D-Glucose 6h
3.3x04 87.3+£1.9 7.7+0.1
(25 mM)
Pyr (3 uM) 30 min 51+0.6* 75.0x7.2* 6.6 A0
Pyr (3 uM) +
30 min +
D_glucose (25 53+04* 72.1+6.4* 6.6 £0.1
6 h
mM)
Pyr: Pyrogallol.

The data presented in Table 13 and Figure 32 shaivdither the incubation with
pyrogallol (3 uM) alone or in the combination wi2s mM D-glucose for 6 h significantly
enhanced the contractile response to PE and ateshtree endothelium-dependent relaxation
response to ACh in aortic rings. The PE-inducedtreatile response was significantly
increased from 3.31 + 0.41 g in the control ringsH107 + 0.55 and 5.31 + 0.36 g in rings
incubated in UM pyrogallol with and without 25 mM D-glucose, respively (Figure 32;
Table 13). Moreover, the endothelium-dependentxatian response to ACh was also
significantly decreased after 30 min incubatiorheitin 3 uM pyrogallol alone or in
combination with 25 mM D-glucose: then&to ACh was 74.96 + 7.18 % and 72.07 + 6.39,
respectively, compared to 85.65 * 3.58 % in thetrobn
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Incubation period: 6 h
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Figure 32 Effect of HG on the endothelium-dependent reliaxatesponses in aortic rings to
cumulative concentrations of ACh in the absence @edence of pyrogalldB uM). Rings
were pre-incubated in 3 uM pyrogallolr 30 min before exposed to 25 mM D-glucose for 6
h in organ bath in the presence of polymixin B ({¥1@/ml). Relaxation responses are
expressed as the percentage of thé MOPE-induced contraction. Values are the mean +
SEM of 5 different experimentsp* 0.05 indicates a significant difference versoistiol.
However, incubation with 25 mM D-glucose for 6 htire presence of pyrogall@3
1M) did not affected the endothelium-dependentxatians evoked by ACh, nor the PE-
induced tone in aortic rings in comparison with thmgs exposed to pyrogallalone (n = 6;
Figure 32; Table 13). In other word, HG did notund any alteration of the contractile
response to PE and ACh-mediated endothelium-depémnelaxation response even in aortic
rings with a lower healthy status induced by a tmmcentration of pyrogallol.
4.4. Discussion
The principal finding of this chapter was that paibation with pyrogallol (10 and 3M)
for 30 min markedly decreased endothelium-dependetdxation response to ACh
accompanying the increase of contractile respomgekt in the isolated rat thoracic aorta. It
also should be noted that pyrogallol did not attex endothelium-independent relaxation
response to SNP. Our results are consistent weiguis ones in the literature, which indicate
that Q" from the auto-oxidation of pyrogallol elevates tbeel of oxidative stress resulting
in the impared endothelium-dependent relaxatiopaeses to ACh in rat thoracic aorta (Jin,
Qian et al. 2009); (Demirci, McKeown et al. 2008Rian, Fu et al. 2012); (Yeh-Siang,
Subramaniam et al. 2011) and rat mesenteric a(@alheen, Panchapakesan et al. 2015).

Returning to the question posed in the Introductibe present data confirm the important

126



role of oxidative stress in the induction of thepaired endothelium-dependent relaxation in
isolated aortic rings.

Besides, in another series of experiments, aortigsrwere exposed for 6 h in
combination with elevated glucose and pyrogalloé¥aluate the effect of HG on endothelial
function of aortic rings with a lower healthy statimduced by pyrogallol. Inspite of the fact
that 3uM pyrogallol did slightly impair the endothelium{uendent relaxation response to
ACh, aortic rings co-incubated with 25 mM D-glucased 3uM pyrogallol for 6 h did not
show any difference in both PE-induced contractied ACh-mediated endothelium-
dependent relaxation responses compared to the srgosed to pyrogallol alone. Thus,
similarly in chapter 3, our result indicate that @ affect neither contractile nor relaxation
responses even in aortic rings with a lower heathyus induced by pyrogallol.

The lack of effect of HG in endothelium-dependeastaxation response in aortic rings
might be related to the fact that the combinatibhl@ and pyrogallol induced the enhanced
formation of HO», which acts as an EDHF, and hence would compeffmatee loss of NO.
As HG and pyrogallol are associated with the ineeeaformation of ROS in endothelial cells,
a number of studies have shown the enhanced prodwftQ,"” induced by HG (Peng, Ma et
al. 2013); (Zhou, Su et al. 2015); (Kageyama, Yokbal. 2011) and pyrogallol (He, Ru et al.
2012); (Qian, Fu et al. 2012). Besides, severaftro studies have also shown the increased
formation of another type or ROS — hydrogen perex{gO.) induced by HG (Peiro,
Lafuente et al. 2001); (Ho, Liu et al. 2000; Qi&n, et al. 2012). It has been reported that the
HG—induced intracellular #D. formation was significantly increased in HUVEC$eged to
elevated D-glucose (19 or 33 mM) for 24 to 48 h pamad to the control (5.5 mM D-glucose)
(Ho, Liu et al. 2000; Qian, Fu et al. 2012). Similathe formation HO:induced by HG was
also found markedly increased after 24f incubation with 22 mM D-glucose medium
compared to medium with low glucose (5.5 mM D-gkspin human aortic smooth muscle
cells (Peiro, Lafuente et al. 2001). Although, to @nowledge, there was no evidence about
the formation of HO> induced by hyperglycemia in short-term periocexivivomodels. We
postulated that the exposure with HG and pyrogattight similarly potentiate the J@.
production in endothelial cells of rat aortic rinfyg short time incubation as in long time
incubation. Since, HD> has been reported to act like EDHF, i.e. as alfreansferable
hyperpolarizing factor of vascular SMC (Shimokawa &latoba 2004); (Graier and Hecker
2008), (Edwards, Li et al. 2008), it has been fola@:-induced the endothelium-dependent
relaxation in rat aorta (Yang, Zhang et al. 199@Jian and Martin), in rabbit aorta
(Zembowicz, Hatchett et al. 1993) and rabbit mementartery (ltoh, Kajikuri et al. 2003).
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Similarly, the relaxant activity of ¥D. also has been found in diabetic animal modeld) sisc
in aorta from 10-12 weeks-STZ diabetic rats (Pieped Gross 1988) and in coronary
arterioles from db/db (Park, Capobianco et al. 20B&sed on these results, we suggest that
H-O. may act like an EDHF to compensate with the eff#fctHG to attenuate the ACh-
mediated relaxation. Therefore, there was no inegaendothelium-dependent relaxation
response to ACh observed in our results. ConslgteMatoba’s group has shown that
catalase (CAT), which dismutates®} to form water and oxygen, inhibited ACh-induced
endothelium-dependent relaxation and hyperpolaozattributed to EDHF in mouse small
mesenteric artery (Matoba, Shimokawa et al. 200B)ese findings suggested that the
reduced NO bioavailability in diabetes may unmak& effect of EDHF as a back-up
mechanism because under control conditions NO sgpprthe action of EDHF (Cai 2005);
(Shi, Ku et al. 2006). Moreover, CAT, when inactac at its peroxide-binding site by
aminotriazole, lost its inhibitory effect on the HB-mediated relaxation. These results
indicate that the inhibitory effect of CAT on theDHF-induced relaxation and
hyperpolarization were indeed mediated by its eration effect on HO. (Matoba,
Shimokawa et al. 2000). It also has been suggeksd+O. may fully compensate for the
loss of NO in arterioles isolated from patientshwgbronary artery disease via an EDHF-type
mechanism (Phillips, Hatoum et al. 2007). Takeretogr, the enhanced formation of(4,
which may compensate for NO via its ability to astan EDHF, might possibly be the key
explanation for the lack of a relationship betwé#a and the impairment of ACh-mediated
endothelium-dependent relaxation in our model. Thusher studies are required to use CAT
and PEG-CAT to block the effect of the extra- anttacellular of HO-. on relaxation
responses in order to evaluate the effect of HGN@ymediated endothelium-dependent
relaxation in rat isolated vessels.

In addition, the short incubation time of the ayter elevated D-glucose may also be a
possibility explanation of the lack of the effeés it has been revealed that HG incubation
time-dependently stimulated ROS production in ehelel cells (Peng, Ma et al. 2013), the
short time 6 h exposure in 25 mM D-glucose might raose a sufficient hight level of
oxidative stress to decline the NO bioavailabilityaortic rings, consequently no alteration of
NO-mediated endothelium-dependent relaxation asemied. Unfortunately, we did not have
the opportunity to perform the experiment to meashe formation of ROS or to examine the
expression level and activity of eNOS in the HGditans as a function of time in isolated
blood vessels. However, sevemlvitro studies have reported the time-dependent effect of

HG on the formation of ROS, activity and expreskuel of eNOS. It has been reported that
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an upregulation of ROS was detectable after 6 hbaton in 25 mM D-glucose condition,
however, the ROS accumulation was significantlyeased after incubation for 12 and 24 h
in cardiac microvascular endothelial cells (Pen@g & al. 2013). In addition, the group of
Busik has shown no increase in endogenous ROS nmahuetinal endothelial cells were
exposed to intermediate (15 mM) and high (25 mMjl@cose for up to 96 h (Busik, Mohr et
al. 2008). Besides, in another study, with theafs@ vitro cultures of human umbilical vein
endothelial cells, the interaction between eNOS ldag-90 has been shown to be impaired
by long-term HG (33 mM) incubation (for a periodeov24 h) (Lin, Lin et al. 2005).
However, during early hours of HG incubation (<24 &NOS expression was found to be
increased along with an increased interaction weht shock protein 90, which is known as
protein regulates eNOS phosphorylation at Seringé71LTonsequently, the NO generated
during this early phase has been found increasedlagly, the group of Ho has shown that
eNOS protein expression was up-regulated by higiudese (33 mM) exposure for 2-6 h
and gradually reduced after longer exposure timescultured human umbilical vein
endothelial cells (Ho, Liu et al. 1999). Besed bese observations, it is possible that 6 h
incubation with HG might not be sufficient to indudhe impairment of NO-mediated
relaxation response in aortic rings. Consequemtey suggest that a longer period incubation
(for example, 24 h) with HG may allow us to elu¢eithe NO-mediated relaxation response
in HG conditions in isolated blood vessels. Howewasrreported in Chapter 3, the incubation
with 25 mM D-glucose for 24 h showed a significdepression of the contractile response
induced by PE in aortic rings most likely due te thduction of inducible NOS and COX
expression by proinflammatory cytokines. Therefdhe, experimental condition need to be
changed to allow the study of both contractile aeldxation responses after a long time
incubation in HG conditions.

Overall, this chapter has demonstrated the oxidasiiress induced by pyrogallol
significantly attenuated the endothelium-dependesiaxation responses to ACh and
markedly enhanced the PE-contractile responsdseimartic rings. Besides, it has been also
shown that HG did affect neither contractile ndaxation responses even in aortic rings with
a lower healthy status induced by pyrogallol. Thltdbution of other relaxant factors
induced during the incubation time such a®tand the short incubation time of the artery in
elevated D-glucose may be the possible explanafitime lack of the effect of HG.
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CHAPTER 5

EFFECT OF HIGH D-GLUCOSE ON ENDOTHELIAL FUNCTION
IN THE PORCINE CORONARY ARTERY

5.1. Introduction

In the previous chapters, our results have showhh@ did not alter the relaxation
response to ACh in several types of rat vasculds l§aorta, main mesenteric, renal, carotid
and femoral arteries) with both normal and low tigastatus. As mentioned in the Chapter 4,
the short incubation time (6 h) of the differenteaies in elevated D-glucose may be the
possible explanation the lack of the effect. Mompwe failed to examine the endothelium-
dependent relaxation response in rat aorta incdbatelG for 24 h due to the depression of
the PE-induced contractile response (more detaigection 3.3.6). We now have focused on
studying the effect of HG on endothelium-dependelaxation response in porcine coronary
artery (PCA). PCAs are characterized by a stifiéima-media layer with elongated SMC and
collagen fibers between the cells compared toagbgZoumi, Lu et al. 2004). Thus, PCAs
may avoid the rapid deterioration of endotheliadl @mooth muscle cells during long period
incubation. Consequently, PCA might exhibit difierdoehavior after long time incubation
with HG in comparison with rat arteries. In fasplated PCAs have been frequently used for
24 h incubation and shown a normal contractile staixation responses in a numbereaf
vivo studies (Ramaswami, Chai et al. 2004); (Bauersdchsst et al. 2002); (Shibano and
Vanhoutte 1993); (Paladugu, Fu et al. 2003).

