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RESUME

Stress oxydant et glycation : relation structure et activités biologiques de
I’albumine in vitro et in vivo dans le cadre de la pathologie diabétique

La plupart des pathologies, qu’elles soient d’origine génétique ou non trouvent leur origine
dans I’altération structural et/ou fonctionnelle de protéines d’intérét. L.’agrégation, la glycation
et 'oxydation constituent les principaux types de modification protéique fréquemment
observées dans de nombreuses maladies tels que le diabete, I’athérosclérose ou encore les
maladies neurodégénératives. Généralement, [’altération des activités biologiques de ces
protéines est étroitement corrélée avec ses changements conformationnels et structuraux.
L'albumine représente la protéine circulante la plus abondante et constitue le plus important
antioxydant du plasma sanguin susceptible d’étre exposée a un stress glycoxydant accru, et
aboutir a la formation de Produits Avancés de Glycation (AGEs) dont les effets peuvent étre
néfastes au niveau cellulaire et tissulaire.

Dans cette étude, je me suis intéressé a I’effet de trois types d’altérations, que sont 1’agrégation,
la glycation et l'oxydation, sur la structure, le statut redox et 1’activité antioxydante de
I’albumine ainsi que l'incidence de cette protéine modifiée sur la physiologie de différentes
lignées cellulaires.

Au cours de ce travail, j’ai abordé les quatre points suivants :

1. Afin de mieux comprendre I'impact de ces processus altératifs sur les propriétés
antioxydantes de 1’albumine, j’ai étudié, en utilisant des techniques de la Biochimie et de la
Biophysique, les modifications structurales de la protéine soumise successivement a la
glycation, I’agrégation et aux deux processus simultanément.

2. J’ai mis en évidence et identifié¢ des cibles protéiques sensibles a I’oxydation au niveau
d’adipocytes matures humains incubés en présence d’albumine bovine glycoxydée in vitro.

3. J’ai effectué une comparaison de ’action différentielle des modeles in vitro de d’AGEs
préparés a partir de I’albumine d’origine bovine ou humaine au niveau de monocytes THP1.

4. Enfin, afin de valider les caractéristiques structurales et biologiques obtenues a partir de nos
modeles in vitro d’AGEs dérivés de I’albumine, j’ai étudié sur des modeles purifiés a partir de
plasmas de sujets, 1’état structural, redox et antioxydant de 1’albumine altérée in vivo.

Les résultats obtenus lors de ce travail permettent de mettre en avant I’importance de la
structure native de la plus abondante des protéines circulantes sur I’intégrité de ses fonctions
biologiques et en particulier sur son activité antioxydante. Egalement, cette étude apporte un
nouvel éclairage sur D’implication de I’albumine altérée dans de nombreux désordres
métaboliques tels que le diabete.

Discipline: Biochimie et Biologie Cellulaire

Mots-clés: Sérum albumine bovine, Sérum albumine humaine, Adipocytes, Monocytes,
Cellules SW872 et THP1, Glycation, Diabete, Stress oxydant.

Laboratoire: EA2526 — Laboratoire de Biochimie et Génétique Moléculaire —
15 avenue René Cassin — BP 7151 — 97715 Saint Denis Messag — Cedex 09 — France
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ABSTRACT

Oxidative stress and glycation: structural and biological properties
relationship of albumin modified in vitro or in vivo in diabetes context

Numerous pathologies are strongly linked to structural and functional alteration of target
proteins. Aggregation, glycation and oxidative damages constitute modifications of proteins,
frequently observed in numerous states of disease. The biological activities of proteins and
their conformational modifications are strictly connected. Among proteins, albumin represents
the most abundant and the most important antioxidant in blood. This circulating protein can, in
particular, undergo increased glycoxidation in case of diabetes, which can lead to the formation
of Advanced Glycation Endproducts (AGEs), and so induce various deleterious effects on cells.
In this study, I focused on the impact of aggregation, glycation and oxidative modifications on
the structural, redox and antioxidant status of albumin and the effect of this altered protein on
various cell lines physiology.

I firstly investigated, using biochemical and biophysical techniques, the structural changes of
bovine serum albumin induced by glycation, aggregation and both processes simultaneously.
By this, I tried to elucidate the impact of these processes on the antioxidant properties of the
modified protein.

Secondly, I studied the oxidative activity of in vitro glycoxidized bovine serum albumin on
mature adipocyte by identifying, in particular, specifically adipocyte carbonylated protein
targets by using proteomic techniques.

Then, I compared the effect of in vitro glucose and methylglyoxal-induced oxidative
modifications on bovine serum albumin (BSA) and human serum albumin (HSA) protein
structures and on THP1 monocyte physiology.

At last, the best way to characterize the structural and functional modification of altered
albumin is to study this protein with suitable pathological condition, in vivo instead of using an
in vitro model. In this last part, I determined simultaneously the structure, the antioxydant
properties and redox status of human plasma and its corresponding albumin purified from a
panel of plasma, in order to confirm or invalidate predictions based on in vitro models.

These investigations confirm the importance of native structure on functional properties of the
most abundant and protective protein in the circulatory system and by the way to have a better
understanding of its involvement in several physiological disorders such as Diabetes.

Subject: Biochemistry and Cellular Biology

Key words: Albumin, Adipocytes, Monocytes, SW872 and THP1 cell lines, Glycation,
Oxidative stress, Diabetes.

Research group: EA2526 — Laboratoire de Biochimie et Génétique Moléculaire —
15 avenue René Cassin — BP 7151 — 97715 Saint Denis Messag — Cedex 09 — France
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I TOUR D’HORIZON DES DIFFERENTES PATHOLOGIES DE NOTRE SOCIETE

Au cours des 50 derniéres années, 1’espérance de vie a gagné plus de 20 ans (OMS,
2003). Dans les pays en développement, ce gain a pu se faire grace au recul rapide de la
mortalité liée aux maladies infectieuses chez 1’enfant. Dans les pays industrialisés, ce gain
d’espérance de vie (2 a 3 mois par an en France en 2000) résulte de la diminution de la
mortalité aux ages élevés. S’ajoutent a cette évolution la baisse ou la stagnation des taux de
fécondité avec pour conséquence majeure le vieillissement de la population mondiale et une
augmentation tres sensible des plus de 60 ans (un francgais sur trois en 2040, INSEE). Cette
évolution positive de cette espérance de vie, n’empéche pas de mettre en exergue de
nombreuses maladies, préoccupantes pour les principales instances sanitaires, qui affectent

I’espérance de vie en bonne santé.

1. Les maladies du vieillissement

Le vieillissement de la population entraine des retentissements considérables en
termes de morbidité, avec la prévalence croissante des maladies chroniques liées a 1’age
(cancer, maladies cardiovasculaires et neurodégénératives...). Parmi les pathologies
neurodégénératives, les maladies d’ Alzheimer et de Parkinson sont des affections cérébrales a
évolution lente dont la probabilité d’apparition augmente avec 1’avancée en age. Par exemple,
la maladie d’Alzheimer, qui se manifeste par des troubles de la mémoire s’aggravant
progressivement, touche prés d’un million de francais. Elle représente 1,5 % chez les
personnes agées de 65 ans et double a peu pres tous les quatre ans pour atteindre environ

30 % chez celles agées de 80 ans (Wolf, 2007).

En 25 ans, la mortalité attribuée a la maladie d’ Alzheimer a fait un bond en France, de
37 % chez les hommes et de 34 % chez les femmes (Wolf, 2007). La maladie de Parkinson
quant a elle, touche 0,3 % de la population générale et 3 % des personnes de 65 ans et plus.
Avec de telles évolutions, il ne fait pas de doute que les maladies neurodégénératives vont

devenir un réel probleme de société d’ici quelques années.

En dépit d’une meilleure prévention et de traitements plus efficaces, la France et plus
largement les pays occidentaux sont confrontés a un accroissement sensible du nombre de

nouveaux cas de cancers (300 000 cas de plus entre 2004 et 2006 en Europe), en raison du
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vieillissement de la population. S’il est avéré qu’un dépistage de plus en plus précoce du
cancer augmente ’efficacité de la prise en charge de la maladie, il n’empéche pas le fait que
cette pathologie soit devenue en 2004 la premicre cause de mortalité en France (30 %) juste

devant les maladies cardiovasculaires (28,9 %) (Aouba, 2007).

2. Les maladies infectieuses

La mobilité et I’interconnexion extrémes du monde d’aujourd’hui créent une multitude

de conditions favorables a la propagation rapide des maladies infectieuses, avec I’émergence

de nouveaux agents infectieux dus aux disparités sanitaires croissantes entre pays riches et
pays pauvres. Des exemples récents sont nombreux, en particulier le SRAS (syndrome
respiratoire aigu sévére), la premiére maladie grave et transmissible 4 émerger en ce XXI™
siécle, partie de Chine fin 2002 et qui a éclaté au niveau mondial en 2003 faisant plus de 8000
cas et pres de 800 morts. Ces maladies infectieuses se propagent plus rapidement et elles
apparaissent plus brutalement qu’elles ne 1’ont jamais fait par le passé et affectent également
le domaine de 1’alimentation. La chaine alimentaire connait une évolution rapide avec une
tendance a la complexification et a l’internationalisation, ce qui engendre la flambée de
maladies d’origine alimentaire dues aux contaminations par des micro-organismes, des
substances chimiques ou des toxines courantes dans de nombreux pays. De nouvelles
maladies hautement pathogénes pour I’homme, suscitent de fortes préoccupations comme cela
a été le cas lorsque 'on a découvert que la maladie de Creutzfeldt Jakob était lice a
I’encéphalite spongiforme bovine (ESB), et plus récemment la flambée de la grippe aviaire a

virus H5NI1.

3. Les maladies émergentes

L’évolution des modes de vie dans notre société a vu I’émergence d’une alimentation
de plus en plus inadaptée (« la malbouffe » avec une alimentation trop riche en graisses et en
sucres, développement de la restauration rapide, ....) associée a une augmentation de la
sédentarit¢ (diminution de [’activité¢ physique), qui s’est opérée avec |’industrialisation,
I’urbanisation et la mécanisation. Cette évolution dans nos comportements alimentaires et
sanitaires explique ’apparition et le développement fulgurant de 1’obésité, le diabéte et plus

globalement des maladies métaboliques. Concernant 1’obésité, si les sociétés industrialisées

ont été les premicres concernées, avec leurs richesses, leurs habitudes alimentaires et le
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manque d'activité physique, les pays en développement, qui adoptent désormais ces pratiques,
se retrouvent touchés par ce fléau que I’on n’hésite pas a qualifier maintenant de pandémie.
Le surpoids et I’obésité entrainent de graves conséquences pour la santé : en premier lieu, les
maladies cardiovasculaires qui représentent la premiere cause de déces dans le monde (17
millions de morts par an) et la deuxiéme en France ; le diabéte, qui a rapidement pris les
proportions d’une épidémie mondiale, les troubles musculo-squelettiques comme 1’arthrose et
¢galement certains cancers (sein, colon). Aujourd’hui, on recense prés de 200 millions de
diabétiques dans le monde, soit six fois plus qu’il y a 15 ans. Les prévisions pour 2025 font
¢tat de 300 millions de diabétiques. A cause de leur étendue et de leur progression fulgurante,
I’obésité et les maladies associées sont devenues une des premiéres préoccupations de santé

publique.

4. Les maladies génétiques et maladies métaboliques

Les maladies génétiques sont dues a une ou plusieurs anomalies sur un ou plusieurs
chromosomes qui sont transmises a la descendance et qui entrainent un défaut de
fonctionnement de cellules précises de I'organisme. Certaines maladies génétiques sont dites
monofactorielles car les anomalies génétiques sont le résultat d'une simple mutation de géne

et peuvent étre transmises a la moitié des générations suivantes.

D’autres maladies sont dites multifactorielles car elles sont dues a I’interaction entre
des éveénements génétiques et des facteurs environnementaux. Méme si elles sont congénitales
(présentes a la naissance), ces maladies sont également provoquées par un caractere
environnemental qui prend de plus en plus d’importance dans notre société actuelle
(alimentation, boisson, tabagisme, qualité de 1’air, sédentarité, stress, choc psychologique,
etc...). Pour ces anomalies congénitales, le risque de transmission est inférieur a 5%. C’est le
cas de nombreuses pathologies citées précédemment comme le diabéte, certains cas de cancer,
mais également les maladies neurodégénératives comme Alzheimer ou Parkinson. Parmi ces
pathologies, sont également concernées les nombreuses maladies métaboliques dites
congénitales qui représentent une large classe de maladies génétiques impliquant les troubles
du métabolisme. Elles affectent les systémes biologiques communs a toutes les cellules et
ainsi que les métabolismes liés aux différentes classes de molécules biologiques : les

protéines, les lipides et les glucides mais ¢également les métaux comme le fer

13


http://fr.wikipedia.org/wiki/G%C3%A9n%C3%A9tique
http://fr.wikipedia.org/wiki/Chromosome

(hémochromatose), le cuivre (maladie de Menkés). Les paramétres environnementaux actuels,
comme I’alimentation, accroissent le risque d’apparition de ces maladies métaboliques qui
peuvent non seulement diminuer 1'espérance de vie, et augmenter 1’apparition de pathologies.
Ces maladies peuvent étre congénitales mais aussi acquises en raison de la défaillance d’un
organe ou d’une voie métabolique importante. C’est le cas pour le diabéte et 1’obésité dont

I’incidence est la plus élevée.

En résumé, avec I’augmentation de 1’espérance de vie, ’homme moderne est, plus
susceptible aux maladies liées au vieillissement. En effet, 1’accumulation de mutations
déléteres, affectant des processus cellulaires clés (I’apoptose, prolifération...) dans un
organisme dont les défenses s’atténuent, favorise 1’apparition de pathologies telles que le
cancer ou les maladies neurodégénératives. D’autre part, les nouvelles conditions alimentaires
et sanitaires représentent un terrain propice au développement des maladies métaboliques et

infectieuses.

D’ou cette préoccupation actuelle dans notre société, de non seulement augmenter la
durée de vie en bonne santé mais aussi de retarder le vieillissement et ses effets néfastes. De
nouvelles thérapies se développent dans ce sens et ceci grace a une meilleure compréhension
des altérations des protéines qui sont la plupart du temps a I’origine de toutes ces pathologies.
En effet, la plupart des pathologies répertoriées ci-dessus ont pour origine une modification de

protéine. Ces modifications protéiques peuvent étre d’origine génétique ou non.
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ITI L’ALTERATION DES PROTEINES AU CENTRE DE CES PATHOLOGIES

1. Du génome au protéome

Si l’achévement du séquengage du génome humain a apporté une somme
d’informations incomparables sur l’ensemble des moyens dont dispose la cellule pour
fonctionner, la génomique a montré ses limites en matiére de compréhension des mécanismes
moléculaires au sein de la cellule et plus généralement dans I’organisme, particulierement
dans 1’étude des différentes pathologies. En effet la simple lecture de ’ADN d’un génome ne
suffit pas pour décrypter les moyens actifs dont dispose la cellule. Ce décryptage suppose tout
d’abord un repérage des genes présents sur ce génome, mais ¢galement I’identification de ses
produits de transcription (les ARN) et de traduction (les protéines), et enfin la caractérisation
du role joué par chaque protéine dans le fonctionnement de la cellule. Le transcriptome et le
protéome apportent cette notion dynamique par rapport au génome, dans la mesure ou un seul
génome peut conduire a différents protéomes en fonction des types cellulaires, mais aussi
selon 1’¢tat physiologique et pathologique. Ainsi le protéome refléte les répercussions des
événements cellulaires que cela soit au niveau traductionnel, ou post-traductionnel.
L’avantage de la protéomique par rapport a la génomique repose sur le fait que les protéines
identifiées sont les produits biologiques terminaux (Martin, 2001). Etant donné que les
pathologies sont souvent le résultat de dysfonctionnements des protéines et que ces dernieres
sont aussi des cibles pour des actions thérapeutiques, il est primordial de passer par 1’analyse
protéique pour avoir une image globale des systémes biomoléculaires dans leur complexité et
ainsi appréhender les mécanismes moléculaires des maladies afin d’améliorer le diagnostic et
les thérapies. Ainsi, comprendre les différentes pathologies existantes revient a appréhender
les altérations protéiques qui peuvent trouver leur origine en amont dans des mutations au

niveau du génome mais le plus souvent en aval avec des modifications post-traductionnelles.

2. Role primordial de la protéine dans I’organisme

Les protéines sont les agents organisateurs de la matic¢re vivante. En effet, si certains
biologistes ont longtemps considéré les acides ribonucléiques (ARN) comme les composants
ayant le pouvoir d’organisation de la matiére vivante, ce rdle est désormais dévolu aux

protéines porteuses principales de I’information dans 1’organisme.
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a) Fonction

Les protéines représentent I’'une des plus importantes classes de molécules présentes dans tous
les organismes vivants. Notre organisme en fabriquerait environ 100 000 différentes les unes
des autres, dont chacune posséde une structure et des propriétés chimiques qui lui sont
propres. Elles assurent 1’essentiel des fonctions de la cellule que I’on peut séparer en deux

catégories :

- Les protéines de structure, intégrées aux membranes, interviennent dans I’architecture des

tissus et des organes. Ces protéines peuvent former des fibres de structures aussi diverses que
les tendons, ligaments, mais aussi 1’armature interne des cellules ou les fibres des caillots
sanguins. Le collagéne est la protéine de structure la plus abondante de I'organisme et le

constituant essentiel du derme de la peau, ainsi que de tous les artéres et vaisseaux.

- Les protéines fonctionnelles, qui assurent le fonctionnement de la cellule et de I’organisme,

sont sous différentes formes :

e Transporteur : plusieurs substances chimiques sont transportées dans le sang en se
combinant temporairement a une protéine comme I’hémoglobine (transport d’O,) ou
I’albumine sérique (transport d’acide gras). Elles peuvent également assurer le
transport a travers la membrane cellulaire (par exemple par le biais de canaux
protéiques...) (Petit, 1997).

e Anticorps : certaines grosses protéines (immunoglobulines) fabriquées par des
globules blancs (lymphocytes) jouent le role d’anticorps pour la défense de

I’organisme contre les cellules étrangéres.

e Hormones : de nombreuses hormones sont des protéines comme 1’insuline ou
I’hormone de croissance qui agissent a distance de leur site de production par fixation

sur des récepteurs spécifiques.

e Identification des cellules et de molécules: les glycoprotéines appelées CMH

(complexe majeur d’histocompatibilit¢) sont situées au niveau des membranes
cellulaires et permettent au systéme immunitaire de distinguer ses propres cellules des
cellules étrangéres. De méme, certaines protéines membranaires font office de
récepteurs dans la détection spécifique de molécules de signalisation (hormones,

facteurs de croissance, interleukines...). Celles-ci déclenchent une cascade de réaction
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biochimique de transduction de signaux, ou bien interviennent dans la fixation de
complexes moléculaires (lipoprotéines...) circulants en vue de leur absorption par la

cellule.

e Enzymes: La plupart des réactions chimiques des différents métabolismes se
produisant dans la cellule sont catalysées par des protéines possédant une activité

enzymatique.
b) Structure : le repliement 3D est a 1a base de I'activité des protéines
Du point de vue structural, les protéines sont des macromolécules constituées de longues
chaines d'acides aminés (les éléments de base). La protéine est la résultante du message
génétique contenu dans un gene. Il existe 4 niveaux de structuration de la protéine

(Figure 1) :

OLa structure primaire ou séquence d'une protéine correspond a la succession linéaire des

acides aminés (ou résidus) la constituant. Les protéines sont donc des polymeéres d'acides

amings, reliés entre eux par des liaisons peptidiques.

Primaire Secondaire Tertiaire Quaternaire

Met-Glu-Gly-Ala-Cys-
Trp-Tyr-tip-Leu-His-His-
Cys-Ala-AspPhe-...

Figure 1 : Les quatre niveaux de structure de la protéine

@La structure secondaire décrit le repliement local de la chaine principale de la protéine.

L'existence de structures secondaires vient du fait que les repliements énergétiquement
favorables de la chaine peptidique sont limités et que seules certaines conformations sont
possibles. Certaines conformations se trouvent nettement favorisées car stabilisées par des

liaisons hydrogenes. Il existe trois catégories principales de structures secondaires selon
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'échafaudage de liaisons hydrogenes, et donc selon le repliement des liaisons peptidiques

(Figure 2): les hélices, les feuillets et les coudes (Voet, 1998).

- L'hélice a correspond a une structure hélicoidale périodique trés fréquente dans le
repliement des protéines et des peptides. Elle se caractérise par la formation de liaisons
hydrogénes entre le groupement carbonyle -CO d'un résidu n et le groupement amide -NH

d'un résidu n+4.

Heélice o

Feuillet p Uiniaon H_"'i

Figure 2 : Les structures secondaires possibles d’une protéine

- Le brin P est une structure périodique étendue. Les liaisons hydrogenes qui le
stabilisent se font entre résidus distants plutdt qu'entre résidus consécutifs, comme dans le cas
de 1'hélice a. En fait, un brin B seul n'est pas stable. Il a besoin de former des liaisons

hydrogenes avec d'autres brins § pour se stabiliser. On parle alors de feuillets .

- Les coudes ne sont pas des structures périodiques. Il s'agit plutoét d'un repliement
particulier du squelette carboné localisé a 3 ou 4 résidus consécutifs. Les coudes permettent

bien souvent de relier 2 structures secondaires périodiques (hélices et/ou brins).
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OLa structure tertiaire ou structure tridimensionnelle correspond au repliement de la chaine

polypeptidique dans I'espace. La structure 3D d'une protéine est intimement liée a sa fonction.
Lorsque cette structure est cassée par 1'emploi d'agent dénaturant, la protéine perd sa fonction:
elle est dénaturée.

La structure tertiaire d'une protéine dépend de sa structure primaire, mais €¢galement
des conditions locales qui existent a l'intérieur de chaque compartiment cellulaire : le solvant,
la force ionique, la viscosité et la concentration contribuent & moduler la conformation. Ainsi,
une protéine membranaire aura besoin de I'environnement hydrophobe de la membrane pour
adopter une conformation. La structure tertiaire est maintenue par différentes interactions:
interactions covalentes (ponts disulfures), ¢électrostatiques (liaisons ioniques, liaisons
hydrogenes), interactions avec le solvant et I'environnement (ions, lipides...).

Les deux principales structures tridimensionnelles sont d’une part, les protéines
globulaires dont leur rdle se limite a une fonction structurelle (enzyme, messager, transport ou
stockage) et d’autre part les protéines fibreuses qui jouent principalement un role constitutif

(tissus, cartilage, vaisseaux et ligaments...).

@La_structure quaternaire des protéines regroupe l'association d'au moins deux chaines

polypeptidiques - identiques ou différentes - par des liaisons non covalentes (liaison H, liaison
ionique, interaction hydrophobe), mais rarement des ponts disulfures. Chacune de ces chaines
est appelée monomere (ou sous-unité) et I'ensemble oligomere ou protéine multimérique

(Voet, 1998).

Chaque protéine, constituée d’une chaine polypeptidique spécifique, adopte sa propre
structure tridimensionnelle, en se repliant d’une seule fagon aprés sa synthése. Sa forme
native, correspondant a son repliement naturel dans les conditions physiologiques, dépend non
seulement de la séquence protéique, mais également des interactions énergétiques existant

entre les différentes structures secondaires (Dill, 1990).

Les liaisons hydrogéne jouent un réle fondamental dans le repliement de la protéine
(Bryant, 1998). Les interactions électrostatiques ont lieu sur des protéines ayant des charges
¢lectriques permanentes. En fonction du signe de ces charges, les interactions sont soit
attractives ou bien répulsives. Le signe et la répartition de celles-ci dépendent avant tout du
pH de la solution et du point isoélectrique (pI) de la protéine (Howell, 1992). Les liaisons
covalentes qui jouent un role important dans la stabilisation des domaines protéiques, sont les

ponts disulfures intramoléculaires formés par 1’oxydation de groupements thiols (-SH) de
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deux résidus cystéine. Cette interaction forte peut se faire également entre résidus cystéine de

différentes molécules protéiques pour former des agrégats stables.

¢) Modification post-traductionnelle des protéines

La synthése des protéines a lieu dans le cytosol. Pendant leur traduction ou quand elles

sont entierement synthétisées, certaines protéines subissent des modifications chimiques que

I'on appelle respectivement modifications co-traductionnelles ou post-traductionnelles. Ces

modifications sont nombreuses et entralnent un changement de la fonction de la protéine

considérée, que ce soit au niveau de son action, de sa demi-vie, ou de sa localisation

cellulaire.

- RSN

l Transcription
ARN = ——— AAMAAAAAAAR

l Traduction

Proteine —FHAMFQPF LEMIHEAQQAMDIHFHS PAFQHP—

Structu re 2aire _‘.}’-_f-- -“["_ﬁ‘fur— —"-":—'—I.;?f\'_'

ERTLNEUR | LGAVFFRTLVELET S FUDNSNLYMWEYVASCEM

- X
* ® o

® 3 1)
Repliement « Foldingy ‘ Non folding »

W e s e s 0

Structure 3D

l Repliement spontané

Eaarty

Activité biologique M

Pas de
repliement

Figure 3 : De ’ADN a la protéine fonctionnelle
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Ces modifications peuvent, soit impliquer [’addition d’un groupe fonctionnel
(Pacétylation, glycosylation, biotinylation, phosphorylation...), ou bien 1’addition de
groupements peptidiques (I’ubiquitination...), soit changer la nature chimique des acides
aminés (déamidation, citrullination...), soit impliquer des changements structuraux (clivage

protéique ou €tablissement de ponts disulfures).

Ces modifications ont notamment pour but de :
- Réguler I’activité de la protéine.
- L’étiqueter afin qu’elles soient reconnues par un systeme de dégradation, par d’autres
molécules ou pour les « adresser » a un compartiment cellulaire.
- Les intégrer dans une cascade de signalisation.

- Les ancrer a la membrane

La protéine ainsi modifiée adopte une structure et des propriétés physicochimiques trés
différentes de la molécule directement codée par le gene. Ces modifications post-
traductionnelles ont généralement pour objectif de rendre la protéine fonctionnelle dans son
environnement physiologique (Figure 3). De ce fait, 1’absence de modifications post-
traductionnelles de certaines protéines seront dans certains cas a 1’origine d’une pathologie.
Par exemple, la maladie de Still, affectant le plus souvent 1’enfant, est un rhumatisme
inflammatoire rare se caractérisant par des pics de fiévre, des éruptions cutanées et des
douleurs articulaires, et s’expliquant en partie, par un taux anormalement bas de ferritine
« glycosylée » (20 % au lieu de 80% chez un sujet sain) (Fautrel, 2002). La ferritine constitue

un facteur protéique important du métabolisme du fer.

A contrario certaines modifications post-traductionnelles seront également a la source
de certaines maladies. C’est le cas dans la maladie d’Alzheimer, ou la phosphorylation
anormale des protéines Tau est un élément clé¢ de la fonction anormale de la protéine et de son
caractere fibrinogene (Leger, 1997). Parmi les modifications entrainant une altération de la
protéine, celles induites par la glycation et I’oxydation sont les plus répandues avec celles
issues de mauvais repliements («unfolding ») a ’origine des phénomeénes d’agrégation

(Figure 3).
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3. Les phénoménes de dénaturation et d’agrégation des protéines

a) Aspect structural

La plupart des protéines sont susceptibles de s’agréger dans certaines conditions
particuliéres, mais de différentes fagons et a des degrés divers. Cette agrégation résulte d’un
mauvais repliement de la structure tridimensionnelle caractéristique dans laquelle la protéine
est fonctionnelle. Le processus d’agrégation dépend de nombreux facteurs, tels que la
température, le pH, la concentration, la force ionique ou bien la présence d’un co-soluté
(Aymard, 1996; Fink, 1998), mais surtout d’une altération du repliement naturel de la
protéine. De nombreuses maladies neurodégénératives ou autres sont considérées comme
résultant d'une accumulation de protéines « mal repliées ». En effet, un repliement incomplet
de la protéine induit une exposition de certains sites hydrophobes ou de groupements thiols
(-SH), alors inaccessibles lorsque la protéine est sous sa forme native. Par ailleurs, un mauvais

repliement entraine une perte de fonctionnalité de la protéine.

Les repliements tridimensionnels des protéines sont trés vulnérables a une multitude
de facteurs, d’origine exogeéne comme les agressions physiques (choc thermique), chimiques
(métaux lourds, ROS), ou endogene (souvent génétique) comme des changements d’acides
aminés suite a des mutations. Ces repliements partiels peuvent aussi s’expliquer par des
changements conformationnels au niveau de la structure secondaire de la protéine. En effet,
dans la plupart des cas, les changements conformationnels a ce niveau, entraine la formation
d’agrégats riches en structure de type 3. L’agrégation induit une augmentation des structures
en feuillet B au détriment des hélices o (Fang, 1997). De nombreuses études permettent de
considérer que le processus d’agrégation implique des interactions entre différentes structures
en feuillets-f. D’autre part, les protéines riches en structures 3 et en résidus hydrophobes ont

une meilleure susceptibilité a la formation d’agrégats (Chiti, 2002; Fink, 1998).

b) L’agrégation des protéines dans les pathologies dites « conformationnelles »

Pendant des décennies, les scientifiques se sont intéressés au mécanisme de formation des

agrégats insolubles dans différentes pathologies. En effet, la modification des peptides et
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protéines en agrégats est étroitement corrélée avec de nombreuses conditions pathologiques

humaines (Figure 4) (Wang, 2008).

Par exemple, dans I'anémie a hématies falciformes, maladie génétique lice a la
présence de genes d'hémoglobine anormaux qui produisent une protéine d'hémoglobine non
fonctionnelle, les globules rouges sont déformés en forme de faucille (d'ou son nom
falciforme, en anglais « sickle ») lorsqu’elles sont sous leur forme désoxygénée (Dobler,

1968).

Ataxie

Atherothrombose  Huntington
Creutzfeld-Jacob
i

- o~
e N N\ <o

b =y /
Structure 3D Unfolding Agrégation T~ etc...
Anémie falciforme Alzheimer
Parkinson

Figure 4 : Les phénoménes d’agrégation et les pathologies associées

La polymérisation de I’hémoglobine en fibrilles est & I’origine de la déformation de
ces globules rouges provoquant non seulement une obturation des petits vaisseaux (vaso-
occlusion) mais également une mort prématurée (Weatherall, 2001). Dans la maladie
d’Alzheimer, 1’accumulation, dans le systéme nerveux central, de peptides -amyloide (3AP),
constituant majeur des plaques séniles, contribue principalement aux phénomeénes de
dégénération neuronale et de démence (Selkoe, 2002). Cependant, il apparait également que
I’agrégation des protéines Tau, protéines fortement exprimées dans les neurones au niveau des

axones, participe a cette neurodégénérescence. En effet, dans la maladie d’Alzheimer, ces
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protéines s’agrégent pour former des structures treés stables et résistantes a la protéolyse
(Sadqi, 2002). Dans ce processus d’apparition des lésions cérébrales, les dépots amyloides

semblent potentialiser le phénomene agrégatif des protéines Tau (Buee, 2000).

De fagon similaire, d’autres pathologies neurodégénératives ont mis en évidence
I’implication de I’agrégation protéique. Par exemple, les maladies a prions, telles que
Creutzfeld-Jacob et 1’encéphalopathie spongiforme bovine (vache folle), sont les
conséquences de I’accumulation de substances amyloides de protéines prion PrP* (Prusiner,
1994). La protéine prion anormale (PrP*) présent chez les individus infectés, différe du prion
normal (PrP) par un repliement anormal en feuillet-f3, empéchant sa dégradation compléte et
efficace par les protéinases (Madec, 1997). De méme d’autres maladies neurologiques, dites
par expansion de polyglutamine, comme la maladie de Huntington, se caractérise notamment
pas des inclusions intranucléaires de fibrilles de type amyloide (DiFiglia, 1997). Enfin, dans
la maladie de Parkinson, ces inclusions sont connues sous le nom de corps de Lewy et sont
situées dans le cytoplasme des cellules neuronales et sont composées, en partie, d’agrégats de

type amyloide de la protéine a-synucleine (Conway, 2000).

Par ailleurs, les phénomenes d’agrégation concernent également le diabéte de type 2.
En effet, les plaquettes d’un patient diabétique ont de fortes prédispositions a I’agrégation, ce
qui peut conduire a des athérothromboses (Vitek, 1994), si bien qu’une thérapie antiagrégante
plaquettaire est souvent prescrite pour ce genre de patients.

Globalement, toutes ces pathologies sont associées a la multimérisation de protéines

non repliées dans les agrégats extracellulaires ou des inclusions intracellulaires insolubles.

4. L’oxydation et le stress oxydatif

Les réactions d'oxydation dans les cellules sont des phénomeénes habituels et
conditionnent leur bonne marche. Comme tout phénomene important, ils ne sont pas sans
danger puisque tout déréglement va entrainer une agression appelée stress oxydatif. On peut
¢galement le définir comme une rupture d’équilibre entre les especes antioxydantes et
pro-oxydantes en faveur de ces derniers (Fridovich, 1978; Sies, 1985). Les premiers travaux

dans le domaine ont montré le réle important joué par les intermédiaires oxygénés, appelés
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¢galement radicaux libres, dans les phénoménes physiologiques et leurs effets délétéres dans

les processus cellulaires (Gerschman, 1954; Gilbert, 1950).

a) Les radicaux libres oxygénés ou ROS

Le métabolisme cellulaire normal produit et utilise en permanence des especes oxygénées

réactives. C’est le cas au cours de la respiration ou chaque cellule réduit I'oxygéne en eau.

A——————
H,0
H,O0+1/20,
o
A
r SOD
+NO® —-
o+ o+
Fest / Cu 2H,0
H . / Vitamine E
v T ROH + H,O
Nitration des Peroxydation Oxydation des Oxydation de
protéines lipidique protéines IFADN

Figure 5 : Les principaux radicaux libres et les mécanismes de détoxification

Les especes oxydantes sont des dérivés de 1’oxygene radicalaire ou non, hautement
réactifs et instables, impliqués dans de nombreux processus biologiques (Figure 5). Parmi ces
espéces, les moins réactives comme 1’ion superoxyde (O,*) et le peroxyde d’hydrogéne
(H,0,) sont peu impliqués dans la dégradation protéique, mais ont la capacité¢ de diffuser a
travers les membranes et ainsi d’agir a des distances relativement importantes (Halliwell,

1992). Ils sont également a I’origine d’espéces plus réactives comme le peroxynitrite (NO3")
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et le radical hydroxyle (OH®) responsable de fragmentation protéique ou de la formation
d’agrégats moléculaires mais avec un court rayon d’action (30 A) comparé a I’ion superoxyde
et au peroxyde d’hydrogéne (Martinez-Cayuela, 1995). Le peroxynitrite est obtenu par
interaction entre O,* et I’oxyde nitrique (NO®), un radical vasodilatateur produit par de
nombreuses cellules comme les phagocytes et les cellules vasculaires endothéliales (Crow,
1994). Le peroxynitrite est connu pour ses effets déléteres au niveau des protéines, ou il réagit
fortement avec les métaux qui y sont fixés (Pacher, 2007). Il participe également a la

nitration de la cystéine et de la tyrosine.

b) La production des ROS

Les sources de production des radicaux libres sont multiples (Figure 6), parmi
lesquels les systémes endogenes : ils peuvent avoir pour origine 1’auto-oxydation des aldoses
comme le glucose conduisant a la formation de H,O; ainsi que des intermédiaires radicalaires
(Wolff, 1991). Les protéines glyquées peuvent également réagir avec 1’oxygéne pour former
des radicaux libres oxygénés. En effet, les produits avancés de glycation (AGEs) comme le
*N-carboxyméthyllysine (CML), résultent de 1’oxydation de la fructoselysine. La pentosidine,
quant a elle, provient d’une réaction d’autooxydation entre les résidus lysine et arginine (Sell,

1989).