In addition, diabetes mellitus predisposes patigiaispremature atherosclerotic
coronary artery disease (CAD), the leading causmatfality among diabetic patients (Gu,
Cowie et al. 1999). Therefore, studying the effettHG on endothelial function of the
coronary arteries plays an important role in cdmiting to explain the development of CAD
in diabetic patients. It has been reported thab#adial cells from different vascular beds
exhibit structural differences and may be affealdterentially by hyperglycemia (Sobrevia
and Mann 1997). Since the porcine heart closelgmétes the human heart from the point of
view of size, physiology and anatomy (Hearse anti&land 2000), PCAs are widely used to
mimic human coronary artery in cardiovascular rededZaragoza, Gomez-Guerrero et al.
2011); (Suzuki, Yeung et al. 2011). For these messn this chapter, we choose PCA as
study tissue to elucidate the effect of long timeubation with HG on relaxation response in
PCA rings.
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5.2. Method

The porcine coronary artery (PCA) rings were disstcand studied isometrically as
described in sections 2.3 and 2.4. The rings weatained at a resting tension of 5 g to
equilibrate for at least 60 min. After checking firesence of a functional endothelium, each
ring was washed and re-equilibrated for 45 min. P@RSs were exposed to elevated D-
glucose concentrations (44 mM) for 6 h at 37°C iARMR 1640 media supplemented by
penicillin (100 U/ml), streptomycin (100 U/ml) afdngizone (250 pg/ml). In another series
of experiment, PCA rings were exposed to HG comaéinohs (25, 30 and 44 mM) for 24 h
also in RPMI 1640 media at 37°C. RPMI 1640, a lesBient-rich medium, contains less
calcium and more phosphate in comparison to DMEMIimeTherefore, RPMI 1640 media
can decrease release of pro-inflammatory factotdsictw might be the reasons for the
depression of PE-induced contractile response tiraoeta after long period incubation (as
reported in Chapter 3). In addition, polymixin B O0(1pg/ml) - an inhibitor of
lipopolysaccharides, was also added to the medoadar to avoid the contamination in long
time incubation. In comparison, we exposed PCAsitgHG (44 mM) for 6h in organ bath
containing 10 ml Krebs’ solution at 37°C bubbledhn85% Q, 5% CQ.

In addition, in order to assess the involvemenSG&LT1/2 in glucose transport in
endothelial cells under HG condition, gliflozin wadded to the media 30 min before adding
D-glucose. After incubation, rings were again cacited with U46199 before the application
of increasing concentrations of BK to construct aariration-response curves. Then rings
were again contracted with U46199 before the indoctof endothelium-independent
relaxations to SNP.

5.3. Results
5.3.1. Effect of short term incubation in high D-glucose

The results of studying the effect of short timeubation (6 h) in 44 mM D-glucose
on the endothelial relaxation response in PCA rangsshown in Table 14 and demonstrated
in Figure 33. Incubation with 44 mM D-glucose foh@lid not affect relaxant responses to
bradykinin (BK) in PCA rings (n = 2). Control dataere obtained from preparations
incubated for similar periods in RPMI 1640 mediataining 11 mM D-glucose. Neither the
Emax for BK nor U46199-induced contractile responseasb(& 14) were affected by elevated

D-glucose.
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Table 14 Effect of D-glucose on contractile and endotheliaklaxation responses in

porcine coronary artery

PE-induced
. Emax (%) by PECso Emax (%) by
Interventions tone + SEM
BK + SEM + SEM SNP + SEM
(9)
Short time incubation (6 h), n =2
Control 15.7+1.1 108.1£1.3
Glucose (44 mM) 209+04 104.4+4)6
Long time incubation (24 h),n=4
Control 208+ 3.4 95.8+£3.0 8.7 £0.06 99.5 + 3.6
Glucose (25 mM) 19.2+2.8 95.0+£3.3 8.6 £0.04
Glucose (30 mM) 18.6 +2.7 925+5.2 8.6 +£0.04
Glucose (44 mM) 16.8 + 3.0 95,5+ 3.0 83+x0.04 03171
Gfz (10" M) 154+1.8 97.4+2.4 8.8+£0.1 102.9 £ 4.4
Glucose (44 mM) + 145+21 | 97.9+14| 85+01  100.6+3.3
Gfz (10" M)
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Incubation period: 6 h

-o- D-glucose (11 mM) -®- D-glucose (44 mM)
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n=2

Figure 33 The short-term effect of HG on the endotheliurpatedent relaxation response to
cumulative concentrations of BK in PCA rings praevtacted with U46619 (IDM). Rings
were exposed to 44 mM D-glucose for 6 h in RPMIAédedia supplemented by penicillin
(100 U/mL), streptomycin (100 U/mL), fungizone (25@/mL). Data are presented as the

mean = S.E.M of 2 different experiments.

5.3.2. Effect of long term incubation in high D-glucose

The dose-dependent effect of the incubation with 1G24 h on the endothelium-
dependent relaxation response to BK in PCA ringssétwown in Table 14, Figure 34. It was
observed that only 24 h incubation with 44 mM Deglse attenuated slightly endothelium-
dependent relaxation to BK, while PCA rings exposedhe lower concentrations of D-
glucose (25 mM and 30 mM) did not show this eff@dte 24 h incubation with 44 mM D-
glucose shifted the concentration-relaxation cuovBK to the right compared to the curve of
the control group (pE4s from 8.7 + 0.05 to 8.3 £ 0.04; n = 4) in PCA ringisshould be noted
that the endothelium-dependent relaxation respotts&K in control and HG condition are
significantly different only at BK’s concentratiaf 3.10° M: the control rings reached about
72.6 = 7.1% of relaxation while rings incubateceiavated D-glucose (44 mM) relaxed only
approximately 36.9 = 8.6%. However, the maximunaxation to BK was not affected by HG
(Emax = 95.8 £ 3.0% and 95.5 + 3.0% in rings exposedanmmal and 44 mM D-glucose,

respectively).

133



Incubation period: 24 h

-©- D-glucose (11 mM) -¥ D-glucose (30 mM)
- D-glucose (25 mM) -e- D-glucose (44 mM)

o
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e
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Bradykinin, Log [M]

n=4
Figure 34. The long-term effect of HG on the endothelium-@ggent relaxation response to
cumulative concentrations of BK in PCA rings preyracted with U46619 (IDM). Rings
were exposed to 25, 30, and 44 mM D-glucose foh 24 RPMI 1640 media supplemented
by penicillin (100 U/mL), streptomycin (100 U/mLlfyngizone (250 pg/mL) and polymixin B
(10 pg/ml). Data are presented as the mean + Sdt.Mdifferent experiments.p*< 0.05

indicates a significant difference versus control.

It was also noted that although 24 h incubatiord4h mM D-glucose shifted the
endothelial relaxation response to BK to the rigbt some extend, the endothelium-
independent relaxant responses to SNP was nottedfdry long time incubation in HG
(Figure 35).
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Incubation period: 24 h

-©- D-glucose (11 mM) -o- D-glucose (44 mM)

04 o—o—a—g-.
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% U46619, 10° M)
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Log [SNP] M
n=4

Figure 35. The long-term effect of HG on the endothelium-ipeledent relaxation response
to SNP in PCA rings with endothelium pre-contractgith U46619 (1 M). Rings were
exposed to 25, 30, and 44 mM D-glucose for 24 RRMI 1640 media supplemented by
penicillin (100 U/mL), streptomycin (100 U/mL), fgizone (250 pg/mL) and polymixin B
(10 pg/ml). Data are presented as the mean + SOEAMifferent experiments.

The small HG-induced impairment in relaxation resgto BK in PCA rings was not
prevented by 30 min incubation with 10 gliflozin (Figure 36). It might be because the
long-term effect of HG on relaxation response inAPthgs was too small; therefore, the

protective effect of gliflozin could not be detettte

Incubation period: 24 h

-6~ D-glucose (11 mM) -~ D-glucose (44 mM)

= Gliflozin (107 M) & Gliflozin (107 M)
+ D-glucose (44 mM)

0

Relaxation
(% U46619, 108 M)
(o]
<?

100+

-10 -9 -8 -7 -6
Bradykinin, Log [M]
n=>5

Figure 36. Effect of a gliflozin on the impaired endotheliurapgkndent relaxation induced by
HG in PCA rings. The cumulative concentrationsxaten curves to BK in PCA rings pre-
contracted with U46619 (10M). Rings were exposed to 44 mM D-glucose for 24 RPMI
1640 media supplemented by penicillin (100 U/mltjegtomycin (100 U/mL), fungizone
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(250 pg/mL) and polymixin B (10 pug/ml). Gliflozinas added to the media 30 min before
adding D-glucoseData are presented as the mean £ S.E.M of 5 eiffexperiments.

5.4. Discussion

The principal finding of this chapter was that thé incubation in 44 mM D-glucose
concentrations did not cause endothelial dysfunatiasolated PCA rings, however, the 24 h
incubation with 44 mM D-glucose shifted to someeextthe concentration-relaxation curve
of BK to the right compared to the control rings.id worthwhile noting that the similar
tendency was not observed in 24 h incubation withlower concentrations of glucose (25
and 30 mM). In addition, endothelium-independeriaxation response to SNP was not
affected by the long time incubation with HG in P@Ags. Our findings suggested that the
shift in the relaxation response to BK was endatineldependent, which occurred only at the
very high concentration of glucose (44 mM).

The result of effect of 6 h incubation with 44 mMdlucose in PCA rings presented in
Figure 33 was similar to the results in other véacheds from male Wistar rats as reported in
Chapter 3. As the previous chapters, the short iimebation (6 h) may be a possible
explanation of the lack of effect in PCA as welliasat arteries. In contrast, 24 h incubation
with HG (44 mM) slightly shifted to some extent tedothelial relaxation response to BK to
the right in comparison with the control. Probalthe level of oxidative stress in PCA rings
incubated in HG for 24 h was higher than the omalated in elevated D-glucose for only 6
h, therefore, a small shift of the relaxation cuteeBK was observed only after a long
incubation period. To date, the effect of 24 h lettion in HG on the relaxation response to
BK has not been reported in PCA rings. Howeweryitro studies have documented the
dominant effect of long time incubation with HGaamparison with short time incubation on
vascular superoxide anion formation in endotheti@ls (Christ, Bauersachs et al. 2002);
(Taubert, Rosenkranz et al. 2004). The group ofb&duhas reported that the increased
formation of superoxide anion was observed afteh2But not 2 h, incubation with high D-
glucose (20 mM) in human umbilical vein endothetall (HUVECs, EA.hy 926) (Taubert,
Rosenkranz et al. 2004). Similarly, in another giube vascular superoxide anion formation
in PCA rings incubated with 20 mM D-glucose forl8vas significantly increased, while no
such effect was observed in rings exposed to HGn{RO D-glucose) for only 10 min, 4 h,
and 8 h compared with respective controls (ChBatjersachs et al. 2002). Therefore, in our
experiments, we suggest that the small impairmémie endothelium-dependent relaxation
induced by 24 h incubation with 44 mM D-glucosd”i@A rings can possibly be explained by
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the HG-enhanced superoxide anion generation, wihidimot occur in 6 h incubation. The
HG-enhanced formation of superoxide anion, in twan reduce the NO bioavailability,
leading to impaired endothelium-dependent relaxatgsponse. It has been also demonstrated
that the 24 h incubation with D-glucose (25 mM) airpd Akt/eNOS signal transduction in
HUVECSs, promoting endothelial dysfunction in diasetDe Nigris, Pujadas et al. 2015);
(Varma, Lal et al. 2005). However, further studma need to be performed to measure the
level formation of @~ and NO before and after 24 h incubation in HG larity the
mechanism of the impaired endothelium-dependemixation response induced by HG in
PCA rings.

In addition, the HG-induced impairment in relaxati@sponse to BK in PCA rings
was not prevented by 30 min incubation with’1 gliflozin. It might be related to the
reason that the HG-induced alteration of BK-mediatadothelium-dependent relaxation in
PCA rings was too small: the significant differenaf endothelium-dependent relaxation
response to BK between normal and HG conditionsatagrved at only BK’s concentration
of 3.10° M (Figure 34). Therefore, we could not examine pinetective effect of gliflozin.
However, there are evidences in the literature whagiport the presence of SGLTs in
endothelium of blood vessels. The group of Taubastdemonstrated that the elevation of the
extracellular concentration of D-glucose would @ase D-glucose entry not only via GLUT1,
but also via SGLT, leading to a rise in intracelluNa, which, in turn, stimulates Gauptake
through a N&Ca*exchanger (NCX) involved in the regulation of 2Gdependent eNOS
activity (Taubert, Rosenkranz et al. 2004). In #&ddj they demonstrated that D-glucose-
induced increase in intracellular €and subsequent NO formation were completely bidcke
by the selective SGLT inhibitor phlorizin. Specyalthey also found the expression of SGLT1
MRNA in aortic and coronary endothelium. Besidemtiaer group has demonstrated that,
delphinidin-3-glucoside - a member of a family addctive compounds, anthocyanins known
to ameliorate oxidative stress, is transported ihéohuman umbilical vein endothelial cells in
a temperature, concentration, and time-dependenbhenaia SGLT1 botln vitro andin vivo
studies (Jin, Yi et al. 2013). They also found tB&LT1 was noticeably expressed in the
human umbilical vein endothelial cells and vascwadothelium of the isolated thoracic
aorta. Moreover, Han and colleagues have examhehRNA expression level of SGLTs in
mouse and human endothelial cells and SMC of pudmoand coronary arteries (Han, Cho
et al. 2015). They found that SGLT1 was detectedooith mouse and human endothelial cells
and SMC of pulmonary and coronary arteries, butrhadh less expression level compared to

that of the intestine and kidney. In contrast, thRNA expression level of SGLT2 is not
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detected in both endothelial cells and SMC of pularg and coronary arteries. Hence, the
information about the expression of SGLT2 in bleedsels is still questionable.