La production de ROS peut provenir d’un processus enzymatique ou non enzymatique
(Thannickal, 2000). Des enzymes cytoplasmiques comme la xanthine oxydase ou 1’aldéhyde
déshydrogénase sont a 1’origine de la formation de radicaux libres lors de leur cycle
catalytique (Martinez-Cayuela, 1995). De méme, la voie de synthése des prostaglandines
catalysée par la lipoxygénase et la cyclo-oxygénase, deux enzymes membranaires, implique la
production de radicaux libres. Au niveau de la membrane plasmique, la NADPH oxydase
activée par le processus phagocytaire de la cellule est a 1’origine d’une large production de

radicaux superoxyde (Orient, 2007; Vignais, 2002).
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Figure 6: Les principales sources de radicaux libres

Au niveau des peroxysomes, les ROS sont aussi bien dégradés que produits. Les
antioxydants y résidant, comme la glutathion peroxydase ou la catalase, participent au
processus d’inactivation du peroxyde d’hydrogeéne. Les enzymes oxydases, quant a elles,
participent au processus inverse. De plus, les peroxysomes contiennent de nombreux ions
métalliques a I’origine de la formation de nombreux radicaux libres via la réaction de Fenton

(Schrader, 2006).

Une majorité¢ des ROS provient de la respiration mitochondriale. En effet, au cours du
transport des électrons par la chaine respiratoire, des substances oxygénées réactives, sont
générées et environ 2% de 1’oxygeéne sont convertis en radicaux superoxyde directement

réactifs au voisinage de la mitochondrie (Inoue, 2003).

Il existe également de nombreuses sources exogenes, tels les polluants photochimiques
le tabac, les drogues ou les radiations ionisantes, pénétrant l'organisme via le systéme

respiratoire, 1'alimentation ou les muqueuses (Blache, 1992; Kohen, 2002). La surproduction
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de ROS peut étre aussi induite par des processus de type ischémie-reperfusion qui est a
l'origine d'une partie des rejets des greffes (Serrano, 2000). Enfin, la génération de ROS est

¢galement le résultat de la mort cellulaire via I’apoptose ou la nécrose (Dalle-Donne, 2006) .

¢) Les systémes de détoxification

Ces molécules, trés agressives, sont normalement éliminées par des systémes de
défense enzymatiques ou biochimiques. Il existe aussi deux types de systémes réparateurs
chargés de corriger les effets toxiques des radicaux libres.

Le systtme de défenses primaires diminue la production de radicaux libres et
comprend différentes enzymes comme la superoxyde dismutase (SOD) catalysant la
dismutation de O,* en H,O, et O, (Darley-Usmar, 1996), la catalase permettant
I’¢limination de H,O, excédentaire (Harris, 1991), et la glutathion peroxydase (GSH)
catalysant aussi bien la réduction de H;O, que les peroxydes organiques (ROOH) (Figure 7)
(Harris, 1992). Ce systéeme primaire comprend également un systéme non enzymatique
utilisant de petites molécules comme la vitamine C, vitamine E ou le glutathion qui ont la
capacité¢ de réduire les radicaux libres. Le glutathion peut réduire H,O, en eau et les

peroxydes (ROOH) en alcool. Les vitamines C et E inhibent la peroxydation lipidique.

_ SOD
20 +2H+ ——p Oz + H20e

Catalase
2 H202 —— (r=2H20

Peroxydase
H:20:+NADHH+- —» 2H:20+NAD+

Figure 7 : Les principales réactions de détoxification

Les systemes de défenses secondaires peuvent réduire les dommages que les radicaux
libres font subir aux protéines, aux lipides et a ’ADN. Les attaques radicalaires au niveau des
acides nucléiques stoppent notamment la réplication de I’ADN. Différentes enzymes comme
la ligase, ’ADN polymérase I ou des endonucléases peuvent intervenir pour protéger la
transmission de I’information génétique (Ames, 1993). De méme, de nombreuses

oxydoréductases catalysent la réduction au niveau de nombreux résidus aminés des protéines
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préalablement oxydés par les radicaux libres comme la tyrosine, I’histidine, la méthionine et
la cystéine. Enfin, grace a son caractere liposoluble, la vitamine E représente un bon systéme

de défense contre la peroxydation au niveau des lipides (Yamauchi, 2007).

Tous ces systémes de défense produits par I’organisme sont capables d’inactiver les
ROS nocifs et ainsi de maintenir une balance optimale oxydants/antioxydants permettant
d’assurer une fonction cellulaire normale. Cependant, sous 1’effet d’un fort stress oxydatif, les
capacités de ces antioxydants a ¢liminer les ROS sont souvent dépassées et par conséquent,
d’autres sources d’antioxydants, dites diététiques, sont nécessaires. Les plus répandus et
connus étant ceux trouvés dans 1’alimentation comme le -caroténe (provitamines A), 1'acide
ascorbique (vitamine C), le tocophérol (vitamine E) et les polyphénols. Beaucoup de ces
antioxydants proviennent des fruits (fruits rouges, orange, raisin...) et des légumes (tomate,

cresson, ail...).

d) Les effets bénéfiques des ROS : le bon, la brute ou le méchant ?

Les espéces réactives de 1’oxygene sont souvent présentées comme les « troubles
féte » et les responsables de nombreux processus déléteres. Cependant, ces ROS sont des
intermédiaires nécessaires dans les fonctionnements cellulaires, notamment dans les réactions
enzymatiques. Ils sont générés dans de nombreuses réactions essentielles a la vie. Et les
exemples mettant en exergue le role indispensable des radicaux oxygénés dans la cellule sont
nombreux. Parmi les leucocytes, les neutrophiles sont spécialisés dans la production de
radicaux indispensables dans la destruction des agents pathogenes. Ils participent aussi a
I’activation de génes impliqués dans la réponse immunitaire (Chew, 2004). Par ailleurs, dans
le muscle, tissu le plus répandu dans le corps humain, la génération de radicaux libres

intervient dans le contrdle de sa tonicité (McArdle, 2004).

Les ROS participent & de nombreux processus cellulaires, que ce soit la prolifération
cellulaire, la différentiation ou bien I’apoptose. Par exemple, les ROS relargués par les
cellules phagocytaires (macrophages) lors de I’inflammation contribuent a lutter contre les
bactéries. De plus, I’augmentation des ROS peut induire I’expression de certains génes relatifs
aux activités antioxydantes (Lecarpentier, 2007). Une réponse antioxydante a une légere

augmentation de ROS est souvent suffisante pour rétablir I’homéostasie redox.
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e) Les conséquences du stress oxydatif : I’oxydation des protéines

Hormis les lipides et I’ADN, les attaques radicalaires générées par les ROS affectent
les protéines, parmi lesquelles les protéines plasmatiques, particulierement exposées lorsque
les sources d’un stress sont augmentées au détriment des défenses antioxydantes (Soriani,
1994). Les protéines peuvent étre attaquées par les radicaux libres méme a des concentrations
trés €levées en antioxydants (vitamine E, trolox), alors que dans les mémes conditions, le
processus de lipoperoxydation est presque supprimé (Dean, 1991). De plus, I’oxydation des

protéines apparait de fagon précoce par rapport a la peroxydation lipidique (Davies, 1987).

i) Oxydation des résidus acides aminés

Au niveau de la protéine, 1’oxydation touche la chaine latérale de certains acides
aminés constitutifs des protéines. Une majorit¢ d’acides aminés sont particuliérement
sensibles au stress oxydant tels que la lysine, I’arginine, la cystéine, la méthionine, 1’histidine et

la phénylalanine (Figure 8).

Parmi les acides aminés soufrés, la cystéine est oxydée en acide sulfénique (-SOH)
conduisant a la formation de ponts disulfures S-S (Stadtman, 1993) ou bien d’acide sulfonique (-
SOs;H). La méthionine, quant a elle, donne par oxydation la méthionine sulfone (Brot, 1983). Ces
résidus, situés généralement dans des zones exposées de la protéine, donc les plus susceptibles a
I’oxydation, apparaissent comme un systéme antioxydant interne a la protéine et préviendraient

ainsi I’oxydation d’autres acides aminés essentiels (Levine, 1996).

Par ailleurs, 1’oxydation des résidus méthionine peut induire un changement
conformationnel se traduisant par un dépliement partiel de la protéine (Hoshi, 2001). Les
méthionine sulfoxydes sont d’ailleurs fortement impliqués au niveau des protéines du cortex

cérébral dans les pathologies neurodégénératives (Moskovitz, 2005).

Concernant les résidus aromatiques, la tyrosine peut étre oxydée par le radical
hydroxyle pour donner la di-tyrosine qui apparait comme un marqueur spécifique in vivo du
statut oxydatif des protéines (Giulivi, 2003). La nitration de ce résidu par le peroxynitrite
donne lieu a la formation de 3-nitrotyrosine, produit d’oxydation mis en évidence dans les

plasmas de patients diabétiques (Ceriello, 2001). La phénylalanine s’oxyde quand a elle en
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o-tyrosine ou m-tyrosine, puis est convertie en dérivé de la dopamine (adrénaline) (Matthews,

2007; Stadtman, 2003).
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Figure 8 : Exemples d’attaque des ROS sur différents acides aminés

De nombreux résidus, tels que la lysine, I’arginine et 1’histidine, souvent situés dans des
sites de fixation de métaux, constituent des cibles sensibles a I’oxydation via les radicaux libres.
La présence de métaux de transition facilite la modification de ces résidus en dérivés carbonylés
tels que le 2-oxohistidine et le semi aldéhyde a-aminoadipique. Certains acides aminés comme la
lysine et I’arginine peuvent également se combiner avec des carbohydrates selon le processus de

glycoxydation pour donner des AGEs.
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ii) Le devenir des protéines oxydées

Non seulement, les protéines oxydées sont affectées dans leurs fonctions, mais
¢galement dans leur structure. Par exemple, les protéines altérées ne sont plus reconnues par

leurs récepteurs ou bien leurs activités enzymatiques sont diminuées.
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Figure 9 : Devenir des protéines oxydées

Par ailleurs, ces altérations de type oxydatif sont des phénomeénes propageables. La
surveillance de la qualité des protéines intracellulaires est capitale pour la survie des cellules.
Les protéines oxydées seront prises en charge par des systémes de réparation ou d’élimination

(Figure 9).

Les systémes de réparation des protéines :

Parallélement au systéme protéasome, il existe des mécanismes enzymatiques capables
de réduire certains produits d’oxydation des acides aminés soufrés et de permettre ainsi la

réparation de la protéine oxydée. Par exemple, le peptide méthionine sulfoxyde réductase
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(PMSR) comporte deux familles d’enzymes (MsrA et MsrB) susceptibles de réduire les
différentes formes de la méthionine sulfoxyde, produit de 1’oxydation de la méthionine. Cette
enzyme extracellulaire a été successivement mise en évidence chez les bactéries (Brot, 1995),
les plantes (Sadanandom, 1996) et I’animal (Moskovitz, 1996). Son role dans la réparation
de protéines oxydées a ¢été confirmé dans de nombreuses études, notamment celle décrivant
des lymphocytes humains surexprimant cette enzyme et qui présentent une plus grande

résistance au stress oxydant (Moskovitz, 1997).

Une autre enzyme, la sulfirédoxine, est capable de réparer les protéines oxydées,
particulicrement celles possédant des cystéines oxydées (Biteau, 2003). Cette nouvelle
enzyme découverte chez la levure, réduit l'acide sulfinique (-SO,H), prouvant ainsi que la
suroxydation des cystéines n'est pas irréversible. Les cystéines oxydées sont prises en charge
par la protéine disulfide isomérase, enzyme catalysant la réduction des disulfures et qui

semble impliquée dans le repliement correct de la protéine (Freedman, 1989).

Le systéme protéolytique : le protéasome

Lorsque I’état oxydatif des protéines devient irréversible, a cause d’un potentiel de
défense antioxydant totalement dépassé, les systémes protéolytiques prennent le relais pour

assurer la dégradation des protéines altérées (Pacifici, 1991).

Les processus biochimiques au sein de la machinerie cellulaire sont le résultat d’une
synchronisation et d’une complémentarité¢ parfaite des nombreuses protéines ayant chacune
un rdle bien spécifique. La dégradation d’une seule de ces protéines peut enrayer le processus
biochimique. De telles protéines doivent étre dégradées afin de limiter leurs effets toxiques
potentiels : c’est le role dévolu au protéasome responsable de la dégradation de ces protéines
altérées (Poppek, 2006). Le protéasome est un grand complexe protéolytique constitu¢ de
plusieurs activités peptidase. Une fois qu’elles sont marquées a 1’ubiquitine, les protéines a
dégrader sont reconnues par le systéme protéasome qui les hydrolyse en acides aminés et
petits peptides. Le protéasome a ainsi un role vital dans la dégradation des protéines oxydées

et donc dans le renouvellement continu des protéines.
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D’autres systemes protéolytiques ont été auparavant mis en ¢évidence comme
machineries de reconnaissance et de dégradation des protéines oxydées: les complexes
macroxyprotéinase et protéinase multi catalytique. Le systeme multi-catalytique protéinase
comprend une protéase cytosolique de haut poids moléculaire capable de dégrader
spécifiquement les glutamines synthétases oxydées (Rivett, 1985a; Rivett, 1985b). La
macroxyprotéinase, est un complexe protéolytique de haut poids moléculaire présentant trois
sites actifs, isolés a partir d’érythrocytes et dégradant sélectivement les protéines dénaturées
par oxydation (Pacifici, 1991; Pacifici, 1989). Ces deux complexes protéolytiques sont

maintenant considérés comme appartenant au protéasome 20S (Friguet, 2002).

Cependant, certaines de ces protéines modifiées sont moins susceptibles a la
dégradation. C’est le cas de la glucose-6-phosphate déshydrogénase qui, sous sa forme
glycoxydée, résiste a la protéolyse (Bulteau, 2001). De plus, dans certaines conditions
inflammatoires, les fonctions protéolytiques du complexe protéasome peuvent étre inhibées.
En effet, le stress oxydant peut induire la sécrétion de cytokines pro-inflammatoires comme
IL-8 qui est fortement impliquée dans I’inactivation du protéasome (Fernandes, 2008). Ces
deux observations permettent d’expliquer 1’accumulation progressive d’agrégats de protéines

oxydées a I’origine de nombreuses pathologies, particulierement celles liées au vieillissement.

f) Conséquences pathologiques

Si la présence de ces ROS est utile pour les cellules, une surproduction ou une
diminution des défenses antioxydantes entraine des dommages cellulaires (Cheeseman,
1993). Ainsi, ces especes réactives participent a la désorganisation des structures
membranaires, a 'oxydation de protéines qui perdent alors leur fonction, a l'oxydation des
lipoprotéines circulantes, mais ¢galement a des altérations de I’ADN. Le stress oxydatif étant
un facteur d’inflammation et de mutagenése, il touche donc I'ensemble des tissus et des
métabolismes et de ce fait, contribue a un grand nombre de pathologies comme le cancer, les
maladies cardiovasculaires et cérébro-vasculaires. Il jouerait un réle dans les maladies
neurodégénératives et particulierement la maladie d’Alzheimer. Dans ces pathologies, le
stress oxydant contribue au mauvais repliement de certaines protéines et ainsi a
I’accumulation d’agrégats (Pacifici, 1993) (Figure 9). Méme si des nouvelles thérapies

anticancéreuses sont développées a partir de 1’utilisation de radicaux libres (Hileman, 2004),
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les ROS auraient paradoxalement un réle promoteur dans le développement de certains
cancers (Halliwell, 2007). Le stress oxydant serait impliqué dans les allergies et I’asthme par

le biais de la NADPH oxydase du pollen (Boldogh, 2005).

Enfin, dans les deux formes du diabéte (I et II), les phénomenes d’insulino-sécrétion et
d’insulino-résistance seraient en partie liés au stress oxydant. En effet, dans le cas du diabete
insulinodépendant (DID), d’une part son role dans les 1ésions de la cellule-f3 pancréatique est
avéré, d’autre part les radicaux libres inhibent la sécrétion d’insuline (Krippeit-Drews,
1994). Concernant le diabéte non insulinodépendant (DNID), la génération de radicaux libres
est un médiateur des effets du facteur TNF-o sur la sensibilité des tissus périphériques a
I’insuline et pourrait ainsi étre impliquée dans I’insulino-résistance liée a 1’age (Paolisso,
1999). Toutefois la production de ROS par les mitochondries serait un facteur indispensable

dans la sécrétion insulinique induite par le glucose (Leloup, 2008).

Par son implication dans ces complications métaboliques, le stress oxydant est souvent
étroitement i€ a un autre mécanisme altératif que 1’on rencontre le plus généralement dans la
pathologie du diabéte (Gillery, 2006). Ces deux processus déléteres qui s’auto entretiennent

sont généralement regroupées sous le terme de " glycoxydation ".

5. La glycation et la glycoxydation des protéines

Comme décrit précédemment, plusieurs mécanismes sont impliqués dans la genése de
ce stress oxydant, parmi lesquels la glycation des protéines. En effet, les protéines glyquées
peuvent également réagir avec 1’oxygene pour former des radicaux libres oxygénés et ainsi

induire un stress oxydant.

Ce type de modification est notamment constaté au niveau des protéines plasmatiques
dans le cas du diabete. Cette pathologie s’accompagne généralement de complications
vasculaires ainsi que de dommages fonctionnels des protéines telles que 1’albumine (Cohen,
2003a). L’hyperglycémie est considérée comme la principale cause des complications
diabétiques qui affectent entre autre les protéines circulantes. Ses effets déléteres sont
attribués a la formation accrue de produits avancés de glycation (AGE) a partir de 1’exces de

sucre sanguin et des protéines circulantes, parmi lesquelles I’albumine est la plus exposée.
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Ces phénomenes de glycation touchent également les lipoprotéines de basse densité (LDL) in

vivo chez des patients diabétiques (Schleicher, 1981).

a) Formation des produits avancés de glycation (AGE)

La glycation des protéines correspond a une glycosylation non enzymatique, dont le processus

se déroule en trois étapes : (Figure 10)
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Figure 10 : Les différentes étapes de la réaction de Maillard (Hartog, 2007)

© Formation rapide et réversible d’une base de Schiff instable par combinaison de la fonction

aldéhyde du glucose avec un résidu aminé de la protéine (Lysine, Arginine) (Day, 1979) ou

avec la fonction amine N-terminale (Cohen, 1986).
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® Réarrangement d’Amadori pour aboutir aux produits de glycation dit précoce ou

fructosamines qui sont des protéines intermédiaires.

© Accumulation lente et irréversible, par réarrangements, transferts d’hydrogéne et
oxydation, de produits avancés de glycation (AGE) ou produits de réaction de Maillard. Ces
produits terminaux de glycation sont des protéines de durée de vie prolongée se caractérisant
par une pigmentation brune, leur fluorescence (Degenhardt, 1998; Niwa, 1999) et leur

implication dans la formation de liaisons croisées entre protéines (Yang, 2003).

Si les deux premicéres étapes ont une réversibilité potentielle en fonction du niveau de
la glycémie du patient, la troisieme étape et la formation des produits avancés de glycation ne

sont pas affectées par un meilleur contréle glycémique (Lyons, 1985).

La formation des produits avancés de glycation, outre le cas du diabéte, est un
phénoméne accru dans diverses pathologies comme I’insuffisance rénale terminale (Bordas-
Fondrede, 1990), et au cours du vieillissement (Sell, 1990). Outre le glucose, d’autres oses ou
dérivés sont susceptibles de participer a la glycation des protéines comme le galactose, le
fructose, le ribose, 1’acide ascorbique. Les o-oxoaldéhydes trés réactifs comme le
méthylglyoxal et le 3-deoxyglucosone sont également des précurseurs importants des AGE in

vivo (Degenhardt, 1998; Niwa, 1999).

b) Caractérisation des Produits avancés de glycation

La formation des différents AGE implique une étape d’oxydation a partir des produits
d’Amadori ou fructosamines. Il apparait donc plus appropri¢ de désigner ces produits

terminaux comme des produits de glycoxydation plutot que de glycation (Baynes, 1999).

Seulement quelques AGE ont pu étre caractérisés et identifiés in vivo (Figure 11) : les
dérivés hydroimidazolones produits de la réaction avec le 3-désoxyglucosone ont été
retrouvés dans les rétines de patients diabétiques (Hammes, 1999a). Des dérivés monolysyles

ont également été caractérisés. C’est le cas du *N-carboxyméthyllysine (CML) issu du clivage
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de résidus fructose-lysine des fructosamines et dont la concentration au niveau du collagéne

de la peau est fortement liée au développement de la rétinopathie (Hammes, 1999b).
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Figure 11 : Structures d’AGEs caractérisées in vivo (Ahmed, 2002; Biemel, 2001;
Nakamura, 1997; Thorpe, 2003)

La °N-carboxyéthyllysine (CEL) et les sels d’imidazolium (GOLD et MOLD) ont

¢galement €té isolés in vitro et sont issus de la réaction du méthylglyoxal et du glyoxal avec

les protéines (Wells-Knecht, 1996). De méme, des produits obtenus par couplage entre deux

acides aminés glyqués, comme la pentosidine (Sell, 1989) ou les crosslines, ont été identifiés.

La pyrraline a été détectée au niveau des protéines sériques de patients diabétiques (Hayase,

1989). Les CML et la pentosidine sont d’ailleurs utilisés comme marqueurs cliniques de la

formation de produits de glycoxydation in vivo (Lyons, 1993).

38




De plus, des produits d’Amadori peuvent également étre obtenus par la glycation des
résidus arginine et aboutissent notamment a la °N -carboxyméthylarginine (CMA) (Yu, 1997).
Ces produits d’oxydation terminaux, ne sont plus modifiés mais augmentent au cours d’un
diabete sucré et sont les marqueurs d’une hyperglycémie durable et mal contrdlée chez les
intracellulaires résultant de la modification des groupements sulphydryle des protéines
(cystéine) (Thorpe, 2003). En effet, comparé a I’amine, le groupement thiol de la cystéine est
un nucléophile puissant et celui-ci réagit rapidement sur des composés dicarbonylés tels que
le glyoxal ou méthylglyoxal pour donner respectivement le S-carboxyméthycystéine (CMC)
et le S-carboxyéthylcystéine (CEC) (Zeng, 2005). La concentration de CMC est d’ailleurs
comparable a celle du CML au niveau des protéines intracellulaires des cellules musculaires

et augmente de fagcon identique chez des patients diabétiques (Alt, 2004).

¢) Toxicité des produits avancés de glycation

i) Interaction des AGEs avec leur environnement

Les conséquences fonctionnelles de la glycoxydation sur les protéines sont
nombreuses. Elles touchent préférentiellement les protéines directement exposées au glucose
sanguin ou a durée de vie longue, comme certaines protéines circulantes et les protéines de la
matrice extracellulaire. Concernant les protéines circulantes, la glycoxydation touche

principalement ’hémoglobine, les immunoglobulines, 1’insuline et I’albumine.

La glycoxydation de 1’hémoglobine augmente la viscosité sanguine et inhibe le
relargage de ’oxygene (McDonald, 1979). Elle altére également la liaison de molécules de
régulation comme 1’héparine sur 1’antithrombine III. Pour cette dernicre, la glycoxydation
compromet son activité et induit un accroissement des phénomenes de thrombose (Brownlee,
1984). Les immunoglobulines comme les IgG et les IgM sont également impliquées puisque
la glycoxydation affecte leur activité et les diabétiques sont ainsi plus sujets a 1’infection
(Cheta, 1991; Danze, 1987). De méme les fonctions de transport du cholestérol et
d’¢limination des triglycérides par les HDLs et VLDLs sont altérées lorsque ces lipoprotéines

sont glycoxydées au cours d’un diabete (Duell, 1991). Par ailleurs, les cellules sanguines sont
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¢galement touchées par les phénomenes de glycation que cela soit les plaquettes
(thrombocytes) ou les érythrocytes. Par exemple, La formation d’AGEs a la surface des
hématies semble induire une diminution de 1’¢lasticité et de la fluidité de leur membrane

(Bryszewska, 1988).

Enfin, il est maintenant reconnu que I’insuline, médiateur de 1’afflux de glucose dans
la plupart des tissus, peut étre également glycoxydée au niveau des cellules pancréatiques en
condition d’hyperglycémie (McKillop, 2002). De nombreux travaux ont montré la diminution
de la capacité¢ de I’insuline glyquée a maintenir 1’homéostasie du glucose, a stimuler la
lipogenése et la captation du glucose au niveau du tissu adipeux (Boyd, 2000; Lindsay,
2003). De ce fait, I’insuline glyquée contribue en partie a I’insulino-résistance dans le diabéte

de type 2 (Hunter, 2003).

Au niveau de la matrice extracellulaire, les protéines sont facilement sujettes a la
glycation de par leur faible taux de renouvellement. FElle affecte notamment la victonectine,
le collagene IV et la laminine en altérant leur capacité a se polymériser et ainsi a organiser
entre eux le réseau tridimensionnel de la membrane basale (Charonis, 1990). L’¢lasticité du
collagéne est de ce fait abaissée, ce qui entraine une rigidité structurale au niveau artériel. De
plus, la glycation de la laminine au niveau d’une séquence riche en lysine a un effet délétére

sur le processus de régénération neuronale (Federoff, 1993).

Les AGE:s issus des protéines de la matrice extracellulaire sont moins sensibles a la
protéolyse, ce qui contribue a 1’allongement de leur durée de vie et dans le cas du collagene a
I’irréversibilit¢ de D’épaississement de la membrane basale observée dans le cas des
micro-angiopathies. Dans le cas du fibrinogeéne, les AGEs induisent une résistance relative de
la fibrine a la fibrinolyse, favorisant ainsi les dépdts vasculaires de la fibrine et pouvant créer

une situation prothrombogéne (Juhan-Vague, 1989).

Enfin, la glycation peut également affecter les activités enzymatiques des protéines par
des altérations liées a la présence de résidus lysine au voisinage d’un site actif ou par des
modifications conformationnelles liées a la réticulation de protéines modifiées. D’autre part,
les AGEs formés par glycosylation non enzymatique jouent un role important dans la
conversion de la protéine prion cellulaire (PrP®) en protéine prion « scrapie » (PrP*)

responsable des encéphalopathies dont la plus connue est la maladie dite de la « vache folle »
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(ESB) (Choi, 2004). Les sites catalytiques d’enzymes se retrouvent altérés, de méme que les
épitopes d’antigeénes. Aussi, la glycoxydation ne s’arréte pas a la modification des résidus
lysine et arginine. Ce processus, impliquant les espéces réactives de 1’oxygene, peut propager
les dommages de la protéine au-dela de ces résidus et peut notamment affecter d’autres acides
aminés fortement impliqués dans les activités enzymatiques. C’est le cas du tryptophane,
résidu le plus sensible au dommage oxydatif (Halliwell, 1999), qui joue un role clé dans

’activité enzymatique du lysozyme (Chetyrkin, 2008) .

En résumé, I’augmentation du taux d’AGE au sein de 1’organisme est a 1’origine de
nombreux désordres métaboliques, en agissant directement au niveau des protéines circulantes
ou de la matrice extracellulaire. Ils peuvent également causer de multiples dommages en

agissant indirectement par le biais de récepteurs, ou en induisant une auto-immunité morbide.

ii) Les AGEs s et les récepteurs cellulaires

Les produits avancés de glycoxydation extracellulaire peuvent également agir au
niveau cellulaire en se liant a des récepteurs membranaires et induire des réponses cellulaires
trés diverses et appropriées. Plusieurs récepteurs aux AGEs, impliqués dans [’activation
cellulaire ont été caractérisés : le « macrophage scavanger receptor class A » ou récepteur
MSR-A (Horiuchi, 1996), le récepteur CD36 de la famille des MRS-B qui fait également
office de récepteur pour les LDLs oxydées (Ohgami, 2001; Ohgami, 2002) et qui participe a
I’¢limination des AGEs, une protéine proche de I’enzyme oligosaccharyltransférase-48 (OST-
48 ou AGE-R1), un autre récepteur proche d’un substrat de la protéine kinase C (80K-H ou
AGE-R2)(Li, 1996). La galectine-3, une protéine présentant un motif de reconnaissance des
sucres fortement conservé en partie C-terminale se comporte également comme un récepteur

aux AGEs (Pricci, 2000).

Le récepteur des AGEs le mieux décrit actuellement est le RAGE. Il s’agit d’une
molécule d’environ 50 KD qui appartient a la super famille des immunoglobulines (Neeper,
1992) et qui est présent sur de nombreux types cellulaires : monocytes, macrophages, cellules
musculaires lisses, cellules mésangiales et cellules nerveuses (Chappey, 1997). Si le RAGE

fixe de facon préférentielle les AGEs, d'autres molécules comme l'amphotérine ou la
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substance -amyloide, dans le cas de la maladie d’Alzheimer sont capables de se lier au

RAGE (Yan, 1996).

La liaison des AGEs au RAGE initie une série de signaux cellulaires en cascade
(Figure 12), débutant par la formation d’especes réactives de 1’oxygeéne ou ROS, induisant
ainsi un stress oxydatif (Wautier, 1996). Ce stress s’accompagne de signaux cellulaires
impliquant ’activation de la p21™ et des MAP-kinases (Lander, 1997), ainsi que du facteur
de transcription NF-xB (Yan, 1994) qui permet I’activation de différents génes impliqués
dans l’inflammation comme les cytokines pro-inflammatoires (IlI-l1a, IL-6 et TNF-a), ou
impliqués dans I’adhésion cellulaire (VCAM-1), la vasoconstriction (endothéline-1) ou la

coagulation (thrombomoduline).

/' Cytokines
(TNF <, IL6, IL-1c)

ROS ———=_  stress

1 oxydant

/' Endothéline-1
/ Thrombomoduline
/' VCAM-1

P212sf MAPkinases

Activation NF- xB

> Transcription
NE-xB genes cibles

CELLULE

Figure 12 : Effets induits par la liaison des AGEs au récepteur RAGE

A contrario, les phénoménes de glycoxydation sont responsables de défauts de
reconnaissance des protéines médiatrices modifiées engagées dans la signalisation cellulaire
ou I’endocytose. La glycoxydation des LDL, par exemple, réduit leur captation par leurs

récepteurs normaux comme les récepteurs B/E.
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Tous ces événements, altérant les propriétés cellulaires, prédisposent au
développement de complications au niveau vasculaire et inflammatoire du diabéte. Par
exemple, les malaises cardiaques consécutifs a des dysfonctionnements vasculaire ainsi que
myocardique, trouvent leurs origines dans I’interaction des AGEs avec le RAGE (Hartog,
2007). De fagon similaire, le complexe AGE-RAGE induit, par sécrétion de facteurs comme
MCP-1 ou TNF-a, une diminution de la sensibilit¢ a I’insuline au niveau adipocytaire

(Unoki, 2007).

iii) Les AGEs et [’auto-immunité

Toutes les protéines ont un potentiel immunogene, c'est-a-dire qu’elles peuvent
provoquer une réponse auto-immune et cela concerne notamment les protéines glycoxydées.
En effet, si cette immunogénicité est réduite pour les produits d’Amadori, elle semble au
contraire accrue pour les produits terminaux de glycation, ce qui laisse supposer que les AGEs
présents in vivo peuvent déclencher une réponse auto-immune (Virella, 2003). Des auto-
anticorps dirigés contre des AGEs d’albumine et d’IgG ont pu étre mis en évidence dans des
sérums provenant aussi bien de patients diabétiques que de sujets sains (Turk, 2001; Vay,
2000). Le niveau des anticorps anti-AGE, d’isotypes IgA et IgM, se révéle, en effet, élevé
chez des patients diabétiques atteints d’arthrite rhumatoide (Newkirk, 1998). Ces anticorps
peuvent se combiner avec les AGEs circulants et former ainsi des complexes immunitaires
(AGE-IC) susceptibles d’étre impliqués dans les processus d’athérogénese. C’est le cas
notamment des AGEs de lipoprotéine (AGE-LDL), dont les propriétés immunogenes
contribuent, par le biais des complexes LDL-IC, au développement de 1’athérosclérose

cardiovasculaire (Kiener, 1995; Steinbrecher, 1984).

iiii) La glycoxydation : un mécanisme qui s auto entretient

Les phénomeénes de glycation peuvent étre assimilés au 1% étage d’une fusée menant
de fagon irréversible a une cascade de réactions aboutissant plus ou moins directement a de
nombreuses pathologies et complications métaboliques (Figure 13). En effet, a partir de la
formation des AGEs, découle une série de processus déléteres, détaillés auparavant, tels que
I’inflammation par le biais des récepteurs, I’oxydation, des modifications conformationnelles

aboutissant a des accumulations d’agrégats ou bien une réponse immunitaire liée a
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I’immunogénicité des AGEs. Ces différents processus vont non seulement contribuer aux
développements de pathologies diverses, mais aussi aggraver certains processus
physiologiques. En effet, la réponse inflammatoire des AGEs via les récepteurs RAGE peut

étre a ’origine du stress oxydant qui, lui-méme, va favoriser la formation d’AGEs.

De méme ces AGEs, qui sont dans la plupart des cas la conséquence d’une
hyperglycémie, vont non seulement directement favoriser un stress oxydant et une réponse
inflammatoire, mais également indirectement renforcer une insulino-résistance ou inhiber une
insulino-sécrétion et ainsi aggraver 1’hyperglycémie d’origine. Ainsi, avec les AGEs débute
une sorte de « cercle vicieux » ou les différents processus altératifs vont s’entretenir et

s’aggraver avec le temps, débouchant sur des complications chroniques.

Pathologies chroniques

Pathologies Désordres
nheurodégénératives meétaboliques

Vieillissement
Athérosclérose Diabéte

PRODUITS D’AMADORI

GLYCATION

lere

Figure 13 : La glycation, étape de la fusée des complications métaboliques
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A cause de leur forte réactivité directe ou indirecte par le biais de récepteurs cellulaires
spécifiques, les AGEs se retrouvent impliqués dans le développement de nombreuses
complications (Figure 14). Une formation accrue de ces AGEs a ét¢ mise en évidence au
niveau sanguin et tissulaire de diabétiques, mais également dans de nombreux -cas
physiopathologiques comme ’athérosclérose, la maladie d’ Alzheimer, les maladies rénales en
phase terminale, ’arthrite rhumatoide et la cirrhose du foie (Sebekova, 2002; Sebekova,

2001) (Tableau 1).

Présence des AGES Mode de formation des AGES
Au niveau Accumulation au Formation accrue | Formation accrue
sanguin niveau des tissus par glycation par stress oxydatif

Diabéte T T Tt 1
Athérosclérose T T Tt t
Maladie rénale en phase terminale Tt T T Tttt
Maladie d'Alzheimer normal T T T
Cirrhose dufoie T T - L}
Arthrite rhumatoiie T T - L}

Tableau 1 : Présence des AGEs dans le sérum et tissus dans différentes

pathologies (Jakus, 2004)

Ces AGEs peuvent induire des phénomeénes d’athérosclérose, de thrombose, de
fibrose, de vasoconstriction sans oublier un stress oxydatif accru aboutissant au
dysfonctionnement de fonctions primordiales comme les reins, le cceur, la vue. Par exemple,
un lien étroit est établi entre la formation des produits avancés de glycation dans la matrice

extracellulaire et le développement des complications chroniques du diabéte sucré

(Brownlee, 1988).

En effet, les AGEs s’accumulent chez les patients diabétiques dans les différents
tissus. C’est le cas du CML et de la pentosidine s’accumulant au niveau des capillaires des
glomérules du rein, avec pour conséquence des micro-angiopathies a [’origine de

néphropathies (Makita, 1991). Cette micro-angiopathie affecte également les capillaires au
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niveau de la rétine. Les AGEs issus des protéines de la matrice extracellulaire ont ainsi un réle
décisif dans le développement des rétinopathies (Lu, 1998). Par ailleurs, les protéines
vasculaires glycoxydées comme les lipoprotéines sont impliquées dans la production de
molécules d’adhésion au niveau des cellules endothéliales interagissant avec les facteurs de
coagulation, les plaquettes et les leucocytes et contribuant ainsi au développement de
macro-angiopathie débouchant sur 1’athérosclérose (MacDonald, 1992). Enfin, une
accumulation excessive d’AGEs, particulicrement de CML, a été constatée au niveau du
systetme nerveux périphérique chez les diabétiques atteints de neuropathie dégénérative
démy¢linisante (Vlassara, 1981). Toutefois il n’a pas été établi une corrélation entre ce dépot
d’AGEs et I’altération de la gaine de my¢line des cellules du systéme nerveux (Sugimoto,
1997).

Des études ont mis en évidence une forte prédisposition des patients diabétiques pour
la maladie d’Alzheimer (Arvanitakis, 2004; Kalaria, 2009; Leibson, 1997). Le lien étroit
entre ces deux pathologies s’explique d’une part, par le réle protecteur joué par 1’insuline
cérébral dans la régénération neuronale et dans le bon fonctionnement des fonctions
cognitives. Le mécanisme de neurodégénérescence €tant associ¢ a une insulinoresistance ou
une déficience en insuline liée au diabéte, la maladie d’Alzheimer est désormais qualifiée de
« diabete de type 3 » (Moroz, 2008; Steen, 2005). D’autre part, la contribution des AGEs
dans cette maladie neurodégénérative est également mise en avant. Certaines similitudes
associent cette maladie neurodégénérative et les surcharges glucidiques de patients
diabétiques au travers de la glycation des protéines, et particuli¢rement de la substance -
amyloide (Colaco, 1996; Munch, 1997). Les AGEs faciliteraient, en effet, I’agrégation des
peptides P-amyloides ainsi que 1’allongement de leur durée de vie dans la pathologie

Alzheimer (Vitek, 1994).

La présence et les effets déléteres des AGEs ont également été répertoriés chez des
sujets non diabétiques. En effet la pentosidine, I’un des types d’AGE, a été identifiée in vivo
aussi bien chez des patients hémodialysés (Odetti, 1992), que chez des personnes agées
sujettes a la cataracte (Nagaraj, 1991), ou bien au niveau des plaques séniles du cortex
cérébral des patients « Alzheimer » (Smith, 1994). De plus, il a été mis en évidence un niveau
plus élevé de fructosamine, chez des patients sujets au syndrome d’apnée du sommeil (Faure,
2008a). Enfin, le phénomene de glycoxydation, en particulier au niveau du collagene,
contribue de fagon importante a la progression des mécanismes du vieillissement (Reiser,
1998).
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Figure 14 : Les AGEs sources de nombreuses complications métaboliques (Hartog, 2007)



Les roles délétéres des AGEs en particulier, et du stress oxydant en général sont avérés
dans de multiples pathologies, que cela soient des maladies métaboliques, neurodégénératives
ou cancéreuses. Les thérapies font de plus en plus souvent appel aux antioxydants pour
renforcer 1’efficacité des traitements. Par ailleurs, ces altérations de type oxydatif touchent de
nombreuses protéines, parmi lesquelles les protéines circulantes exposées aux altérations et en
contact avec de nombreuses cibles biologiques. L’albumine représente la plus abondante
parmi celles-ci. De plus elle est réputée étre continuellement soumise au stress oxydant

(Soriani, 1994) et s’avere également posséder des propriétés antioxydantes.
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III L’ALBUMINE : UNE PROTEINE SENSIBLE

L’albumine est sans doute 1’'une des premicres protéines découvertes, puisque ses propriétés
physiologiques ont été reconnues a 1’époque d’Hippocrate vers 1’an + 400 (Hippocrate,
1978). C’est probablement la protéine la plus étudiée, dans la mesure ou ses multiples
fonctions ont intéressé des générations de biologistes, biochimistes, chimistes, physiciens et
pharmacologistes depuis plus de 150 ans, a commencer par C. Denis qui fut le premier a
isoler cette protéine par dialyse en 1840 (Denis, 1859). C’est la protéine soluble la plus
abondante chez les vertébrés et la plus importante dans le plasma avec une concentration se

situant entre 35 et 50 g/L (Rothschild, 1988).

1. Structure

La structure de I’albumine permet d’expliquer ses fonctions multiples et son réle dans
I’organisme, qui seront détaillés ultérieurement. Cette structure est identique chez tous les
individus de I’espéce humaine mais présente des différences de séquence avec celles des
autres especes animales. Ainsi, la sérum albumine bovine (SAB) et humaine (SAH) ont une

¢troite homologie dans la séquence polypeptidique ainsi que dans leur structure.

La structure primaire consiste en une chaine polypeptidique de 585 et 583 acides
aminés respectivement pour la SAH et la SAB. Les seules différences résident dans la
substitution de plusieurs résidus ayant cependant des propriétés hydrophobes identiques
n’affectant en rien la structure tridimensionnelle de la protéine (Carter, 1994). Parmi leurs 35
résidus cystéine, un seul d’entre eux (Cys34) se trouve a 1’état réduit et n’est donc pas

impliqué dans 1’édification de liaisons disulfures.

La structure, constituée de 3 domaines homologues divisés en 9 boucles (sous-
domaine) dont la stabilité est assurée par les 17 ponts disulfures, confére a la protéine une
certaine flexibilité (Figure 15). La forme hélicoidale (hélice a) représente 67% de la structure

secondaire, tandis que la forme en feuillet  est totalement absente a 1’état natif.
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Domaine 2

Domaine 1

Cys-34

Figure 15 : Structure tridimensionelle de I’albumine avec ses 3 domaines et ses ponts

disulfures

Les 17 ponts disulfures qui assurent la stabilité¢ de la structure tertiaire de la protéine a
température ambiante et a pH neutre, n’empéchent pas des modifications significatives de
taille et de forme en fonction de la variation de ces deux parametres physiques (Carter, 1994;
Foster, 1977). Par exemple, la SAB présente des changements de conformation spatiale
(isomérisation) en fonction du pH, qui peuvent étre attribués a des ruptures d’interactions de
type ionique suite au changement de pH (Figure 16). En particulier, un pH de 4,5 marque une
transition entre la forme native (N) de la protéine et la forme « fast » (F) pour laquelle une
diminution des structures en hélice est observée (Carter, 1994). Avec la diminution du pH, la

structure est de plus en plus étirée.

Comme la plupart des protéines globulaires, 1’albumine présente une tendance a
s’agréger sous forme de complexes macromoléculaires lorsque la protéine est soumise a une
augmentation de température (Barone, 1992). L’agrégation thermique de la SAB se

caractérise par des changements conformationnels de sa forme native constituée

50



majoritairement par des hélices a vers une structure enrichie en feuillet f. Ces changements
peuvent étre modulés par la concentration de la protéine, la valeur du pH, la température et le
temps du traitement thermique (Giancola, 1997; Militello, 2004), mais également par la
présence ou 1’absence de métaux de transition tel que le cuivre (Cu®") ou le Zinc (Zn®")
(Navarra, 2007). Par exemple, la dénaturation de la SAB par traitement a 80°C est réversible
quelque soit le pH, tandis que les modifications sont irréversibles lorsque la protéine est
traitée de fagon durable a 60°C (Barone, 1992; Gelamo, 2000). De plus, de nombreux
travaux ont pu mettre en avant I’implication du seul résidu cystéine libre (Cys34) dans le
processus d’agrégation thermique (Militello, 2003; Peters, 1985). En effet, le blocage de ce
résidu avec de I’iodoacétamide, ou du glutathion empéche la formation de liaisons

intermoléculaires et ainsi la formation d’agrégats.

pH =27 pH=4,5 pH:Q
Forme E P Forme F —— P Forme N—— Forme B
(Etirée) (Fast) (Native) (Basique)

Figure 16 : Différents isoméres conformationnels de la SAB en fonction du pH (Navarra,

2008)

Comme la plupart des protéines du plasma, I’albumine posséde un pH isoélectrique
(pHi) tres acide, dont la valeur est variable en fonction de la nature des molécules qui sont
fixées. Il varie de 4,8 lorsque elle est associ¢e aux acides gras, a 5,28 lorsqu’elle est li¢e a des
substances non lipidiques (Lefévre, 1996). Son pHi étant inférieur au pH du plasma cette
protéine se comporte in vivo comme un anion. Contrairement aux autres protéines du plasma
(immunoglobulines, transferrine, fibrinogeéne...), I’albumine présente la plus faible masse
moléculaire autour de 66 438 Da et 66 411 Da pour respectivement la SAB et la
SAH (Brown, 1975; Meloun, 1975).
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2. Fonction : formation, distribution et roles

Des travaux sur foies de rats isolés et perfusés ont démontré que la biosynthése de
I’albumine a lieu exclusivement au niveau du foie (Miller, 1951; Peters, 1950). D’autres
¢tudes, utilisant des techniques d’immunocytochimie, ont montré que tous les hépatocytes

synthétisaient I’albumine. (Brands, 1983; LeBouton, 1980a; LeBouton, 1980b).

Chez I’homme, 1’albumine a une demi-vie voisine de 3 semaines (Brodersen, 1980;
Waldmann, 1977). La synthése journaliére s’établit a 120 mg.kg'1 soit 8 a 10 g pour un
adulte de 70 kg. Cette production correspond a un renouvellement quotidien de 4 a 6 % de la
protéine. La quasi-totalité de I’albumine synthétisée (99,9 %) va directement dans le plasma
sanguin ou elle effectue environ 15 000 passages dans le systeme circulatoire entre sa
synthése et sa dégradation. L importance conférée a cette protéine est particuliérement due a
la multitude de réles bénéfiques : au niveau circulatoire, au niveau du transport d’un large
¢ventail de métabolites qui lui a donné la réputation de «tramp steamer » du systéme

circulatoire (Peters, 1996), ainsi qu’au niveau de son rdle protecteur.

a) Roles circulatoires

L’albumine, qui représente 60% en masse de toutes les protéines plasmatiques, est
responsable a 80% du maintien de la pression oncotique (25-33 mm Hg). Cette pression
empéche I'eau de sortir des vaisseaux sanguins. Elle y contribue de fagon disproportionnée, a
cause de sa faible masse moléculaire (67 kDa) par rapport aux globulines du plasma dont la
masse moléculaire moyenne est autour de 170 kDa (Scatchard, 1944), mais également a
cause de son faible point isoélectrique (pl = 4,7) qui confére a la protéine une charge nette
négative a pH 7.4 (pH sanguin) contribuant ainsi a 1’équilibre de Donnan (Figge, 1991).
L’albumine est indispensable pour la bonne répartition des liquides entre les vaisseaux
sanguins et les tissus ou le milieu interstitiel. En effet une diminution du taux d'albumine dans
le sang (hypoalbuminémie) est problématique: la pression oncotique est abaissée, 1'eau quitte
alors les vaisseaux pour gagner les tissus provoquant ainsi des oedémes. C’est le cas chez les
enfants atteints par la maladie de kwashiorkor affectant principalement les régions pauvres

d’Afrique ou les enfants sont victimes de malnutrition (Waterlow, 1984; Williams, 1958).
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b) « Le transporteur »

La deuxieme grande fonction de 1’albumine est liée a ses capacités de transport et de fixation
de petites molécules de tout type (Waldmann, 1977; Wood, 1986). Cette forte aptitude qui
permet de comparer cette protéine a une « éponge », s’explique essentiellement par la
flexibilité de sa structure qui s’adapte volontiers aux différents ligands. L’albumine interagit
avec un large spectre de composés dont la liste est détaillée dans le tableau 2. La protéine
transporte notamment des molécules endogénes telles que les acides gras (AG), des ions
métalliques (Ca’", Cu®"...), des hormones thyroidiennes (Thyroxine ou T4) et stéroides, mais

¢galement des acides aminés tels que le tryptophane et la cystéine (Figure 17).

Composés Composés

Hormones / Stéroides Acide gras libre
Cortisol Acides biliaires

Progestérone Hématine |
Testostérone
Adostérone
L-Thyroxine Wafarine
Vitamine D Digitoxine
ons | Diazepan

Cuivre (1)

Ibuprofene
Zinc(Il)

Indomethacin
Calcium
Magnésium L-Tryptophane
Chlorure L-Cystéine

Tableau 2 : ’albumine : le « routier » de I’organisme

Elle assure ¢galement le retour des sels biliaires particulierement hydrophobes entre
I’intestin gréle et le foie. C’est ainsi le cas de la bilirubine formée dans la rate et acheminée

vers le foie par le biais de ’albumine. Les principales routes de transport des différents
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métabolites par 1’albumine sont également décrites (Figure 17). Cette protéine véhicule
¢galement des substances exogenes, en particulier des médicaments par I’intermédiaire de 4
sites de fixation sur lesquels les différents ligands peuvent se concurrencer en modifiant

I’accessibilité de ces sites par changement conformationnel de la structure tertiaire de la

protéine.

Thyroide

Tissus
adipeux *g\
| )

r F A

AG Hormone T4 (A48
/— (Wan
Foie
Cys

Rate

Ca®
Trp Ca?* —
Intestin f{ @ldes
Gréle 3 e
EL— Bile A /s Glande

**“" surrénale

1{@)

Muscle

AG: Acide gras
PLP: Protéolipides de la myéline

Figure 17 : Les voies de transport des métabolites par I’albumine (Peters, 1978)

De facon générale, 1’albumine sert tout d’abord, a transporter ces différents composés
peu ou pas hydrosolubles, ensuite a les protéger d’un catabolisme excessif et ainsi constituer
des formes de réserves circulantes, inactives tant que les substances sont liées, mais

immédiatement utilisables deés que détachées de I’albumine (Lefevre, 1996).
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¢) Le protecteur

Par ses capacités de fixation et de transport, 1’albumine se présente comme un
« neutralisateur » de substances toxiques. De nombreuses toxines exogeénes sont séquestrées
par la protéine et rendues inoffensives pour I’organisme. C’est le cas du benzeéne qui forme un
thioéther, le S-phénylcystéine, avec le seul résidu cystéine réduit (Cys34) (Bechtold, 1992).
Mais également 1’aflatoxin G1, un carcinogéne largement répandu qui est directement pris en
charge par la protéine pour étre détruit au niveau du foie (Ewaskiewicz, 1991). De manicre
similaire, I’albumine prend en charge la bilirubine, produit de dégradation de I’hémoglobine,
qui sous forme libre peut devenir fortement toxique. Mais la protéine assure son transport
jusqu’au foie ou elle va étre conjuguée a I’acide glucoronique et ainsi étre inoffensive. Enfin,
de nombreuses drogues a visées thérapeutiques sont séquestrées par I’albumine afin de
controler a la fois leur libération et leur concentration et faire ainsi office de réservoir pour

une action durable.

d) Les propriétés antioxydantes

Parmi les propriétés bénéfiques de 1’albumine, il nous est apparu important de nous
focaliser sur les capacités antioxydantes de la protéine dans la mesure ou ce sont ces
propriétés particulieres qui sont mis en exergue dans le cadre de la pathologie diabétique.
L’albumine représente I’antioxydant majoritaire du plasma, un compartiment du corps
fortement sollicité par le stress oxydatif. La plupart de ses propriétés antioxydantes est
attribuée a sa capacité de fixation de nombreux ligands, par I’adaptabilité¢ de sa structure. De
plus le seul groupement thiol libre au niveau du résidu Cys34 de I’albumine (Peters, 1985),
lui confére des capacités supplémentaires de fixation (Kashiba-Iwatsuki, 1997) et la

possibilité de piéger des radicaux libres (Gutteridge, 1986).
i) Fixation de ligands

Parmi les ligands de type cationique, les métaux de transition tels que le cuivre (Cu®")
et le fer (Fe’") méritent une attention particuliére dans la mesure ou ils participent a la

formation de radicaux peroxydes qui ont des effets déléteres dans I’organisme. En effet les

ions (Cu®") et (Fe*") peuvent réagir avec le peroxyde d’hydrogéne (H,0,) selon la réaction de
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Fenton qui en présence de composés organiques (R-H) génére des ROS selon les réactions

suivantes :

Fe* + H,0, — » Fe(OH)*" + OH®
R-H + OH* —» H,0 + R°®
0, + R® ——» ROO®

Méme si les ions (Fe’") sont & une concentration physiologique plus importante, les
ions (Cu®") réagissent plus rapidement (60 fois) avec H,O, pour former des radicaux

hydroxyle (OH®) (Halliwell, 1990).

Fixés a ’albumine, ces ions métalliques sont moins susceptibles de participer a la
réaction de Fenton et ainsi générer des radicaux oxygénés. En effet, la protéine est capable de
neutraliser les radicaux hydroxyles (OH®) produits par cette réaction (Halliwell, 1988). Le
radical OH® est une espéce trés réactive, de courte demi vie et avec un faible rayon d’action,

mais capable d’oxyder les protéines, I’ADN ainsi que les lipides.

Dans le plasma, ces métaux sont également fixés par d’autres protéines comme la
transferrine, la lactoferrine pour le fer et la céruplasmine pour le cuivre et le fer. Mais une
grande partie de ces métaux est liée a 1’albumine, notamment dans le cas de la maladie du
métabolisme du fer comme 1’hémochromatose ou la thalassémie conduisant a une surcharge

en fer (Walter, 2006).

Certaines albumines comme la SAH et la SAB contiennent un site spécifique de forte
affinité¢ pour le Cu (II) endogeéne (Laussac, 1984; Sadler, 1994), ainsi que pour le Nickel
Ni (II) (Figure 18). Les 4 premiers acides aminés de la partie N-terminale de la protéine, Asp-
Ala-His-Lys (DAHK) forment ce site de liaison (Figure 18). De nombreux travaux ont
d’ailleurs mis en avant I’importance de ce site (DAHK) dans la prévention de la formation de
radicaux hydroxyles induite par le cuivre (Bar-Or, 2001a; Bar-Or, 2001b; Gum, 2004). En
effet, parmi ces études, Bar-Or a montré que des polypeptides ayant la partie N-terminale
analogue a la SAH (DAHK), ont également la capacité de séquestrer le Cu (II) et d’empécher

ainsi la formation de ROS ou bien la coupure oxydante de I’ADN double brin.

Il faut noter que certaines études ont montré le role chélateur de métal des résidus

méthionine. En effet, le blocage de ces résidus par du N-ethylmaleimide (NEM) ou par de la
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chloramine T induisent une diminution des propriétés protectrices de I’albumine et de sa
capacité de fixation des ions cuivre (Bourdon, 2005). Pour d’autres albumines (porc, chien,
poulet...), la substitution, dans le site DAHK, de I’histidine His3 par une tyrosine empéche la

fixation de ces métaux sur ce site terminal (Appleton, 1971; Predki, 1992).

Un second site de fixation du Cu (II) a été caractérisé dans la forme bovine et humaine
de I’albumine, et a été localisé dans la région de contact entre les domaines I et II de la
protéine (Sadler, 1996). Ce second site n’est pas spécifique au Cu (II) puisque de nombreux
métaux comme Ni (II), Zn (II) ou Cd (II) peuvent s’y lier avec des affinités comparables (Bal,

1998).

Aminoterminus
(DAHK)

Met548

Met123

Figure 18 : Principaux sites de I’albumine impliqués dans son activité antioxydante

(Roche, 2008)

57



D’autres aspects de I’activité antioxydante de 1’albumine proviennent de la capacité de
la protéine a fixer de nombreuses molécules dont des antioxydants. Cela concerne notamment
la bilirubine, connue pour ses propriétés toxiques, et qui n’en est pas moins un puissant
antioxydant qui combat les radicaux libres susceptibles d'infliger des dommages majeurs aux
cellules (Sedlak, 2004). Ce pigment rouge est li¢ a la protéine au niveau du résidu Lys240
(Figure 18) (Jacobsen, 1978) et protége a la fois contre I’altération de 1’a-tocopherol induit
par les radicaux peroxydes et contre la peroxydation lipidique des LDL (Neuzil, 1994).
Concernant la peroxydation lipidique, celle-ci peut étre initiée par un systéme comprenant des
radicaux superoxydes en présence de fer chélaté. L’albumine bovine inhibe cette
peroxydation au niveau des membranes des liposomes phosphatidycholine en empéchant

I’interaction entre le fer chélaté avec la membrane (Fukuzawa, 2005).

Parmi les lipides, les acides gras polyinsaturés (AGPI) constituent une importante
partie des composés biologiques oxydables du plasma. Ces AGPI sont des graisses
protectrices contre les maladies cardio-vasculaires qui favorisent la baisse du taux de
cholestérol porté par les lipoprotéines de basse densité (LDL). L’albumine possede trois
principaux sites de forte affinité pour ces acides gras au niveau des résidus Lys351, Lys475 et
Argl17 dans les poches hydrophobes (Figure 18) (Peters, 1996). Il apparait que les AGPI
liés a P’albumine peuvent étre protégés de la peroxydation lipidique par la proximité

d’antioxydants (bilirubine) également fixés a la protéine (Quinlan, 2005).

La protéine plasmatique a également la capacité de se lier a I’homocystéine, un acide
aminé soufré résultant du catabolisme de la méthionine. Un niveau important d’homocystéine
dans le plasma sanguin contribue a un stress oxydatif au niveau des tissus avec la formation
de ROS fortement impliqués dans le développement de 1’athérosclérose. Le piégeage de
I’homocystéine par I’albumine permet d’atténuer ces phénomenes déléteres (Papatheodorou,

2007).

ii) Cys34, piégeur de radicaux libres

Chez un adulte normal, environ 70-80 % du résidu Cys34 de 1’albumine est a 1’état
réduit (S-H), le reste est sous forme de liaison disulfure (S-S) avec plusieurs composés soufrés
comme la cystéine, I’homocystéine et le glutathion (Oettl, 2007). Le groupement —SH de

I’albumine représente un site de protection antioxydant, contre les radicaux libres hydroxyles
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OH® (Gutteridge, 1986) et contre des agents oxydants et nitrants puissants comme le
peroxynitrite NO;~ et 1’oxyde nitrique NO (Pacher, 2007). En effet I’oxydation du résidu
Cys34 (RSH) par le radical hydroxyle ou par le peroxynitrite entraine la formation d’acide
sulfénique (RSOH) qui représente le principal intermédiaire dans la modulation du statut
redox (Carballal, 2003; Turell, 2008). Ce dernier est notamment impliqué dans la formation
de disulfide (RSSR), attestant du rdle régulateur du résidu Cys34 de I’albumine humaine dans
le compartiment extracellulaire (Carballal, 2007). D’autre part, de nombreux travaux ont pu
montrer que la présence d’un seul groupement thiol permet la protection totale de I’albumine
contre les radicaux peroxyles (ROO®) et empéche la formation d’hydroperoxyde au niveau de

la protéine (Platt, 2003).

iii) L’ albumine, « l’éponge » a oxydants

L’albumine humaine posséde six résidus méthionine (Figure 18), particulierement
sensibles a 1’oxydation et entrainant la formation de méthionine sulfoxide en présence d’une
grande variété d’oxydants (Berlett, 1997). Il a été observé que I’oxydation préférentielle des
résidus méthionine (Met) chez des enzymes, comme la glutamine synthétase, n’affecte en rien
leur fonction biologique. A partir de ces résultats, Levine ef al proposent que les résidus Met
des systémes biologiques, soumis a des cycles de réduction et d’oxydation, peuvent servir de
systeme de neutralisation des ROS (Levine, 1999; Levine, 2000). Au niveau de 1’albumine,
les résidus Met peuvent servir « d’éponge » a oxydants et protégent ainsi la protéine de

modifications plus importantes.

L’acide hypochloreux (HOCI) est un puissant oxydant qui peut inactiver plusieurs
cibles biologiques et préférentiellement 1’a-antiprotease qui régule [’activité ¢lastase
pancréatique. L’albumine peut piéger 1’acide hypochloreux et ainsi empécher complétement

I’inactivation de I’a;-antiprotease (Halliwell, 1988).

A travers des études in vivo et in vitro, la protéine plasmatique aurait également
d’autres potentialités comme la capacité de se lier a des cellules et induire un changement
phénotypique (Trigatti, 1995). L’albumine joue ainsi un rdle important dans la captation
cellulaire des acides gras a longue chaine (Stremmel, 2001; Trigatti, 1995), mais inhibe
¢galement la différentiation adipocytaire sans en affecter la prolifération (Schlesinger, 2006).
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De plus, elle contribue au niveau de ces modeles cellulaires in vitro (3T3-L1, préadipocyte) a
la production de cytokines proinflammatoires mais également in vivo au niveau des cellules

rénales (Tang, 2003).

3. Altération des propriétés antioxydantes

a) _Au niveau fonctionnel

Toutes les propriétés bénéfiques de 1’albumine sont étroitement liées a la structure de
la molécule, que cela soit au niveau de la régulation de la pression oncotique, le transport de
molécules endogeénes ou exogenes et surtout ses capacités antioxydantes. Cependant ces
altérations et la modification de ses propriétés biologiques qui en découlent peuvent étre
considérées comme « biologiquement insignifiantes » a cause de I’importante quantité de
cette protéine dans le plasma. De plus, les protéines altérées sont rapidement dégradées par les
systemes protéolytiques et aussitot remplacées (Davies, 1986). D’ailleurs, dans le cas de
I’albumine humaine (SAH) du plasma sanguin, les gammes de concentrations en fructosamine
et AGE sont respectivement de 6-15 % et 1-7% (Day, 1979). Pourtant, de nombreux travaux
ont mis en avant que le statut antioxydant de I’albumine altérée est associé¢ a des conditions
pathologiques particuliéres. En effet, du fait de sa longue durée de vie (> 20 jours) et par ses
nombreux passages dans le systéme circulatoire (15 000), la protéine peut subir des
dommages importants qui peuvent affecter notamment ses propriétés antioxydantes (Peters,

1985).

De nombreuses études in vitro et in vivo ont en effet montré que les phénomeénes de
glycoxydation affectent de fagon significative les propriétés antioxydantes de 1’albumine.
Dans les études in vivo effectuées sur la sérum albumine, il a été montré que la capacité de
fixation du fer par la protéine est fortement diminuée dans le cas de patients diabétiques (Van
Campenhout, 2006). De méme, une diminution sensible des groupements thiol libres a été
observée en comparaison avec ’albumine de personnes saines (Faure, 2008b) avec des
modifications proches de celles observées sur des modeles d’albumine modifiés in vitro a
partir de méthylglyoxal (Faure, 2005). Par contre, ’altération de la capacité de piégeage des
ions cuivre par I’albumine glycoxydée a été¢ mise en évidence uniquement in vitro (Bourdon,
1999). De plus, cette albumine glycoxydée augmente I’oxydation des LDL induite par les ions
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cuivre due a la formation probable d’ions superoxides (O;) (Sakata, 2002). D’une manicre
générale, les phénomenes de glycation avancée affectent les capacités de fixation et de
piégeage de ’albumine, que cela concerne des ions métalliques et des radicaux libres, mais
¢galement le tryptophane, principal acide aminé essentiel (Barzegar, 2007). Enfin, la fixation
de molécules, autre que la glycosylation, au niveau de la protéine peut ¢galement affecter le
statut redox de 1’albumine. En effet, des acides gras liés a la protéine contribuent non
seulement a 1’oxydation de I’unique cystéine (Cys34), mais aussi a la conversion du complexe

Cu-albumine du statut antioxydant au statut prooxydant (Gryzunov, 2003).

b)_Au niveau structural

L’altération de ces propriétés antioxydantes par la glycoxydation s’explique
principalement par les phénomenes d’oxydation et les modifications structurales induites par
la glycosylation non enzymatique suivi des réarrangements. Ces modifications multiples, se
traduisent notamment par une diminution de la fluorescence du tryptophane due a une
modification conformationnelle de la protéine et d’un changement d’exposition des résidus
(Bourdon, 1999). Elles entrainent également une augmentation du brunissement et du taux
d’oxydation des protéines (Stolzing, 2006) qui affecte également le taux de cystéine libre
(Faure, 2005). De méme, ces modifications s’accompagnent par une augmentation de la
masse moléculaire de la protéine en étroite corrélation avec le degré de glycosylation

(Schmitt, 2005).

Parallélement, ces modifications structurales s’accompagnent de la fixation d’une ou
plusieurs unités glucose ou dérivés sur certains résidus azotés de la protéine. De nombreuses
¢tudes, effectuées in vivo chez des patients diabétiques mais également in vitro, ont déterminé
les différents sites de I’albumine humaine (SAH) susceptibles d’étre modifiés par la
glycosylation non enzymatique. Environ 28 sites ont ét¢ répertoriés (Figure 19), parmi
lesquels se trouve 18 résidus lysine et 8 résidus arginine. Dans la plupart des travaux, le résidu
lysine en position 525 (Lys525) apparait comme le principal site de glycation avec environ
33% de la glycosylation totale s’effectuant au niveau de ce site (Garlick, 1983). Une
diminution importante de I’affinité de certaines macromolécules, comme la bilirubine ou les
acides gras a longue chaine, pour 1’albumine glyquée a été observée, suggérant le role clé de

la Lys525 dans la capacité de fixation de ligands par 1’albumine (Shaklai, 1984). D’autres
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sites lysine ont également ¢été clairement identifiés, mais d’une importance moindre comme

Lys199, Lys439 et Lys233 (Iberg, 1986; Kisugi, 2007; Lapolla, 2004; Wa, 2007).

La position de ces sites peut s’expliquer par la nature des acides aminés environnants
qui influence la glycosylation non enzymatique en catalysant les réactions de réarrangement
d’Amadori (Baynes, 1984; Mori, 1986). En effet il est établi que la catalyse acido-basique
facilite ces réarrangements et les résidus chargés positivement comme His ou Lys contribuent
fortement a cette catalyse. Par exemple, parmi les principaux sites de glycosylation, Lys525
est adjacent a une lysine, de méme Lys439 est situé¢ a coté d’une histidine, enfin Lys534 se
trouve au niveau d’une séquence Lys-His-Lys. D’autres sites comme Lys199 ou Lys281 sont
quant a eux a coté de ponts disulfure, ce qui les rapproche de résidus chargés positivement

plus ¢loignés dans la séquence (Iberg, 1986).

Figure 19 : Les différents sites lysine impliqués dans la glycation

Enfin, il apparait que la partie N-terminal est également un site potentiel de glycation a

cause de la présence du groupe voisin (DAHK) qui est capable de participer aux
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réarrangements d’Amadori. Cette hypothése est d’ailleurs renforcée par le fait que les

complexes Cu (II)-albumine présent in vivo ne subissent pas de glycosylation (Robb, 1989).

Dans les études in vitro, il apparait également que le taux d’albumine glyquée (GA)
est étroitement 1i¢ au nombre de sites de glycation de la protéine plasmatique (Kisugi, 2007).
En effet, dans le cas sévere d’un diabétique non contrdlé (taux albumine glyquée = 94,1 %),
ont été¢ identifiés pas moins de 10 sites de glycosylation, tandis qu’aprés un traitement d’un
mois a I’insuline, ce taux d’albumine glyquée chute (19,9 %) et seulement 3 sites de glycation

sont mis en évidence.

Non seulement il a été possible de déterminer quels résidus sont altérés par la
glycosylation, mais aussi quels types de modification et d’AGE se sont formés au niveau de
ces résidus (Wa, 2007). Par exemple, de nombreux résidus lysine (Lys12, Lys51, Lys199,
Lys205, Lys439 et Lys538) sont le siege de la formation de fructose-lysine, tandis que la
modification des résidus Lys159 et Lys286 implique respectivement la formation du pyrraline

et du CML. Enfin, le résidu Lys378 est modifi¢ en CEL.

Méme si ils sont moins nombreux dans la séquence peptidique de I’albumine,
quelques résidus arginine sont aussi concernés par la glycosylation non enzymatique, parmi
lesquels Arg410 est le siege d’une importante modification en hydroimidazolone (Ahmed,
2005b). Drailleurs, contrairement au glucose, la glycation par le méthylglyoxal est dirigée
principalement vers les sites arginine et plus particuliecrement au niveau de Arg410, avec
formation d’hydroimidazolone (Figure 20). Le résidu Arg410 est localis¢é dans 1’un des
principaux sites de fixation des drogues (« drug-binding site II »), comme le Kétoproféne, un
anti-inflammatoire non stéroidien (Petitpas, 2001). Ce site est ¢galement associé¢ a I’activité
de I’enzyme estérase (Watanabe, 2000) plus précisément au niveau de la Tyr411 (Dirks,
1951). La glycoxydation de I’albumine par le méthylglyoxal inhibe la capacité de fixation du

Kétoprofeéne ainsi que 1’activité estérase (Ahmed, 2005a).

D’autres sites arginine mineurs sont impliqués dans la glycation comme les résidus

Argl60, Argd72 et Argd28 (Ahmed, 2005b; Wa, 2007).
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Figure 20 : Les différents sites arginine impliqués dans la glycation

La modification des propriétés intrinséques de 1’albumine, telles que sa structure, ses
nombreuses fonctions bénéfiques et son métabolisme, est a mettre sur le compte des
nombreux résidus lysine et arginine impliqués dans la protéine. En effet ils constituent autant
de résidus chargés positivement qui sont bloqués et donc de ce fait affectés par la glycation

(Nakajou, 2003).

L’altération des propriétés antioxydantes peut également s’expliquer par des
changements conformationnels. En effet, dans les changements physiologiques que cela soit
au niveau du pH, de la température ou de la présence d’ions métalliques peuvent induire des
changements conformationnels (Murayama, 2004; Okuno, 2006; Qing, 1996). Par ces
modifications de la structure 3D, certains sites ou résidus, contribuant au pouvoir antioxydant

de I’albumine, peuvent devenir moins fonctionnels.
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OBJECTIF DU TRAVAIL
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Le syndrome métabolique, maladie qui représente la premiére cause de mortalité¢ dans
les pays occidentaux, et les maladies neurodégénératives ont des origines multifactorielles. En
particulier, les altérations de types oxydatifs et conformationnels jouent un role indéniable

dans ces pathologies.