Overall, it is worthwhile noting that, unlike th&ext of HG on relaxation response in
rat arteries, we have observed that the 24 h inmubavith 44 mM D-glucose slightly
attenuated BK-induced endothelium-dependent rataxah PCA rings compared to control
rings. The effect of HG was only endothelium-dependbecause the SNP-induced
endothelium-independent relaxing was not affected®CA rings exposed to 44 mM D-
glucose for 24 h compared to control rings. Thdedidnces in time exposure to HG and
species used in experiments might explain differestlts in our work. Unfortunately, the
HG-induced alteration of BK-mediated endotheliunpeledent relaxation in PCA rings was
too small. Therefore, the protective effect of Igkin could not be examined. However,
existing evidences in the literature support thespnce of SGLTs in endothelium of blood
vessels. Although studies regarding expressionGIfT2 and the effect of SGLT2 on blood
vessels are still limited. Further studies are meguto clarify the presence of SGLTs on
endothelial cells, as well as their contributiontba level of oxidative stress induced by HG

in endothelial cells in blood vessels in diabetes.
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CHAPTER 6

CHARACTERISION OF HUMAN INTERNAL MAMMARY ARTERY
FROM DIABETIC PATIENTS

6.1. Introduction

The association between diabetes and CVD has bédglywpublished. It has been well
documented that DM is frequently associated withhersevere coronary artery disease, with
involvement of a larger number of vessels and nes®ns. Patients with diabetes have a
two- to four-fold increased risk of coronary artetigease (CAD) over non-diabetic patients
(). Diabetic patients with risk for coronary artedysease are more frequently requiring
coronary artery bypass grafting (CABG) (Yamamotosétla et al. 2000). In fact, 12% to
38% coronary artery bypass grafting (CABG) patiemts reported to be diabetic (Herlitz,
Brandrup-Wognsen et al. 1997).

CABG is a procedure in which autologous mostlyrégteare used as grafts to bypass
coronary arteries that are partially or completelystructed by atherosclerotic plaques
(Alexander and Smith 2016). The most commonly usgihss conduits are the left internal
mammary artery (IMA) (also known as the internairdcic artery) and the saphenous vein.
The IMA has become the gold standard in CABG, sitgcatilization yields with higher long-
term patency rates than saphenous vein grafts &bl and Smith 2016); (Hirotani,
Kameda et al. 1999). It can be explained by stratttharacteristics of each graft: the IMA
has a discontinuous internal elastic lamina andlatively thin media with multiple elastic
laminae and absence of a significant muscular cowpip which explains a reduced tendency
for spasm and the development of atherosclerasisoritrast, the the saphenous vein graft has
a thinner, more permeable endothelium and a thjless elastic and more muscular media
(Taggart 2013). Consistently, it has also beenntedahat the use of an IMA graft during
coronary bypass surgery showed to improve long-telimcal outcomes. In a 6.7-years
follow-up study among 3,087 patients who receivé®BG, IMA grafts were shown to be
associated with lower mortality, with hazard ratafs0.77 (Hlatky, Shilane et al. 2011). In
addition, in another study throughout a 15-yealof@lup period, it has been reported that
IMA grafts showed a survival advantage with a re&atisk of dying of 0.73 as compared

with saphenous-vein coronary bypass grafts (Cam&rawis et al. 1996).
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Since the proposed mechanism for this increaseehpgtand subsequent improved
clinical outcome is due to the inherent charadiessof IMA endothelium (Gurne, Chenu et
al. 1999); (Glineur, Poncelet et al. 2007), oneoof research goals is to characterize the
endothelial function of IMAs from bypass patierdsnongs the cardiovascular risk factors,
diabetes and hypertension are the most frequenbréagresented in bypass patients.
Therefore, we first aim to identify the relevanded@betes, hypertension and combination of
these two cardiovascular risk factors and the levaxidative stress in IMAs. In addition,
since eNOS is considered as one of potential ssuoéeROS in human blood vessels
(Bouloumie, Bauersachs et al. 1997); (Forstermamth lslunzel 2006); (Montezano and
Touyz 2012) and the increased ROS has been showa teduced by the local angiotensin
system in endothelial cells (Pueyo, Arnal et ab89 (Sohn, Raff et al. 2000); (Touyz 2004).
Therefore, our purpose is to determine the expradsivel of eNOS and components of the
angiotensin system in IMA from diabetic patientsoider to evaluate the alterations in the
expression level of these proteins due to the poeseof single or combined two main
cardiovascular risk factors: diabetes and hypeidend/oreover, it has been reported that the
cardiovascular risk factors lead to the excess ymioh of superoxide anion 0, which
reacts with NO- to form peroxynitrite (OONO-) —awgrful oxidant. OONO-, in turn, can
lead to eNOS uncoupling and enzyme dysfunctionltieguin the enhanced generation of
ROS (Forstermann and Munzel 2006); (Pacher, Beclehah 2007). Therefore, we examine
the level of nitrotyrosine, an end product of OON@-assess the level of oxidative stress in
human IMA. Finally, since some studies have beeblighed that SGLT2 inhibitors have
effect on reducing significantly cardiovascular mgein diabetic patients (Zinman, Wanner et
al. 2015); (Vasilakou, Karagiannis et al. 2013)zi{iba, Alperin et al. 2014); (Neal, Perkovic
et al. 2013). However, the expression of SGLTs @mdn blood vessels is unclearly known.
For this reason, we investigate the expression Ev8GLT1 and SGLT2 proteins in human
IMA in order to clarify the role of SGLTs in D-glose transport in diabetic patients, either
alone or in association with hypertension.

6.2. Results
6.2.1. Clinical profile of bypass patients

The clinical profile of all studied patients washm in Table 7. Totally 71 specimens
of patients enrolled in our study. Segments of IM#& excess grafts were obtained from
patients underwent CABG between July 2013 and Jar(dl 6 at the New Civil Hospital of

Strasbourg. All patients were discharged from tbspital within about 7 days after surgery
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and without complications. From total 71 samples:samples were discarded because their

abnormal structure and long time processing (>)X#igure 37).

A) Abnormal arteries B) Normal artery

Figure 37. Comparison between structures of arterial wall asdarded segments abnormal
IMA (A) and normal structure of investigated IMA (B DHE staining of abnormal IMA (A)
show a degradation of IMA walls from different atis (P18, P19 and P22), where none of
DHE staining signals was observed. DHE stainingi@fmal IMA (B) shows three layers
(intima, media ans adventitia) of arterial wall kvithe DHE signals. DHE staining was
performed to determine the presence of oxidatikesstin IMA from bypass patients. Photos
were taken by a Leica confocal laser-scanning maope TSC SPE.

Subjects were divided into four groups accordingthe presence of diabetes,
hypertension and the combination of both two restdrs. The control group (CONTROL, n
= 13) includes the non-diabetic and normotensivepes; the hypertensive group (HT, n =
25) includes hypertensive patients; the diabetmugr(DM, n = 3) and the diabetic and
hypertensive group (DM & HT, n = 17) includes diabend hypertensive patients. It should
be noted that about 70% of patients with diabekss laave hypertension (Lago, Singh et al.
2007); (Campbell, Leiter et al. 2009); (Sampanid Zamboulis 2008); (Sowers, Epstein et al.
2001). Therefore, it is rare to obtain the diabettients without hypertension. In our study,
we obtained IMA from only three diabetic patienishwut hypertension.

The clinical characteristics and preoperative imegits of the 58 patients were
collected from database in hospital and were sumevdhrin Table 15. Patients with the
average of age in range 68 = 1.21 (range, 46 toBise patients have received antianginal
therapy (vasodilator, beta-blockers, or calciumncleh antagonists), aspirin, statins, and

antihypertensive, antidiabetic agents preoperativel
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Table 15. Clinical profile of the studied groupsValues are mean + SEM or percentage.
Abbreviations: CONTROL: control group; HT: hypersare group; DM: diabetic group; DM

& HT: diabetic and hypertensive group; M, male;fémale; BMI, body mass index; ACE:

angiotensin-converting enzyme; OADs: oral antidiab@rugs.

CONTROL HT DM DM & HT
General
_ _ (n=13) (n=25) (n=3) (n=17)
information
(Mean £ SEM) (Mean + SEM) (Mean = SEM) (Mean = SEM)
Age, years 68.4+23 68.8+1.9 58.3+9.9 67138t
Sex, male/female 12/1 20/5 3/0 16/1
BMI (kg/m?) 26.7+1.4 27.7+0.9 26.4+1.0 28.3+3.2
Creatinine
clearance 75.0+6.4 77.1+6.0 94.6 +39.8 129 +11
(ml/min)
Dyslipidemia,
6 (46.15) 23 (92.00) 0 (0) 12 (70.6)
n (%)
Smokers, n (%) 0 (0) 2 (8.00) 2 (66.7) 2 (11.8)
Ex-smokers,
5 (7.94) 13 (52.00) 1 (33.3) 5(29.4)
n (%)
Medication used,
n (%)
Treatment beta-
6 (46.15) 23 (92) 3 (100) 13 (76.5)
blocker
Treatment aspirin 9 (69.23) 21 (84) 2 (66.7) 1%y
Treatment statin 7 (53.85) 22 (88) 3 (100) 108p8
Treatment ACE
o 4 (30.77) 20 (80) 3 (100) 11 (64.7)
Inhibitor
Treatment diuretic 2 (15.38) 10 (40) 1(33.3) 9 (52.9)
Treatment OADs 0 (0) 0 (0) 3 (100) 11 (64.7)

The patient groups were compared for mean age, 3@ty mass index (BMI),

creatinine clearance, and cardiovascular risk facsoich as dyslipidemia, smoking and the

preoperative drugs used (Table 15). The ANOVA tsbswed no significant differences in

the ages, genders, body mass index and creatitéaeance of the patients between the
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groups. Notably, there were more men than womeln @ABG. It might be related to the fact
that women with symptoms of coronary heart diseasebeing referred less often or later
than men (Sheifer, Escarce et al. 2000); (MaasAppliman 2010). In addition, it has been
reported that women had less severe coronary alisease than men in all age categories,
including younger women (Vaccarino, Abramson e2@D?2).

In addition, the baseline characteristics of byppasents showed that almost all
hypertensive patients and diabetic patients withehtgnsion has dyslipidemia (Table 15). It
is in complete agreement with the literature, whillowed an increased prevelance of
dyslipidemia in diabetes and hypertension (Elnasid Ahmed 2008); (Dixit, Dey et al.
2014); (Dalal, Padmanabhan et al. 2012). It shbelehoted that the frequency of smoking or
tobacco used tend to be increased in diabetes gpelrtBnsion in comparison with non-
diabetic and normotensive patients (Table 15). Hssociation between smoking and
increased risk of coronary heart disease is wédlbdished in the general population. Besides,
smoking is also strongly associated with an inadassk of coronary heart disease in
hypertension and in diabetes (Fagard 2009); (Mdrtmon, Sevillano-Collantes et al. 2014);
(Al-Delaimy, Manson et al. 2002).

6.2.2. Level of oxidative stress

The level of oxidative stress in IMA from patientsth diabetes and/or hypertension was
determined by using the redox-sensitive fluorespenibe dihydroethidine (DHE) is shown in
Figure 38. We found a markedly increased fluoress@gnal of DHE in patients with
hypertension and both of diabetes and hypertensidnich pointed out that there is an
increased formation of ROS in IMA of patients widhe or both of two cardiovascular risk
factors (diabetes and hypertension) in comparisdh the non-diabetic and normotensive

patients. Moreover, there was no difference obskbetween HT and DM & HT groups.
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Figure 38. The increased level of oxidative stress in intermahmmary artery sections from bypass diabetic aryphértensive patientd.eft
panels show representative photographs; right paamegltesponding cumulative data. Oxidative stregs @etermined using the redox-sensitive
fluorescent dye dihydroethidine (DHE). Resultssrewn as mean + SEM of 3-4 different patients ichegroup. $<0.05 indicates a significant
difference of diabetic and/or hypertensive patiergssus non-diabetic and normotensive patients.nfdrographs were taken at the same

magnification. Abbreviations: control: normotenseed non-diabetic patients; HT: hypertensive padieDM & HT: diabetic and hypertensive
patients.

144



In order to determine the nature of ROS, IMA sewifrom hypertensive patients and
diabetic patients with hypertension were treatett wifferent antioxidants such as N-acetyl-
cysteine (NAC), superoxide dismutase (SOD), catal@SAT), and membrane-permeant
analogues of SOD and CAT (polyethylene glycol-sapele dismutase (PEG-SOD), and
polyethylene glycol-catalase (PEG-CAT)) for 30 miwefore DHE staining. The DHE
fluorescence signal in IMA of hypertensive patieatsl diabetic patients with hypertension
was markedly reduced by NAC, SOD, PEG-SOD, CAT &fd>-catalase, indicating the
involvement of both superoxide anions and hydrogeroxide in the high level of oxidative

stress in IMA of hypertensive patients and diabp#tients with hypertension (Figure 39).
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Figure 39. Role of superoxide anion and peroxide hydrogen iretinduction of oxidative stress in internal mammaartery segments from
bypass patientsUpper panels show representative photographs;riparels corresponding cumulative data. Oxidativess was determined
using the redox-sensitive fluorescent dye dihydroate (DHE). Segments of internal mammary arteryerav exposed in
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Figure 39. (continued antioxidant N-acetyl-cysteine (NAC, 10 mM), supade dismutase
(SOD, 50QU/mL), polyethylene glycol-superoxide dismutase (membrane-permeant
superoxide dismutase, PEG-SOD, ®fL), catalase (CAT, 500/mL), polyethylene
glycol-catalase (membrane-permeant catalase, PEG-6@0U/mL) for 30 min before DHE
staining. Results are shown as mean + SEM of 3dialpetic and normotensive patients in
control group (CONTROL) and 7 hypertensive (HT) alabetic patients with hypertension
(DM & HT). *p<0.05 indicates a significant difference of hypesige patients and diabetic
patients with hypertension versus non-diabetic aodnotensive patients. All micrographs

were taken at the same magnification.

In addition, IMA sections from bypass patients walso treated with Ng)-nitro-L-
arginine (L-NA, an eNOS inhibitor), indomethacin@®X inhibitor), VAS-2870 (a NADPH
oxidase inhibitor), sulfaphenazol (a cytochrome (P4thibitor), and by a combination of
inhibitors of the mitochondrial respiration chatGN, myxothiazol, and rotenone) in order to
elucidate the contribution of each enzymatic systernhe total intracellular ROS production.
Similarly, we found that the increased DHE fluoesste signal was also markedly reduced by
different inhibitors, indicating the involvement eéveral sources including uncoupled eNOS,
COXs, NADPH oxidase, cytochrome P450, and the rhaadrial respiration chain in the
enhanced formation of ROS in IMA from hypertenspagtients and diabetic patients with

hypertension (Figure 40).
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Figure 40. Enzymatic sources of ROS in internal mammary artesggments from bypass patientdpper panels show representative
photographs; lower panels corresponding cumulate#a. Oxidative stress was determined using thexrsdnsitive fluorescent dye
dihydroethidine (DHE). Segments of internal mamneatgry were treated with®-nitro-L-arginine (NO synthase inhibitor, L-NA, 300 uM),
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Figure 40. (continued indomethacin (cyclooxygenase inhibitor, INDO, 1M), VAS-2870
(NADPH oxidase inhibitor, VAS, 300 uM), sulfapheonagcytochrome P450 inhibitor, Sulfa,
100 pM) and inhibitors of the mitochondrial resporg chain (combination of potassium
cyanide (1 uM), myxothiazol (0.5 uM) and rotenodepM), KCN+Myx+Rot) for 30 min
before DHE staining. Results are shown as meanM 8E3 non-diabetic and normotensive
patients in control group (CONTROL) and 7 hyperteegHT) and diabetic patients with
hypertension (DM & HT). p<0.05 indicates a significant difference of hypesige patients
and diabetic patients with hypertension versus diabetic and normotensive patients. All

micrographs were taken at the same magnification.
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6.2.3. The expression level of nitrotyrosine

In addition, the cardiovascular risk factors haeershown to be associalted with the excess
production of superoxide aniorne'Q which reacts with NO- to form peroxynitrite (ONOQG

a powerful oxidant. ONOQ in turn, can lead to eNOS uncoupling resultingh@ enhanced
level of oxidative stress (Forstermann and MunZ#&); (Pacher, Beckman et al. 2007).
Therefore, we examine the level of nitrotyrosine,ead product of ONOQ to assess the
level of oxidative stress in IMA. As indicated imgkre 41 an increased signal of nitrotyrosine
was observed in IMA from in hypertensive patiemd diabetic patients with hypertension in
comparison with the non-diabetic and normotensiatepts, which indicates that ONOO
was largely produced in IMA from patients with ooe both of two cardiovascular risk

factors.
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Figure 41 The pronounced formation of peroxynitrite in IMA fom diabetic and

hypertensive patientsThe formation of peroxynitrite was determined byratyrosine
immunofluorescence staining. Upper panels show esgmtative immunofluorescence
staining; lower panels corresponding cumulativedBesults are shown as mean = SEM of 4
different patients. <0.05 indicates a significant difference of hypesige patients and
diabetic patients with hypertension versus non<tiaband normotensive patients. All
micrographs were taken at the same magnificatidoréviations: CONTROL: control group;
HT: hypertensive group; DM & HT: diabetic and hyiggsive group
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6.2.4. The expression level of endothelial nitricxide synthase

Since eNOS is considered as one of potential ssuoteROS in human blood vessels
(Bouloumie, Bauersachs et al. 1997); (Forstermamth lunzel 2006); (Montezano and
Touyz 2012). Therefore, we determine the expreskovel of eNOS in IMA from diabetic
patients in order to evaluate the alterations i@ éxpression level of eNOS due to the
presence of single or combined two main cardioascuisk factors: diabetes and
hypertension. Results of immunofluorescence of eNOIMA from bypass patients are
shown in Figure 42, indicating the localizationa@flOS at the luminal endotheliumm. We
found a significantly increased expression levetNDS in IMA of hypertensive patients and
diabetic patients with hypertension compared witle thon-diabetic and normotensive
patients. However, the increased level of eNOS dstniikely due to a more pronounced

degradation of NO.
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Figure 42 The increased expression level of eNOS in diabethd hypertensive patients
The expression level of eNOS in IMA segments waerdaned by immunofluorescence
staining. Upper panels show representative immuoodiscence staining; lower panels
corresponding cumulative data. Results are showmesn + SEM of 4-5 different patients.
*p<0.05 indicates a significant difference of hypesige patients and diabetic patients with
hypertension versus non-diabetic and normotensatems. All micrographs were taken at
the same magnification. Abbreviations: CONTROL.: tcohgroup; HT: hypertensive group;
DM & HT: diabetic and hypertensive group.
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Next, we investigate the relative abundance of eN®&ein in IMA of bypass
patients using Western bldtigure 43). Unfortunately, our results showed a high flutiva
Among 5 non-diabetic and normotensive patientsetin® an exception, patient A35, which
has a lower expression level of eNOS compareddmtte of other patients. The expression
levels of eNOS of patients in diabetic group angdmensive group show about only 62.1%
and 54.2% of the one in control group, respectivietyhypertensive group, the expression
level of eNOS is lower compared to the control;eptdor patient A21 who has about 15.3%
higher than the control. Regarding the patientsy Wave both of diabetes and hypertenstion,
the expression level of eNOS is approximately @4y9% of the one in control group. Except
for patient A20, who has about 35.3% higher expoastevel of eNOS compared to the
control. Hence, from a total of 26 analyzed patiemé¢ found three exception patients, the rest
of group shows a tendency of a decreased expressiah of eNOS in diabetic and/or

hypertensive patients compared to non-diabeticramchotensive patients.
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Figure 43 The expression level of endothelial nitric oxidendiase (eNOS) in IMA of bypass patient¥he expression level of eNOS in
internal mammary artery segments was determined/dstern blot. Upper panels show representative inmilots; lower panels corresponding

cumulative data. Results are shown as ratio eNOBIAof each patient. Abbreviations: CONTROL: cohgmup (red); DM: diabetic group
(blue); HT: hypertensive group (green); DM & HTabetic and hypertensive group (black).
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Besides, the NO production depends not only onettpgression level of eNOS, but
also on eNOS phosphorylation. Among the potentidO8 phosphorylation sites, the
activation site at Serll177 residue has been weallmiented as a sensor of shear stress
(Tillery, Epperson et al. 2016); (Tanaka, Miyajimaal. 2015); (Yoon, Cho et al. 2010).
Phosphorylation of eNOS at Serl177 leads to armige enzymatic activity and enhances NO
production (Dimmeler, Fleming et al. 1999); (Fikaler, Dimmeler et al. 2000); (Li, Wang et
al. 2009). Therefore, we investigate the expreskval of phosphorylated eNOS at Serl1177
(peNOS Ser1177) in IMA of bypass patients using Mfesblot (Figure 44). Similar to the
result of the expression level of eNOS, the expoessevel of peNOS shows a high
fluctuation. The expression levels of peNOS-Serlaf&/almost similar among non-diabetic
and normotensive patients; except for patient Adlgse expression level of peNOS-Ser1177
is about 18.5% less than others patients in cognalp. Among three diabetic patients, two
patients show a similar expression level of peN@E&LE/7 as the one in control group.
However, the expression level of peNOS-Serl17henthird diabetic patient is only about
66.9% compared to control group. In hypertensiwigy two thirds of group shows a reduced
expression level of peNOS-Serll77 in comparisorh waibntrol group. There are two
hypertensive patients, whose expression levelebiQ5-Serl177 even are about twice less
than the one in the control group. In the otherdhame third of hypertensive group has an
increased expression level of peNOS-Serl177, wlidchven increased about 2-4 times.
Regarding the diabetic and hypertensive patiehtxetare three patients, whose expression
levels of peNOS-Serl177 are less than the confi@. other five diabetic and hypertensive
patients have about 2-4 times higher expressioal le peNOS-Ser1177 compared to the

non-diabetic and normotensive patients.

Taken together, unfortunately, our data of the eggion levels of eNOS and peNOS
show a high fluctuation. The reason for this vasmatremains still unclear. It migh be due to
differences in sex, age, and disease status in iInUMA from each patient. Besides, the
limitation in a number of investigated samples @s0 cause the variation in the reults.
Consequently, we could not see a clear messageefdhe, further experiments need to be
performed with a larger number of patients to &yattie expression level of these proteins in
human IMA.
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Figure 44. The expression level of phosphorylated-endothelmgtric oxide synthase (peNOS at Serl177) in IMA bypass patientsThe
expression level of peNOS at Serl177 in internahmary artery segments was determined by WestetnUper panels show representative
immunoblots; lower panels corresponding cumulatiaéa. Results are shown as ratio peNOS/eNOS of gatdénts. Abbreviations: control

group (red); DM: diabetic group (blue); HT: hypersere group (green); DM & HT: diabetic and hypesdies group (black).
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6.2.5. The expression level of angiotensin system

Since the increased ROS has been shown to be imhdiycéhe local angiotensin system in
vasculature (Pueyo, Arnal et al. 1998); (Sohn, Retffal. 2000); (Nguyen Dinh Cat,
Montezano et al. 2013); (Touyz 2004). Therefore, determine the expression level of
angiotensin Il (Ang II), AT and AT receptors in IMA from diabetic patients in order t
evaluate the involvement of the angiotensin systegeneration of ROS in IMA of patients
having one or both of two main cardiovascular festtors: diabetes and hypertension. Results
of immunofluorescence of Ang Il, ATand AT receptors in IMA from bypass patients are
shown in Figure 45, 46 and 47 respectively. We tban increased signal of Ang Il, A@nd
AT receptors in both hypertensive and diabetic wipentension patients in comparison
with non-diabetic and normotensive patients, whictlicated the association of DM and

hypertension and the enhanced expression levelgiinsin system in IMA.
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Figure 45. The pronounced expression level of angiotensin H IMA of diabetic and
hypertensive patients The expression level of angiotensin |l was deieech by
immunofluorescence staining. Upper panels show esgmtative immunofluorescence
staining; lower panels corresponding cumulativedResults are shown as mean + SEM of
3-4 different patients.p<0.05 indicates a significant difference of hypesige patients and
diabetic patients with hypertension versus nontiaband normotensive patients. All
micrographs were taken at the same magnificatidoréviations: CONTROL: control group;
HT: hypertensive group; DM & HT: diabetic and hygsisive group

159



CONTROL DM & HT

HT
.

P11

AT 1R

0
N
(o))

2504

)

N
o]
?