Comme il a été détaillé dans la partie bibliographique, il est maintenant clairement
établi du role prépondérant joué par les especes réactives de 1’oxygeéne dans les processus
deéléteres de vieillissement cellulaire. Plusieurs études mettent en évidence une augmentation
des marqueurs du stress oxydant chez le sujet agé¢, accompagné d’une baisse de ses défenses
antioxydantes. Les ROS participent aux désordres métaboliques, dans lesquels 1’oxydation
des protéines est principalement responsable des maladies cardiovasculaires, de la baisse des
fonctions immunitaires et des dysfonctionnements cérébraux. Par ailleurs, les processus de
glycation et de glycoxydation que 1’on rencontre principalement dans les pathologies
associées aux diabétes, sont stimulés en partie par les ROS mais contribuent également
largement au développement du stress oxydant. Ces deux phénomeénes sont étroitement liés et
s’auto entretiennent selon un processus sans fin menant a I’aggravation des complications

métaboliques.

Parallelement a ces modifications oxydatives, peuvent intervenir des changements dits
conformationnels engendrant a la fois des pertes de fonctionnalités pour les protéines
incriminées mais ¢galement la formation et 1’accumulation d’agrégats insolubles a différents

niveaux de I’organisme.

Enfin, nous avons également mentionné le lien étroit qu’il peut exister entre la
structure et la conformation native de la protéine sur sa fonction et leur role final dans les
processus métaboliques. En effet, la moindre altération au niveau de la structure primaire de
la protéine peut la rendre inactive. Aussi, une modification au niveau de sa structure
secondaire peut induire une modification du repliement naturel de sa structure

tridimensionnelle et engendrer une perte de fonctionnalité.

Par rapport a cette dualité structure/fonction, j’ai choisi de focaliser mon travail sur

I’étude d’une protéine particuliere qui présente deux caractéristiques essentielles : I’albumine
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- Cette protéine posséde de nombreuses propriétés bénéfiques et particulicrement ses
capacités antioxydantes qui peuvent avoir une grande importance dans le cas d’un stress
oxydant accru.

- Par ailleurs, en tant que protéine circulante la plus abondante, elle est non seulement,
continuellement exposée a toute altération se manifestant au sein de 1’organisme. Ensuite,
elle cotoie de nombreux tissus cellulaires qui peuvent étre affectées par ses modifications

altératives, et en retour peuvent affecter ses propriétés intrinseques.

En conséquence, 1’objectif de mon travail de thése est d’étudier la relation structure/fonction

de I’albumine dans différents cas physiologiques ou non physiologiques.

Dans un premier temps, dans le cadre d’une étude structurale de I’albumine bovine in
vitro, je déterminerai les modifications structurales de la protéine traitée dans des conditions
non physiologiques (changement de température) ou/et des conditions pathologiques mimant
un état d’hyperglycémie (glycoxydation). Non seulement nous analyserons I’impact de ces
changements structuraux sur les propriétés intrinseques de la protéine, particulierement ses
capacités antioxydantes, mais également nous évaluerons I’effet de la glycoxydation sur la
susceptibilit¢ de la protéine au changement conformationnel en conditions non

physiologiques.

Les produits avancés de glycation ont été, avant tout, mis en évidence dans le cas de la
pathologie diabétique. Or, dans plus de 9 cas sur 10, il s’agit du diabéte non-
insulinodépendant (DNID ou diabéte de type 2), rencontré chez des adultes ayant dépassé la
cinquantaine, souvent sédentaire et en surpoids. De plus, la gravité du diabete de type 2
provient de ses complications d’ordre cardio-vasculaires. Nous avons mis en évidence les
défauts de reconnaissance des protéines plasmatiques glycoxydées et de leur internalisation
par la cellule. De plus il a ét¢é montré ’existence de nombreux récepteurs spécifiques des
AGEs au niveau de nombreux tissus. C’est le cas notamment du récepteur « scavenger »
CD36, jouant un role actif au niveau du tissu adipeux (Horiuchi, 2003). En conséquence, j’ai
trouvé pertinent d’identifier les effets physiopathologiques des AGEs sur des cultures
primaires d’adipocytes humains. Parmi ces effets, il était important de notamment déterminer
et de mettre en évidence les protéines cellulaires les plus exposées a 1’effet combiné de la

glycation et de 1’oxydation au niveau de ces cellules adipeuses.
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La littérature rapporte de nombreuses données sur 1’effet de la glycoxydation dans la
physiopathologie cellulaire en utilisant des AGEs générés in vitro cherchant a simuler les
conditions d’hyperglycémie du diabete. La plupart de ces études ont utilisé la sérum albumine
bovine glycoxydée comme modele in vitro. 11 m’est apparu important de comparer deux
modeles d’AGEs obtenus a partir de la glycoxydation des sérums albumines bovine et
humaine. Dans cette troisieéme partie, je comparerai les différences de modification structurale
entre les modeles bovin et humain d’albumine glycoxydée avec les répercutions engendrées
sur leurs statuts redox et antioxydants. Ensuite, j’analyserai la réponse physiologique de ces

deux modeles d’AGEs sur un modéle de lignée humaine de monocytes.

Enfin, j’ai choisi d’étendre mon travail a I’étude in vivo sur les influences des
phénomenes oxydatifs sur les propriétés de I’albumine dans le cadre de la pathologie
diabétique. En effet, les travaux réalisés précédemment concernent ’effet in vitro des
phénoménes de glycoxydation de 1’albumine sur sa structure, son statut antioxydant et son
impact sur la physiopathologie de différents modeles cellulaires. Dans cette derniere partie,
j’essayerai de déterminer si les modifications observées au niveau des modeles in vitro se
retrouvent au niveau de I’albumine plasmatique de patients diabétiques en me focalisant plus
particulierement sur le statut antioxydant et I’état redox de la protéine plasmatique. Cette
¢tude devrait permettre d’apporter une réponse sur la pertinence des modeles in vitro d’AGEs
utilisés dans de nombreuses études précédentes, mais également de donner des éléments de
compréhension de I’impact des phénomenes de glycoxydation dans le développement des

complications chroniques liées au diabéte.

Les résultats obtenus au cours de ce travail de these, devraient démontrer 1’importance
de la structure native dans les propriétés fonctionnelles de la protéine circulante la plus
abondante.

De plus, I’étude de I’effet du stress glycoxydant sur la physiologie adipocytaire
pourrait nous aider a mieux comprendre le lien étroit entre le stress oxydant, 1’obésité et les

syndromes métaboliques qui en découlent.
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PARTIE I

Etude structurale de I’albumine sérique bovine
modifi¢e in vitro dans des conditions non physiologique
et pathologique : incidence sur ses proprietés
antioxydantes
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1. Introduction

Comme nous I’avons détaillé précédemment, les modifications post-traductionnelles
exercent un role déterminant dans la fonctionnalité¢ de la protéine. Par ailleurs, les conditions
environnementales auxquelles sont soumises les protéines ont une action déterminante. Parmi
ces conditions, nous pouvons considérer les facteurs physiologiques (pH, force ionique, la
concentration, la température ou bien la présence d’un co-soluté) (Aymard, 1996; Fink,
1998), mais également pathologiques (stress oxydant, hyperglycémie...). Parmi les
nombreuses protéines, I’albumine apparait comme une protéine particulicrement intéressante
a étudier, dans la mesure ou elle posséde des propriétés intrinséques bénéfiques et qu’elle est
continuellement soumise a toutes sortes d’altérations. Enfin, nous avons également mentionné
les liens étroits entre la structure native de cette protéine circulante, que cela soit au niveau de
la séquence peptidique, la structure secondaire ou la structure tridimensionnelle avec les

propriétés bénéfiques qui lui sont conférées.

Concernant les modifications conformationnelles de cette protéine, méme si les
nombreux ponts disulfures assurent une certaine rigidité a la structure tridimensionnelle, ils
n’empéchent pas les modifications conformationnelles sur 1’effet d’un changement du pH ou
de la température (Carter, 1994; Foster, 1977). Ainsi, sous l’action d’un traitement
thermique, I’albumine peut subir des changements de conformation associés a un dépliement
partiel de la structure 3D provoquant le processus d’agrégation (Militello, 2004; Militello,
2003; Vetri, 2005) et, au dessus d’un seuil critique de concentration de la protéine, le
processus de gélation (Bryant, 1998; Mulvihill, 1987; San Biagio, 1999). De méme, avec
une diminution sensible de pH, la conformation de la protéine subit une transition vers une
forme déployée dans laquelle ses propriétés de fixation et d’interaction avec d’autres

molécules s’en trouvent affectées (Lee, 2005).

Dans cette étude, j’ai, suivi, dans un premier temps, 1’évolution dans le temps du
processus d’agrégation de I’albumine bovine soumise a une condition non physiologique
(traitement thermique) en utilisant différentes approches pour évaluer les modifications
structurales : méthodes spectroscopiques d’une part (infrarouge, UV-visible et fluorescence),
méthode électrophorétique d’autre part (PAGE) et enfin une technique granulométrique

(diffusion dynamique de la lumicre). Parallelement, j’ai tenté de déterminer si ces
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modifications pouvaient €tre mises en relation avec des changements de la capacité

antioxydante de la protéine.

De plus, en tant que protéine plasmatique la plus abondante et de longue demi-vie,
I’albumine est sensible aux modifications résultantes de pathologies particulieres
(hyperglycémie, stress oxydant...) et sa structure native s’en trouve affectée (Bourdon,
1999 ; Van Campenhout, 2006). Parmi ces modifications pathologiques, le phénoméne de
glycoxydation représente 1’une des altérations les plus rencontrées. C’est pourquoi, dans un
deuxiéme temps, nous nous intéresserons a l’influence de la glycation de la protéine
plasmatique sur sa faculté a changer de conformation et a former des agrégats sous 1’effet
d’un traitement thermique. En utilisant les mémes approches que précédemment, on
s’intéressera ¢galement a la répercussion de la glycoxydation combinée a la dénaturation
thermique sur le statut antioxydant de la protéine. La plupart des résultats, relatifs a cette

étude, sont présentés dans la publication d’Archives of Biochemistry and Biophysics.

Dans une deuxieme étape, nous nous sommes focalisés sur une approche plus
structurale de 1’effet combiné de la glycoxydation et de I’agrégation en faisant appel a des
techniques de spectroscopie et de biophysique afin de mieux comprendre un mécanisme qui
est encore loin d’étre ¢lucidé. Ces expériences complémentaires qui viennent étayer les

premicres conclusions d’4BB sont présentées sous forme d’un article soumis a FEBS Journal.

L’intérét scientifique de cette étude d’agrégation de I’albumine trouvera sans doute un
meilleur écho dans le domaine de la biotechnologie alimentaire. En effet, de nombreux
procédés de transformation des aliments reposent sur les traitements thermiques. De plus la
réaction de Maillard, correspondant a la glycosylation non-enzymatique des protéines, est I’'un
des processus chimiques les plus rencontrés dans ce domaine alimentaire. Enfin, 1’albumine
constitue une protéine présente dans notre l’alimentation, notamment dans le petit lait.
Cependant, 1’¢tude de modifications structurales liées simultanément aux phénomenes
d’agrégation et de glycation peut contribuer également a une meilleure compréhension du

comportement physiologique de 1’albumine.
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2. Résultats

Acticle 1: Assessment of temperature effects on beta-aggregation of native and
glycated albumin by FTIR spectroscopy and PAGE: relations between structural
changes and antioxidant properties. Arch Biochem Biophys. 2007 Apr 1;
460(1) :141-50. Rondeau P, Armenta S, Caillens H, Chesne S, Bourdon E.
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Abstract

Structural modifications of bovine serum albumin (BSA) induced by heating, and the involvement of glycation of albumin in such
processing were studied by using Fourier transform infrared spectroscopy (FTIR) and polyacrylamide gel electrophoresis (PAGE).
For native BSA, heating treatments gave rise to 3 structures which were amplified to the detriment of o-helix form, and which were asso-
ciated with increased aggregation. A very high correlation was obtained between FTIR Amide I band evolution and aggregation rate
parameters, showing the contribution of B-form in aggregates formation. We further assessed the eflect of glycation on protein sensibility
to heating treatments. A reduction of conformational changes and aggregation processes was demonstrated for the glycated form of the
protein. The antioxidant properties of albumin were evaluated using two different techniques assessing metal binding and free radical
neutralizing capacities of the protein. Associations between structural changes in BSA induced by the thermal treatment and its antiox-

idant activities were established.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Bovine serum albumin: FTIR spectroscopy; Protein aggregation: Glycation; Copper binding; Antioxidant activity

Albumin represents the most abundant protein in the
circulatory system and exerts a wide variety of roles: it is
mainly responsible for colloid osmotic blood pressure [1].
It is now well established that serum albumin is responsible
for the maintenance of blood pH [2], plays important roles
in binding and transport of important molecules including
fatty acids, hormones, drugs, and metal ions in blood [3].
Among its multi biological properties, there is now ample
evidence for a significant antioxidant activity of albumin,
which was principally related to the protein’s capacity to
bind metal ions and to scavenge free radicals [4]. We have
previously reported that the structural modifications

" Corresponding author. Fax: +262 262 93 82 37.
E-mail address: emmanuel.bourdon@univ-reunion.fr (E. Bourdon).

0003-9861/§ - see front matter @ 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.abb.2007.01.014

induced by glucose or free radicals, impaired the antioxi-
dant properties of albumin [5].

The amino acid composition of 583-585 residues long
albumin can be distinguished from typical proteins by the
low content of tryptophan residues [3]. The most striking
structural feature of albumin resides in its disulfide
bonding pattern: 34 cysteine residues out of 35 are involved
in 17 intrachain disulfide bonds [6]. Disulfide bridges
ensure rigidity within each subdomain of the protein, but
allow significant modifications in the shape and size of
albumin in response to changes in pH or other biophysical
influences [7].

The albumin molecule undergoes different well known
conformation changes under non-physiological condi-
tions [3]. These modifications include conformational
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isomerization with moderate change of pH [7] and intermo-
lecular aggregation at rising temperature [8.9]. The
relationship between the conformational properties of
albumin and intermolecular interactions under effect of
temperature has been the object of several biophysical
studies [10-12]. Under heating treatments, which induce
aggregation, the compact native form of the protein
becomes more flexible and more reactive [13]. In particular,
it has been shown that in increasing temperature condi-
tions, some molecular regions, like hydrophobic regions
or free SH-groups, become accessible to new intermolecu-
lar interactions, forming soluble aggregates through
non-covalent and disulphide bonds [10.14]. Several studies
featured the relevant role played by the solvent-exposed
cysteine 34, the single free cysteine of BSA! in the aggrega-
tion pathways [12,15]. The protein aggregation constitutes
an important subject since it relates to several diseases such
as Alzheimer’s and Parkinson’s diseases [16].

Under pathological conditions, such as hyperglycemia
or diabetes, serum albumin undergoes increased glycation
[17]. Non-enzymatic glycosylation or glycation results from
condensation reaction between glucose molecule and free
amino groups, like lysine or arginine residues in proteins
[17]. Then Amadori rearrangement of the glycated protein
gives rise to the deleterious advanced glycated end products
(AGE) [18]. These AGE-modified proteins form cross-
links, which result in aggregation and insolubility [19].

The objective of the present work was firstly to monitor
for the first time the effect of temperature on bovine serum
albumin by the combined use of (i) ATR-FTIR spectrosco-
py to assess the structural modifications of the protein [20],
and (ii) native polyacrylamide gel electrophoresis (PAGE)
to point out the aggregation process [21]. Second, by
measuring copper binding and free radical neutralizing
capacities of albumin, we examined whether these structur-
al modifications might be associated with changes in the
antioxidant properties of the native protein. Finally, we
determined the influence of BSA glycation in term of
conformational change and aggregation process under
the influence of heating.

Materials and methods

In vitro glycation of BSA

Protocol lor non-enzymatic glycosylation of BSA was detailed in a
previous work [22} briefly, recombinant non-defatted BSA (Sigma, cat #
A2153) was dissolved in phosphate-buffered saline (PBS), pH 7.4, to yield a
stock solution of 50 mgmL~". For glycation studies, the protein was
prepared with increasing volumes of 200 mM glucose solution in PBS, to
form incubation mixtures of 50 mg mL~! BSA with 0, 5, 10, 25, and
100 mM glucose. Following sterilization by filtration through 0.2 pm filters
(Millipore), the solutions were incubated at 37 °C for 50 days in fulfilled
capped vials in order to minimize the specific oxidation due to the presence

' Abbreviations used: BSA, bovine serum albumin; BSAgx, BSA
incubated with X mM of glucose; FTIR, Fourier transform infrared
spectroscopy: PAGE, palyacrylamide gel electrophoresis; AGE. advanced
glycated end product; AU, arbitrary unit; NEM, nethylmaleimide.

of dioxygen. Reversible and unbound glucose were removed from BSA by
extensive dialysis against PBS, pH 7.4. Samples were separated into ali-
quots and stored at —80 °C in the dark prior to an analysis of oxidative
modifications and aggregation kinetic studies. As no variation in the
extinction coefficient was observed between the different samples
(CV < 6%, n = 15), the measurement of BSA concentration was performed
by checking absorbance at 278 nm using the coefficient E:L’m = 4.96.

Assessment of glyeation extend

Boronate affinity chromatography

The formation of Amadori products was assessed by the percentage
retention of modified materials on boronate affinity columns. Experiments
were conducted as follows: 10mL separating gel (20 pmol m-amin-
ophenylboronic acid per mL, Sigma, cat# ARB530) was equilibrated at
24mL h™' flow with binding buffer (0.2 M ammonium acetate, pH 8.8).

Albumin stock solutions at 50mg mL~" in PBS, were diluted with
binding buffer at 1 mg mL~" solution. 1 mL of this solution was applied
per mL of the separating gel. Fractions were collected every 4.5 min.
Absorbance at 278 nm was monitored in all the fractions to detect the
presence of proteins. When all non-modified BSA, which was not retained
on the gel, was entirely collected, “boronate-bound” albumin, corre-
sponding to glycated BSA, was eluted using 30 mL of elution buffer (NaCl
0.15 M, MgCls 10 mM, p-mannitol 0.2 M, pH 3.4). The separating gel was
regenerated with 25mL of 0.02M NaOH, 25mL of 0.05M acetic
acid, 25 mL of distilled water and finally with 25 mL of binding buffer.
The percentage of glycation was calculated for different incubation by
measuring the area below the peaks between the retained part of BSA
(glycated) and the eluated part (non-glycated).

Spectraphotometric measurements

Early studics on non-enzymatic glycosylation showed that this process
ultimately gives rise to pigmented, fluorescent, and glucose-derived protein
crosslinks [23]. These pigmented. fluorescent compounds have been used 1o
study the relationship between AGE formation and various tissue
pathologies [24]. The brown color constitutes one of the qualitative prop-
ertics of AGEs [25] and it was analyzed on glycated BSA by measuring the
absorbance at 420 nm [26] with a UV-visible spectrophotometer HP model
8453, Absorbance at 420 nm was reported as glycation extent in Table 2.

FTIR measurements

A Nicolet (Madison, WI, USA) 460 Protege FTIR spectrometer,
equipped with a temperature-stabihized deuterated tryglycine sulphate
detector and a KBr beam-splitter. was employed for infrared measure-
ments. A Specac (Orpington, UK) horizontal ATR (attenuated total
reflectance) system, with a Ge crystal was used to obtain measurements of
reflectance. The equipment employs the 4.1 version of the OMNIC soft-
ware developed by Nicolet Corporation, for the acquisition and processing
of the FTIR data. The mid-FTIR spectra of the samples have been
recorded at room temperature in the ATR cell between 4000 and 650 ¢cm™ !
at 8em™' nominal resolution, accumulating 75 scans per spectrum and
with a mirror velocity of 0.351 em s~ ', employing a background of the cell
filled with the buffer solution (PBS). The equipment was continually
purged with a flow of dry nitrogen gas to eliminate any contributions from
water vapors to the spectra. The cell was cleaned with water and detergent
after each sample measurement. A blank spectrum was registered to avoid
any cross-contamination,

Titration of thiol groups

Sulfhydryl groups in native or modified BSA were titrated by conjuga-
tion reaction with 5,5'-dithiobis,2-nitrobenzoic acid (DTNB) according to
the Ellman’s assay [27]. A standard curve was performed for each assay and
used 10-100 nmol of L-cysteine (Sigma). Thiol groups for each BSA sample
were measured in duplicate on two different quantities of BSA (varying in
terms of concentration by a factor equal to 2). Briefly, 250 pL of BSA
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samples (in 0.1 M Tris—HC, pH 8.0, EDTA 5 mM) were incubated with 3
volumes of 0.5 mM DTNB. The free thiol concentration was calculated
interpolating the absorbance measurements at 412 nmin a calibration curve.
Results are expressed as the number of free SH groups per mol of BSA.

Copper binding test

Copper ions binding to albumin could be measured spectrophotomet-
rically by use of bathocuproinedisulfonic acid (BC, Fluka #11870) [28].
Native BSA (0.4 mM in NaCl 0.15 M) was incubated in triplicate for 2 h
with CuSOy (10 uM). Then, an overnight dialysis against NaCl0.15 M was
performed for each sample in 1.5 mL eppendor! tube covered with dialysis
membrane. Thereafter, a bathocuproinedisulfonic acid solution (1.2 M)
was added to each sample to a final concentration of 400 uM, followed by a
| mM sodium ascorbate solution. After 5 min incubation at room
temperature (complete reduction of Cu(Il) to Cu(I) bound to albumin),
the resulting formation of BC—Cu(l) complex was read at 480 nm with a
UV-visible spectrophotometer HP model 8453. The copper concentrations
bound to BSA were obtained with the help of a calibration standard curve
performed with increasing concentrations of CuSOy up to 50 pM.

Free radical-induced hemolysis test

The antioxidant properties of the native and modified BSA prepara-
tions were examined using a test based on in vitre free radical-induced
blood hemolysis [5.28,29], Human blood samples were obtained from the
Biochemistry Department of Felix Guyon Hospital. Blood samples with
EDTA substrate as anticoagulant were washed with an isotonic solution
(NaCl 0.15 M). One hundred microliters ol washed erythrocytes (1/50
dilution in NaCl 0.15 M) was disposed in the absence or presence of the
different BSA samples (10 mg/mL) in a 96 well-plate. Hemolysis was
started by adding 045 M of 2.2'-azobis(2-amidinopropane) (AAPH) in
each well and was assayed by measuring turbidimetry at 450 nm with an
automatic microplate reader FLUOstar OPTIMA (BMG Labtech, Off-
enburg, Germany). Results were expressed as 50% of maximal hemolysis
time (H'T5, in min) which is representative of the total defense agamst ree
radicals in human and animal models submitted to oxidative stress [30].

Polyacrylamide gel electrophoresis

BSA preparations were analyzed by native polyacrylamide gel elec-
trophoresis (12%) without SDS and reducing agents. Gels were stained
by Coomassie blue according to Laemmli’s method [31] Signal quan-
tifications from the native gel were determined using the freeware
ImageJ (version 1.32j), available on the internet website: http:/frsb,
info.nih.gov/ij/.

Statistical analyses

Data are expressed as the means + standard deviation (sd) from at
least three experiments, Figures, representing scanned gels, were repre-
sentative of at least three independent observations. Statistical signifi-
cances were determined using Student’s t-test, with a p value of less than
0.05 required for significance for single comparisons or I-way ANOVA
(followed by the Tukey test) for multiple comparisons. Univariate
correlation coefficients were calculated according to Pearson’s method,

Results
Effect of temperature on native BSA

As depicted on Fig. la, wavelengths analyses between
1500 and 1700 cm ™' revealed two peaks, corresponding to

the region of amide-bound protein (NH—CO) [32]. Amide
I and II bands are sensitive to conformational changes.
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Fig. 1. FTIR assessment of heating treatment on BSA. (a) Absorption
spectra in the amide region of BSA incubated during increasing times
(min) at 58 °C: (—) t =0 (= ===~ )t =60;(——) t =100 (- - - =) t = 250;
Arrow on the graph underlines the effect of increasing incubation times at
58 °C on amide [ band profile. (b) Effect of the incubation time at 58 °C of
BSA on the Amide I band area.

The intensity of the Amide I band, measured as peak area
between 1662 and 1642 cm™' corrected with a horizontal
baseline located at 1875 cm ™', are given for BSA at different
stage of incubation (Fig. 1b). A significant decrease in the
band area was observed over time of incubation at 58 °C
and could be ensued from the raise of the B form in albumin
structure suggesting a partial loose of the w-helix content.
This incubation at high temperature resulted in an aggrega-
tion phenomenon (Fig. 2a): the native electrophoresis gel
performed on BSA (5% w/v) at different stages of incubation
showed a decrease in intensity of band relative to the dimeric
form of BSA. In addition, an enhancement of bands at high
molecular weight corresponding to the formation of oligo-
mers was observed. However, the intensity of the monomer-
ic form of BSA did not seem to be affected by the heating
process. Scans of gels allowed quantification of the signal
intensity of oligomer bands at different times of heating
(Fig. 2b). A rectangular hyperbola curve was obtained when
signal intensity of BSA aggregation was represented as a
function of incubation time at 58 °C. The evolution of signal
intensity of aggregate and FTIR Amide I band area allowed
the establishment of a significant negative correlation
between both parameters (Fig. 2c, Table 1). We assessed
the evolution of free sulphydryl groups of native BSA dur-
ing aggregation process. Very unexpectedly, we observed
that enhanced aggregation under heating treatment was
associated with a moderate but progressive and significant
elevation in the number of free —SH, measured after
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Fig. 2. Heating effects on BSA aggregation. (a) Electrophoretic migration
profiles of BSA following increasing times of incubation at 38 °C, on a
native polyacrylamide gel (12% of acrylamide) without SDS and reducing
agents; Arrows (1) and (2) on the photo indicate the localization of
oligomer bands and dimers in BSA, respectively. (b) Evolution of oligomer
band intensity following increasing times of incubation of BSA at 58 °C.
(¢) Correlation between signal intensity (AU) of oligomer bands of PAGE
and FTIR Amide I band area.

increasing heating times of BSA (+16%, p < 0.001 after
250 min incubation). A significant positive correlation was
established between thiols number in BSA and time of
heating at 58 °C (Table 1).

Impairments of antioxidative activities of BSA

To examine whether the heating treatment had any
effect on native albumin antioxidant properties, different
BSA samples, arised from increasing times of incubation

at 58 °C, were submitted to two tests: the free radical-
induced hemolysis and the copper-mediated oxidation.

Firstly, the antioxidant properties of BSA samples were
investigated with the red blood hemolysis test. Typical
hemolysis curves are illustrated (insert to Fig. 3a) for con-
trol (no BSA) and BSA with and without incubation at
58 °C (r=0and r = 250 min). As expected, the antioxidant
property of native BSA (r = 0) was evidenced by a delayed
hemolysis in comparison to control. The free radical scav-
enging properties of different albumin preparations, sym-
bolized by half the hemolysis time (HT5;) are featured on
Fig. 3a. On the one hand, a 15% increase in the protective
effect of 1 h incubated albumin was observed (p < 0.01 vs.
control). This protective effect was progressively lost with
increasing time of albumin heating. On the other hand, a
collapse of antioxidant property was noticed for BSA with
the higher aggregation rate (7= 250 min). In comparison
with native BSA (7=0), modification by 250 min of
heating treatment induced a 34% reduction (p < 0.001) in
albumin antioxidant activity.

The antioxidant activity of albumin is also related to its
capacity to bind metal ions such as copper ions. By using
bathocuproinedisulfonic acid to assess bound Cu(ll), we
determined copper binding capacities (umol/L) in BSA
which was submitted to thermal treatments (Fig. 3b). These
results indicated a progressive reduction of copper binding
capacity of BSA with increased duration of the heating
process. This reduction reached 90% (p < 0.001) for BSA
with the higher aggregation rate (1 = 250 min) compared
with BSA without incubation at 58 °C (1 = 0).

Significant correlations were established between HTsq
or copper binding capacity of BSA with time of heating,
thiol content, FTIR, and aggregation signal (Table 1).

Assessment of BSA glycation

Glucose-induced modifications in albumin were assessed
by the formation of Amadori products using boronate col-
umn chromatography (Table 2). An increase in the retained
material on the boronate column, corresponding to the gly-
cated form, was observed when BSA was incubated with
increasing concentrations of glucose whereas, no detectable
glycated product was noticed for non-glycated albumin
(1.74% of glycation for BSAgp). When BSA was incubated
in the presence of 100 mM of glucose, most of the protein
was retained on the column (98.8% of glycation for
BSAG“)[}) [Table 2}.

Electrophoretic migration under native conditions
allows the evaluation of some modifications in a protein
[22]. Two proteins having identical molecular weights but
differing only on their net charge can be separated by elec-
trophoresis under native conditions. Under these condi-
tions, the protein charge would be the main factor
affecting its migration. Oxidative and glycative phenomena
can affect the net charge of a protein. The lost of positive
charges from the albumin by modification on its cationic
residues, will translate into further migration toward the
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Table 1
Univariate coefficients of variation and significance of various parameters after heating treatment of BSA
Time of heating FTIR Amide I band Signal intensity of HTsy Binding
at 58 °C arca (AU) oligomer band (AU) Cu
FTIR Amide I band area (AU) —0.6451
< 0.0001
Signal intensity of oligomer band (AU) 0.750 —0.938
p=0012 p=0.0001
HTsy —0.908 0.806 ~0.803
<0001 < 0.0001 p=0.0156
Binding Cu —0.677 0.956 —0.941 0.812
p=0023 P <0.0001 p=0.003 p=0.0141
Thiol groups number 0.870 —0.695 0.843 ~0.785 —(.832
p=0.002 p<0.0001 p=10.003 p=0.02 p=0011

For calculation of correlation coefficients and significance (p), numbers of values considered were n = 3-6 for BSA incubated at 58 °C between 0 and
250 min and analysed by FTIR (amide | band area), PAGE (signal intensity of oligomer band), red blood hemolysis (HTs,), Copper binding (Binding Cu)

and Ellman’s method (Free thiol groups).

anode. From the native electrophoresis gels, relative elec-
trophoretic migration (REM) was determined for the dif-
ferent BSA preparations by calculating the ratio between
the glycated sample migrations and native BSA (BSAct)
(Table 2). An increase in REM was observed when BSA
was incubated with increasing concentrations of glucose.
Positively charged residues at pH 7.4 were affected by the
glycation, which increased the negative charge of the mod-
ified protein [33]. The glycation phenomenon could be
associated with the development of a browning coloration
observed at 420 nm. Absorbance at 420 nm was enhanced
for BSA incubated with increasing concentrations of
glucose (Table 2).

Effects on conformation changes of BSA with glycation
process were also investigated by using FTIR (Table 2).
Relative areas of the Amide I band were measured as peak
area between 1662 and 1642 cm™' and corrected with a
horizontal baseline located at 1750 cm™'. A decrease in
the relative area of the Amide 1 band was observed with
BSA incubated with increasing concentration of glucose.
Determination of free thiol groups in BSA showed a signif-
icant decrease when BSA was incubated in the presence of
increasing concentrations of glucose (Table 2). Significant
reductions in the number of free —SH were observed when
albumin was incubated with 5 mM (—=9%), 10 mM (—10%),
25mM (—31%) and 100 mM (—61%) of glucose, by com-
parison with the values obtained for BSA incubated in
the absence of the aldohexose (BSAgp). This observation
was in accordance with the results obtained in several stud-
ies, which reported a direct association between specific
alterations of proteins caused by glycation and decrease
in the level of reduced protein sulfhydryl groups [5,34,35].

FTIR and PAGE to monitor temperature effects on glycated
BSA

The effect of temperature on the conformational state of
the glycated protein was evaluated by monitoring Amide I
band of glycated and non-glycated BSA FTIR spectra
(data not shown). Similarly to what was previously noticed

for native BSA (Fig. 1b), a decrease in Amide I band area
according to the time of heating was observed, regardless
of the degree of glycation of albumin except for the more
glycated albumins (BSAg;s and BSAgipe) (data not
shown). Native gel electrophoreses were performed to sep-
arate BSA at different extent of glycation and incubation
time at 58 °C (Fig. 4). Whatever the nature of the BSA,
an increase in aggregation was observed. Glycation using
high concentrations of glucose (25 and 100 mM) induced
a reduction of aggregation susceptibility compared with
non-glycated BSA.

Antioxidant activities of glycated BSA after heating
treatiments

BSA antioxidant activities after both glycation and heat-
Ing treatments were assessed with the free radical-mediated
blood hemolysis test (Fig. 5). Similarly to what was previ-
ously observed at a larger extent for native albumin on
Fig. 3a, antioxidant activity of BSAgp was progressively
lost following increasing heating times of the protein. Sur-
prisingly, BSA glycated by low concentrations of glucose
(BSAG o) exerted increasing antioxidant activities when
submitted to the thermal treatment during 250 min. More
interesting, highly glycated BSA (BSAgi00) appeared sig-
nificantly more sensible to thermal-induced impairments
in antioxidant properties than native BSA: decreases in half
times hemolyses (HTsp) were —4.2% (p < 0.05) and —12.3%
(7 <0.05) after the thermal treatment of BSAgp and
BSAG 00, respectively.

Discussion

Our work pointed out the strong relationship between
FTIR and PAGE parameters for describing conformation-
al and structural modifications of BSA, submitted to a
thermal alteration. Such analytical techniques were very
useful to detail differential susceptibilities to thermal treat-
ments of glycated albumin, which represents the circulating
form of the protein and which can be encountered in vivo.
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Fig. 3. Heating effects on BSA antioxidant activities. (a) Impairment of BSA antioxidant activities assessed with the free radical-mediated blood hemolysis
test. Insert is an illustration of free radical mediated hemolysis curves (100 pg/ml) in the absence (-O- control no BSA), or the presence of (2 mg/mL) BSA
incubated during 250 min at 38 °C (—4—) or not (—@-). Histograms represent half hemolysis time (HTs, in min) expressed as means + SE of three
independent experiments. The doted line facilitates comparison with control (no BSA). Statistical analyses were performed using Student’s ¢ test for
unpaired samples. “effect of BSA (vs. Control): **p < 0.001, *p < 0.01. "effect of heating process (vs. BSA(r=0)): "'"p<0.001. (b) Heating treatment
reduces copper binding capacities of BSA. Histograms represent copper binding capacities of BSA (pmol/L), which has been incubated during increasing
times at 58 °C. Data are expressed as means -+ SD (n = 3) and statistical analyses were performed using Student’s ¢ test for unpaired samples. “effect of
heating process (vs. BSA (1 =0)): ""p < 0.001; "'p<0.01; p<0.1.

Table 2
Characterization of glycated bovine serum albumin

BSAG‘U BSAGS BSAG!{J BSAGZS BSAGIOIJ
% Glycation (boronate aflinity chromatography) 4 1.74 23.29 33.62 54.20 98.76
Extent of glycation (A nm) A 005240003 0.062 +0.0017 0.061 + 0.002% 0.067 + 0.003* 0.127 £ 0.015%
Thiol groups number/mol of BSA 8N 012620002 0114 £0.002* 0113+ 0,001 0.0BT £0.002***  0.049 £+ 0.003***
FTIR Amide 1 band area (AU) 8N 082240005 0.81040.020 0.800 + 0.030 0.750 + 0.010* 0.734 £ 0.009***
REM A 104640017 1.064 + 0.007 1.074 4+ 0.008 1.092 £+ 0.012* 1.180 + 0.018"**

Percentage of glycation, extent ol glycation, number of free —SH groups, areas of’ Amide T band and relative electrophoretic migration (REM) of the
different preparations of BSA were evaluated as described in Materials and methods.

Effect of glycation concerning the measured parameter in BSA was symbolized by an arrow (second column).

Data (except for the first row) are represented as means + SD (n = 3) and statistical analyses were performed using Student’s ¢ test for unpaired samples,
# and * effect of the glycation of BSA (vs. BSAgq): ***p < 0.001, #p < 0.01, *p < 0.05.
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Finally, we demonstrated that the aggregation phenomena
and structural changes induced by protein heating marked-
ly impaired native serum albumin antioxidant properties.

FTIR and PAGE to assess thermal-induced changes in BSA

Amide T and Amide IT bands constituted two major
bands of the protein infrared spectrum. Centered at about
1652 em™', Amide I band was mainly associated with the
C=0 stretching vibration and corresponded in the major-
ity to o-helix structure (/60%) [36,37]. There was also a
spectral contribution, at lower frequency, attributed to
random coil structures (/31%) [38].

The intensity of the Amide 1 band. measured as peak
area between 1662 and 1642 cm ' corrected with a hori-
zontal baseline located at 1750 cm ', decreased significant-
ly following incubation time at 58 °C (Fig. 1b). This effect
suggests the onset of conformational changes at this tem-
perature through an increase in B-sheet and random coil
structures to the detriment of the a-helix form. This obser-
vation was in accordance with results obtained by circular
dichroism and laser Raman: a loss of a-helix (61-44%) and
a gain of B form (6-16%) was reported for albumin submit-
ted to a heat between 62 and 75 °C [39]. Several studies
established similar structural and conformational changes
during the aggregation process [40,41]. An important
increase in oligomeric forms of BSA was observed after
heating treatment together with a reduction in dimeric
form content in the protein (Fig. 2a). Oligomeric structures
could at least partially result from associations between
several dimeric forms of BSA. Dimeric associations in
BSA mainly result from ionic and hydrogen interactions
due to the high content of the protein in exposed charged
residues (Asp, Glu, Lys, Arg). Heating treatment disrupts
these low energy bounds, thus altering the tertiary structure
and could lead to a higher exposure of hydrophobic
residues responsible for BSA association into oligomers.

It has been suggested that the aggregation process of
heated native BSA would proceed through two stages: an
initial reversible stage where some of the o-helices unfolded
and the molecules aggregated through inter-f-sheet forma-
tion [39] and an irreversible stage as the temperature is
increased further where free thiol, namely Cys34, become
exposed and forms disulphide bonds between different mol-
ecules [15]. Aggregation could hence be partially due to
recruitment of free cysteines to form intermolecular bonds
via disulphide bridges [3,12,15]. Surprisingly enough, we
showed in our experimental conditions, that enhanced
aggregation under heating treatment was associated with a
rise in free thiol content of BSA. A very significant positive
correlation was established between thiol groups number
and time of heating at 58 °C (Table 1). Thermal treatments
induced aggregation in proteins mainly by causing a higher
exposure of hydrophobic regions [42]. Thiol group in albu-
min sits in a hydrophobic crevice [3]. An increase in thiol
group numbers confirmed a change in protein conformation
resulting in a higher exposure of hydrophobic regions

following protein heating. In particular, a disruption in
hydrogen-bonded dimeric forms might enhance the solvent
exposure of either Cys34 to the Ellman reagent and of
hydrophobic regions following protein aggregation.

The aggregation rate was significantly and negatively
correlated with Amide I band modification with a linear
link between both parameters (r>=0.94, p<0.0001)
(Fig. 2c). By gathering the FTIR and PAGE data, we
demonstrated the close link existing between aggregation
and P structure development processes during the thermal
denaturation of albumin.

Effects of glycation on thermal-induced changes in BSA

Non-enzymatic glycosylation (glycation) of bovine
serum albumin induced important modifications in the
protein structure [5,22]. Here, FTIR and PAGE were
applied to assess heat-induced conformation and aggrega-
tion susceptibility changes in albumin after glycation.

A significant increase of REM was observed for BSA
incubated with increasing concentrations of glucose. Posi-
tively charged residues at pH 7.4 were affected by the glyca-
tion, which increased the negative charge of the modified
protein [33]. A decrease in relative area of Amide I peaks
was observed when BSA was incubated with glucose, reveal-
ing similar structural modifications in the protein in agree-
ment with observation from Mansch’s group by FTIR, on
platelets isolated from the blood of diabetic patients [43].

Whatever the extent of BSA glycation, an increase in
aggregation was observed following the duration of heat-
ing. But aggregation speed or aggregation susceptibility
at 58 °C was reduced for highly glycated BSA (Fig. 4).
These results clearly established that the aggregation pro-
gress of BSA slowed down with increased glycation of
the protein. Other significant results (data not shown) indi-
cated that modified BSA with high level of glycation
(BSAG>s5 and BSAg o) were less influenced by pH increase
than non-glycated albumin or with physiological concen-
tration of glucose (BSAgs and BSAg ). This last result
confirmed the contribution of glycation in the conforma-
tionnal change succeptibility of BSA.

The condensation of glucose with free primary amine
residues of BSA, involving Amadori rearrangements, lead
to an enhancement of both protein oxidation and hydro-
phobicity [18.44]. We recently noted that BSA glycation
was not associated with aggregation process in contrast to
what was observed when the protein was oxidized in a Met-
al Catalyzing Oxidation system [22]. One can hypothesize
that enhanced oxidation and hydrophobicity in albumin
after “glycoxidation” could resulted in a protein less suscep-
tible for thermal-induced aggregation because such starting
material was already highly modified compared to native
protein. Previous results reported that glycation was associ-
ated with thiol oxidation. However, this oxidation process
induced by glycation could affect other amino acid residues
(lysine or tryptophan) [4.5] and also hydrophobic sites in
BSA protein [28]. The alteration of specific amino acid
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residues by glycation process could explain the reduced
sensibility of glycated protein for thermal-induced aggrega-
tion. BSA glycation using high concentration of glucose and
oxidation resulting from the long term incubation of the
protein with the sugar at 37 °C could alter availability of
hydrophobic residues, which must be involved in protein-
protein interactions during oligomers formation.

Consequences of structural changes of BSA on its
antioxidant properties

Among the different important biological properties of
albumin, we focused on the antioxidant activity of the pro-
tein because oxidative stress is thought to play a significant
role in the pathogenesis of many diseases. In addition,
there is now ample evidence suggesting that albumin, as
the main circulating protein, is a quantitatively important
antioxidant in the blood and extracellular fluids [5]. Very
recent data reported that iron-binding antioxidant capacity
of serum was decreased in diabetes mellitus [45].

To examine whether the thermal-induced changes in BSA
structure had any effect on its antioxidant properties, we
assessed the copper-binding and the free-radical neutralizing
capacities of the protein. Our present data are in full agree-
ment with this concept, since we consistently found that
native BSA markedly delayed the free radical-mediated
blood hemolysis and exerted a high copper-binding capacity
(Fig. 3). The main purpose of this work was to extend the
above-mentioned idea by proposing that besides its concen-
tration, the integrity of the albumin molecule might be a key
determinant of its activity. We found that, when BSA was
incubated during increasing times at 58 °C, it progressively
lost its antioxidant properties. It is noteworthy that this
impairment was associated with a slight increase in the thiol
content of the protein during the thermal treatment. Nega-
tive correlations were established between thiol group num-
bers and antioxidant parameter after heating treatment of
BSA (Table 1). In a recent study, we assessed the antioxidant
role of Cys and Met in HSA [28]. We found that specific oxi-
dation of thiol in HSA was efficient to reduce its antioxidant
activities but not sufficient to fully annihilate it. In addition,
blockage of thiol group in HSA by NEM was less efficient
than a moderated oxidation, the latter mostly affecting other
residues than thiols, for reducing albumin antioxidant prop-
erties in a copper-mediated oxidation system [28].

Strong correlations were established between structural
changes in BSA by FTIR and PAGE with antioxidant
capacities of BSA (Table 1). Thus, the antioxidant proper-
ties of BSA molecule were tightly associated to the integrity
of BSA molecule.

Concluding remarks

FTIR and PAGE appeared useful techniques to detail
conformational and structural modifications in BSA,
submitted to a thermal alteration. On the one hand and
regardless of albumin glycation status, an increase in tem-

perature induced the onset of conformational changes and
formation of B sheet structure and gave rise to a formation
of aggregates. These two aspects were correlated and could
be explained by the contribution of p form in the aggrega-
tion process. On the other hand, the comparison of the
results between native, non-glycated and glycated BSA,
which featured a reduction in aggregates formation and
the conformational modifications with the extent of
glycation, allowed us to conclude that glycation plays an
important role in the aggregation pathway. More impor-
tantly, structural changes information obtained by FTIR
and PAGE were tightly associated with the antioxidant
functions of the protein.

We recently showed that glycated albumin induced an
accumulation of carbonylated proteins in mature adipose
cells from a human primary culture [22]. Protein aggrega-
tion is increasingly associated with many pathological dis-
orders [45.46]. Works are under progress to achieve a better
understanding of protein modifications after a glycoxida-
tive stress. We propose that PAGE and FTIR spectroscopy
could represent excellent tools to monitor aggregation pro-
cesses in proteins during in vitro experiments devised to
mimic pathophysiological conditions.
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Cette premiere ¢tude nous a permis de mettre en évidence d’une part que le processus
d’agrégation pouvait affecter les propriétés antioxydantes de I’albumine bovine, que cela soit
au niveau de sa capacité de piégeage des radicaux libres ou de sa capacité¢ de fixation des
métaux. Ensuite, il semblerait que les phénomeénes de glycation puissent altérer la capacité de
la protéine a former des agrégats. Cette observation, étant obtenue qualitativement par le biais
des gels PAGE de protéines, nécessite d’étre confirmée par le biais d’autres techniques. D’ou
I’intérét de cette étude complémentaire, utilisant principalement des outils de spectroscopie
(absorption, fluorescence et infra rouge), et qui a pu étre menée a bien grice a une
collaboration étroite avec le Département des Sciences Physiques et Astronomiques (DSFA)
de I'université de Palerme, Italie. Cette étude se focalise principalement sur les modifications

structurales de la protéine liées a I’agrégation et a la glycation.

Acticle 2: Thermal aggregation of glycated bovine serum albumins. Soumis a FEBS Journal
Rondeau P, Navarra G, Cacciabaudo F, Leone M, Bourdon E, Militello V.
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Abstract

Aggregation and glycation processes in proteins present
particular interest in medical fields and also in food
technology. Serum albumins are well known proteins
capable of self-assembling in aggregates and also
sensible to non enzymatic glycosylation in cases of
diabetes. In this work, we firstly report the glycation
effects on the structure of bovine serum albumin (BSA).
The experimental approach is based on the study of
conformational changes of BSA at secondary and
tertiary  structures by FTIR absorption and
fluorescence, respectively. Secondly, we analysed the
effects of glycation treatment on albumin submitted to
heat induced-aggregation process by using the same
techniques. Additional information on the kinetics of
aggregation was obtained by light scattering
measurements. The results show that glycation process
affects the native structure of BSA. Moreover, heat
induces in BSA and glycated BSA similar partial
unfolding of the tertiary structure involving different
aggregation processes, whose efficiency depends on the
extent of the glycation. In particular, the formation of
aggregates is progressively inhibited with growing
concentration of glucose incubated with BSA. These
results bring new insights on how aggregation process is
affected by modification of BSA induced by glycation
following increasing concentrations of glucose, and
evidence the protein structural sites modified by
glycation.

Word count: 202

Keywords: Glycoxidation, Albumin, Protein aggregation,
FTIR spectroscopy, Light scattering, Glycation, BSA.

Introduction

Because of their high relevance in biomedical and
biotechnological fields, protein aggregation processes
represent a growing interest in several studies. In medical
field, the fibrillar aggregates are strongly associated with the
manifestation of many neurodegenerative pathologies such
as Parkinson, Alzheimer and Creutzfeld-Jacob diseases [1,
2]. Indeed, it has been observed that all these pathologies
are associated with formation of senile plaques in the brain
and intra-neuronal deposits of amyloid fibrils [2, 3]. With
regard to the biotechnological aspect, comprehension of the
proteins aggregation mechanism is relevant for processes in
pharmaceutical ~applications and in food industry.
Knowledge and characterization of aggregation pathway of
specific proteins, such as whey proteins, reveal to be crucial
in food technologies. Indeed, these proteins, whose bovine
serum albumin (BSA) is one of the main components, are
widely used as emulsifiers, gelling or foaming agents [4, 5].
Finally, ordered protein aggregates can be of great interest
in technological applications as a new potential nano-
materials that can be exploited by research, industry and
medecine [6].

As described in many studies, aggregation
phenomena result from a partial unfolding of the tertiary
structure of the protein and from the conformational
changes of its secondary structure, as well [7-10]. Indeed. it
was considered that the first step of aggregation process
consists on a partial denaturation of native conformation
induced by the increasing temperature, which induces an
opening of the protein and a better flexibility. Consequently,
some specific regions such as hydrophobic sites or free —SH
groups become more exposed to new intermolecular
interactions and so contribute to the formation of aggregates
[11, 12]. In parallel, for most proteins, the conformationnal
changes at the secondary structure, in favor of higher B-
sheet structure content, may promote the formation of
intermolecular P-strand, the first step for the growth of
ordered aggregates such as amyloid fribils [7, 13].

Among these proteins, albumin is well known to be
capable of self-assembing in aggregates under particular
conditions [8. 12, 14]. Besides the different structure levels
of this protein, bovine (BSA) and human (HSA) forms,
contribute to significant modifications in the shape and the
size in response to changes in different parameters (pH,
temperature, concentration, pl...) [15, 16]. In addition,
albumin has a particular interest because of being the most
abundant protein in the circulatory system, and for its multi
beneficial  biological properties, among them, the
antioxidant activity is the most relevant in oxidative stress
field [17, 18]. Most of antioxidant properties of albumin can
be attributed to its different levels of structure and it has
been previously shown that these properties could be totally
impaired by aggregation phenomenon [14].

As a circulating protein, serum albumin is also
likely to undergo glycative alteration in case of diabetes
pathology and hyperglycemia [19]. These glycated proteins,
derived from albumin, lead to deleterious advanced
glycation end products (AGE) altering the protein
antioxidant properties. For instance, antioxidant activities of
serum albumin were impaired in patients with diabetes [20].
In addition, we showed that in vitro glycated albumin could
enhance oxidative damages in many types of cells [21, 22].

Similar to aggregation phenomenon, there is a large
interest in studying the glycated protein resulted from the
Maillard reaction in many biological fields. First of all, as
we described above, there is a relevance for investigating
glycation of long-lived proteins, such as serum albumin or
collagen in case of diabetes melitus [23]. On the other
hand, from the standpoint of food technology, non-
enzymatic glycosylation of proteins through the Maillard
reaction has been widely investigated and reported in order
to improve their functional properties, such as emulsifying,
foaming properties and thermal stability [24, 25]. During
industrial processing or prolonged storage, the Maillard
reaction frequently occurs, improving organoleptic
properties of food (color, aroma and flavor) [26]. For
instance, acceleration of Maillard reaction at 60°C for B-
lactoglobulin, improves significantly the functional
properties of the protein, which could be attributed to the
sugar added [27]. Glycation of BSA has also been
investigated in the improvement of the foaming properties
of this protein [28].



With regard to various alterations submitted to
proteins, it is necessary to consider that proteins can
undergo the simultancous action of glycation and
aggregation. Preliminary results, obtained with PAGE
electrophoresis, have shown the possible role of glycation
from preventing BSA aggregation [14]. To get further
insights on the aggregation mechanisms and to understand
which specific sites in BSA are involved, we reported the
spectroscopic study of native and modified BSA thermal
aggregation at different extent of glycation. We previously
reported the impact of aggregation alone, and combination
of aggregation and glycation on antioxidants properties of
BSA. The present work is focused on a spectroscopic study
of both phenomenon applied on BSA incubated at 58°C
with glucose and treated at 58°C. This study allows a better
understanding  of the aggregation pathway, an
underestimated phenomenon and brings new evidences
about the role of glucose in the prevention of aggregation.

Results

Characterization of glycoxidized BSA

Different samples of modified BSA were
characterized in order to obtain information about the
effects induced on the BSA structure by glycation and
formation of AGE products. In particular, we have studied
samples named as BG0, BG5, BG25, BG100 and BGS500,
where the number identifies the amount (mM) of glucose
used to induce glycation of BSA (0.5 mM).

First, absorption spectra showed that the glycation
occurred in BSA solutions prepared with increasing content
of glucose. In Fig. 1a, a significant increase of absorbance at
about 300-380 nm wavelengths was observed in albumin
incubated with increasing concentrations of glucose. The
presence of a shoulder in this spectral region is undoubtedly
detected in BG500 sample. This contribution is attributed to
the absorption of the glycophore, formed by the link
between protein and glucose molecules [29]. Exciting into
the spectral range 300-400 nm, we have realized several
emission spectra on BG500 sample, which always showed a
large band at about 350 and 500 nm. Noteworthy, we have
realized excitation spectra at different emission wavelengths
between 330 and 500 nm (data not shown). Similarly as
done in previous works [30-33], the production of AGE
products were also monitored by measuring the glycophore
fluorescence (A, = 360 nm). The results reported in Fig. 1b.
showed a decrease in band amplitude when the glucose
content used for the glycation increased; further, a clear
blue-shift of the maximum, from 460 to 425 nm, due to a
decreased polarity of the glycophore environment as more
glucose molecules were bound is also evident. The band
profile was very similar in samples prepared with low
amount of glucose, while more evident differences are
observed at higher glucose content.

Bovine serum albumin exhibits a fluorescence
emission spectrum typical for tryptophan residues in
proteins [8, 34]. Upon excitation of native BSA at 270 nm,
an emission spectrum with a maximum at about 335 nm was
observed. The band is attributed to the fluorescence of two

tryptophans: Trp134, located in a hydrophobic pocket near
the surface of the domain [ giving the major contribution to
the emission intensity [8, 35] and Trp 214, located in an
internal part of domain II. The emission spectra of
tryptophans are widely used to monitor the solvent exposure
degree of the chromophores [36, 37]. As evidenced in Fig.
le, the fluorescence spectra of native and glycated BSA,
showed that modified BSA underwent a dose-dependent
decrease of quantum yield of the fluorescence emission. In
particular, the different tryptophan fluorescences suggest
different tertiary structures with respect to the native one
and changes in the tryptophan microenvironment. This
effect indicated that conformational changes occurred in the
BSA tertiary structure as a consequence of glycation but
also of the increasing oxidation of the protein [31, 32]. It is
noteworthy to underline that BSA, also when incubated
without glucose (but the same conditions as the control),
underwent a very slight decrease in the quantum yield of the
tryptophan fluorescence (data not shown).

The accessibility of the hydrophobic regions in the
protein was detected by the binding of fluorescent probe
ANSA. As reported in Fig. 2a, in glycated BSA the protein
bound the hydrophobic probe ANSA with more efficiently
than the native albumin did. The number of hydrophobic
sites of the protein results to be different at the same
experimental conditions; it increases at the increase of the
glucose content used for the glycation. This result confirms
again that interaction between protein and glucose
molecules changes the native conformation of the protein
tertiary structure, decreasing the polarity of the molecules.

Concerning the secondary structure of the protein,
it was monitored by circular dichroism in native and
modified BSA samples. No significant variation was
measured (data not shown). At these experimental
conditions, the changes due to glycation concerned mostly
the tertiary structure.

The glycation pathway is associated with oxidative
phenomenon [21]. As shown in Fig. 2b, glycation of BSA
with glucose induces a dose-dependent decrease in free thiol
group content in BSA, assessed by Elmann’s method.
Besides, the monitoring of the carbonyl content of the
protein, measured by ELISA using a phenylhydrazine
formation reaction, provides a convenient way to assess
oxidative modification with glycation pathway. Results of
carbonyl accumulation are given in Fig. 2c. With the
incubation of BSA with increasing glucose concentrations, a
pronounced increase in the carbonyl content was observed.
Finally, with the oxidative and glycation process leading to
the production of AGEs, a decrease of intrinsic
antioxidative properties of BSA is expected. To determine
whether glycation process of albumin affects their beneficial
properties, the free radical-induced hemolysis test has been
studied in Fig. 2d. As already observed in a previous paper
by Bourdon et al. 1999, the sole glycoxidation of BSA with
increasing concentration of glucose (up to 500 mM glucose)
did not affect the free radical-trapping capacities of albumin
[31].

The results obtained by different experimental
techniques, characterizing the native conformation of the
protein, ensure that an increasing number of glucose
molecules are bound to the protein when the glucose
concentration for the glycation increases.



Aggregation pathway of glycated BSA

In this section, we focused on BSA susceptibility

for aggregation. Involvement of glycation state was
determined by monitoring the modifications in the
sccondary and tertiary structures accompanying the
aggregate formation. The main aim is to understand how the
structural modifications of native BSA, due to the advanced
glycation process will affect its capacity to form aggregates
under heating conditions. In a previous study, we
hypothesized that aggregation susceptibility of BSA at 58°C
may be progressively reduced with the extent of glycation
[14]. By fluorescence spectroscopy, FTIR absorption, static
and dynamic light scattering, we obtained a better analysis
of the time evolution of the aggregation process and of the
simultaneous conformational changes.
Fig. 3a shows tryptophan emission spectra of BG0O and
BG500 acquired at different incubation times at 58°C. The
corresponding Rayleigh scattering peaks got during the
acquisition are reported in the insets, in order to monitor
simultaneous changes in the dimension of the molecules in
solution. As seen, in both cases the intensity of the emission
decreases with time (arrow in the figures) and a progressive
and blue-shift is also revealed. The time evolution of the
quantum yield of the tryptophan emission is reported in Fig.
3b at different glucose concentrations. Differences are
obtained in the first hours of the kinetics. The rate of the
modifications proceeds more slowly with the increasing
with the number of AGEs products formation, suggesting a
larger stability of the tertiary structure in more glycated
albumins. Emission spectra of tryptophans are widely used
to monitor the solvent exposure degree of the
chromophores; further, a blue-shift stems from a less polar
environment of the tryptophans and it has been attributed to
the formation of more tightly packed structures [38];
independently, their emission quantum yields may either
decrease or increase upon the conformational changes in the
surrounding areas [36, 37].

From these data, we observe that the temperature in
native and modified BSA causes conformational changes in
tertiary structure accompanied by changes in the solvent
exposure degree caused by the partial unfolding of the
protein. The observed conformational changes are not
related to any aggregates formation. In particular, it is
evident that in BGO and BG500 the modifications in the
tertiary structure are similar, while aggregation is not
observed in BG300, as probed by unchanging of the
Rayleigh peak intensity as a function of time, shown in inset
of Fig. 3b. Indeed. the time evolution of the light intensity
scattered at 270 nm shown in Fig. 3b puts in evidence that
the extent of the aggregation process progressively
decreases. The more the protein is glycated, the less
susceptible it is to aggregation. This could mean that in
BG500 sample in which the glycation process has reached
the saturation (all protein molecules are involved in the
formation of AGEs) the aggregation does not occur.
Recently, we have showed that the incubation of BSA with
glucose in the concentration ratio 1:1 for 7 weeks led to
59% of glycoxidized albumin [39]. In addition, a diabetic
patient with poor glycemic control was found to exhibit
more than 94% of his albumin presenting a glycative state
[40].

Contrary to the glycation process, the aggregation
process does not seem to be accompanied by oxidation as
observed by ELISA carbonyl method (data not shown).
However, a previous study on aggregation of native BSA at
58°C has revealed a progressive lost of its capacity to
neutralize free radicals with the heating treatment [14]. This
impairment was investigated with the red blood hemolysis
test and attributed in majority to the only free cystein [41].
In particular, the thiol group of Cys residues may play a
pivotal role in free radical damage to proteins, as it is known
that the formation of disulfide bonds occurs in protein
aggregation and results in the loss of enzymatic activity [41,
42].

In order to specifically follow the extent of the
aggregates growth induced by heating at 58°C in glycated
BSA, dynamic light scattering measurements were
performed. In Fig. 4a. the time evolution of the total
scattered intensity (up) and of the Z-average diameter
(bottom) of modified albumin aggregates are reported. The
increase of the scattered light simultaneous to the increase
of the mean diameter of the molecules in solution indicate
that a particle aggregation is induced by heating. Fig. 4a
shows that the increase of both parameters is less intense for
highly glycated albumin. The scattered intensity in BGO
sample give the highest wvalue, indicating that the
importance of the aggregation process reached its
maximum; further, we note that after about 200 minutes its
value suddenly decreased because of the formation of
precipitates at the bottom of the couvette. Conversely, in
BG500 sample, no significant variation is observed. These
results are in agreement with the ones shown for BG500 by
the unchanging of the Rayleigh scattering intensity as a
function of the time, at lower protein concentration (inset in
Fig. 3a on the right). The course of the mean diameter as a
function of the time indicates that the heating process
induces the formation of oligomeric structures. These
structures reach a similar dimension in BGO and BG25
samples (< 25 nm); while their dimension is progressively
lower when increasing concentrations of the sugar were
used for the glycation.

Analysis of data, using the CONTIN procedure,
allows us to determine the distribution of the diameter
values with respect to the scattered intensity and at different
times of heating treatment. In Fig. 4b we report this
distribution at t=0, t= 120 min and t=210 min only for BG0
and BG500 samples. The analysis of the distribution allows
us to reveal the formation of larger species also when
present in low number. The comparison of the distribution
in BGO (Fig. 4b up) and BG500 (Fig. 4b bottom) shows that
only for BGO a marked growth of a species with diameter of
about 30 nm is revealed at 120 and 210 minutes, indicating
that most part of the native molecules have auto-assembled
forming mainly oligomers. Conversely, in BGS00 the
dimension of the molecules in solution is unchanged, as it is
evident from the position of the peak at about 8§ nm, which
remains unchanged as a function of the time; the existence
of a larger species negligible in respect to the main species
is revealed in the final times of the kinetics. In the
remaining samples the distribution pattern was rather
similar; in particular, the intensity ratio at final time of the
kinetics between the peaks at about 8 and 30 nm increased
progressively in the protein solution with higher number of
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glycated molecules. The results obtained by light scattering
are in accordance with the previous data attesting a lower
susceptibility to aggregation for BSA incubated with higher
glucose content and so leading to the involving of larger
number of protein molecules in the production of AGEs.

To complete the picture, we investigated the effect
of glycation in secondary structure (Amide I'), through
kinetics of infrared absorption. Actually, this technique
gives precious information on the modifications induced by
heating at the tertiary structure (Amide II and Amide II")
level of modified albumin and can be put in relation with
the result obtained by the tryptophan emission kinetics.
Once again, we found evident different results for BG0 and
BG500, while the remaining samples showed behaviour
between them. In order to simplify the figures, we focused
on results obtained for these two samples.

In Fig. 5a. the differential infrared absorption
spectra of BGO (up) and BG500 (bottom), acquired at
different times and normalized in respect to the maximum
absorption of the different samples, are reported. The most
evident result is the decrease of a component at about 1660
cm’ in favour of a component at about of 1640 cm™. This
effect suggests that, in native and in BSA modified in
AGEs, the heating induces conformational change of
secondary structure, through a conversion of a-helix and
random coil structures in intramolecular p-sheets [11, 43-
45]. Moreover, the increase of a negative component at
1682 cm™ indicates that the simultaneous decrease of furn
structures occurs [46]. The most important difference
among the samples resides in the absence of a positive peak
in BG500 at about 1620 em™. The peak at 1620 cm™ is
progressively lost in the remaining glycated samples with a
strong difference between BG25 and BG100. This band is
attributed to the vibration of CONH in intermolecular -
sheets; so, it constitutes a marker of the formation of B-
aggregated structures [11, 44, 45, 47, 48]. Thus, in
agreement with the previous techniques used to characterize
the glycation, we observe that the aggregation is
progressively decreased up to inhibit the formation of j-
aggregated structures in BG500. The time evolution of the
component at 1640 and 1660 cm™ reported in Fig. 5b (after
having normalized the intensity values in respect to the
maximum absorption of the different samples) evidences the
effect of the occurring aggregation on the modification of
the secondary structure. The behaviour of the component at
1660 cm™ and so the decrease of o-helix structures as a
function of the time is the same in native and glycated
albumins; while a lower amount of intermolecular (-sheets
(1640 em™) is revealed in BG500 compared with BGO. This
result indicates that only when an aggregation process is
activated, a part of B-sheets deriving by conversion of o-
helix structures is engaged to form (-aggregated structures.
In addition, it is important to note that in the first minutes of
the heating process, the course of the components at 1640
em’ is very similar in all investigated samples. Besides, as
previously written, only after the aggregates growth a leap is
detectable for BGO and BG500.

We previously reported thermal aggregation of
BSA at the same pH but in different buffers (Phosphate or
MES buffer) [11, 44]. Here. the aggregation (monitored by
dynamic light scattering) was faster because the protein

underwent the most important changes in the first 20
minutes [44]; moreover, the conformational changes of
secondary structures (monitored by FTIR spectroscopy)
were very different: the modification of secondary
structures was characterized by the change of o-helix
structures (~1650 cm') in P-sheets of intermolecular
structures (~ 1615 em™) [11, 44]. Here we have the same
protein in PBS and we have verified that the described
differences were not due to the incubation at 37°C for 7
weeks. We conclude that the only presence of the NaCl in
PBS makes the protein less propensity to the thermal
aggregation.

The kinetics of the differential absorption spectra
in the Amides II and II" has also been performed between
1400 and 1580 cm’’. The time evolution of these bands can
give us some information on the protein unfolding with
consequent H-D exchange between protein and solvent [11].
The comparison of the time evolution of the normalized
components at 1540 em” (Amide IT) and 1450 em™' (Amide
II") for different modified BSA (Fig. 6) shows the partial
unfolding caused by heating is not affected by the existence
of AGE products. This result seems in contrast with those
previously obtained by fluorescence spectroscopy. Instead,
it must be considered that the experimental conditions are
similar but not the same: the concentration of protein for IR
absorption measurements is very higher than that one for
fluorescence measurements, which are more sensible to the
changes in the tryptophan environment.

Discussions

By using different techniques, we studied both
structural modifications of bovine serum albumin induced
by glycation process forming AGEs and changes in its
susceptibility to thermal aggregation depending on the
glucose content used for the glycation. By investigating the
changes of the protein conformation, we try to put in
evidence the important role played by glucose, through non
enzymatic glycosylation pathway. In particular, an
increasing amount of glucose used for the glycation leads to
the formation of an increasing number of glycated protein
molecules as demonstrated in previous studies [21, 39].

Regarding the glycation process, the increase of
glucose concentration incubated with BSA solution at 37°C
for 7 weeks, contribute to modify progressively the tertiary
structures of the protein, as revealed by the modifications in
the tryptophan fluorescence. This conformationnal change
could be a consequence of a molecular rearrangement after
the formation of AGEs. Otherwise, this new tertiary
conformation of glycated protein could be considered as a
essential step for the formation of terminal glycation
products. Indeed, some of the AGEs, which form covalent
crosslinks with adjacent protein strands such as pentosidine,
MOLD (methylglyoxal-lysine dimer imidazolium crosslink)
or GOLD (glyoxal-lysine dimer imidazolium crosslink) [49,
50], required conformationnal changes of the native protein.
Besides, several studies have reported that AGEs could
induce amyloid-like aggregation or molten globule-like state
[33, 51, 52]. No aggregation state was observed for our
glycated BSA model. As featured by the quenching of



tryptophan fluorescence, a partial unfolding occurs with
glycation process similarly to what we already observed in
case of aggregation process of native BSA [8]. However,
the change of tertiary structure does not seem to be similar
as attested the ANSA fluorescence measurements. Indeed,
we have shown that the accessibility of the hydrophobic
regions in the protein increases with the glycation, while
previous studies featured decrease of this accessibility with
the aggregation process [10]. The specific unfolding, due to
glycation, could explain partially the increase of copper
binding capacity with glycated BSA observed in a previous
study [21], while aggregation of the native form of this
protein reduce its affinity to this metal [14]. With the
change of tertiary structure, a pronounced increase in the
carbonyl content and a decrease in free thiol group content
were also observed, as probes of an increased oxidative state
of BSA. The increase of oxidative state of glycated albumin
is observed because both phenomenons of glycation and
oxidation are completely intertwined [53]. In albumin, the
only one reduced cystein is prone to oxidation.

Surprisingly, an increase of hemolysis time of red
blood cells, suggesting an increase of protective effect of
albumin incubated with increasing concentration of glucose,
was observed; this result, related to different tertiary
structures revealed in different glycated samples. may
indicate that specific amino acids buried in the native
conformation of BSA can now scavenge free radicals.
Besides, the Maillard products are well known for being
responsible for an increase in antioxidant activity in food
systems [54]. The increasing oxidative state is associated
with a better free radical scavenging property of glycated
albumin.

For the study of aggregation pathway of glycated
BSA, modifications in the time evolution of secondary and
tertiary structures accompanying the aggregation process
have been followed. The results obtained after heating
showed that the aggregation process in BSA is markedly
affected by the glycation. The aggregates formation
decreased following the extent of albumin glycation, up to
be inhibited in the most glycated BSA sample. The rate of
the modifications in the tryptophan environment proceeds
more slowly with the increasing number of AGEs products
formation, suggesting a larger stability of the tertiary
structure of more glycated albumins. The tertiary structure
adopted by glycated albumin does not seem to be suitable
for facilitate intermolecular bonds. However, the partial
unfolding time as revealed by FTIR spectroscopy in higher
concentration regime, was not affected by the glycation. The
aggregation in all investigated samples proceed by a
conversion of the protein secondary structure from o-helices
to P-sheets, but the formation of P-aggregated structures
progressively decreased when the glucose concentration
used for the glycation was increased. Regarding to the
previous results, the glycation process, together with the
oxidation process of the glycated molecules involved in the
production of AGEs, modify the conformation of native
BSA and also reduces the number of molecules usually
incline to make aggregates at these experimental conditions
[8, 34, 55]. A possible explanation could be suggested for
explaining this low susceptibility of aggregation for hyghly
glycated albumin : non-enzymatic glycation of proteins

involved generally amino groups such as lysine and arginin
[56], and N-terminal amino groups [19]. However, thiol
group of cysteine is well known powerful nucleophile,
which may be likely glycated by glucose and give rise to
advanced  glycation end-products such as  S-
(carboxymethyl)cysteine  (CMC)  [57-59]. At our
experimental condition, in BSA modified by AGEs
products, the adduction of glucose on the unique cysteine
residue could occur. On the one hand. the decrease of thiol
groups content with the extent of glycation assayed by
Ellmann’s method may be attributed, not only to an increase
of oxidative state of the protein but also to the involvement
of the cysteine in the glycation process. Moreover, it is
known that tertiary structural changes in the environment of
disulphide bonds and the aromatic amino acids
(phenylalanine and tyrosine) are associated with glycation
[32]. On the other hand. it is well known that the unique free
cysteine of BSA, analogously to HSA, has a noteworthy
role contributing to the aggregates growth by the formation
of disulphide bridges and by the S-S exchange [8., 55]. In
conclusion, our results indicate that the free cysteine of
modified BSA could be involved in the glycation process
directly or, more simply, indirectly by the presence of a
steric hindrance of near glucose molecules forming AGEs
and as a consequence, it could not longer be available to
take part in formation of intermolecular bonds. The increase
of the number of protein molecules involved in the
formation of AGEs necessarily causes the decrease of the
efficiency of the aggregation process up to inhibit it in the
samples with largest amount of glucose used to induce
glycation.