150

1004

_{

Fluorescence (% of control

50

.*

o]

Figure 46. The increased expression level of angiotensin Iteptor — AT1 receptor in IMA of
hypertensive patients and diabetic patients withpéstension The expression level of AT1
receptor was determined by immunofluorescence istpirtdpper panels show representative
immunofluorescence staining; lower panels corredipgncumulative data. Results are shown as
mean + SEM of 4-5 different patient$<0.05 indicates a significant difference of hypestee
patients and diabetic patients with hypertensiaisuge non-diabetic and normotensive patients.
All micrographs were taken at the same magnifica#dbreviations: CONTROL: control group;

HT: hypertensive group; DM & HT: diabetic and hyjeesive group.
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Figure 47. The pronounced expression level of angiotensinéiceptor — AT2 receptor in IMA of
hypertensive patients and diabetic patients withpéstension The expression level of AT2
receptor was determined by immunofluorescence irstrirdpper panels show representative
immunofluorescence staining; lower panels corredipgncumulative data. Results are shown as
mean = SEM of 4-5 different patientg<0.05 indicates a significant difference of hypestee
patients and diabetic patients with hypertensiagsugenon-diabetic and normotensive patients. All
micrographs were taken at the same magnificatibbreéviations: CONTROL: control group; HT:

hypertensive group; DM & HT: diabetic and hyperiemgroup.
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6.2.6. The expression level of sodium-D-glucose @isporters

Since some studies have been published that SGhfbitors have effect on reducing
significantly cardiovascular events in diabetic igats (Zinman, Wanner et al. 2015);
(Vasilakou, Karagiannis et al. 2013); (Dziuba, Alpeet al. 2014); (Neal, Perkovic et al.
2013). Nevertheless, the mechanisms behind thesefitseare still not well understood.
Besides, the study regarding the expression of SGUT blood vessels is unclearly known
and the existing published papers still have theiitations. For this reason, we investigate
the expression level of SGLT1 and SGLT2 proteindM&\ from diabetic patients, either
alone or in association with hypertension by usiestern blot Figure 48, 49, respectively

in order to clarify the presence of SGLTs in hunidA. The data indicates that the SGLT1
protein of human IMA is expressed at the lower lelian the SGLT1 taken from the protein
of rat kidney. In contrast, SGLT2 of both human IMAd rat kidney were found at the same
level. The lower molecular weight of SGLT1 observedjht be due to the cleavage and
degradation of the protein, or the antibody is symcific for the human protein. Our results
show a high fluctuation of both the SGLT1 and SGLArdtein levels in bypass patients.
Therefore, it is difficult to provide any conclusioThe reason for such heterogeneous SGLT1
and SGLT2 protein levels remains unclear. Additiangeriments need to be performed such
as the determination of the expression level of BGL& 2 mRNA to clarify the presence of

these proteins in human blood vessels.
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Figure 48. The expression level of Sodium-D-glucose cotrangpdt (SGLT1) in IMA of bypass patientdhe expression level of SGLT1 in
internal mammary artery segments was determinéd/éstern blot. Upper panels show representative inamilots; lower panels corresponding
cumulative data. Results are shown as ratio SGLADIH of each patient. Abbreviations: CONTROL: cohgroup; HT: hypertensive group;

DM & HT: diabetic and hypertensive group.
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Figure 49. The expression level of sodium-D-glucose cotrangp® (SGTL2) in IMA of bypass patient3he expression level of SGLT2 in
internal mammary artery segments was determined/dstern blot. Upper panels show representative inmilots; lower panels corresponding

cumulative data. Results are shown as ratio SGLARIH of each patient. Abbreviations: CONTROL: cohigroup; HT: hypertensive group;
DM & HT: diabetic and hypertensive group.
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6.3. Discussion

The striking result of this chapter was that werahterized the vascular properties in isolated
IMAs from a population of cardiac patients passetboary bypass surgery. Thus, despite
considerable heterogeneity due to differences ¥ age, and disease status, our study in
human materials represents a more relevant expeténenodel than blood vessels from
animals. Based on the analyzed data of charaatsrist patients involved in our study, the
portion of diabetic patients among hypertensiveiepéd is ~34% (20 over 58). An
approximate proportion of diabetic patients wa dtsund in the population with cardiac
diseases from another studies (Barner, Sundt ét08ll); (Okon, Chung et al. 2005). This
observation confirmed the strong linkage between &M hypertension, which has been well
documented.

The principal findings of this chapter indicate thesolvement of diabetes and
hypertension in the augmentation of oxidative stresisolated IMA from bypass patients.
Besides, we have shown the important role of aitas (NAC) and antioxidant enzymes
(SOD and CAT) in reducing the enhanced vascular FKD&e same time, we also indicated
that uncoupled eNOS, NADPH oxidase are the mosbmejzymatic sources of ROS in
human IMA.

The reduction in ROS production in IMA from dialeetpatients after 30 min
incubation with L-NA suggests that the net effeiceNOS activity in diabetic vessels is ROS
production rather than NO production. Our findiragsmfirm previous ones in regard to the
association between high level of oxidative strasd endothelial dysfunction in diabetes.
Several studies have highlighted the potential ingmze of dysfunctional eNOS regulation in
vascular disease states (Hink, Li et al. 2001); iékjaCosentino et al. 2000). Huraux and
colleagues have suggested that in human IMAs, tldeteelium is an important source of
superoxide anion production (Huraux, Makita et1899). The group of Guzik firstly found
that the significantly increased superoxide anioodpction in human IMA from diabetic
patients is mediated by upregulated eNOS uncoupkaoghermore, they suggested that the
increase possibly was mediated by PKC signalinghépathophysiology of ED in human
diabetes mellitus (Guzik, Mussa et al. 2002).

At the same time, we found that VAS-2870 also sicgmtly reduced the fluorescent
signal of DHE, which indicates that reduced NADPKdase is a major source of,’O
production in IMA from diabetic and/or hypertensigatients. Our data are consistent with
previous ones in the literature, which show theo@ation between diabetes and increased
activity of NADPH oxidase in the vascular wall ofirhan IMA (Guzik, West et al. 2000);
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(Guzik and Harrison 2006). Guzik and colleagues fdand an abundance of NADPH oxidase
protein and its elevated activity in IMA from dialeepatients compared with non-diabetic ones
(Guzik, Mussa et al. 2002). Similarly, in anothierdy, it has been observed that type 2 diabetes
is related to increased membrane translocatiohetytosolic subunits p47phox and Racl of
NADPH oxidase, explaining the activation of vasciN&DPH oxidase in these patients.

In addition, we found that cyclooxygenases (COX)ytochrome P450 and
mitochondria are also involved in the elevated llee ROS in IMA in diabetic and/or
hypertensive patients compared with the non-diabetnd normotensive patients.
Mitochondria and cytochrome P450 have been coreidas a potential source of ROS in
vascular wall (Fleming, Michaelis et al. 2001); igar, Davydov et al. 2004), but data in
IMA from diabetic patients are rare. The inducilitem of COX, named COX-2, is not
expressed under physiological conditions but it lbarrapidly expressed under pathological
conditions. COX-2 is a rate-limiting enzyme thatatgzes the conversion of free arachidonic
acid into prostaglandin fithe first step in the biosynthesis of prostagiarahd thromboxane
(Davidge 2001). Our findings are in line with prews studies in the literature showing that
cyclooxygenases is important sources of ROS in muwessels. Indeed, it has been shown
that COX-2 expression is higher in IMA from dialeegiatients compared with non-diabetic
ones (Gordillo-Moscoso, Ruiz et al. 2013). Howevee, group of Guzik has documented that
inhibition of cyclooxygenase had minor effect oe flormation of ROS in comparison with
inhibitors of eNOS and NADPH oxidase. Besides tbetmdictory results, the scientific
evidence regarding the contribution of COX, cytache C and mitochondrial chain reaction
in oxidative stress in human IMA is still limited comparison to eNOS and NADPH oxidase,
therefore, further investigations are needed.

Our data also indicates the enhanced formationeobxynitrite (OONO-), which
plays a key role in the pathogenesis of the caediowlar complications of diabetes (for
reviews, see section 1.2.3.2). Peroxynitrite idrang oxidant, which reacts at a relatively
slow rate with various biomolecules, leading todoarascular dysfunction via multiple
mechanisms. One of these pathways involves DNAdtbreakage and consequent activation
of the nuclear enzyme poly(ADP-ribose) polymeraStadler 2011); (Soriano, Virag et al.
2001); (Szabo, Zanchi et al. 2002); (Pacher, Liaatal. 2002). Besides, OONO—mediated
oxidation of tetrahydrobiopterin, a critical cofactfor eNOS, may represent a pathogenic
cause of uncoupling of eNOS, leading to productib®,” rather than NO (Forstermann and
Munzel 2006); (Pacher, Beckman et al. 2007). Osults are consistent with previous one in

literature. Du et al showed that the incubatiorheman endothelial cells with HG led to an
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increased formation of ONOUormed from NO and © (Du, Edelstein et al. 2001). They
suggested that ONOGare the mediators of the cytotoxic effects of HGEC. In addition,
the group of Guzik has characterized human IMAhsapus vein, and radial artery obtained
from bypass by evaluating the relationships andrautions between 2O production, NO
bioavailability, and ONOO formation. They quantified the ONOQproduction by using
luminol-enhanced chemiluminescence and found mdtcimereases in © and NO
production resulting in increased ONOfarmation(Guzik, West et al. 2002). These findings
suggest that the release of Grom human blood vessels is modulated not onlyobgl G
production, but also by NO production. Therefona, findings support the involvement of the
powerful oxidant ONOOQin the augmentation of oxidative stress in isaldMA from bypass
patients. Moreover, oxidative stress is more prowged in diabetic and/or hypertensive
patients.

In regared to the expression levels of eNOS andd&Ninfortunately, our data show
a high fluctuation. Besides, experiments by IHC aWdstern blot show a contrary. The
reason for this variation still remains unclearmigh be due to differences in sex, age, and
disease status in human IMA from each patient. d&ssithe limitation in a number of
investigated samples can also causes the varimtitire reults. Consequently, we could not
see a clear message. Therefore, further experimezdd to be performed with a larger
number of patients to clarify the expression lefehese proteins in human IMA.

In addition, we found an increased expression l®fethe angiotensin system by
performing IHC in IMA from bypass patients. Both d\H and its two receptors ATand AT
were found significantly increased in IMAs from lb@ic and/or hypertensive patients
compared to the control group. Since Ang Il is awn factor in the pathogenesis of diabetic
cardiovascular complications, which can indueg& @rmation, leading to the increased level
of oxidative stress (Nguyen Dinh Cat, Montezanale2013); (Touyz 2004). Our results are
in line with previous findings in the literature €By, Hamilton et al. 2000; Giacchetti, Sechi
et al. 2005). Indeed, Berry and colleagues havenvshthat Ang Il can increase 2O
production in human arteries and that this effaciAil; receptor dependent, since it was
blocked by an AT receptor antagonist (losartan) (Berry, Hamiltomle2000). Similarly, our
data indicates that the expression level ofi AeCeptor is significantly increased in IMA of
diabetic and/or hypertensive patients. Besidesresult also shows the significant enhanced
expression level of Adreceptor in IMA from hypertensive patients and étabpatients with
hypertension. It has been reported that Ang llvabttis the A7 receptor, resulting in the
increased production of BK and NO (Gohlke, Pees.€1998); (Siragy, Inagami et al. 1999).
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NO, in turn, might react with £ leading to augmented formation of ONQ@onsequently,
enhances the level of oxidative stress. Moreovan, de Wal and colleagues have found that
AT2 receptor mRNA is present in human IMA, howevke AT receptor stimulation did not
mediate vasodilation in these arteries (van de Wal,der Harst et al. 2007). Taken together,
our findings have confirmed a pronounced upreguiatf the angiotensin system in IMA
from diabetic and/or hypertensive patients. Besitike eNOS, which was highly expressed
only in the endothelium of IMA, the expression ofg&otensin system was found enhanced
both in endothelium and in SMC. Our observatiorassistent with others studies in vitro
(Griendling, Minieri et al. 1994) as well as in ham(Berry, Hamilton et al. 2000). This
suggests that vascular SMCs may be an importancesoaf Q™ generation besides the
uncoupled eNOS in endothelium.

Finally, based on our data of the expression l@feBGLTs, we were unable to
conclude about the expression level of SGLTs indnutMA due to the high fluctuations of
receiving results. Besides, it is also due to thet that the molecular weight of SGLT1
observed in IMA is lower than the one in rat kidnefnich can be explained by the cleavage
and degradation of the protein, or the antibodyas specific for the human protein. We
propose to evaluate the expression level of SGLR& & in human IMA for further study in
order to characterize the expression level of tiegducose transporters in blood vessels.

Taken together, our findings in this chapter suggies involvement of superoxide
anion and peroxynitrite in the increased level xiflative stress in IMA from diabetic and/or
hypertensive patients. In addition, further expermts performed on a larger number of
patients may be able to clarify more precisely éxpression level of eNOS and local
angiotensin system in IMA from patients with diggsetand/or hypertension. Besides, the
expression levels of SGLTs in IMA from bypass patsestill need to be clarified by

evaluating the expression level of SGLTs’ mRNA.