This study allowed to achieve a better
understanding of the importance of structural integrity of
albumin on its biological properties. Aggregation study of
glycated albumin represents a new way of investigation of
structural aspect of proteins glycation. Here, we have
pointed out the pivotal role of cysteine 34 and specific
hydrophobic sites structures of glycated albumin in
prevention of aggregation.

Among the several roles of albumin, binding and
transport of several endogenous and exogenous molecules
represent important biological functions, which could be
affected by glycation process. The changes of binding
capacity for these metabolites depend on the tertiary
structure of the binding sites, which are distributed over the
protein. In order to have a better insight of glycated albumin
structure, further experiments remain necessary to assess the
modification of binding of molecules with well-known
binding sites. Alteration of affinity sites for several specific
drugs (insulin or insulin analogs...), associated with
structural modification induced by glycation process, prove
to be a major aspect in insulinotherapy treatment in diabetes
melitus.

Materials and methods

Preparation of AGEs

For preparation of glycoxidized albumins, non-recombinant
bovine serum albumin (BSA) (Sigma cat# A9647) was
used. AGEs were prepared as previously described [39] by



incubating 0.5 mM BSA with increasing concentrations of
glucose (0 mM, 5 mM, 25 mM, 100 mM and 500 mM) in
phosphate buffered saline (PBS) at pH 7.4, under sterile
conditions and nitrogen gas in capped vials at 37°C for
seven weeks. The proteins were dialyzed against PBS, pH
7.4 and sterile-filtered with 0.2 pm Millipore. Endotoxin
content as assessed by in vitro toxicology assay kit (E-
TOXATE, Sigma) was below detectable level (0.03
Endotoxin unit/mL).

ANSA (A 1028), Anti Dinitrophenyl (DNP) antibody (D
9656) and TMB (T 0440) on one hand, and D,O (151882)
and AAPH( 44091) one another hand, were purchased from
sigma and Aldrich, respectively.

Oxidative modification of SH

Thiol groups in native, modified albumin were measured by
Ellman’s assay using 5., 5°-dithiobis, 2-nitrobenzoic acid
(DTNB) [60] as described previously [39]. A standard curve
was performed for each assay and used various
concentrations of L-cysteine (10 to 100 nmoles) (Sigma).
The content of thiol groups for each BSA sample was
measured in duplicate on two different quantities of BSA by
reading the absorbance at 412 nm and with the help of the
standard curve. Results are expressed as the number of free
—SH groups per mol of BSA.

Carbonyl contents by ELISA

The degree of carbonylation of glycoxydized
albumin was determined by the carbonyl ELISA assay
developed in our labs based on recognition of protein-bound
DNPH in carbonylated proteins with an anti-DNP antibody.

Protein derivatization was carried out in 1.5 ml
reaction tubes, with 10 pul of DNPH solution (10 mM in 6 M
guanidine hydrochloride, 0.5 M potassium phosphate buffer,
pH 2.5) and 5 pL SDS 12 % added to 5 pl of sample (5
pg/ul). Samples were incubated at 25 °C for 30 min and the
reaction was neutralized and diluted in coating buffer (10
mM sodium carbonate buffer, pH 9.6) to give a final protein
concentration of 0.25 pg/pl. Then, 5 pl of each solution was
added to 5 ml of coating buffer. Growing volumes (0-100
ul) of aliquots (in the range of 25 ng to about 250 ng of
protein) completed until 200 pl with coating buffer, were
added to wells of a Nunc Immuno Plate Maxisorp. In this
ELISA experiment, native and glycated treated DNPH-
proteins were used as standards. Plates were incubated three
hours at 37°C, then washed five times with PBS between
each of the following steps: blocking the wells with 1%
BSA in PBS / 0.1 % (v/v) TWEEN 20 (250 ul /well)
overnight at 4°C; addition of 200 pl /well of anti-DNP
antibody (1:2000 dilution in PBS/TWEEN 0.1%/BSA 1%)
and incubation for 2 h at 37°C; addition of 200 ul /well of
horseradish peroxidase-conjugated polyclonal anti-rabbit
immunoglobulin  (1:4000 dilution in PBS/TWEEN
0.1%/BSA 1% ) and incubation for 1 h at 37°C; addition of
100 pl of TMB substrate solution and incubation for 30 min
before stopping the coloration with 100 pl of 2 M sulfuric
acid. Absorbances were read at 490 nm against the blank
(DNP reagent in coating buffer without protein) with the
FLUOstar microplate reader. The data were plotted as a
function of increasing amount of protein (0 to 250 ng) and
the degree of oxidation (carbonylation) of modified albumin

was calculated as follow: % carbonyl = [(B — A)/ A] X 100,

were A and B are the slopes of the unmodified standard
(native BSA) and modified protein, respectively, as
determined from the absorbance data at 490 nm in the linear
part.

Absorption, Fluorescence and Rayleigh scattering
measurements

Absorptions measurements of treated albumin were
carried out with a Shimadzu UV 2401PC spectrophotometer
in the UV-Vis range 190-600 nm. Fluorescence spectra and
Rayleigh scattering measurements were carried out on Jasco
FP-6500 equipped with a Jasco ETC-273T peltier-
thermostat. BSA samples at a concentration of 10 uM in
PBS were positioned in a cuvette of 1 cm. All emission
spectra were recorded with 0.5 nm wavelengths intervals.
For the aggregation kinetics, measurements were started
after thermal equilibration. The tryptophans emission
spectra were obtained in the range of 280-430 nm under
excitation at 270 nm [8, 34]. All fluorescence spectra were
corrected for the respective different absorption. The
Rayleigh scattering at 90° was also measured as the
maximum of the elastic peaks of excitation light due to
particles much smaller than the excitation wavelength.

Measurements of ANSA fluorescence

A l-anilino-8-naphthalenesulfonic acid (ANSA)
dye has been widely used as a fluorescent hydrophobic
probe for examining the non-polar character of proteins and
for monitoring protein folding [61, 62]. ANSA was
dissolved in 5 pM albumin sample with a ratio
ANSA/albumin of approximatively 0.4 (mol/mol) in order
to be sure that the dye was linked to hydrophobic sites of
albumin. ANSA-protein complexes emission fluorescence
was measured at 440 nm by using a microplate fluorometer
FLUOstar OPTIMA (BMG Labtech, France) with an
excitation wavelength of 355 nm.

FTIR measurements

Thermal aggregation kinetics of AGESs albumins
were made by acquiring IR spectra at different times and
through a Bruker Vertex 70 spectrometer, equipped with a
MIR light globar source (i.e. a U-shaped silicon carbide
piece), with spectral resolution of 2 cm . Each spectrum
was averaged over 100 scans. The absorption spectrum of
the empty beam line was subtracted from the spectrum of
each sample. The resultant spectra were smoothed with a
13-point Savitzky and Golay function. D,O solutions were
used in BSA samples to avoid the spectral overlaps between
Amide 1 band and strong absorption band of water at
approximately 1620cm™, and to monitor the H-D exchanges
between protein and solvent by Amide II and Amide II’
bands. Samples freshly concentrated with Microcon tube
(Millipore) were dissolved at about 60 mg/ml” in PBS in
D,O. Then, samples were placed between two CaF2
windows, with a 0.05 mm Teflon spacer.
The investigated infrared zones are the regions in which the
Amide I and Amide II bands are localized. Amide I band,
that in D,0O is called Amide I’ for the shifts towards 1650
cm’, is due to an out of phase combination of the C=0 and
C-N stretching modes of amide groups. Generally, it has a
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composite profile consisting of several spectral components
related to the different types of secondary structures [43, 63-
65]. The time evolution of its spectral components during
thermal treatment is a probe of protein structural changes. In
particular, information on the intermolecular aggregation (p-
aggregates) can be obtained from two shoulders at about
1620 and 1680 cm™ [8, 66-71] due to vibrations of strongly
bound intermolecular B-strands and anti-parallel p-sheets,
respectively [45, 66, 71]. Amide II (II') band (1400-1580
em’") is predominantly associated with the N-H(D) in-plane
bending of the peptidic groups [72]. Its time evolution gives
information on the protein unfolding. Its changes reveal the
replacement of the hydrogens located in the core of the
native protein when a heat-induced partial opening of the
protein takes place; when a H-D exchange occurs, a
simultaneous increase of Amide II" and decrease of Amide
II is observed. The band assignment in the amide I region
followed the results of Byler and Susi (1986). The main
band at 1656+1 cm™ was assigned to a-helices, the band at
1681+1 cm’' was assigned to turns, and the band at 16361
em ' was assigned to B-sheets. In particular, we recall that
the amino acid sequence of BSA is composed by 18.1%
turns, 60.3% o-helix, 13.7% B-sheet, and 7.9% random coil
[46]. In order to identify the time evolution of each spectral
component under the broad amide bands, difference spectra
were obtained by subtracting to the spectrum at a generic
time t, the spectrum at t; (where t, was 7 minutes after the
beginning of the experiment to reach thermal equilibrium):

AAbs(t,v) = Abs(t,0) — Abs(t,,v).

Dynamic light scattering measurements

On one hand, modifications in the protein size
could be studied by means Rayleigh scattering at 90°
measured as the maximum of the elastic peak of excitation
light during fluorescence measurements, as described above.
On another hand, the information on the growth of
macromolecular assemblies in  solution during the
aggregation pathway could be measured by dynamic light
scattering (DLS) employing a Nano S Zetasizer (Malvern
Instruments). It was equipped with a light source from a 4
mW He-Ne laser (L = 633 nm) and a scattering angle of
173°. Protein concentration was about 1 mM in PBS buffer
in 1 ml cuvette and in a sample compartment self enclosed
in which the temperature was automatically controlled. The
most important information on the aggregation state of
proteins obtained with DLS is given by the scattered light
intensity, the Z-average diameter and the diameter size
distribution of the particles in solution. The Z-average is the
weighted mean hydrodynamic size of the ensemble
collection of particles measured by DLS. An increase of Z-
average value is an indication of particles aggregation. Each
measurement was performed on protein sample kept at 58
°C for aggregation process for 24 hours (here, we report
only first hours of the kinetics).

Hemolysis test of red blood cells

The antioxidant properties of AGEs were examined with the
free radical-induced blood hemolysis test [73]. Human
blood samples were obtained from the Biochemistry

department of the local hospital center (CHD Felix Guyon)
and were taken on EDTA substrate as anticoagulant. Then,
plasma was removed and erythrocytes were washed with an
isotonic solution (NaCl 0.15 M). Each well of a 96 well-
plate was filled with 100 pl (about 1.10° erythrocytes, 400
000 cells/pL final concentration) of diluted solution of red
blood (1/10 in 0.15 M NaCl). Different albumin samples (10
UM  final concentration) were added in triplicates.
Hemolyses were started by adding 0.45 M of 2, 2’-azobis
(2-amidinopropane) (AAPH) in each well. Turbidimetry at
450 nm was recorded in every 10 min using a 37°C-
thermostated microplate reader. Results were expressed as
50% of maximal hemolysis time (HTs, in min), which
represents the total defense against free radicals in human
and animal models submitted to oxidative stress [74].

Statistical analysis

Data were expressed as the means + standard deviation (SD)
from a minimum of three experiments. Statistical
significances were determined using one-way ANOVA
(followed by the Tukey test).
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Fig. 1: (a) Normalized absorbance spectra, (b) ) emission spectra of glycophore with excitation
wavelength 360 nm, (c) emission spectra of tryptophans with excitation wavelength 270 nm of BSA
glycated with different concentrations of glucose: BGO( — ), BG5S (— —), BG25 (——), BG100(—-
—), BG500(— - - — ). Inset in (a) shows a zoom in the range 290-400 nm. Absorption spectra of all
samples are shown after having normalized the data to the tryptophan absorption maximum and to
have eliminated the contribution of the scattered light.
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Fig. 2: (a) ANSA emission fluorescence of AGEs at 440 nm under excitation at 355 nm. (b) Thiol
groups contents in the different preparations of albumin evaluated with Ellman’s method. (¢) %
Increase of carbonyl content modification of glycated BSA (compared with native BSA) as assessed
by the ELISA carbonyl assay. (d) Impairment in the antioxidant activities of BSA as assessed by the
free radical-mediated blood hemolysis test. Histograms represent half time hemolysis (HTsp in min)
expressed as means + SD of three independent experiments. The doted line facilitates comparison

with control (no albumin). All data are expressed as mean £ sd (n=3) and statistical analyses were

performed usil*lﬁg one-way ANOVA for multiple comparisons. ~ Effect of the glycoxidation of BSA
(vs. BSAgy):  p<0.001, ‘p<0.05. ¥ Effect of BSA (vs. PBS): p<0.01.
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Résultats complémentaires:

Etude spectroscopique de [’agrégation de [’albumine bovine native

La deuxiéme étude a également donné lieu a des résultats non présentés dans 1’article
précedant, concernant le suivi de I’évolution structurale de 1’agrégation de la SAB native par
spectroscopie en fluorescence du tryptophane et de ’ANSA. Les figures 21a et 21b, décrivent
la diminution de DP’emission de fluorescence relative au tryptophane avec le processus

d’agrégation (B) caractérisé par I’augmentation de la fluorescence du pic de dispersion (A).
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Figure 21: Caractérisation spectroscopique de ’agrégation de la SAB native

(a) Suivi cinétique des spectres d’émission de fluorescence de la SAB native a 58°C, entre
250-450 nm avec une excitation a 270 nm. (b) Cinétique de [’intensité de fluorescence du
tryptophane mesurée a 337 nm (@) et du pic élastique de dispersion (“elastic scattering
peaks”’) mesurée a 270 nm (O) pour SAB a 58°C. (c) Cinétique de l’intensité de fluorescence
ANSA de SAB a 58°C mesurée a 440 nm avec une excitation a 355 nm.
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La figure 21c, met en évidence le quenching de fluorescence de I’ANSA attestant une
diminution de I’hydrophobicité de la protéine suite au changement conformationel lors du

processus d’agrégation de I’albumine.

3. Discussion

Si I’intérét biologique de I’étude des effets combinés de I’agrégation et de la glycation
sur la structure et les propriétés physiologiques de 1’albumine trouve toute sa place dans le
domaine des biotechnologies alimentaires, il est également de grande importance dans le
domaine médical. En effet, de nombreuses études récentes ont mis en avant la formation
d’agrégats pendant le processus de glycation in vitro (Sattarahmady, 2007; Wei, 2009). Ces
agrégats protéiques de type fibre amyloide sont toxiques au niveau des cellules neuronales
(Sanghera, 2008) et sont d’ailleurs reconnus pour étre impliqués dans les neurodégénérations

(Dukic-Stefanovic, 2001).

A partir de nos deux études, nous avons maintenant une vision plus globale des
modifications structurales engendrées par les deux processus que sont la glycation et
I’agrégation, ainsi que leur impact sur les propriétés antioxydantes de 1’albumine bovine. Les
deux processus entrainent un dépliement partiel de la structure tridimensionnelle de la
protéine, dont I’amplitude est fonction du degré d’agrégation ou de glycation. Par contre, les
modifications conformationnelles au niveau des poches hydrophobes ne sont pas similaires
comme [’attestent les mesures contrastées de la fluorescence de I’ANSA. En effet, le
processus d’agrégation s’accompagne d’une ouverture des poches hydrophobes, tandis que
dans celui de la glycation, ces mémes poches se referment. Dans le cas de I’agrégation,
I’ouverture de ces poches rend accessible certains résidus hydrophobes, qui peuvent ainsi

participer a des interactions intermoléculaires.

Par ailleurs, si les phénomeénes d’agrégation s’accompagnent d’un changement
conformationnel au niveau de la structure secondaire en faveur des structures en feuillets 3, le
processus de glycation ne semble pas induire de modifications notables a ce niveau de
structure.

Les changements conformationnels spécifiques a la glycation de I’albumine peuvent

étre I'une des raisons de sa faible susceptibilité a I’agrégation lors d’un traitement thermique.
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L’autre raison peut provenir de 1’état redox de la cystéine 34, qui dans un processus de
glycation, peut étre a la fois glycosylée (Zeng, 2005) et oxydée comme le montre les résultats
obtenus selon la méthode d’Ellmann. Il est clairement établi que la seule cystéine libre joue

son role dans 1’édification des agrégats.

Parallelement aux changements conformationnels, les deux processus induisent des
effets contrastés au niveau des propriétés antioxydantes de la protéine sérique. En effet, il a
¢été établi que sous I’action d’un traitement thermique, I’agrégation s’accompagne d’une chute
du role protecteur de la protéine contre les radicaux libres. Alors que la glycosylation de cette
méme protéine avec des teneurs croissantes en glucose a tendance a accroitre sa capacité de
« piéger » ces radicaux libres. Ces effets antagonistes peuvent sans doute étre attribués aux

différences constatées au niveau des changements conformationnels, entre les deux processus.

4. Conclusions et perspectives

A travers ces deux études, nous nous rendons compte de toute la complexité de la
structure de I’albumine lorsque celle-ci n’est plus a 1’état natif. Méme si nous avons progressé
dans la compréhension des modifications induites, au niveau structural et fonctionnel, lorsque
celle-ci est soumise a des conditions non-physiologiques ou pathologiques, de nombreux

aspects restent a explorer :

Notre étude précédente a notamment montré que la capacité de fixation du Cu (II) par
la protéine sérique est diminuée avec la formation progressive des agrégats, alors qu’il a été
montré que lors du processus de glycation de I’albumine bovine cette capacité est accentuée
(Rondeau, 2008). Par ailleurs, la présence de Cu (II) au niveau de pré-agrégats d’albumine
induit la formation a froid d’un gel résultant d’interactions protéiques par le biais du Cu (II)
(Navarra, 2009). Etant donné que la capacité de fixation du cuivre est renforcée dans le cas
de la glycation, il serait intéressant de déterminer si I’albumine modifiée aurait la capacité de

former des gels a froid en présence de Cu (II).

Enfin, une autre approche est envisagée pour comprendre les modifications
structurales et les incidences au niveau physiologique : 1’étude des interactions entre un ligand

et ’albumine a 1’aide de la résonance magnétique nucléaire (RMN). Ici, le ligand serait du
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Détémir, un analogue de I’insuline basale, qui a la particularit¢ de se fixer fortement a
I’albumine (98-99%) (Havelund, 2004). La méthode utilisée, appelée FAXS (fluorine
chemical shift anisotropy and exchange for screening) implique le radiomarquage du Détémir
avec la fluorine "°F et le suivi par RMN de son interaction avec I’albumine (Dalvit, 2003).
Cette approche aurait I’avantage de comparer ’affinité de 1’albumine native pour un

analogue de I’insuline avec celle de I’albumine modifiée par glycation.
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PARTIE II

Effets cellulaires de I’albumine sérique bovine
modifice in vitro par glycation sur le tissu adipeux
humain
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1. Introduction

L’hyperglycémie, I'une des principales causes des complications diabétiques, est a
I’origine de la formation de la plupart des produits avancés de glycation. En effet, de
nombreux AGEs ont ¢té caractérisés et identifiés in vivo chez des patients diabétiques. Parmi
les AGEs, formés in vivo, reconnus dans les complications du diabéte figurent le
méthylglyoxal et les résidus °N-carboxymethyllysine (CML) (Uribarri, 2003; Vlassara,
1996).

En pratique, on distingue deux types de diabéte :

- le diabete insulinodépendant (diabéte de type 1) marqué par une carence absolue en
insuline causée par une déficience des cellules B du pancréas.

- le diabéte non insulinodépendant (diabéte de type 2), dont la pathogénie est plus
complexe, caractérisé notamment par une résistance de la réponse insulinique dans la

régulation du taux de glucose sanguin.

Le diabéte de type 2 représente 90% de tous les types de diabéte et touchait 157 millions
de personnes dans le monde en 2000. De nombreuses études ont montré le role de I’obésité et
de I’accumulation de masse grasse abdominale dans les causes du diabéte de type 2 (Favier,
2005; Rocchini, 2002). En effet, le risque de développer un diabéte de type 2, ou diabéte gras,
est étroitement li¢ aux indices de masse corporelle (IMC) et de tour de taille, indices associés
a la masse grasse et principaux indicateurs de surpoids et d’obésit¢ (Balkau, 2007). Par
ailleurs, I’augmentation de la prévalence pour le diabéte de type 2 s’explique principalement
par une prévalence alarmante de I’obésité et du surpoids qui a été en augmentation de 50%

entre 1997 et 2006 (Charles, 2008).

L’obésité se caractérise par une accumulation de tissus adipeux au niveau abdominal
(Despres, 2008; Xu, 2003), associ¢e a une inflammation chronique a [’origine du
développement de maladies cardiovasculaires et du diabete de type 2. Ainsi, le tissu adipeux
et les cellules qui le composent jouent un role important dans 1’obésité et les pathologies qui

lui sont associées comme le diabéte gras.
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Le tissu adipeux, tissu hétérogéne comprenant différents types de cellules dont les adipocytes,
est avant tout connu pour son role essentiel de stockage de 1’énergie. Plus récemment son role
endocrinien a été mis en évidence a cause de sa contribution a I’insulino-résistance et a
I’inflammation (Ailhaud, 2000; Trayhurn, 2001). Parmi les différents types cellulaires
composants le tissu adipeux, les adipocytes contribuent aux différentes fonctions qui lui sont

attribuées.

En effet, les cellules adipocytaires sont spécialisées dans le stockage de 1’énergie et
dans la sécrétion de molécules signales (Fischer-Posovszky, 2007). Leur role de stockage se
traduit d’une part, par la mise en réserve de I’énergie excédentaire (acide gras et glucose) lors
de la prise alimentaire (la lipogenése) et d’autre part, par une libération des acides gras lors
d’un besoin énergétique de la part des organes périphériques (lipolyse) (Langin, 2006).
L’adipocyte contribue ainsi a I’homéostasie lipidique. Par ailleurs, 1’adipocyte est le siége de
la sécrétion de nombreux facteurs protéiques qui lui sont soit spécifiques comme les
adipokines (leptine, adiponectine et resistine), soit identiques a ceux d’autres tissus comme les
cytokines (Tumor Necrosis Factor-o (TNF-a), interleukine...) facteurs de I’inflammation
(Fruhbeck, 2004; Scherer, 2006; Trayhurn, 2006). Les fonctions associées a ces différentes
protéines, dont I’inflammation et 1’insulinosensibilité, supposent 1’implication de la cellule
adipocytaire dans le développement des complications métaboliques liées a 1’obésité comme

le diabéte de type 2.

En parall¢le a ces fonctions sécrétrices, 1’adipocyte est la cible de signaux pouvant
réguler de nombreux processus comme notamment ceux de 1’appétit, I’insulinosensibilité ou
le stress oxydatif (Ailhaud, 2000; Scherer, 2006). De nombreux récepteurs membranaires, a
I’origine de ces processus, ont ét¢ mis en évidence au niveau des cellules adipocytaires. Par
exemple, certains récepteurs (CB1 et CB2) du systéeme des endocannabinoides, impliqués
dans le controle de la prise alimentaire et initialement décrits au niveau du cerveau, ont
¢galement été identifiés au niveau des cellules adipocytaires (Roche, 2006). 11 a été montré,
par ailleurs, la présence du récepteur de la famille RAGE dit « scavenger » nommé CD36 au
niveau adipocytaire (Horiuchi, 2003; Kuniyasu, 2003). Ce récepteur CD 36, découvert tout
d’abord comme liant les LDL oxydées au niveau des macrophages, est a 1’origine de la
formation de la plaque d’athérome. Au niveau adipocytaire, ce récepteur interagit avec les
LDL oxydés (Kuniyasu, 2002) et est ¢galement capable de fixer les produits avancés de

glycation.
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Jusqu’a présent, les études des interactions entre AGEs et cellules concernaient
principalement les cellules sanguines. La liaison des AGEs au récepteur RAGE de ces cellules
conduit a la formation de radicaux libres, a la sécrétion de messagers extracellulaires
(cytokines, facteurs de croissance) pouvant étre le point de départ d’une réaction
inflammatoire (Cohen, 2003b; Uchida, 2004). Le récepteur CD36, liant les AGEs étant mis
en évidence a la surface des adipocytes, j’ai choisi d’étudier les effets physiopathologiques
des AGEs sur le mode¢le adipocytaire. En effet, la réponse biologique des cellules adipeuses a
un stress glycoxydant, mimant un état hyperglycémique, a été trés peu étudiée jusqu’a

présent.

Dans la premiere étude in vitro, j’ai soumis des adipocytes matures humains a
différents modeles d’AGEs, préparés in vitro a partir de la sérum albumine bovine et de
glucose dans des conditions physiologiques et pathologiques. Aprés une premicre partie
consacrée a la caractérisation des modifications structurales de la protéine, les effets de
I’albumine modifiée par glycation sont analysés au niveau de culture primaire d’adipocytes
humains. Au niveau des effets physiopathologiques des AGEs sur ce modele cellulaire, j’ai

notamment suivi la cytotoxicité et le stress oxydatif induit par mes modeles in vitro d’AGEs.

Ce premier travail ayant notamment montré une augmentation du taux de protéines
oxydées intracellulaires au niveau des adipocytes matures incubés avec de 1’albumine
modifiée dans des conditions suprapathologiques, il est apparu intéressant de compléter cette

étude.

Ainsi, dans la continuité de la premiére étude, nous nous sommes focalisé€s sur I’effet
oxydatif de I’albumine glyquée sur les adipocytes humains. Dans cette deuxi¢me étude, nous
avons tout d’abord isolé et identifi¢ les protéines cellulaires adipocytaires particuliérement
sensibles a I’effet oxydatif des AGEs en utilisant 1’¢lectrophorése bidimensionnelle suivie
d’une identification des spots d’intérét par la spectrométrie de masse. En parall¢le, nous avons
suivi ’activité protéolytique du protéasome au niveau des adipocytes soumis a ce stress
glycoxydant. En effet, les protéines oxydées sont la plupart du temps dégradées par le
protéasome (Friguet, 2006). Concernant, 1’é¢tude du réle du complexe protéolytique dans la
dégradation de protéines oxydées, nous avons utilis€¢ une lignée cellulaire de liposarcome

humain (SW872) comme mod¢le adipocytaire.
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2. Résultats

Acticle 3: Effects of oxidative modifications induced by the glycation of

bovine serum albumin on its structure and on cultured adipose cells. Biochimie |

2006 Oct; 88(10):1467-77. Chesne S, Rondeau P, Armenta S, Bourdon E.
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Abstract

Non-enzymatic glycosylation (glycation) and oxidative damages represent major research areas insofar as such modifications of proteins are
frequently observed in numerous states of disease. Albumin undergoes structural and functional alterations, caused by increased glycosylation
during non insulin-dependent diabetes mellitus, which is closely linked with the early occurrence of vascular complications. In this work, we first
characterized structural modifications induced by the glycation of bovine serum albumin (BSA). A pathophysiological effect of glycated BSA
was identified in primary cultures of human adipocytes as it induces an accumulation of oxidatively modified proteins in these cells. BSA was
incubated in the presence or absence of physiological, pathological or supra-physiological concentrations of glucose at 37 °C for 7 weeks.
Enhanced BSA glycation percentages were determined using boronate affinity columns. The occurrence of oxidative modifications was found
to be enhanced in glycated BSA, after determination of the free thiol groups content, electrophoretic migration and infrared spectrometry spectra.
An accumulation of carbonyl-modified proteins and an increased release of isoprostane were observed in cell media following the exposure of
adipocytes to glycated albumin. These results provide a new possible mechanism for enhanced oxidative damages in diabetes.
© 2006 Elsevier Masson SAS. All rights reserved.

Keywaords: Glycation; Albumin; Adipocytes; Oxidative stress; Oxidation; Bovine serum albumin; Diabetes

1. Introduction serum albumin level and mortality risk [1,2]. Among the vari-

ety of biological mechanisms which have been proposed to

Albumin is the most abundant serum protein with normal
concentrations between 35-50 g I"'. Many epidemiological
studies have established an inverse relationship between

Abbreviations: AGEs, advanced glycated endproducts; BSA, bovine serum
albumin; BSAx, BSA incubated with xmM of glucose; BSAgy, BSA
incubated in the absence of glucose; BSAcp . BSA which has not been
incubated; ECL, enhanced luminol chemiluminescence; FTIR, Fourier
transformed infra red; HNE, 4-hydroxy-2-nonenal; IPs, isoprostanes; LDH,
lactate deshydrogenase; MCO, metal-catalyzed oxidation system; LC, living
cells; PAGE, polyacrylamide gel electrophoresis; RAGE, receptor for
advanced glycated endproducts; REM, relative electrophoretic mobility;
ROS, reactive oxygen species.
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explain the beneficial effects of higher albumin concentrations,
a direct protective effect of the albumin molecule has been
suggested [3]. There is now ample evidence for a significant
antioxidant activity of serum albumin. In fact, this molecule
may represent the major and predominant circulating antioxi-
dant in plasma, which is known to be exposed to continuous
oxidative stress [4].

Alterations in the structure of albumin may result in impair-
ments of its biological properties [5]. These modifications
could occur in insulin dependent diabetes mellitus, which is
one of the pathological conditions associated with early occur-
rence of vascular complications, together with functional
alterations of albumin, which undergoes increased glycation
[6]. This phenomenon corresponds to the nonenzymatic attach-
ment of a glucose molecule to a free primary amine residue.
Amadori rearrangement of the glycated protein gives rise to the
deleterious advanced glycated end products (AGE) [7].
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The usual half-life of albumin is 20 days. The binding of
glucose to albumin typically occurs in vivo and approximately
6-10% of the albumin in normal human serum could be mod-
ified by nonenzymatic glycosylation [6]. This proportion could
increase between twofold and threefold in hyperglycemia.
Moreover, diabetic patients exhibit elevated levels of iron and
copper ions that, in the presence of glycated proteins, have
been shown in vitro to generate free radicals [8].

The pathological conditions of diabetes with obesity have
been widely associated with an enhanced oxidative stress [9].
Interaction of advanced glycated end products with AGE
receptors (RAGE) induces several cellular phenomena poten-
tially relating to diabetic complications. A recent study showed
that AGE-modified bovine serum albumin (BSA) can be endo-
cytosed by adipocytes via CD36 [10].

In the present study, we first characterized structural
damages induced by the glycation of BSA. Then, we identified
a pathophysiological effect of glycated BSA on primary cul-
tures of human adipose cells by inducing an accumulation of
oxidatively modified proteins.

2. Materials and methods
2.1. In vitro glycation of BSA

Non-recombinant BSA (Sigma, cat # A2153) was dissolved
in phosphate-buffered saline (PBS), pH 7.4, to yield a stock
solution of 50 mg ml™'. This solution was prepared with
200 mM glucose solution in PBS, to form incubation mixtures
of 50 mg ml™' BSA with 0, 5, 10, 25, and 100 mM glucose.
After being sterilized by filtration through 0.2 pum filters (Milli-
pore), the solutions were incubated at 37 °C for 50 days in
fulfilled capped vials. Reversible and unbound glucose were
removed from BSA by extensive dialysis against PBS,
pH 7.4. Samples were separated into aliquots and stored at
—80 °C in the dark prior to analysis for oxidative modifications
and incubation with the adipocytes cells. As no variation in the
extinction coefticient was observed between the different sam-
ples (CV < 6%, N =15), the measurement of BSA concentra-
tion was performed by absorbance at 278 nm using the coeffi-
cient Ejen' ° = 4.96.

2.2. Boronate affinity chromatography

The formation of Amadori products was assessed by the
percentage retention of modified materials on boronate affinity
columns. Experiments were conducted as follow: 10 ml separ-
ating gel (12 mmol m-aminophenylboronic acid per ml, Sigma,
cat# A8530) were equilibrated at 24 ml h™' flow with binding
buffer (0.2 M ammonium acetate, pH 8.8).

Albumin stock solutions at 50 mg ml™' in PBS, were diluted
with binding buffer at 1 mg ml™' solution. One ml of this solu-
tion was applied per ml of separating gel.

Fractions were collected every 4.5 min. Absorbance at
278 nm was measured in all the fractions to monitor the pre-
sence of proteins. When all BSA, which was not retained on

the gel, was entirely collected, “boronate-bound™ albumin, cor-
responding to glycated BSA, was eluted using 30 ml of elution
buffer (NaCl 0.15 M, MgCl, 10 mM, p-mannitol 0.2 M,
pH =3.4). The separating gel was regenerated with 25 ml of
0.02 M NaOH, 25 ml of 0.05 M acetic acid, 25 ml of distilled
water and finally with 25 ml of binding buffer.

2.3. Gel electrophoreses

Modifications of BSA after glycation were analyzed by
native gradient Polyacrylamide Gel (4—15% of acrylamide) in
the absence of SDS and reducing agent. In other experiments,
samples were resolved in 12% SDS-PAGE in reducing and
alkylating conditions, in the presence of 50 mM dithiothreitol
then 140 mM iodoacetamide, and stained by Coomassie blue
according to Laemmli’s method [11].

2.4. Thiol group measurement

Thiol groups in native or modified BSA were measured
according to the Ellman’s assay using 5,5'-dithiobis, 2-
nitrobenzoic acid (DTNB) [12]. A standard curve was per-
formed for each assay and used 10-100 nmol of L-cysteine
(Sigma). Thiol groups for each BSA sample were measured
in duplicate on two different quantities of BSA (varying in
terms of concentrations by a factor of two). Briefly, 250 pl of
BSA samples (in 0.1 M Tris—HCI, pH 8.0, EDTA 5 mM) were
incubated with three volumes of 0.5 mM DTNB. The free thiol
concentration was calculated from the reading of the absor-
bance, obtained at 412 nm with the help of the standard
curve. Results are expressed as the number of free —SH groups
per mol of BSA.

2.5. FTIR measurements

A Nicolet (Madison, WI, USA) 460 Protege FTIR spectro-
meter, equipped with a temperature-stabilized deuterated try-
glycine sulfate detector and a KBr beam-splitter, was employed
for infrared measurements. A Specac (Orpington, UK) horizon-
tal ATR (attenuated total reflectance) system, with a Ge crystal
and a BaF2 window was used to obtain the measurements of
reflectance. The equipment employs the 4.1 version of the
OMNIC software developed by Nicolet Corporation, for the
acquisition and processing of the FTIR data. The mid-FTIR
spectra of the samples have been recorded at room temperature
in the ATR cell between 4000 and 650 cm ' at 8 cm ™' nominal
resolution, accumulating 75 scans per spectrum and with a mir-
ror velocity of 0.351 ¢cm s~', employing a background of the
cell filled with the buffer solution (PBS). The equipment was
continually purged with a flow of dry nitrogen gas to eliminate
any contributions from water vapors to the spectra. The cell
was cleaned after each sample measurement with water and
detergent. A blank spectrum was registered to avoid any
cross-contamination.
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2.6. Cell cultures

Mature adipose cells were obtained from human subcuta-
neous adipose tissue. The procedures and the collection of
human materials were approved by the local governmental
French Ethical Committee. The culture protocol has been
described by our laboratory [13]. Briefly, adipose tissues
from the abdomen, were rinsed in Ringer’s solution and then
submitted to the proteolytic action of collagenase at 1.5 mg
ml™! (NB4 Serva, Germany), during 25 min at 37 °C under
agitation.

Digested tissue was filtered through a 80 pM membrane
(Millipore) and submitted to a 30 s centrifugation at 1000
rpm, in order to separate mature adipocytes, which float in
the supernatant. About 300 000 cells were seeded in a well of a
24-well plate containing 500 pl of RPMI (Sigma) medium,
supplemented with 1.25% r-glutamine and 2% penicillin/strep-
tomycin. Mature adipose cells were grown in a CO; incubator
(5% CO»/95% air) at 37 °C. The incubation of the cells in the
absence or the presence of the different BSA preparations was
started a maximum of 12 hours after the adipose cells isolation.

2.7. Western blots for carbonyl groups in adipose cells

After the incubation (from 8 to 24 h) in the absence or pre-
sence of the different BSA preparations, the cells were washed
three times in PBS, unless mentioned otherwise (see figure
legend). Cells were treated at 4 °C during 30 min with 100 pl
of lysis buffer containing 25 mM Tris—HCI, pH 8.3, 10 mM
KCL 1 mM DTT, 1 mM EDTA, 1% Triton X100 and com-
pleted with a protease inhibitor cocktail (1% v/v, Amersham
Pharmacia, product code # 80-6501-23). Cell lysates were
then centrifuged at 15,000 rpm at 4 °C for 20 min and the
protein concentration was measured in the supernatant accord-
ing to the Bradford technique [14].

Carbonylated proteins were analyzed using the Oxyblot kit
(Oxyblot Detection, Chemicon International Inc.) [15]. Briefly,
about 5 pg of proteins (1 pg/pl) were denaturated by 5 pl 12%
SDS during 10 min at room temperature. Samples were then
treated with 10 mM 2 4-dinitrophenylhydrazine in 2 M HCI,
during 15 min at room temperature and neutralized. The deri-
vatized proteins were separated by PAGE-SDS, transferred to a
nitrocellulose membrane (Biorad). The primary antibody used
was directed against the 2,4-dinitrophenol moiety and detection
was performed using the ECL reagent (Amersham-
Biosciences).

After the immunorevelation, total blotted proteins were
revealed by immerging the membrane in colloidal gold staining
solution (Biorad, cat# 170 6527). Signal quantifications from
the films or membranes were determined using the freeware
Imagel (version 1.32j), available from the internet website:
http://rsb.info.nih.gov/ij/.

2.8. LDH activity measurements

The cell viability was estimated by measuring the lactate
deshydrogenase (LDH) activity in the cell medium, following

the incubation with the different BSA preparations, using an in
vitro toxicology assay kit and according to the manufacturer’s
instructions (Sigma, Cat # Tox-7).

2.9. [PF2a Isoprostane measurements

Isoprostanes (IPs) arc a complex mixture of isomeric pros-
taglandin species formed in a free radical-dependent manner
from arachidonic acid. IPs have been described as the best
available biomarker of lipid peroxidation [16].

Quantification of iPF;,VI was performed using an immu-
noassay kit from Cayman Chemical (cat # 516301). Adipose
cells’ supernatants, in five replicates for each incubation con-
dition (PBS, native or glycated albumin), were submitted for
isoprostane quantification in three different dilutions and fol-
lowing the procedure detailed in the manufacturer’s instruc-
tions.

2.10. Statistical analyses

Data are expressed as the mean =+ standard deviation (5.D.)
from at least three experiments. Figures, representing scanned
film, are representative of at least three independent observa-
tions. Statistical significances were determined using Student’s
t-test, with a P value of less than 0.05 required for significance.

3. Results
3.1. Boronate affinity columns assessment of BSA glycation

Glucose-induced modifications in albumin were assessed by
the formation of Amadori products using boronate column
chromatography (Fig. 1) [17]. An clevation of the retained
material on the boronate column was observed when BSA
was incubated with increasing concentration of glucose,
whereas no detectable glycated product was seen for native
albumin (BSAgg); when BSA had previously been incubated
in the presence of 100 mM of glucose, most of the protein
was retained on the column.

3.2. Glycation oxidizes thiol group in BSA

The determination of free thiol groups in BSA was per-
formed according to Ellman’s dosage (Table 1.). The results
show a significant decrease in the number of free thiol groups
when BSA was incubated in the presence of increasing concen-
trations of glucose. It is interesting to note that the theoretical
expected number of thiol groups is one per mol of BSA. An
average value of 0.22 free -SH per mol BSA was obtained for
the untreated protein (no glucose, nor incubation—data not
shown). This indicates that commercially available BSA is
highly oxidized (78%) at residue Cys 34. The incubation of
BSA in PBS, pH 7.4, at 37 °C over a period of 7 weeks is
sufficient to induce a 43% (P <0.001) decrease in the number
of reduced thiol groups in albumin, Even in the absence of
glucose, metal or light, oxidation of thiol group in BSA could
occur due to both temperature (37 °C) and oxygen present in
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Fig. 1. Glycation evaluation of BSA incubated in the absence or presence of glucose, using boronate affinity chromatography.

Albumin preparations (10 mg) were applied on separating gel constituted of boronate coupled with sepharose beads. Fractions were collected every 4.5 min.
Absorbance at 278 nm was monitored in all the fractions to follow the presence of proteins. When all non retained BSA was entirely collected, “boronate-bound™
albumin, corresponding to glycated BSA, was eluted. The left part of the figure corresponds to the absorbance measured in the different fractions collected from this
affinity separation of native or glucose-incubated albumin, The right part shows Coomassie blue stained gels of the different washing and elution pools.

Table |

Glycation oxidizes thiol group in BSA and decreases the charge of the protein

Thiols SH/mol of BSA 0.126 + 0.002 0.114 £ 0,0027 0.113 400017 0.087 £ 0.002" 0,049 £ 0.0037
REM 1.046 £ 0.017 1.064 = 0.007 1.074 + 0.008 1.092 £ 0.012* 1180 £+ 0.018%**

Thiol group and relative electrophoretic migration of the different preparations of BSA were evaluated as described in Section 2. Data are represented as mean
+8.D. (V=3-4) and statistical analyses were performed using Student’s t-test for unpaired samples. * and * effect of the glycation of BSA (vs. BSAga): “p
<0.001, *P <0.05, ***P<0.001.

our solutions. Our solutions were not degassed but the use of  protein preparations which depends mainly on oxidative mod-
fulfilled capped vials led to an oxygen tension value lower than ifications at positive charged residues (Arg and Lys). A 4.6%

21% (normoxic conditions). increase (not significant) was noted for the REM of BSAg,
Such a lower oxygen tension could better approximate the when compared to the REM of BSA¢yy. In contrast, a 12.8%
oxygen concentration of normal mammalian tissues [18]. Sig- significant (£ < 0.001) increase was obtained when comparing
nificant reductions in the tree -SH were observed when albu- REM values of BSAgq versus BSA G 00- A significant increase
min was incubated with § mM (-9%), 10 mM (-10%), 25 mM of REM was observed when BSA was incubated with increas-
(=31%) and 100 mM (-61%) of glucose. ing concentrations of glucose.
Positively charged residues at pH = 7.4 were affected by the
3.3. Decrease of cationic charges of BSA afier glycation glycation, which increased the negative charge of the modified

protein [20].

Two proteins having identical molecular weights but differ-
ing only by their net charge can be separated by electrophoresis 3.4. Assessment of BSA structural modifications by FTIR
under native conditions. In these conditions, the protein charge
would be the main factor affecting its migration. Oxidative and Infrared spectrometry techniques are extremely valuable to
glycative phenomena can affect the net charge of a protein. The study structural modifications of a protein [21]. Infrared spectra
lost of positive charges from the albumin by modifications on of BSA are represented in Fig. 3A, for which the protein was
its cationic residues will translate into further migration toward incubated in the absence (grey curve) or in the presence of
the anode. An enhanced negative net charge of low density physiological (5 mM, dashed curve) or pathological (25 mM,
lipoproteins is commonly used as an indicator of the oxidative  solid curve) concentrations of glucose.
and/or glycoxidative state of these particles [19]. Wavelengths analyses between 1500 and 1700 cm™'

From the gel on Fig. 2, Relative Electrophoretic Migration revealed two peaks, corresponding to the region of amide-
(REM) was determined for the different BSA preparations by  bound protein (NH-CO) [22].
calculating the ratio between the BSA monomer migrations A decrease in the height of these peaks was observed when
with non treated BSA monomer (BSAc ). Results are shown BSA was incubated with glucose, revealing structural modifi-
in Table 1. REM results inform about the net charge of our  cations in the protein in agreement with observations from
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Fig. 2. Electrophoretic migration profiles of native or glycated BSA under native conditions.

Three concentrations of BSA, which had been incubated in the absence (BSAgy) or increasing concentrations of glucose (BSAgy), were separated on a native
gradient polyacrylamide gel (4-15% of acrylamide) without SDS and reducing agent. The lowest spots correspond to the monomeric forms of albumin (arrows).
BSA¢ . corresponds to albumin, which had not been incubated during seven weeks at 37 °C and was used as a control to assess the migration shift toward the
cathode pole for BSA incubated with increasing concentrations of glucose. relative electrophoretic migration (REM) values were determined and reported on Table 1.

Mansch’s group by FTIR, on platelets isolated from the blood
of diabetic patients [23]. In order to statistically analyze the
effect of glycation on BSA by FTIR, the relative areas of the
amide I bands were compared when the protein was incubated
in the absence or presence of glucose (Fig. 3B). The amide [
band was chosen, as this region (1649-1659 cm ') in the infra-
red spectrum is usually assigned to a-helix structure [21,22].
Glycation of albumin at pathological concentrations of glucose
induced a significant reduction (—6.5%, P < 0.05, BSAgzs vs.
BSAs) in the area of the amide I band. A 10% (P <0.001)
decrease was observed for BSAggq in comparison with
BSAs;, incubated with physiological concentration of glucose.

3.3, Glveated albumin presents more carbonyl groups than
native albumin

The appearance of carbonyl groups in native or glycated
albumin was studied, using the principle of the carbonyl
assay set up by Levine et al. [15]. To constitute a negative or
a positive control for this test, a metal catalyzed oxidation
(MCQ) system which consisted of BSA (15 uM in PBS) incu-
bated at 37 °C during 2 h, in the presence of 25 mM freshly
prepared ascorbate and with increasing concentrations of fer-
rous sulfate.

Carbonyl assays were performed on the different prepara-
tions of iron-oxidized BSA (Fig. 4A.) and identical quantities

of BSAgg, BSAgs. BSAG o and BSAgss (Fig. 4B). A more
intense signal, corresponding to carbonyl groups, was observed
when BSA was incubated with increasing concentrations of
iron, in the presence of a reducing agent (Fig. 4A). In
Fig. 4B, a stronger carbonylation of albumin was observed
when the protein had been incubated in the presence of patho-
physiological concentrations of glucose (BSAgas) in compari-
son with the native protein. It is important to note that, if the
MCO system induced the formation of high molecular products
such as carbonyl groups (Fig. 4A), glycation of albumin did
not seem to produce the same oxidized derivatives (Fig. 4B.).
Glycation of albumin at pathophysiological concentrations of
glucose was sufficient to produce oxidative damages in the
protein. In the absence of metals, free radicals may appear
from the auto-oxidation of glucose and giving rise to the for-
mation of « ketoaldechydes, hydrogen peroxide and radical
intermediates [24].

3.6. Oxidation of adipose proteins induced by glycated BSA

The carbonyl assays (Figs. 4 and 5), performed on human
mature adipocytes which were incubated for &, 16 or 24 h in
the absence or presence of 0.373 mM native or glycated BSA.
This albumin concentration was chosen for the incubations as
it is close to the physiological concentration, which is about
0.7 mM. A protective effect of native albumin was observed,
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Fig. 3. FTIR spectra of amide | and II band in native or glycated BSA.

FTIR spectra of amide I and II band in the different preparations of albumin
were oblained as described in Section 2. On figure A is represented the spectra
obtained between wavelengths numbers 1400 and 1800 cm™ for BSA, which
had been incubated in the absence (grey curve) or in the presence of
physiological (5 mM, dashed curve) or pathological (25 mM. black curve)
concentrations of BSA. Areas of amide T band obtained from the OMNIC
software were reported in the graphic on Fig. 3B. Data are represented as mean
4 8.D. (N =4) and statistical analyses were performed using Student’s f-test for
unpaired samples. * effect of glycation of BSA (vs. BSAgy): * P<0.05,
FERP < 0.001

as the profiles for the carbonyl proteins was less intense when
the cells were incubated with native albumin (BSAgg), com-
pared to PBS controls. More oxidized proteins appear from
the carbonyl blots using lysates from cells incubated with gly-
cated BSA. Colloidal gold staining of the membranes were per-
formed in order to calculate the ratio between the signal for the
carbonylated protein and the total protein (Table 2). A 37%
increase (P < 0.05) in the signal for carbonylated adipose pro-
teins was seen for the cells which had been incubated with
BSA(;;S in compan'son with BSAGS.

3.7. Enhanced release of isoprostane by adipocytes incubated
with glycated BS4

Measurement of IP in the cell supernatant (Table 2) revealed
a tendency for enhanced release of this lipid oxidation product
with + 9% (P < 0.05 vs. PBS) and + 12% (£ = 0.067 vs. PBS)
increases when cells were incubated for 16 h with BSAg,s and
BSAgo0, respectively. This modest result should be seen in
along-side Fig. 6. A significant increase in the LDH activity

was observed when the cells were incubated with the glycated
BSA. This indicates that the modified albumin, glycated at
pathophysiological concentrations of glucose, affects the adi-
pose cells’ integrity. The data for isoprostanes reported in
Table 2 correspond to the absolute values quantified in the
supernatant of the cells (first lane). If these data are expressed
per mg protein from living cells, then the increase observed for
IP in the supernatants of the cells incubated with glycated BSA
is significantly enhanced (second lane).

4. Discussion

AGEs and oxidative damage of proteins are increasingly
thought to be associated with modifications in the activities
of biological compounds and cellular processes, which could
be linked to pathological complications. The present study pro-
vides evidence that albumin could be glycated under pathophy-
siological conditions. For the first time, a prooxidant effect on
such a modified protein was scen at the cellular level in adipo-
cytes, inducing an increase in their cellular carbonyl content
and elevated release of isoprostane into the surrounding media.

4.1. BSA modifications induced by glyveation

In addition to the many properties displayed by albumin,
such as fatty acids transport and oncotic pressure regulation
[25], the most abundant protein in the plasma could represent
an important circulating antioxidant [4.26]. Non-enzymatic
glycation of proteins, leading to the formation of AGEs, is
enhanced in diabetic patients and the percentage of glycated
hemoglobin HbAlc¢ is commonly used as a clinical indicator
to monitor the development of hyperglycemia. Glycation also
affects serum albumin and many studies implicate this phe-
nomenon in the pathogenesis of diabetic complications, and
aiming to define pharmacological approaches to mitigate its
deleterious effects [6]. We previously showed that antioxidant
properties of albumin were seriously impaired, both after gly-
cation and oxidation [27], and implicated sulfur-containing
residues in the metal binding and free radical trapping capaci-
ties of the protein [28]. In contrast to these cell-free systems, to
assess antioxidant properties of albumin after metal-induced
oxidation and glycation, the present study sought to better
define the redox state of albumin after glycation under more
pathophysiological conditions, and to address its effect on car-
bonyl modifications in adipose cells using a human primary
culture.

Glycation was performed by incubating physiological con-
centration of albumin (50 g I'!) in the absence or presence of
normal (5 mM), pathological (25 mM) or supra-physiological
(100 mM) concentrations of glucose at 37 °C over a period of
seven weeks, in fulfill sterile tubes protected from the light.
Enhanced glycation of BSA was demonstrated by the progres-
sive increase in boronate binding of albumin, incubated in vitro
with increasing concentrations of glucose (Fig. 1). Glycation of
albumin was attributed to the attachment of glucose to exposed

124



S. Chesne et al, / Biochimie 88 (2006) 14671477 1473

BSA 15 pM

Incubation at 37 °C during 2 hrs
in the presence of 25 mM ascorbate

with

Fe,S0,(mM) 0

Total proteins

0.1 0.5 1 10

Total proteins

126,
102
B1=

53,5m

Fig. 4. Oxidative modifications in native or glycated BSA assessed by the carbonyl assay.

Carbonyl assays, set up by Levine et al, [15], were used as described in Section 2, To dispose of a negative or a positive control for this test, a metal catalyzed
oxidation (MCQO) system was constituted of BSA (15 uM in PBS) incubated at 37 °C during 2 h in the presence of 25 mM freshly prepared ascorbate with increasing
concentrations of ferrous sulfate. Carbonyl assay was performed on the different preparations of iron oxidized BSA (Fig. 4A.) and identical quantities of BSAg,.
BSAGs, BSAGpand BSAgas (Fig. 4B). After revelations of the carbonyl Western blots, nitrocellulose membranes were stained with colloidal gold in order to check

the almost equal loadings of albumin between the different wells.

lysine side chain of the protein. This in vivo phenomenon
results, at first, in the formation of reversible Amadori pro-
ducts, which then irreversibly rearrange into AGEs [6]. Using
recombinant mutants expressing albumin mutated at none, one
or several exposed Lys residues, Nakajou et al. [29] showed
that the effect of glycation can be partly explained by the sub-
stitution of these residues at particular positions, Significant
REM increases of albumin, when glycated by pathophysiologi-
cal concentration of glucose, also attest in our experimental
conditions, of the neutralization of positively charged residues
in the protein (Table 1). FTIR and electrophoretic mobility ana-
lyses revealed significant structural modifications in BSA gly-
cated by 25 mM of glucose in comparison with native protein
(Fig. 3 and Table 1). Mantsch’s group compared infrared spec-
tra of platelets and described variations in amide | and Il bands,
reflecting structural modifications in membrane proteins of pla-
telets isolated from diabetic patients [30]. Oxidative modifica-
tions in the BSA preparations have been demonstrated by a
combination of thiol group and carbonyl assays. Cys 34 con-
stitutes the only cysteine residue which is not engaged in a

disulfide bound in the protein and thus could act as a potent
reducing agent [25].

BSA has been described as a major antioxidant “buffer”
molecule, which absorbs reactive radicals [4,31,32]. A signifi-
cant oxidation of thiols in BSA was observed here, when the
protein was glycated by 25 mM of glucose. Bound or oxidized
Cys 34 could account for a large percentage (> 55%) of the
composition of human serum albumin, either isolated from cri-
tically ill patients or from diverse commercial preparations
[33]. Similarly, and as assessed by the carbonyl assay, an
increase in the carbonylation of the in vitro BSA was seen in
Fig. 4B. Amongst carbonyl modifications of plasmatic protein,
methylglyoxal (MG), a very reactive dicarbonyl compound, is
increased in diabetes. Recent data suggest that MG can
strongly impair BSA structure and antioxidants properties in
vitro, leading to a modified albumin similar to the one, which
can be isolated from diabetic patients [34].

In general, increasing carbonyl contents in albumin has been
described when the protein had been treated either by physical
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Fig. 5. Carbonylated proteins profiles in adipose cells incubated in the absence or presence of native or glycated BSA.

The day of their plating (about 3 * 107 cells per well), mature adipose cells from a human primary culture preparation were treated with PBS or (.37 mM of BSAg,
BSAgGs, BSAgas and BSAq g0 during 8, 16 or 24 h at 37 °C. Carbonyl Western blot on Fig, 5A was performed on cells, which have not been extensively washed
with room temperature tempered PBS before the protein lysis preparation. Parallel gel with identical loadings than for the ones for the carbonyl Western blot was
performed and stained with Coomassie blue in order to assess the total proteins profile of the treated adipose cells. On Fig. 5B, cells were washed at least three times
with room temperature tempered PBS before the lysis preparation. Carbonyl Western blots were performed as described in Section 2. Nitrocelulose membranes were
hybridized with polyclonal antibody directed against  tubuline in order to check the loading quantities between the wells. The lanes named CTLypgs, CTLG, and
CTLgas have been loaded with the corresponding cells’ extracts, for which carbonyl assays had been performed with the control solution in the oxyblot kit,
containing all the different components but DNPH reagent.

Table 2
Glycated BSA induced an oxidative stress to adipose cells from a human primary culture

PBS BSAgq BSAgs BSAgas BSAG 00
IPF,,, Isoprostane (pg/well) 643 + 145 27 694 + 141 716+129 699+ 47° Tl6+62°
IPFs, Isoprostane pg/% of LC 100+22 ¢ 104+21 ¢ 149 + 26 =4 150 + 10 ©¢ 164 + 14 =
Carbonyls arbitrary unit 100 +46 © 146+ 16 ¢ 13744 174 15 186 +5 *l¢

Quantification of iPF5,VI was performed as described in the Material and Method section.

Cell viability (LC stands for Living Cells) was estimated by measuring the Lactate Deshydrogenase (LDH) activity in the cell medium using an in vitro toxicol-
ogy assay kit and accordingly to the manufacturer’s instructions.

Data are represented as mean + 5.1, (V=3-6) and statistical analyses were performed using Student’s r-test for unpaired samples. Values harboring an identical

letter are significantly different using the Student’s r-test, and the letters *, ©, ©, ©, and # correspond Lo P values inferior to 0.05. The a and b letters correspond
to calculated P values inferior to 0.01.
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Fig. 6. Adipose cells viability when incubated in the absence or presence of
native or glycated BSA.

About 2 x 107 cells were incubated with PBS or 0.37 mM BSAqq, BSAgs.
BSAgas and BSAgG g during 16 h at 37 °C. Cell viability was estimated by
measuring the lactate dehydrogenase (LDH) activity in the cell medium using
an in vitro toxicology assay kil and accordingly to the manufacturer’s
instructions,

Data are expressed as percent of LDH activity measured in the cell media where
100% correspond to the mean activity determined for cells, which have been
incubated with PBS.

Data are represented as mean=S5.D. (N=06) and statistical analyses were
performed using Student’s i-test for unpaired samples. * effect of BSA (vs.
PBS): * P<0.05, **P < 0.01 ' effect of the glycation of BSA (vs. BSAga):
P<0035, "P<001.

or chemical oxidizing agents [34-37]. Enhanced carbonylation
was observed in our experimental conditions when BSA has
been glycated by using pathophysiological concentrations of
glucose.

4.2. Oxidative stress induced by glvcated BSA on adipose cells

Glycation of plasmatic proteins leads to an altered cellular
recognition and internalization of these particles, which are
bound by the specific AGEs receptors, named RAGE (Recep-
tor of Advanced Glycation Endproducts) [38].

Adipose tissue plays active roles in many physiological and
pathological processes by regulating energetic metabolism and
exerting endocrinal and immunological activities in addition to
its property in lipids storage [39]. Recent data revealed that the
binding of AGEs could be mediated by CD36, on adipose cells
[38,40,10]. Since then, several studies have focused on the
cffect of AGEs on adipose cell physiology [41-43]. Increased
ROS production was demonstrated in white adipocytes from
rat treated with AGEs or 4-hydroxy 2-nonenal (HNE), a lipid
oxidation end product, and associated with an increased PAI-1
secretion from the cells [41]. Soares et al. [42] showed the
deleterious impacts of oxidative stress on adiponectin secretion
and lactate production in 3T3-L1 mouse-derived adipocyte cell
lines. Downregulation of leptin gene expression, induced by
AGEs and ox-LDL, was observed in mouse adipocytes [43].
The present work, performed on human mature adipocytes

from a primary culture, showed that albumin, glycated by
pathological concentrations of glucose, could be sufficient to
induce an enhanced carbonylation of proteins in the cells.
Short-term incubations (8 h), in the presence of BSAgas, led
to significant increases in the carbonyl content of the cells and
to a tendency in enhanced release of the lipid oxidized product
isoprostane, in the cellular media. Higher levels of carbony-
lated proteins were obtained in high glucose-treated lens cells
and in crystalline albumin solution, when compared with nor-
mal glucose-treated cells or purified protein as controls [44].
Like the measurement of the amount of glycated hemoglobin
(Hbaj.), serum concentration of glycated albumin allows a per-
fect assessment of integrated glycemia over the relevant retro-
spective period, which is about 2-3 weeks in humans [6]. In
our experimental conditions, where adipocytes were incubated
with glycated BSA, observed increases of carbonylation of adi-
pose proteins and release of isoprostane in the cell media were
associated with impairment in adipocyte viability. Recently,
Powell et al. [45] showed that an accumulation of large aggre-
gates of oxidized proteins could lead to a cellular senescence,
as a result of proteasome inhibition in rat neonatal cardiomyo-
cytes. We recently described a proteasomal inhibition asso-
ciated, in vivo and in vitro, with the oxidized state of copper/
Zinc superoxide dismutase [46]. Experiments are in progress in
our laboratory with the objective of defining this impaired via-
bility more clearly and to see if any proteasome impairments
could be associated with the accumulation of oxidized proteins
in adipocytes treated with glycated BSA. In previous works,
Drake et al. [47] identified several iron-induced oxidized pro-
teins, which got specifically degraded by the proteasome
machinery. Following similar methodologies, carbonyl Wes-
tern blots were recently performed from 2D gels in our labora-
tory and enhanced oxidized proteins from adipocytes treated
with glycated BSA shall be identified.

5. Concluding remarks

Oxidative modifications of albumin were observed when the
protein had been glycated by pathophysiological concentra-
tions of glucose. Such glycated albumin induced an accumula-
tion of carbonyl proteins in mature adipose cells from a human
primary culture.

It is evident that our work can not be extrapolated to in vivo
situations and requires further investigation. Nevertheless, we
propose that glycation of albumin in conditions similar to those
encountered in some particular diabetic states could be suffi-
cient to oxidatively impair adipocyte physiology. Works are
under way in our laboratory to achieve a better understanding
of the involvement of glycoxidative stress on adipocyte phy-
siopathology.
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Abstract

Oxidative modifications in proteins can participate in the regulation of cellular functions and are frequently observed in
numerous states of diseases. Albumin can undergo increased glycation during diabetes. An accumulation of oxidatively
modified proteins in human mature adipocytes incubated with glycated albumin has previously been described. This study
herein reports the identification of specifically carbonylated targets following separation of the cell proteins by 2D gels,
Western blotting and mass spectrometry analyses. It identified eight oxidatively modified proteins, two of which (ACTB and
Annexin A2) appeared as significantly more carbonylated in adipocytes treated with glycated albumin than with native
albumin. Intracellular stress, evaluated in SW872 cell line, showed an impairment in the protective antioxidant action
exerted by native BSA after the glycaton of the protein. Decreased proteasome peptidase activities were found in glycated
BSA-treated mature adipocytes. The data suggest an association of oxidative damage with the progression of diabetes
disorders at the adipocytes level.

Keywords: Glycation, albumin, adipocytes, oxidative stress, oxidation, carbonyls

Abbreviations: ACTB, Actin Beta; AGEs, Advanced Glyeated Endproducts; BSA, Bovine Serum Albumin; BSAgy, BSA
incubated with X mm of glucose; BSAgg, BSA tncubated in the absence of glucose; ECL, Enhanced Luwminol
Chemilunnunescence; LDH, Lactate Deshydrogenase; MAD2, mitochondrial aldehvde dehvdrogenase 2, OS; Oxidative
Stress, PAGE, Polyacrylamide Gel Electrophoresis; RAGE, Receptor for Advanced Glycated Endproducts; ROS, Reactive
Oxvgen Species

Introduction one of the pathological conditions associated with
early occurrence of vascular complications, together
with functional alterations of albumin, which under-
goes increased glycation [4,5]. The glycation phe-
nomenon corresponds to the non-enzymatic
attachment of a glucose molecule to a protein.
Amadori rearrangement of the glycated protein gives
rise to the deleterious advanced glycated end

Oxidative modifications of proteins could occur in products (AGEs) [6]. The pathological conditions
non-insulin-dependent diabetes mellitus, which is of diabetes with obesity have been widely associated

Free radicals can interact with a variety of cellular
components, altering both structure and function [1].
Oxidative modifications of proteins have been impli-
cated in numerous disease states and more and more
evidence indicates that these processes also participate
in the regulation of cellular function [1-3].
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with an enhanced oxidative stress [1,7]. Interaction of
AGEs with their receptors (RAGE) induces several
cellular phenomena potentially relating to diabetic
complications. Recent data revealed that the binding
of AGEs could be mediated by CD36, on adipose
cells [8-10]. Since then, several studies have focused
on the effects of AGEs on adipose cell physiology
[11-13].

In a previous work, our group identified a patho-
physiological effect of glycated BSA on primary
cultures of human adipose cells by inducing an
accumulation of oxidatively modified proteins [14].
The proteasome represents the main constituent of
the proteolytic pathway for the degradation of oxi-
dized proteins and is composed of at least three
distinct peptidase activities: chymotrypsin-like, tryp-
sin-like and caspase-like activities [15]. While the role
of the proteasome in adipocytes is poorly understood,
its activity may play an important role in controlling
redox homeostasis and in degradating oxidized pro-
teins [15-17]. Increasing evidence suggests that the
activity of the proteasome can be altered under
conditions of enhanced oxidative stress [15,18].

The present study was performed using proteomic
analysis to identify proteins which can be carbony-
lated in human adipocytes incubated with native or
glycated albumin. Immunochemical detection of
protein carbonyls using 2D-oxyblot analysis coupled
with peptide mass fingerprinting revealed several
targets for protein oxidation. Eight proteins appeared
as prone for carbonylation in adipocytes. Even if most
of the eight identified proteins seemed more oxidized
in glycated BSA-treated adipocytes, only annexin A2
and f Actin appeared, in our experimental condi-
tions, to be significantly more oxidized in mature
adipocytes treated with glycated albumin than with
native albumin. Intracellular stress was evaluated in a
cell line model of adipocytes (SW872). Reduction in
oxidative stress exerted by native BSA was found
altered after the glycation of the protein. Impaired
proteasome peptidase activities were found in gly-
cated BSA-treated mature adipocytes.

These novel findings support the association of
oxidative damage with the progression of diabetic
disorders at the adipocytes level.

Materials and methods
In vitro glycation of BSA

Non-defatted recombinant BSA (Sigma, cat #
A2153) was dissolved in phosphate-buffered saline
(PBS), pH 7.4, to yield a stock solution of 50 mg/mlL.
This solution was prepared with 200 mm glucose
solution in PBS, to form incubation mixtures of 50
mg/mL. BSA with 0 or 100 mm glucose. After being
sterilized by filtration through 0.2 pm filters (Milli-
pore), the solutions were incubated at 37°C for 50
days in capped vials. Reversible and unbound glucose
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were removed from BSA by extensive dialysis against
PBS, pH 7.4. Samples were separated into aliquots
and stored at — 80°C in the dark prior to incubation
with the adipocytes. Endotoxin content was below
detectable level (0.03 Endotoxate unit'mL) as
assessed with an in woirro toxicology assay kit
(E-TOXATE, Sigma).

Cell cuiltures

Human liposarcoma cells (SW872) were obtained
from Dr Lise Bernier’s laboratory (Clinical Research
Institute of Montreal). These adherent adipose cells
were used in this work for oxidative stress measure-
ments by DCF-DA assay using a micro-plate reader.
Cells were seeded in six-multiwell plates and grown in
Dulbecco’s modified Eagle medium (DMEM) con-
taining 1.25% L-glutamine, 2% penicillin/streptomy-
cin and 10% foetal calf serum, in a humidified
incubator (5% CQO,, 37°C).

Marture adipose cells were obtained from human
subcutaneous adipose tissue. The procedures and the
collection of human materials were approved by the
local governmental French Ethical Committee. All
adipose tissue donors were healthy women with
normal glucose tolerance. Adipose tissues from the
abdomen were rinsed in Ringer’s solution and then
submitted to the proteolytic action of collagenase at
1.5 mg/mL (NB4 Serva, Germany), during 25 min at
37°C under agitation. Digested tissue was filtered
through a 80 pum membrane (Millipore) and sub-
mitted to a 30 s centrifugation at 1000 rpm, in order
to separate mature adipocytes, which float in the
supernatant. About 300 000 cells were seeded in a
well of a 24-well plate containing 500 ul of DMEM
(Sigma) medium, supplemented with 1.25% L-glu-
tamine and 2% penicillin/streptomycin. Marture adi-
pose cells were placed in a CO, incubator (5% CO,/
95% air) at 37°C. The incubation of the cells in the
absence or the presence of the different BSA pre-
parations was initiated at a maximum of 6 h after the
adipose cells isolation.

Cell lysate preparation

After the incubation, the cells were washed in PBS.
More precisely, as mature adipocytes are floating
cells, they were first transferred to an eppendorf tube.
Secondly, after a short spin at room temperature, the
lower phase (medium) was removed and 1 mL of
room-tempered PBS was added to the tube. This
operation was repeated twice. Then, cells were
treated at 4°C during 30 min with 100 pL. of lysis
buffer containing 25 mm Tris-HCI, pH 8.3, 10 mm
KCL, 1 mMm DTT, 1 mm EDTA, 1% Triton X100 and
completed (excepted for the measurements of pro-
teasomal activities) with a protease inhibitor cocktail
(1% wv/v, GE Healthcare). Cell lysates were then
centrifuged at 15000rpm at 4°C for 20 min
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and the protein concentration was measured in the
supernatant, using BCA metbod.

Two-dimensional gel electrophoresis

Prior to their separation by 2D gels, proteins were
first labelled for their carbonyl content (Oxyblot
Detection, Chemicon International Inc): 0.5 mg of
proteins was denaturated by 12% SDS during 10 min
at room-temperature. Samples were then treated with
10 mm  2,4-dinitrophenylhydrazine in 2 M HCI,
during 15 min at room temperature and neutralized.

The first dimension was performed utilizing
Immobiline Drystrips (pH 3-10, length 13 ¢m) and
the Multiphor 1II isoelectric focusing system (Amer-
sham Pharmacia Biotech). Abour 0.5 mg protein
from cell lysates was diluted in sample buffer (9 M
urea, 2% Chaps, 2% Pharmalytes pH 3-10, 20 mm
dithiothreitol and bromophenol blue). The Drystrip
was rehydrated in this solution in a Re-swelling Tray
(GE Healthcare) overnight at room temperature and
then focused for 50 000 V-h (23 h). After focusing,
the Immobilines Drystrips were equilibrated for
10 min in equilibration buffer (50 mm Tris-HCI,
pH 6.8, 6 M urea, 30% (v/v) glycerol, 1% w/v SDS)
supplemented with 1% (w/v) dithiothreitol followed
by 10 min in equilibration buffer containing 2.5%
(w/v) iodoacetamide. The second dimension, SDS-
PAGE, was performed using a 12% (w/v) gel and the
Protean II electrophoresis system (Bio-Rad). For
each 2D experiment, four 2D gels were run in
parallel. Lysates from marture adipocytes isolated
from three individuals were separated by 12 gels.
After the migration, two gels were electro blotted
onto nitrocellulose membrane and probed using
antibody directed against the 2,4-dinitrophenol moi-
ety (Oxyblot, Chemicon) and detection was per-
formed using the ECL reagent (GE Healthcare).
The two other 2D gels were stained with silver nitrate
following established protocols [19].

Identification of oxidized proteins

Images generated from stained gels were overlaid with
the results of the anti-DNPH analysis. Colocalizing
spots were excised from the six gels and submitted
separately for identification. Spots were sent to
Innova ProteomicsiC) (/www.innovaproteomics.com)
for peptide mass fingerprinting identification by
MALDI-TOF mass spectrometry.