There were certain limitaions in our work:

- The difficulty in collecting samples and their sinsize. We obtained only a small
amount of proteins from human IMA; therefore, we Bmited to study all interesting
markers.

- A small number of subjects in non-diabetic and ndemsive group raises a difficulty
for us to conclude a precise message.

- The difficulty in controlling of the integrity of he endothelium, it is hard to

distinguish the received results come from the @ason with diabetes or losing the
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integrity of the endothelium. To be more precise, meed to evaluate the samples in
both conditions: with and without endothelium (etiddium could be denuded
mechanically). However, the limited size of receiwamples could not allow us have
all the conditions.

The high fluctuation among the patients. The vammbetween groups may be due to
the heterogeneous clinical characteristics of byppatients. Such patients have
differences in their genetic backgrounds, theiesdhclerotic risk factors, their disease
duration and severity, and their drug therapy.

The variation between groups also might be relédethe fact that the NO and>,O
balance may be different in vessels betwexerivoandin vivo study because of tonic
activation of endothelial NO production by sheaest and because of other sources
of NO.
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GENERAL DISCUSSION AND CONCLUSIONS

The first main purpose of our study was to esthldisex vivomodel of HG-induced
endothelial dysfunction in different types of ideld arteries from male Wistar rat and in
porcine coronary artery. The literature has repbtteat HG attenuated the ACh-mediated
endothelium-dependent relaxation in isolated bleeskels of non-diabetic animal, such as in
rabbit aorta (Tesfamariam, Brown et al. 1990; Tesfiaam, Brown et al. 1991; Goel, Thor et
al. 2008), in rat aorta (Wang, Xiong et al. 200%arQ Wang et al. 2010; Goel, Zhang et al.
2007); and rat mesenteric artery (Salheen, Pankbapa et al. 2015; Taylor and Poston
1994). However, ouex vivomodel of short-term incubation (3 — 6 h) of isothteteries from
male Wistar rat (such as aorta, main mesenteraryartenal, carotid and femoral arteries)
with HG (25 and 44 mM) did not show any alteratedrACh-mediated endothelial relaxation.
Our unexpected results raised the question regattancontribution of oxidative stress to the
attenuation of endothelial relaxation in blood ess However, we have found that the
oxidative stress induced by 30 min of artery rimggubation with pyrogallol (10 and 30 uM)
significantly enhanced the contractile respons@Boand markedly attenuated endothelium-
dependent relaxation response to ACh in aorticsringm male Wistar rat. Our findings are in
line with the previous ones in the literature, whghow that the auto-oxidation of pyrogallol
induces oxidative stress resulting in the impagadothelium-dependent relaxation response
to ACh in the rat aorta (Jin, Qian et al. 2009; emMcKeown et al. 2008; Qian, Fu et al.
2012; Yeh-Siang, Subramaniam et al. 2011). Henltkowgh oxidative stress induced by
pyrogallol caused the endothelial dysfunction im cat aortic rings, the level of oxidative
stress induced by HG might be too small to alter ¢éhdothelium-dependent relaxation of
healthy rat arteries in owex vivomodel. Therefore, it could not be detected. It hhiglso
possibly be related to certain factors, such asraler, age, strain, species of studied animals,
and conditions of housing of animals. The literatbas also reported the fluctuation of HG-
induced impaired endothelium-dependent relaxatetween male and female animals (Goel,
Zhang et al. 2007; Goel, Thor et al. 2008), as wsllbetween different strains (such as
Sprague Dawley and Wistar rats) and species (sschalabits and rats) (Rama Krishna
Chaitanya and Chris 2013; Dhar, Dhar et al. 20B@}ides, the literature also indicates that
exposure to the same time and same glucose coattentcan modulate endothelial function
in different way, depending on the vascular bedusTthe individual vascular beds exhibit
differences in vascular reactivity; therefore, HGymaffect differentially relaxation and
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contraction responses. Moreover, the impairmergnafothelial relaxation induced by HG in
the same type of artery still differ to some extbatween publications (Qian, Wang et al.
2006; Zhang, Yang et al. 2004; Wang, Xiong et @03). In addition, it might also be related
to the different baseline of the health statushef $studied animals due to the differences in
animal age, food, water supplied, conditions ofimggor housing system such as the
temperature, humidity, and cleanliness of storedmwor the behavior of animals due to the
different level of stress caused during the pertoroe of experiments. Overall, such reasons
might explain the differences between our results @evious ones.

Since the effect of HG on the ACh-mediated endaiheldependent relaxation might
be too small in our studied healthy rats, we evalliahe effect of HG on endothelium-
dependent relaxation in aortic rings with a pdstighpaired endothelial function, which was
induced by a low concentration of pyrogallol (3 uMhexpectedly, it has been shown that 6
h co-incubation of aortic rings with elevated D-gse (25 mM) and pyrogallol (3 uM) did
affect neither contractile nor relaxation respon3dge lack of effect of HG in endothelium-
dependent relaxation might be related to the taat the level of oxidative stress induced by
HG in short time incubation was too small in thesetic rings from male Wistar rats. It
should be noted that almost ak vivomodels of HG-induced endothelial dysfunction were
performed in aorta from Sprague Dawley rats. Besidlee literature has shown that HG
induced a higher level of impairment of endotheldapendent relaxation in aortic rings from
Sprague Dawley rats than from Wistar rats withdame incubation conditions. The different
susceptibility among rat strains could contributethie variation of effect of HG-induced
endothelial dysfunction. Genetic factors betweemah strains might possibly explain the
differences in strain-dependent susceptibility iphhglucose. Therefore, we suggest to use
aortic rings from Sprague Dawley rats instead o$téfirats to evaluate the effect of HG on
endothelium-dependent relaxation.

In addition, we suggest that the lack of effect & in endothelium-dependent
relaxation response in aortic rings might be relatethe fact that the combination of HG and
pyrogallol induced the enhanced formation ofO: which can act as an EDHF, and hence
would compensate for the loss of NO. As Matobasugrhas shown that catalase (CAT),
which dismutates ¥, to form water and oxygen, inhibited ACh-inducedd@helium-
dependent relaxation and hyperpolarization attedub EDHF in mouse small mesenteric
artery (Matoba, Shimokawa et al. 2000). MoreovekTCwhen inactivated at its peroxide-
binding site by aminotriazole, lost its inhibitoeffect on the EDHF-mediated relaxation. It

also has been suggested thaDfimay fully compensate for the loss of NO in artessol
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isolated from patients with coronary artery diseaisean EDHF-type mechanism (Phillips,
Hatoum et al. 2007). These findings suggestedthigateduced NO bioavailability in diabetes
may unmask the effect of EDHF as a back-up mechmabiscause under control conditions
NO suppresses the action of EDHF (Cai 2005; ShigKal. 2006). Thus, further studies are
required to use CAT and PEG-CAT to block the effefcthe extra- and intracellular of.8>

on relaxation responses in order to evaluate tfeetedf HG on NO-mediated endothelium-
dependent relaxation in rat isolated vessels.

Next, since the short time incubation might be ohehe reasons why HG did not
affect the endothelium-dependent relaxation in i@orings from Wistar rats, we have
evaluated the effect with HG on endothelium-depandelaxation response after long-term
incubation of rat aorta and porcine coronary art@€A). Unexpectedly, 15 h and 22 h
incubation of aortic rings in DMEM media with HG52nM) depressed the PE-induced
contractile response. Therefore, we were unabévatuate the effect of HG on endothelium-
dependent relaxation in long-term period in aorings from male Wistar rats. It could be
explained by the release of inducible NOS and C@duced by proinflammatory cytokines.
Although, polymixin B (10 pg/ml) was already addéml the media to neutralize the
effect of lipopolysaccharides-induced productiorpadinflammatory cytokines such as TNF-
a, IL-1 and IL-6 (Patterson, Dahlquist et al. 200@neni, Beckman et al. 2013), it seems that
polymixin B did not fully inactivate the action gbroinflammatory cytokines or the
concentration of polymixin B used in our study wasufficent. Therefore, besides polymixin
B, peniciline and streptomycin were supplementeDMEM media. We suggest that adding
a combination of 1400W and indomethacin (inhibitat inducible NOS and COX,
respectively) to DMEM media may possibly improve ttontractile response to PE in aortic
rings after long time incubation.

In contrast, porcine heart closely resembling tina&n heart from the point of view of
size, physiology and anatomy (Hearse and Suthe2&0@®) and PCA with a larger intima-
media thickness compared to rat aorta (Zoumi, Lal.e2004) may avoid the deterioration of
endothelial and smooth muscle cells’ functions myiliong-term incubation. PCA rings were
incubated with 44 mM D-glucose for 24 h in RPMI D6dedia supplemented by penicillin
(100 U/mL), streptomycin (100 U/mL), fungizone (266/mL) and polymixin B (10 pg/ml).
RPMI 1640, a less nutrient-rich medium, containsslealcium and more phosphate in
comparison to DMEM media. Moreover, RPMI 1640 wk® asupplemented by polymixin B
(20 pg/ml) - an inhibitor of lipopolysaccharideshefefore, RPMI 1640 media may possibly

reduce the release of pro-inflammatory factors,ciwimight be the reasons for the depression
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of PE-induced contractile response in rat aortardéing period incubation (as reported in
Chapter 3). Thus, our results have shown that la iddubation of PCA rings with 44 mM D-
glucose in RPMI 1640 media induced a small impammaf BK-mediated endothelium-
dependent relaxation, but did not affect the SNIgiaied endothelium-independent
relaxation. Besides, the 6 h incubation of PCAthm same conditions did not alter the BK-
mediated endothelium-dependent relaxation. In adibur results showed that gliflozin did
not affect the small impairment of endothelium-degent relaxation induced by HG in PCAs.
Our findings also indicate that the long-term inatitn (24 h) of HG (44 mM) induced only a
small impairment of endothelium-dependent relaxatmBK in PCAs. We suggest increasing
the time incubation of PCAs in HG (44 mM) from 240h36 and 48 h to evaluate the effect of
high glucose on endothelium-dependent relaxatidariger period.

In addition, although thex vivomodel has a number of advantages as it is the most
direct method to measure the reactivity of bloodseés to chemical and physical stimulis, it
also has some limitations. Firstly, endotheliumhe tnost inner layer of isolated arteries is
very thin and extremely sensitive, it can be easifynaged during preparations due to
technical problem. Secondly, there is a difficultyeproducing the exact environment for the
arteries as inside the body. Moreover, isolatedriaé will not last indefinitely and their
response may not be identical betwe&rvivoandin vivo conditions. Hence, besides usix
vivo models, we can use the vivo diabetic models to assess the hyperglycemic etiact
endothelium-dependent relaxation. Normally diabetiodels are classified into genetic or
spontaneously induced models and non-genetic cerampntally induced modelsSome of
the most commonly usdd vivo diabetic models are outlined in Table 16. There @artain
genetic models such as Zucker diabetic fatty faplmwand db/db mice which develop obesity
and diabetes spontaneously resembling human T2ibnhdigptions in either the leptin gene
(Lep or its receptor L(epr) (Leptin is a hormone that regulates appetite, amtlices
unregulated feeding). However, the development iabates in these genetic models is
predominantly genetically determined unlike in hmsaShafrir 2010) Moreover, these
animals are expensive and are not easily avaifabl¢he investigative purposes as well as
regular screening experiments. A number of non‘geneodels have been developed in last
three decades for diabetes research including aillqdX) /streptozotocin (STZ)-induced
diabetes, high-fat diet fed, fructose-fed, comboratof high-fat diet-fed and STZ, partial
pancreatectomy, and nicotinamide—STZ models (Tab)e
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Table 11 List of most commonlyn vivo diabetic models used to modulate the contribution

of hyperglycemia in the pathogenesis of diabetesdiMed from (King 2012).

Induction Features
: Models
mechanism

- Alloxan Simple model of

Type 1 diabetic | Chemically - Single high-dose STZ | hyperglycemia

models induction - Multiple low-doses STZ
High-fat diet
High-fructose diet
Combination of| Single low-dose STZ| Obesity-induced
Obese chemical induction| and high-fat diet | hyperglycaemia
and high-fat diet feeding
Type 2 4 - Ob/ob mouse Obesity-induced
diabetic %)gﬁggenic)m()del“ - db/db mouse hyperglycaemia
models - Zucker fatty rat
Surgical  diabetic Pa_rtialI pancreatictorr(ljizej _I—|}(;pergdly(l:)aer_nia |'
Non animals animals  e.g. og, induced by insulin
obese - _ primate, pig & rats deficiency
Nicotinamide-STZ
induction

Most commonly used chemicals agents used to indiateetes are alloxan (AX) and
streptozotocin (STZ). Both STZ and AX wifhcell toxicity abilities have been used for
producing chemically induced T1DM models by adntnaigon with a high-dose or repeated
low-doses for several days (30-40 mg.kg-1). STZ AKdenter the pancreatig-cells via the
GLUT2 glucose transporter and destroy them throogidative stress mechanisms. More
specifically, AX is a uric acid derivative and ST a natural antibiotic produced by the
bacterial species Streptomyces achromogenes (Ssku@é01). However, the use of alloxan
nowadays is significantly lower compared to STZ tluéts lesser efficacy and some proven
side effects in animals e.g., liver and kidney dgenaSTZ with alkylating properties causes
alkylation and thus fragmentation of DNA, modifie®logical macromolecules and finally
destroysp-cells. The development of hyperglycemia in STZuoeld diabetes model is
primarily due to the direct pancreaticcells destruction, and resulting insulin deficignc
rather than the consequence of insulin resistahegefore, it imitates mostly T1D (Bolzan
and Bianchi 2002).

On the other hand, T2D is a very heterogeneousasks@volving hyperglycemia,
insulin resistancep-cells dysfunction and liver dysfunction. Howevagne of the above-
mentioned models combine all these clinical patheges of T2D. Although high-fat or high-
fructose diet models can induce insulin resistaasewell as impaired glucose tolerance.

However, they take significantly longer time to dmp the complete pathogenesis of T2D
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which is not suitable for most of the research&e STZ—-nicotinamide model was originally
developed by Masiello and colleagues (Masiello,cBret al. 1998). Masiello et al developed
this model by injecting (i.p.) a dose of 230 mgl4/ nicotinamide 15 min prior to a STZ
injection (i.p.) at a dose of 65 mg/kg BW in 3-moiid male Wistar rats. The STZ-
nicotinamide injection induced T2D is based on fit the STZ-induced DNA damage
stimulates DNA repair mechanisms that consume Igugantities of nicotinamide adenine
dinucleotide. The supplementation of nicotinamideves as a partial protection against
excessive pancreatic beta cell damage caused byT$iZmodel resembles a hon-obese non-
genetic model of T2D. In addition, partial pancesadmy model is another non-obese model,
which induces T2D in rats by removal of 85-90%la pancreas to reduce pancreftizl|
masses. These animals displayed mild to modergierglycemia from day 4 post-surgery
and was maintained for a further 6-week period. é¥eless, this model has not become the
popular method in research due to the regenerafiggancreatic cells. Moreover, advanced
surgical skill is required to develop this modet.pkesent time, the combination of high-fat or
high-fructose diet with a diabetic inducer partanly STZ is considered as a best choice for
the development of T2D models. Srinivasan et alebiped a high-fat diet-fed and STZ-
injected rat model by a high-fat diet containing/b®8alories from lard to Sprague Dawley
rats for 2 weeks prior to STZ injection (i.p.) wahdosage of 35 mg/kg BW and continued ad
libitum feeding of high-fat diet throughout the expnental period (Srinivasan, Viswanad et
al. 2005). The high-fat diet-fed and STZ-injected model showed frank hyperglycemia,
significantly elevated total serum cholesterol, aserum triglycerides. Serum insulin
concentration was significantly lower in this groapmpared to the rats fed only a high-fat
diet. To date, it is the most suitability model f@G2D for either rapid or routine
pharmacological screening of antidiabetic drugsraatdral products.

Once anex vivo hyperglycemic model om vivo diabetic model are successfully
developed, we can assess the effect of high gluonsthe endothelial relaxation of blood
vessels. Following the data published in the Ittee high glucose induces attenuation of the
endothelium-dependent relaxation and does not taffbbe endothelium-independent
relaxation. In case we find the impaired endotmeldependent relaxation in blood vessels,
we can evaluate the effect of SGLT1/2 inhibitorstlois impairment. Such data will clarify
the role of SGLT1/2 in the transport of glucoseblood vessels. Besides, since the studies
regarding expression of SGLT1/2 and their effectbtood vessels are still limited, further

study will need to be performed to clarify the mmese of SGLT1/2 as well as their
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contribution on the level of oxidative stress inéddoy HG in endothelial cells in blood

vessels in diabetes.

To sum up, our findings have led us to concludé tha

The auto-oxidation of pyrogallol induces oxidatisgress resulting in a significant
enhancement of the contractile response to PE #&meduation of endothelium-
dependent relaxations to ACh in rat aortic rings.

The effect of short-term incubation with HG on tA€h-mediated endothelium-
dependent relaxation is too small in our studiealthg rats. Therefore, it could not be
detected. It might possibly be related to certaictdrs, such as a gender, age, strain,
species of studied animals, and conditions of mmuef animals.

The long-term incubation of aortic rings with HG pdessed the PE-mediated
contractile response

The long-term incubation of PCAs with HG inducedsm@aall impairment of BK-
mediated endothelium-dependent relaxation. Althotlgk alteration is too small,
therefore, we could not examine the protectivecefté gliflozin on HG-induced the

impairment of endothelial relaxation.

We suggest to :

Use isolated blood vessels from male Sprague Davdesyinstead of Wistar rats to
evaluate the effect of HG on endothelium-dependsakation.

Add a combination of 1400W and indomethacin (infeibiof inducible NOS and
COX, respectively) to RPMI 1640 media to improve ttontractile response to PE in
aortic rings after long time incubation.

Use CAT and PEG-CAT to block the effect of the axtnd intracellular of ¥D2 on
relaxation responses in order to evaluate the teffdc HG on NO-mediated
endothelium-dependent relaxation in rat isolatesbeks.

Increase the time incubation of PCAs in HG (44 nfkdm 24 h to 36 and 48 h to
evaluate the effect of high glucose on endotheldependent relaxation in longer
period.

Develop ann vivo diabetic model by a high-fat diet containing 58&tocdies from lard
to Sprague Dawley rats for 2 weeks prior to ST2dtipn (i.p.) with a dosage of 35
mg/kg BW

Determine the expression level of SGLT1/2 in blogsssels in normal and high

glucose conditions.
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In the second study with human artery, we investidjahe internal mammary arteries
(IMA), which were taken from patients underwent @uary bypass surgery. It should be
mentioned that diabetic patients have a 2 — 4 ifoddeased risk of coronary artery disease
over non-diabetic patients (Al-Nozha, Ismail et2016). Therefore, coronary artery bypass
grafting seems to be particularly important in @b patients. In fact, 12% to 38% of the
patients that undergo coronary artery bypass syrgee diabetics (Herlitz, Brandrup-
Wognsen et al. 1997). However, the influence obelias on the results of coronary bypass
surgery has not been well documented. Hence, weacteaized the vascular properties in
isolated IMA from diabetic patients, who underweatonary bypss surgery in the absence or
presence of main cardiovascular risk factors suchypertension and age. Thus, despite
considerable heterogeneity due to differences x) age, disease status, and treatments, the
study of human IMA represents a more pertinent rhodfldélood vessels than those from
animals. In our investigated population, we fouhdttthe presence of abou84% (20 over
58) diabetic patients among all hypertensive p#diewhich supports the strong linkage
between DM and hypertension. As an approximate gstmm of diabetic patients was also
found in the population with cardiac diseases feomather studies (Barner, Sundt et al. 2001);
(Okon, Chung et al. 2005).

Since the oxidative stress plays a pivotal rolthendevelopment of diabetes as well as
CVD, we first aimed to identify the relevance oettwo main cardiovascular risk factors
(including diabetes and hypertension) and the lefelxidative stress in IMAs from bypass
patients. We found that the level of oxidative s$rén IMA from hypertensive patients and
patients with diabetes and hypertension was sagmfly higher than the one in non-diabetic
and normotensive patients. The characterizatioth@fvascular level of oxidative stress has
indicated the involvement of several sources inagdincoupled eNOS, COXs, NADPH
oxidase, cytochrome P450, and the mitochondriglirgison chain in the enhanced formation
of ROS in IMA from hypertensive patients and diabeatients with hypertension.

In addition, we also found an enhanced formationOMOO and an increased
expression level of eNOS in the diabetic and hypeitve group compared to non-diabetic
and normotensive patients. These findings suggesinizolvement of an uncoupled eNOS in
generation of @7, which, in turn, reacts rapidly with NO, reducitNO bioactivity and
leading to augmented formation of ONQ®@ur results are in line with previous ones in the
literature. Indeed, Huraux and colleagues havertegdhat in human IMAs, the endothelium
is an important source of0 (Huraux, Makita et al. 1999). The group of Guzikhd the
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matched increases inoO and NO production resulting in increased ONC@rmation in
human IMA from diabetic patients is mediated byaguiated eNOS uncoupling (Guzik,
Mussa et al. 2002; Guzik, West et al. 2002). Thesgfour findings support the involvement
of the powerful oxidant ONOQIn the augmentation of oxidative stress in isaldiA from
bypass patients. Moreover, oxidative stress is mprenounced in diabetic and/or
hypertensive patients. Although, we could not aomfthese findings by examination the
expression level of eNOS by Western blot. Our Wesldot data of the expression levels of
eNOS and peNOS show a high fluctuation. It migldbe to differences in clinical profile of
each patient, such as the differences in age, disgase status and treatments of bypass
patiens. Besides, the limitation in a number ofestigated samples can also cause the
variation in the results. Moreover, the contraryutes between IHC staining and Western blot
might be related to the fact that IHC staining aNdstern blot were not performed in the
same group of patients; because the limited sizebtdined sections of IMA from bypass
patients did not permit us to perform each typeexperiments using the same samples.
Hence, the expression level of eNOS in IMAs fronpdryensive and diabetic patients is still
guestionable. Further experiments need to be peedrwith a larger number of patients to
clarify the expression level of eNOS and peNOSuman IMA. In addition, we suggest also
performing the vascular reactivity study to clarihe role of eNOS in endothelium of IMA
from bypass patients. Results from vascular reiggtstudy might give us the link between
the relaxant responses in human IMAs and the mamdiavascular risk factors such as
diabetes, hypertenstion, smoking, and age).

Moreover, the increased level of ROS has been showe induced by the local
angiotensin system in endothelial cells (Pueyo,ahet al. 1998; Sohn, Raff et al. 2000;
Touyz 2004). Therefore, we determined the expredsiel of components of the angiotensin
system in IMA from diabetic patients in order toakate the alterations in the expression
level of the local angiotensin system in the presenf single or combined two main
cardiovascular risk factors: diabetes and hypeidaensNe found an increased expression
level of angiotensin system by performing IHC inANrom bypass patients. Both Ang Il and
its two receptors AT and AT, were found significantly increased in both endbtime and
smooth muscle cells of IMAs from hypertensive pae and diabetic patients with
hypertension compared with non-diabetic and normse patients. Our results are in line
with previous findings in the literature. IndeederB/ and his colleagues have firstly
demonstrated that Ang Il can increasé @roduction in human IMA (Berry, Hamilton et al.

2000). It also should be noted that, the expressi@ngiotensin system was found enhanced
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both in the endothelium and in the smooth musdls.c®ur observation was consistent with
others studiesn vitro (Griendling, Minieri et al. 1994) as well as inrhan IMA (Berry,
Hamilton et al. 2000). This suggests that vascsmaooth muscle cells may be an important
source of @ generation besides uncoupled eNOS in endothelMevertheless, further
experiments need to be performed with a larger rurob patients to clarify the expression
level of angiotensin system in human IMA by Westbtat to confirm the results from
immunofluorescence.

Finally, recent studies have shown the benefitSGLTs inhibitors on cardiovascular
outcome in diabetic patients (Zinman, Wanner e2@L5; Vasilakou, Karagiannis et al. 2013;
Dziuba, Alperin et al. 2014; Neal, Perkovic et2013) existing the evidences regarding the
expression level of SGLT1 in endothelial cells (bed, Rosenkranz et al. 2004; Jin, Yi et al.
2013; Han, Cho et al. 2015). However, the literatwlated to the expression level of SGLT2
on blood vessels is poorly documented. We haveuated the expression level of SGLT1/2
in IMA from bypass patients by Western blot in aortt clarify the presence of SGLT1/2 in
endothelial cells in IMA from diabetic patients. Wever, we could not to conclude about the
expression level of SGLT1/2 in human IMAs due te ginonounced fluctuations in the results
as well as a technical problem. As the SGLT1 wasenked at a lower molecular weight in
comparison with the one in the positive control, suggest using another positive control
such as human kidney to clarify the molecular we@SGLT1 in human IMAs. In addition,
we suggest evaluating the expression level of SG.TMRNA in human IMA in order to
characterize the expression level of these gludmmesporters at the molercular level in
human IMA.

Taken together, our study in human IMA has higlikghthat:

- Clinical profile of patients shows that diabeted drypertension frequently occur
together.

- The involvement of the £, H- O, and ONOO in the augmentation of oxidative stress
in isolated IMA from bypass patients.

- Several sources including uncoupled eNOS, COXs, RHDoxidase, cytochrome
P450, and the mitochondrial respiration chain awlved in the enhanced formation
of ROS in IMA from hypertensive patients and diabeatients with hypertension.

- IHC staining indicates a significant increased espion level of both eNOS in
endothelial cells and angiotensin system in endiotineand SMC. However, further

179



studies are needed to be performed to confirm thedimgs by other methods such as
examination the expression level of these proteyng/estern blot.
- The expression level of SGLT1/2 are unclear. Furtitedies are required to have a

clear message regarding the expression level offS@Lhuman IMA.

We suggest to

- Increase the number of patients

- Perform the vascular reactivity study to clarifetiole of eNOS in endothelium of
IMA from bypass patients

- Determine the expression level of the angiotengstesn by Western blot to confirm
the results from immunofluorescence

- Use another positive control such as human kidoeglarify the molecular weight of
SGLT1/2

- Determine the expression level of SGLT1/2 mRNA l&rity their presence in human
IMA.
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Appendix

Table 1. Clinical profile of all patients studiedAbbreviation: BMI: body mass index; BB: beta block&CE: angiotensin-converting enzyme;

AT2: angiotensin receptor 2; ARA Il: antagonisteptor of angiotengin 1l; OAD: oral antidiabetic dgj 0 = no, 1 = yes.

Time S A Creatinin Hospital . .
£ . : . BMI stay Hyper- Dia- Tobacco dyslipi-
xperiment Patients: taking e g K clearance . : Smokers . Treatment
g/m2 . duration | tension betes used @ demia
sample x e (ml/min)
(days)
diuretic, statin
AT2 inhibitor,
Pl M 65 32,7 109,8 6 1 1 0 0 1 metformin, aspinin
nitres, BB, statin,
calcium bloker
P2 M 71 26,9 71 7 1 0 0 0 1 aspirin
P4 M 63 22,6 71,3 7 0 0 0 0 1 aspirin
IHC insulin, BB, statin
staining: P5 M 65 27,3 61,8 7 1 1 0 0 1 aspirin
DHE, BB, statin, aspirin,
sources of P6 M 61 2272 75,2 5 0 0 0 0 0 ACE
ROS and BB,statin
proteins  pP7 M | 74 1 0 Aspirin,ACE
sur poids, inhibitor
P8 M 70 23,6 87,2 7 0 0 0 0 0 de C&", aspirine
vasten, lovenox,
prednisolone,
moduretic, amlor,
inhibitor Ca,
P9 M: 78 23,1 66 6 1 0 0 1 1 diuretic, statin
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Time

Creatinin

Hospital

1%

Experiment Patients, taking e g kBy” clearance q stay Hyp‘?r' Dia- Smokers Tobacco dyS“p" Treatment
sample | x e g/m2 (mi/min) uration tension betes used demia
(days)
aspirine
inhibitor Ca,
Nitres, ACE, Ora
+ insulin, Statin
aspirine,
P10 M:70 37,5 129 6 1 1 0 0 1 Ticlid/plavix/others
Inh Ca, BB, ACE
P11 M 77 24,6 58,7 7 1 0 0 1 1 Aspirine, statine,
aspirine, statines
OAD, BB,
P12 M 60 324 82,8 7 1 1 1 1 1 antiarrythm
aspirine, HBPM
AVK, statine, BB,
pla 11/12/2013 M 65 32,9 108,9 6 1 0 1 1 1 ACE, diuretiques
IHC notr_é_s; staines
staining aspirine, OAD
DHE pl6 12/12/2013 M 81 31,1 41,9 11 1 1 0 1 0 BB, ACE
aspirine, plavix
p21 17/01/2014 M 61 25,3 78 6 1 0 0 0 1 statine, BB, ACE
BB, statines
p26 06/02/2014 M 57, 26 61,8 23 0 0 0 1 0 aspirin
coaprovel, loxen
P30 atenolol, alpress
V‘gtgnoplt“) (Ao) | 25/04/2014M 81 253 51,7 6 11 0 0 1 amarel, metformin
detensiel, kardegi
P31(A1) 05/05/2014 M 80 30,9 63,7 10 0 0 0 0 1 lescol

14

D

)
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Time

Creatinin

Hospital

S A BMI stay Hyper- Dia- Tobacco dyslipi-
Experiment Patients, taking e 9 clearance . ) Smokers ) Treatment
g/m2 . duration tension betes used | demia
sample x e (ml/min) (days)
P32(A2) 24/05/2014 M 78 30,3 73,9 7 0 0 0 1 0 plavix, detensiel
BB, calcium
no inhibitor, aspirin
name ACE, diuretic,
(NN) 10/10/2014 M 66 24,2 19,3 4 1 1 0 0 0 OAD
aspirin,  diuretic
BB, fluindone,
A4 20/11/2014 M 79 28,1 59,4 6 1 1 0 0 0 ADO, insuline
aspirin, BB, statin
A5 17/12/2014 M 78 27,9 63,9 35 1 0 0 0 1 sartan
BB, ACE, diuretic
aspirin,
A6 16/01/2015 M 69 37,7 83 32 0 0 0 0 1 clopidogrel, statins
All 30/01/2015 M 62 23,2 69,2 6 0 0 0 0 1 statins
WB (2016) BB, ACE, calcium
channels blocke
statin, aspirin
Al2 30/01/2015 F 67 23 75,9 10 1 1 0 0 1 OAD
BB, statin, aspirin
Al13 04/02/2015 F 1 63 25,1 91,2 7 0 0 0 1 0 clopidogrel, ACE
Al4, BB, ACE,
Al15 05/02/2015 M (71 26,7 80,8 5 1 0 0 0 1 aspirin,statin,
Al6 10/02/2015 M 65 24,1 68,7 6 1 0 0 1 1 BB, statin
BB, nitric, ACE,
diuretics, ora
antidiabetic, statin
Al7 16/02/2015 M 61 30,2 186,7 7 1 1 0 1 1 aspirin

=
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Time

Creatinin

Hospital

Experiment Patients, taking e g kBMI clearance stay Hypgr- Dia- Smokers Tobacco dyS“p" Treatment
g/m2 . duration tension betes used | demia
sample x e (ml/min)
(days)

calcium channels
inhibitor, BB,

Al18 16/02/2015 M 58 25,6 1145 1 0 0 1 ACE, aspirin

Al19 06/03/2015 M (72 26,7 68,1 7 0 0 BB, ACE, aspirin
calcium channels
inhibitor, BB,
aspirin, sartan,

A20 09/03/2015M 75 32 77,6 7 1 1 0 1 1 nitric, diuretics
BB, diuretics

A21 02/04/2015 M 1 78 33,7 136,9 7 1 0 0 1 1 statin, clopidogrel
nitric, diuretics
central
antihypertension,

A22 09/04/2015 M 185 32,7 66 7 0 0 0 0 1 aspirin, statin
BB, ACE, aspirin

A23 09/04/2015 F 53 32 11,6 12 1 0 1 1 1 statin, fluindione
BB, ACE/ ARA I,
diuretics, OAD
statin, fluindione=

A24 27/04/2015 M 78 28,4 54,8 10 0 1 0 1 0 AVK anticoagulant

A25 28/04/2015 M 62 20,8 miss 1 0 0 0 1 no treatment
BB, ACE,
potassium channels
activator,  statin,

Bl 29/01/2015 M 76 29,3 80,4 7 1 0 0 1 1 aspirin
BB, fluindione

B2 29/01/2015 M 68 25,5 78,8 6 1 0 0 1 0 AVK =
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. - Hospital
Time S A Creatinin . -
Experiment Patients, taking e g kBMI clearance stay Hypgr- Dia- Smokers Tobacco dyS“p" Treatment
g/m2 . duration tension betes used | demia
sample x e (ml/min)
(days)

anticoagulant

MEF 30/01/2015 M 66 19,5 - 6 0 0 0 1 1 BB, statin, aspirin
BB, ACE,
potassium chanels
activator,  statin,
clopidogrel =

MMA 30012015 M58 34 109,4 6 1 1 0 1 1 anticoagulant

0OSG 09/02/2015 M 65 24,1 68,7 6 1 0 0 1 1 BB, statin
aspirin,  diuretic

BRC 09/02/2015 M 57 39,4 149,8 7 1 0 0 0 1 sartan, statin, BB
BB, ACE,
diuretics, insulin

REP 04/02/2015 M 51 26 - 8 0 1 1 - - | statin, aspirin
nitirc, BB, ACE,
insulin, statin

ZEO 06/02/2015 M 46 24,9 134,3 6 0 1 1 0 0 aspirin
BB, diuretics

SCA 13/02/2015M 84 31,2 59,1 17 1 0 0 0 1 statin, aspirin
nitric, BB, sartan,
diuretics, statin,

FVU 19/02/2015M 84 27,4 60,7 7 1 0 0 0 1 aspirin
calcium channels
inhibitor, BB,
ACE, OAD,

HEJ 02/02/2015 M 84 - - 1 1 - - - aspirin
diuretiques,

PCR/WB A3l 02/10/2015 F 78 29,3 76,6 7 1 0 0 1 1 statines; aspirin
A32 13/11/2015 F 58 32,7 96,5 6 1 0 0 0 0 Ca inh, BB, ARA
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Time

Creatinin

Hospital

Experiment Patients, taking e g kBMI clearance stay Hyp‘?r' Dia- Smokers Tobacco dyS“p" Treatment
g/m2 . duration tension betes used | demia
sample x e (ml/min)
(days)
I, aspirin
Ca inh, BB, ACE
A33 13/11/2015M 65 31,6 75,2 7 1 1 0 0 1 diuretiques, aspirin
Ca inh, BB, ACE
P1 01/12/2015 M 59 24 68,2 7 1 1 1 1 0 statin, aspirin
Ca inh, ACE
P2 01/12/2015M 55 33,2 109 8 1 0 0 0 1 statin, aspirin
BB, ACE,
diuretiques, statine
A34 14/12/2015 F 76 27,1 55 6 1 0 0 0 1 aspirin
A35 15/12/2015 M 63 26,9 89 7 0 0 0 0 0 -
BB, Ca inhibitor,
A36 19/01/2016 M 61 29,4 129 7 1 1 0 0 1 ACE,
statin, ACE
A26 29/05/2015 M 62 23,9 82,6 7 1 0 0 0 1 aspirin, BB
statin, ACE, BB
A27 05/06/2015 F 53 20,9 32,5 8 1 0 0 1 1 diuretic
statin, ACE, BB
diuretic,  aspirin
. A28 12/06/2015 M 78 28,1 55,1 7 1 1 0 0 1 OAD - NO insulin)
WB in HG BB, ARA ||
A29 03/07/2015 M (73 22,2 65,9 7 1 0 0 0 1 aspirin
aspirin, Statin,
ARA 11, i.v nitrate,
inhaled Corticoid
and
A30 03/07/2015 M 76 23,9 53,4 6 1 0 0 1 1 bronchodilators
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= Caractérisation de la fonction
vasculaire dans les vaisseaux
sanguins isolés en reponse
au glucose élevé et de l'artere
mammaire interne de patients
diabétiques

”~ Phuong Nga NGUYEN

Résumé en francais

D’abord, nous avons visé a établir un modéle ex vivo de la dysfonction endothéliale
induite par le glucose élevé (HG) dans les artéres isolées de rat Wistar male et porc.
Notre but était de clarifier le réle des SGLT1/2 dans les cellules endothéliales dans les
conditions HG pour évaluer l'effet protecteur des gliflozines sur la fonction endothéliale.
Cependant, HG n'a pas affecté la relaxation dépendant de I'endothélium. L'absence
d'effet d’'HG pourrait étre liée aux facteurs, tels que les conditions d'incubation, le
genre, l'age, la souche, I'espéce d'animal et les conditions de logement. Enfin, nous
avons caractérisé les arteres mammaires internes humaines (AMI) de 58 patients
ayant subi un pontage coronarien au Nouvel Hopital Civil de Strasbourg. Nous avons
trouvé l'association du diabete et de I'hypertension au niveau accru du stress oxydatif
dans les AMI humaines. Les niveaux d'expression de la eNOS, des SGLT et du
systéeme d’angiotensine local doivent étre étudiés plus en détail.

Mots clés :

Le glucose éleve, la dysfonction endothéliale, le stress oxydatif, SGLT, les artéres
mammaires internes humaines.

Résumé en anglais

Firstly, we aimed to establish an ex vivo model of high glucose (HG)-induced endothelial
dysfunction in isolated arteries from male Wistar rat and porc. Then, our goal was to
clarify the contribution of SGLT1/2 in endothelial cells under HG conditions to evaluate
the protective effect of gliflozins on the endothelial function. However, HG did not affect
the endothelium-dependent relaxation response in all tested types of artery. The lack of
effect of HG might be related to certain factors, such as the incubation conditions,
gender, age, strain, species of studied animals, and conditions of housing of animals.
Secondly, we characterized human internal mammary arteries (IMA) of 58 patients
underwent coronary artery bypass grafting in the New Civil Hospital of Strasbourg. We
found the association of diabetes and hypertension in the enhanced level of oxidative
stress in human IMA. The expression levels of eNOS, SGLTs and the components of
angiotensin system need to be further investigated.

Keywords :

High glucose, endothelial dysfunction, oxidative stress, SGLT, human internal mammary
arteries.
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