Western blots

Proteins of mature adipocytes were separated by
SDS-PAGE, transferred to a nitrocellulose mem-
brane (Biorad). Ponceau S Staining Solution (Sigma,
P7170) was used for the detection of proteins on
nitrocellulose membranes prior to immunological
detections.

In the case of carbonyl detection, primary antibody
used was directed against the 2,4-dinitrophenol moi-
ety. The monoclonal antibodies JLA20 (anti-actin),
EH7a (anti-annexin I and II) and 12G10 (ant
tubulin) were developed by Jim Jung-Ching Lin, Joel
D. Ernst, Joseph Frankel and E. Marlo Nelsen,
respectively. They were obtained from the Develop-
mental Studies Hybridoma Bank developed under the
auspices of the NICHD and maintained by The
University of Iowa, Department of Biological
Sciences, Iowa City, IA. LMP2 constitutes a compo-
nent of the eukaryotic multicatalytic proteinase com-
plex, the proteasome. Polyclonal antibodies raised in
rabbit against LMP2 sub-unit were obrained from
Santa Cruz Biotechnology (Cat# SC288009).

After incubation with adequate HRP-coupled sec-
ondary antibody, detections were performed using
the ECL reagent (GE Healthcare).

Signal quantifications from images were deter-
mined using the freeware Image] (version 1.32j),
available from the internet website: http://rsb.info.
nih.gov/ij/.

Proteasome activity measurements

Chymotrypsin-like, trypsin-like and caspase-like
activities of the proteasome were assayed using the
fluorogenic peptides (from Sigma) U-Suc-Leu-Leu-
Val-Tyr-7-amido-4-methylcoumarin ~ (LLVY-MCA
at 12.5 pm), N-t-Boc-Leu-Ser-Thr-Arg-7-amido-4-
methylcoumarin (LSTR-MCA at 12,5 pm) and
N-Cbz-Leu-Leu-Glu-b-naphthylamide (LLE-NA at
12.5 pm), respectively [18]. Assays were carried out
with ~ 50 pg of cell lysate in 25 mm Tris—HCI (pH
7.5) and the appropriate substrate at 37°C for 0-30
min incubation. The fluorescence of the samples was
evaluated using a microplate spectrofluorometer
reader (Fluostar—-BMG France) at excitation/emis-
sion wavelengths of 350/440 and 333/410 nm for
aminomethylcoumarin and b-naphthylamine pro-
ducts, respectively. Peptidase activities were mea-
sured in the absence or in the presence (10 pm) of
the proteasome inhibitor MG132 (N-Cbz-Leu-Leu-
leucinal) and the difference between the two values
was attributed to proteasome activity.

Determination of ROS production

Human adipocytes (SW872 cell line) derived from a
liposarcoma [20] were cultured in DMEM (Sigma)
medium, supplemented with 10% foetal calf serum,
1.25% L-glutamine and 2% penicillin/streptomycin
in a CO, incubator (5% CO,/95% air) at 37" C. Four
days before the experiment, 10" cells were plated in
six well plates. Cells at ~90% confluence were
incubated in DMEM supplemented with 1.25%
L-glutamine and 2% penicillin/streptomycin in the
absence or presence of increasing concentrations of
native or glycated BSA during 16 h. Cell medium
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was removed and replaced by 1 mL (per well)
medium containing 10 pm final concentration of
DCF-DA (Interchim) solubilized. After 30 min the
fluorescence intensity of the oxidized form of DCF
was measured in a microplate spectrofluorometer
(Fluostar, BMG Labtech) at excitation and emission
wavelengths of 492 nm and 520 nm, respectively.

Statistical analyses

Data are expressed as the means + standard deviation
(SD) from at least three experiments. Statistical
significances were determined using Student’s r-test.

Results

We recently observed after separation in one dimen-
sion of proteins from human mature adipocytes, a
higher accumulation of carbonylated proteins in cells
which were previously incubated for 16h in the
presence of 0.373 mm glycated BSA than with native
BSA [14]. Some characterizations of strucrural mod-
ifications of BSA after glycation were previously
performed by our group [5,14,21].

In this work, we aimed to evaluate which proteins
in adipocytes can be subject to carbonylation and
performed analyses of lysates from cells incubated
with native or glycated albumin. Human mature
adipocytes from three normoglycemic patients were
treated with BSAg, or BSAg oo during 16 h. Lysates
were analysed on two-dimensional gels, separating by
both charge and size. Carbonyl assays were per-
formed to identify oxidative modifications [22].

We selected eight abundant carbonylated proteins
that occupied distinctive location in the gel for
identification by mass spectrometry. In Figure 1A
and B, silver-stained 2D gels were performed from
lysates of adipocytes which were incubated with
native (BSAgp) and glycated (BSAgi00), respectively.
Proteins that appeared oxidized in carbonyl blots
were numbered (1-8). Representative carbonyl blots
performed from lysates of adipocytes which were
incubated with native (BSAg,) and glycated
(BSAGi00) are shown in Figure 1C and D, respec-
tively. Each of the protein spots that corresponded to
oxidized proteins in the carbonyl blots was excised
from the gel and subjected to MS/MS identification.
In Table I, the proteins identified as subject to
oxidation in mature human adipocytes were listed.
The most dramatically glycated BSA-dependent oxi-
dized proteins were Annexin A2 and ACTB. Signals
for Annexin A2 and ACTB carbonylation (from
blots) were quantified and expressed as amount of
carbonyls per protein in Table II. The spots that
correspond to Annexin A2 and to ACTB were
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A pl5 pl 9

Cc pl 5 pl 9

D pl 5 pl9

Figure 1. Many proteins are carbonylated in vitro in mature
adipocytes. Human marture adipocytes from a primary culture were
plated for 16 h in the presence of 0.37 mm BSAgy or BSAg 0.
Cells were harvested, lysed and cell proteins were derivatized with
DNPH (see Marterials and methods). Duplicate samples ( ~ 500 pg
protein/gel) were separated on preparative 2D gels for either Silver
staining (Gel A sample BSA, and Gel B sample BSAg ), or
anti-DNPH blots (Gel C sample BSAg, and Gel D sample
BSAgi00)- Gel and blots shown represent protein of ~ 15-100
KDa and pl 5-9 (left to right). The photos shown are representa-
tive of one experiment that was repeated with similar results three
times.
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Table I.  Proteins identified as oxidized in human mature adipocytes. Proteins identified by mass spectrometry were listed according to
the numbering shown in Figure 1. Accession numbers, molecular weight (KIDa), isoelectric point and number of amino acids sequences vs
total amino acid content were shown. Proteins identification was performed by Innova Proteomics'™ and was determined from searching
the human sub-set of the non-redundant NCBI database with peptide masses from the MALDI spectra. Coverage was calculated from the
number of amino acid residues in the matched peptides, divided by the rotal number of residues in the protein. The probability-based

Mowse score indicates the probability that the match between the database and a spectrum is a random event. This probability equals

Mowse seore/ 1) I

o . Innova Proteomics
greater than 77 can be considered significant.

established in their identification report that, in their analytical conditions, obtained scores of

Number peprtides

Spot # Protein [D Accession # MW (kDa)/PI  matched/searched % coverage Score
1 Annexin A2 16306978 38.8/7.6 10/18 38.5 134.5
2 ACTB 15277503 40.5/5.5 7/12 26.3 82.4
3 AFABP 52695842 14.7/7.6 7/19 44.5 86.5
4 ATP synthase 16741373 56.5/5.3 11/32 31.0 90
5 Annexin V 999937 35.8/5.0 9/23 35.5 102
6 Aldehyde dehydrogenase 178390 56.8/7 714 17.0 85
7 MAD2 precusor 62808307 56.8/6.6 713 20 88
8 Annexin VI isoform 1 71773329 76.2/5.4 10/34 24 77

marked with an arrow in the two blots on Figure 1.
These proteins were significantly more carbony-
lated in BSAg 0 treated cells than in control ones
(incubated with BSAgp). Increases in carbonylation
of Annexin A2 and ACTB were, when the mature
adipocytes were incubated with BSAg 00, 575% and
373% (p < 0.05), respectively, in comparison with the
control (BSAgq).

Even if quantifications revealed no significant
variations in the carbonyl content of the six other
proteins, we noted in most cases a tendency for a
higher oxidation in glycated BSA-treated cells than in
native BSA-treated ones.

Total levels of ACTB did not change significantly
depending on BSAg, or BSAgjge treatment
(Figure 2). Concerning Annexin A2, BSAgqop in-
duced a slight decreased in the expression of the
protein. The cell viability was estimated by measuring
the Lactate Dehydrogenase (LDH) activity in the cell
medium, using an in vitro toxicology assay kit and
according to the manufacturer’s instructions (Sigma,
Cat # Tox7). No significant variation in LDH release
in the medium was observed when marture adipocytes

Table II.  Annexin A2 and ACTB appeared markedly carbonylated in
adipocytes treated with glycated albumin. Carbonyl contents in
Annexin A2 and ACTB were determined from signal quantficati-
ons of scanned gels and films by using the freeware Image]. Values
are expressed as mean + SD of three different experiments (four 2D
gels run per experiment). Values in arbitrary units represent mean
+5SD of scans from three independent experiments. Statistical
comparisons between values were performed using Student’s t-test
for unpaired samples (n =3).

Signal intensity ratio of carbonyl spot to identified

protein — % increase vs CTL (BSAgo)
BSAge BSAgG00
Annexin A2 100 +66 675 +350*%
ACTB 100+35 4734+ 166%
* p <0.05.

were incubated in the absence or the presence of
native or glycated BSA (data not shown).

It has been reported that pre-treatment of proteins
with DINPH, which is necessary for immunodetection
of reactive carbonyl groups, might affect the results of
mass spectrometric identification of individual pro-
tein [23]. In our experimental conditions, protein
spots were In most cases successfully analysed by
mass spectrometry after excision from 2D-gels ob-
tained with DNPH-treated protein samples. Note-
worthy, the comparison between gel images obtained
using the same sample, DNPH-treated or -untreated,
showed some differences in protein position
(Figure 3A). Conversely, Tezel et al. [23] observed
no major difference in protein position after DNPH
treatment. Additional identification of Annexin A2
and ACTB were conducted to validate peptide mass
fingerprint results. Images in Figure 3B show Western
blots performed after proteins separation on 2D-gels
and using anti-Annexin A2 and ACTB antibodies.

Oxidative stress (OS) has been widely implicated in
damage induced by biological compounds [1]. In an
attempt to quantify OS in a cell model of adipocytes,
we examined OS formed by incubating for 16 h with
various concentrations of native or glycated BSA in
SW872 cells by using the dichlorofluorescein diace-
tate (DCF-DA) assay [24]. After being internalized
by the cell, hydrolysed (removal of acetate moiety)
and after being oxidized by various oxidants, the
non-fluorescent fluorescein derivatives (dichloro-
fluorescin, DCFH), will become DCF and emit
fluorescence. These experiments were conducted in
human liposarcoma cells (SW872) as they constitute
adherent cells and allow the use of DCF assay in a
multi-well plate reader [20,24]. Results of DCF assay
were illustrated in Figure 4. Antioxidant property of
BSAg, was evidenced by the significant decrease in
DCEF fluorescence when cells were incubated in the
presence of native BSA as compared with control
(absence of BSA). This protective antioxidant activity
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PBS

1083

BSAgo

BSAg100

Figure 2. Effects of glycated BSA on the expressions of ACTB, Annexin A2 and LMP2 by adipocytes, Human mature adipocytes from a
primary culture were plated for 16 h in the presence of 0.37 mm BSAg, or BSAg g0 About 25 pg of total protein from lysates of treated
cells were separated by SDS-PAGE and transferred to nitrocellulose membranes. Antibodies (see Materials and methods) were used at a
dilution of 1:1000 and visualized using the appropriate HRP-conjugated secondary antibody and the ECL system (GE Healthcare). Arrow

on the gel indicates the position of BSA band.

of BSA appeared at least slightly impaired after
glycation of the protein as only a non-significant
tendency for a decreasing in DCF fluorescence was
noted when cells were incubated in the presence
of BSAgino. Enhanced oxidative stress assayed by
DCF-DA in macrophage-like RAW 264.7 cells ex-
posed to various AGE-albumins was reported [25]. In
addition, Subramaniam et al. [25] observed that the
mere addition of unmodified albumin to cells was
sufficient to suppress the fluorescence of oxidized
DCF.

The proteasome represents the main constituent of
the proteolytic pathway for the degradation of oxi-
dized proteins and is composed of at least three
distinct peptidase activities: chymotrypsin-like, tryp-
sin-like and caspase-like activities [15]. To better
understand the origin of carbonylated proteins in
BSAgjgo-treated adipocytes, proteasome peptidase
activities were measured in human mature adipocytes
which have been incubated in the absence or the
presence of native or glycated albumin. As shown in
Figure 5, lowest peptidase activities were measured in
a cell which had been incubated in the presence of
BSAGi00. For all three peptidase activities, higher
values were recorded when cells were incubated with
native BSA or in the absence of BSA than in the
presence of BSAgo0. The percentage reduction of
the proteasome caspase-like activities measured in
glycated BSA-treated cells vs native BSA-treated cells
was — 52% (p < 0.05). A slight but significant —9%
decrease (p < 0.05 when compared with the control)
was observed in the chymotrypsin-like activities in
BSAG po-treated cells. A non-significant reduction
(—19%; p=0.07 vs CTL) in the trypsin-like activ-
ities was noted when cells were incubated with
glycated albumin. Recently, Stolzing et al. [26]
reported an inhibitory effect of cross-linked protein-

AGEs on proteolytic systems in microglial cells. As
the loss of proteolytic activities could be related to a
decrease in the proteasome levels, western blots were
performed using antibodies directed against LMDP2
sub-unit of the enzymatic complex (Figure 2). The
proteasome expression appeared similar when cells
were incubated with native or glycated BSA. This
indicates that the impairment of the caspase-like
activity in BSAgpo-treated cells might not be due
to a decrease in the proteasome levels. Conversely,
levels of LMP2 sub-unit seemed higher in control
cells. This implies that adipocytes treated with BSA
could lead to a reduced expression of the proteasome.
Decrease in proteasome activity and content was
reported by Pr. Friguet’s group upon serial cell
passaging [27]. Such impairments in proteasome
were associated to increased levels of oxidized pro-
teins, glycated proteins and proteins modified by the
lipid peroxidation product 4-hydroxy-2-nonenal in
the ageing cells.

Discussion

Obesity constitutes a principal causative factor in the
development of metabolic syndrome. Increased oxi-
dative stress was recently described in accumulated
fat as an important pathogenic mechanism of obesity-
associated metabolic syndrome [7]. Concept of redox
control of cell homeostasis is relatively new and the
recent onset of proteomics methods has allowed the
oxidative stress response to be studied on large scales
[28,29]. Identification of proteins subject to carbo-
nylation in human mature adipocytes has never been
investigated before. In this study, using two-dimen-
sional gel technology and mass spectrometry, we have
identified eight proteins in human mature adipocytes
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Figure 3. 2D-gels silver stained and identfication of Annexin A2 and ACTB. Comparison between silver-stained gel images of the sample
sample (A). DNPH-untreated (top) and DNPH-treated (bottom) samples showed no major differences in protein position. Western blots
performed after separation of adipose proteins on 2D gels using anti-Annexin A2 and ACTB (B). Calculated PI and MW from these
western blots were 38.8/7.6 and 40.5/5.5 for Annexin A2 and ACTB, respectively.

that were particularly prone to oxidative damage by
carbonylation. In addition, two of these proteins,
namely ACTB and annexin A2, acquired significantly
more carbonyl modifications when cells were incu-
bated in the presence of glycated albumin. All eight
proteins were selected for mass spectrometric identi-
fication because they were clearly carbonylated and
were both abundant and distinctively positioned in
two-dimensional gels. The proteins identified fall into
very few groups and in most instances a description of
their crucial implication in adipocytes functioning
can be discerned.

Three of the identified proteins belonged to the
Annexin family, namely Annexin A2, A5 and A6.
Annexins are ubiquitous, highly conserved, predomi-

nantly intracellular proteins and widely distributed in
tissues. It was reported that oxidative stress could
result in the glutathionylation of Cys 8 in Annexin
A2. Moreover, Annexin A2 could constitute an
oxidatively labile protein whose level of activity was
regulated by the redox status of its sulphydryl groups
[30]. In our experimental conditions, observed in-
creases in carbonylation of Annexin A2 in BSAg 00~
treated cells were associated with a reduced level of
the protein (Figure 2). Converse observations were
made by Tanaka et al. [31], who showed an increased
level of Annexin A2 expression in cells exposed to
H,0,. Carbonylated proteins are mostly degraded by
the proteasome [15]. Here, all three proteasomal
activities were lower in cells incubated with BSAg,00
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Figure 4. Impaired protectve effect of BSA after glycation on free

radical formation in SW872 cell line. The fluorescence intensity of
the oxidized form of DCF was measured in SW872 cells which
were incubated 16 h in absence (Control) or the presence of
increasing concentrations of native or glycated BSA (for details
please look to the Materials and methods section). The measure-
ment of DCF fluorescence in the untreated cells was taken as
100%. The error bars represent the SD of the mean of three
independent experiments. The significance of the results was
determined by comparison with control values using one-way
ANOVA, followed by Dunnett’s test, * p <0.05, ** p <0.01.

than with native BSA, which may contributed to the
accumulation of carbonylated ACTB and Annexin
A2 in BSAggo-treated cells. Little change and
decrease in total amount of annexin A2 may come

Caspase-like Activity
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from the removal of the high oxidized protein fraction
in BSAgpo-treated cells. One can hypothesize that in
BSAgGoo-treated cells, even if the proteasome was
overwhelmed and somehow inhibited in the presence
of a high amount of carbonylated protein, oxidized
Annexin A2 and degradation may result in a notice-
able decrease in the amount of the protein level.

Influence of inflammation on adipocytes metabo-
lism was tightly associated to the increasing risk of
developing obesity and metabolic syndrome [32,33].
Oxidative stress and carbonylated proteins were
already linked to an abnormal coagulative pattern
[34]. Here Annexin A5 was identified as prone to
carbonylation in adipocytes. This protein represents a
typical member of the annexin family, characterized
by the ability to bind to phospholipid membranes in
the presence of Ca®". Beneficial properties were
reported for Annexin A5 due to its anti-thrombotic
properties [35]. These were believed to be caused by
its capacity to form a two-dimensional protective
shield; covering exposed potentially thrombogenic
cell surfaces [35].

Concerning annexin A6, several lines of experi-
mental evidence suggested that the protein was
involved in ion transport in various tissues [36].
Alteration by mutagenesis in Annexin sequence
resulted in a defective formation of the GTP-induced

|_|p .4 CJetL
& [ BsAg,
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fluoresc. unitsiminimg

p <0.05

| Chymotrypsin-iike Activity | £

m
il |

Trypsindike Activity o

flueress.
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Figure 5.

Effects of native or glycated BSA on proteasome function in mature adipocytes. Primary culture of human mature adipocytes

was treated in the absence (CTL) or presence of 0.37 mym BSAg, or BSAg,y, for 16 h. Cells were washed and lysates were prepared as
described in the Materials and methods section. The caspase-like, chymotrypsin-like and trypsin-like activities of the proteasome were
assayed using the fluorogenic peptides substrates LLE-NA, LIVY-MCA and LSTR-MCA, respectively at 12,5 um final concentration.
Assays were carried out with 50 pg of cell lystes in 25 mm Tris-HC] (pH 7.5) and the appropriate substrate at 37°C for 0-30 min
incubation, The fluorescence of the samples was evaluated using a multiplate spectrofluorometer (BMG Labtech) at excitation/emission
wavelengths of 350/440 and 333/410 for aminomethylcoumarin and (-naphthylamine products, respectively. Peptidase activities were
measured in the absence or the presence (10 pm) of the proteasome inhibitor MG132 and the difference between the two values was
attributed to proteasome activity. Bars represent mean +8D (n =3 8), p-values were obtained using Student’s t-test.
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ion channels normally formed by trimeric association
of annexin molecules [36]. Iron metabolism was
tightly associated to oxidative modifications in pro-
tein and in a previous work 12 carbonylated proteins
were identified in iron-treated cells [37].

Three out of the eight identified proteins prone to
carbonyl modifications in adipocytes were enzymes:
ATP synthase, aldehyde dehydrogenase and the
mitochondrial aldehyde dehvdrogenase 2 (MAD2)
precursor. Interestingly enough, all three enzymes are
mitochondrial proteins closely related to redox status
in cells and an increasing number of reports sup-
ported their role as signalling molecules [38-41].
Mitochondrial reactive oxygen species generation was
intimately associated with respiratory chain function
[2]. The importance of mitochondria in adipocytes
remained underestimated, however Carriere et al.
[38] reported that mitochondrial oxidative metabo-
lism was non-negligible in preadipocytes. Authors
showed that rotenone and oligomycin, inhibitors of
complex I and of ATP synrhase, respectively, in-
creased H»O; and inhibited cell growth of preadipo-
cytes, without inducing necrosis or apoptosis [38].
We think that, in our experimental conditions,
observed oxidative alterations in these three mito-
chondrial proteins might be associated to weaker
activities of the enzymes leading to a further en-
hancement of oxidative stress and damage in the
adipocytes.

Another oxidized protein identified in adipocytes
was the Adipocyte Fatty Acid Binding Protein
(AFABP). The primary role of all the FABP family
members is regulation of fatty acid uptake and
intracellular transport [42]. AFABP is a plasma
biomarker closely correlated with obesity and meta-
bolic syndrome [43]. Annexin A2 and [ actin
(ACTB) were significantly more carbonylated in
adipocytes incubated in the presence of glycated
BSA than with native BSA. These two proteins
were among the main endothelial plasmalemma-
associated proteins forming glucose adducts in ex-
perimental diabetes [44]. Furthermore, very recent
data demonstrated that actin dynamics in cells were
regulated by Annexin A2 [45]. Recent data revealed
that the binding of AGEs could be mediated by
CD36 receptor on adipose cells [8-10]. Since then,
several studies have focused on the effect of AGEs on
adipose cell physiology [11,12,14,46]. In most cases,
AGEs-treated cells elicited enhanced oxidative stress.
Our present work reports for the first time a loss in
the protective effect of native albumin on ROS
production by adipocytes after the glycation of the
protein. Previous works by our group showed the
antioxidant activities of BSA were expressed both by
binding capacity and free radical trapping property in
the native form of the protein. Glycation and oxida-
tion of the protein resulted in impaired structure and
antioxidant properties of albumin [5,21,47].

Also, we have evidenced that AGEs-treated cells
exerted inadequate proteasomal activities, unable
to rid the adipocytes of damaged proteins. It is
possible to better understand the origin of the
accumulation of oxidized protein in AGEs-treated
cells when one correlates this with an increased ROS
production and an impaired proteasomal functioning.
Preliminary observations by our group have indicated
some impairment in proteasomal activities associated
o a high ROS production in monocytes cell lines
THP1 incubated with AGEs issued from both
glycated HSA and BSA (unpublished results).

Works are under progress in our laboratory to
determine if adipocytes treatment with native or
glycated BSA results in a change in the association
between ACTB and Annexin A2, Our present work
suggests a mechanism by which certain proteins
could be carbonylated in adipocytes treated with
AGEs. AGEs accumulation constitutes a feature of
metabolic syndrome. We propose that glycated albu-
min-dependent oxidation of a sub-set of proteins in
adipocytes might be an unrecognized early event that
leads to impairments in cell functioning. Further
works will be needed to elucidate the role of AGEs-
dependent oxidation at the adipocytes level in non-
insulin-dependent diabetes mellitus.
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3. Discussion

Ces travaux ont permis de mettre en ¢vidence des modifications de type oxydatif au
niveau des cellules adipeuses matures lorsqu’elles sont mises en présence d’ AGEs préparés in
vitro a partir d’albumine bovine commerciale. Cette réponse oxydative se traduit non
seulement, par une accumulation de protéines intracellulaires carbonylées mais également par
une augmentation du taux d’isoprostane, un des produits de peroxydation lipidique, libéré
dans le milieu. Nous montrons ainsi que les protéines des adipocytes matures sont sujettes a
des modifications de type oxydatif sous I’action d’un stress glycoxydant initi¢ par les AGEs.
Ce résultat conforte I’idée d’une implication essentielle de I’adipocyte dans la progression des

désordres métaboliques associée a I’obésité et le diabete gras.

Dans le deuxiéme travail, nous avons pu identifier huit protéines qui se retrouvent
oxydées dans les adipocytes matures. Parmi ces protéines, deux apparaissent fortement
carbonylées dans les adipocytes matures traitées avec de I’albumine glyquée: ACTB et
annexine A2. Ces deux protéines ubiquitaires du cytosquelette sont généralement fortement
représentées dans la cellule, ce qui peut expliquer la détermination préférentielle de ces deux
protéines particuliérement sensibles a 1’oxydation. Si I’annexine A2 peut étre impliquée dans
les phénoménes d’exocytose et d’endocytose (Kassam, 1998), elle peut également interagir
avec I’ACTB (ou B-actine) dans la régulation de la dynamique du cytosquelette (Hayes,
2006). L’annexin A2 joue donc un role essentiel dans la plasticité de la membrane associée
au cytosquelette d’actine. L’oxydation accrue de I'une de ces deux protéines, voire des deux,
peut sans doute contribuer a altérer cette interaction essentielle ; ce qui reste a démontrer.
Enfin, nous avons mis en évidence que les dommages oxydatifs des protéines adipocytaires

s’accompagnaient d’une détérioration des activités protéolytiques du protéasome.

SW872 un bon modéle adipocytaire ?

L’une des principales critiques qui ont été rapportées par les reviewers concernant la
deuxiéme étude, est I’utilisation appropriée des lignées cellulaires SW872 comme modé¢le
d’adipocytes humains dans 1’étude de 1’activité du protéasome, ainsi que dans la mesure de
fluorescence du DCF. Bien que dans la littérature, elle soit décrite comme des adipocytes
matures, ce modele de liposarcome accumule toutefois de moindres quantités de lipides
comparées a la capacité de stockage de I’adipocyte humain primaire (Izem, 2001). Par ailleurs

cette cellule exprime faiblement de nombreux facteurs de transcription impliqués dans
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I’adipogénese comme PPAR-y (peroxisome proliferation-activated receptor y) et C/EBP-a
(CCAAT-enhancer-binding proteins) (Carmel, 2009; Wassef, 2004). Certaines adipokines
comme la leptine et ’adiponectine sont également exprimées au niveau de ces cellules
(Carmel, 2009; Tarnus, 2009). Sa capacité de prolifération est supérieure a celle des
adipocytes primaires et sa morphologie différe de celle acquise par les adipocytes matures lors
de la différentiation. Par contre, cette lignée présente I’avantage d’étre d’origine humaine et
ne requiert pas de cocktails spécifiques pour les différentier en adipocyte mature (Roche,
2009). Enfin, comme mentionné¢ dans un autre travail (cf. Annexe 2, (Roche, 2009)), ce
modele cellulaire se comporte de fagon similaire aux adipocytes matures lorsqu’elles sont

soumises a un stress glycoxydatif.

L’intérét de [I’utilisation de cette lignée cellulaire permet de se soustraire des
problémes de variabilité¢ au niveau du controle que 1’on aurait de fagon irrémédiable dans le
cas de cellules primaires provenant de différents patients dont on ne contréle pas tous les
parametres.

A ce titre, la lignée cellulaire humaine de liposarcome (SW872) représente donc un
bon modele pour notre étude du stress glycoxydant et I’inflammation de la cellule adipeuse

chez I’homme.

Présence du récepteur CD36 au niveau des SW872 ?

Nos travaux ont mis en évidence une réponse de type oxydatif des cellules SW872
lorsqu’elles sont soumises a un stress glycoxydant. Cette réponse aux AGEs suggere qu’elle
soit, peut étre, attribuée a la présence d’un récepteur RAGE a la surface des SW872, tel que le

récepteur « scavenger » CD 36 présent au niveau des adipocytes humains.

L’expression du récepteur CD36 n’ayant jamais été ¢tudiée au niveau des SW872, il nous est

apparu important de déterminer sa présence au niveau de ces cellules par immunocytochimie.

Protocole :

Les cellules SW872 (20 000 cellules/cm?) en suspension dans du milieu DMEM/SVF 10%
sont déposées sur des lamelles et mises en culture pendant 24 heures. Apres lavage des

cellules avec du PBS, les cellules adhérentes sont « fixées » avec une solution de
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formaldéhyde (0,4 %). Sur un lot de lamelles, on réalise un double marquage en les incubant
d’une part, avec un anticorps anti- CD36 couplé au FITC et d’autre part avec le fluorochrome
DAPI (4',6' Di Amidino-2-Phényl Indole) afin de marquer les noyaux. Les cellules controles
sont uniquement marquées avec le DAPI. Les cellules sont ensuite examinées avec un

microscope a fluorescence (TE2000-U, Nikon).

Résultat et conclusion :

La figure 22 nous montre tout d’abord le marquage en bleu DAPI du noyau des cellules pour
les deux lots de lamelles. Ensuite, la fluorescence du FITC (couleur verte) observée pour le lot
immunomarqué avec un anticorps anti CD36, atteste la présence de ce récepteur a la surface

des cellules SW872.

+ Secondary antibody
coupled to FITC

o . .

DAPI (nuclear staining)

- Anti CD36

Figure 22 : Expression du récepteur CD36 sur les cellules SW872 par

immunocytochimie
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Est-ce que ce sont de bons modeles d’AGEs ?

Plusieurs questions se posent concernant la préparation in vitro des modeles d’AGEs. En
effet, les concentrations de glucose utilisées ne correspondent pas toutes a des conditions
physiologiques ou pathologiques. Si la concentration physiologique en glucose d’un individu
normal est autour de 5 mM et celle d’un état hyperglycémique non contrdlé autour de 25 mM,
la concentration de 100 mM ne correspond a aucune réalité pathologique. Cependant, nous
avons choisi de traiter les adipocytes matures avec de 1’albumine modifiée par cette forte
concentration de glucose, afin d’augmenter le rendement de protéines glycoxydées et ainsi
d’induire une forte oxydation des protéines adipocytaires et de mieux les identifier. Par
ailleurs, 1’étude structurale des différentes albumines modifiées a mis en évidence un fort taux
de carbonylation de 1’albumine bovine native commerciale. Comme le montre le dosage des
thiols, ainsi que le Western-Blot carbonyl, dans la premiére étude, I’albumine native est déja
fortement oxydée. Toutes ces données sont a prendre en compte lorsque 1’on souhaite
comparer 1’effet physiologique d’une albumine mimant les conditions pathologiques d’un état
hyperglycémique (25 mM) a celle mimant des conditions physiologiques normales (5 mM).
Enfin, dans le cadre d’une étude physiopathologique d’un mod¢le cellulaire d’origine
humaine, ne serait-il pas plus judicieux d’utiliser la forme humaine de 1’albumine (SAH)

plutot que celle d’origine bovine (SAB) ?

4. Conclusions et perspectives

L’obésité est I’une des conséquences majeures du mode de vie adopté par I’homme
moderne, qui se traduit entre autre par une suralimentation riche en gras et en sucre, mais
¢galement par une augmentation de la sédentarité. Toutes ces causes sont également la source
de phénoménes déléteéres au niveau des tissus comme la glycation et le stress oxydant. Les
dommages engendrés participent non seulement au vieillissement cellulaire mais sont
¢galement a I’origine des complications métaboliques comme le diabéte. Ainsi 1’obésité, a
I’origine du diabéte insulino-résistant, contribue a la formation d’AGEs pouvant agir au
niveau de différents tissus. Les effets oxydatifs des AGEs peuvent contribuer a des dommages
fonctionnels au niveau des cellules insulino-sécrétrices du pancréas provoquant ainsi une
insulinopenie progressive et inéluctable. Le tissu adipeux peut également étre la cible de ces
AGEs avec pour conséquence une glycoxydation accrue de plusieurs protéines constitutives

ainsi que la dégradation du systéme protéolytique.
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Cependant il reste a déterminer comment les roles principaux de I’adipocyte, a savoir ses
fonctions de stockage et endocriniennes sont affectées par les AGEs. Enfin, il serait
intéressant de se focaliser sur I’implication des récepteurs RAGE, et notamment du récepteur

« scavenger » CD36 dans les altérations oxydatives de I’adipocyte.
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PARTIE III

Etude comparée de deux modeles in vitro de produits
avances de glycation issus des formes humaine et
bovine de I’albumine sé€rique: structure et fonction
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1. Introduction

Etant donné leur caractére délétere tant au niveau cellulaire et tissulaire, ainsi que leurs
contributions aux différentes pathologies, les produits avancés de glycation ont donné lieu a
de trés nombreuses ¢tudes dans la littérature scientifique. En effet, les AGEs présentent un
fort intérét aussi bien dans la recherche biomédicale que dans le domaine de 1’agroalimentaire
ou on parle plutdt de produits de Maillard. Dans le domaine de la Biologie et de la santé, les
produits avancés de glycation et le phénomene de glycation sont étudiés aussi bien sur le plan
des modifications structurales induites sur les protéines que sur le plan de I’incidence
physiologique in vitro ou in vivo. Toutefois, on peut remarquer que la plupart des études
structurales ou biologiques réalisées a partir de modeles in vitro d’AGEs, ne respectent pas
nécessairement les conditions qui peuvent étre rencontrées in vivo dans certaines pathologies

comme dans le cas d’un diabeéte.

En effet, dans de nombreux travaux, les modeles d’AGEs sont obtenus a partir
d’albumine incubée avec des concentrations en glucose ne correspondant a aucune réalité
physiopathologique (jusqu’a 1M au lieu de 25 mM dans le cas d’une hyperglycémie mal
controlée) (Lo, 1994; Stolzing, 2006), pendant une durée pas toujours adaptée avec la période
de demi vie de la protéine (jusqu’a 10 semaines au lieu de 3 semaines dans le cas de
I’albumine). L’utilisation de ces conditions expérimentales particulieres est justifiée par
I’objectif d’obtenir une réponse suffisamment significative au niveau de cellules traitées par
des AGEs. Par ailleurs, le mod¢le in vitro d’AGE préparé a partir d’albumine bovine (SAB)
est souvent privilégié sur celui obtenu a partir de la forme humaine (SAH), en particulier dans

le cadre d’études in vitro d’effets physiologiques au niveau des modeles cellulaires humains.

Dans 1’étude suivante, j’ai souhaité évaluer la réponse biologique de modeles d’AGEs
sur une lignée cellulaire en essayant de me rapprocher le plus possible des conditions
physiopathologiques d’un état hyperglycémique. Ce qui n’était pas le cas dans la précédente
¢tude sur I’effet des AGEs sur le modele adipocytaire. Dans un premier temps, j’ai établi une
comparaison au niveau des modifications structurales de mode¢les in vitro d’AGEs dérivant
d’albumine bovine et humaine avec celui d’une albumine humaine provenant d’un patient
diabétique. Dans un second temps, j’ai suivi I’effet différentiel de ces deux modeles d’AGEs

au niveau cellulaire.
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Pour mener a bien ce deuxieme aspect de 1’étude, j’ai utilisé une lignée cellulaire de
monocyte (THP1), dérivée de cellules de leucémie monocytique aigué€, qui représente un
modele adapté pour 1’étude des effets biologiques des protéines glycoxydées. En effet, le
choix des monocytes se justifie non seulement par leur présence au niveau circulatoire, mais
aussi par leur capacité de se différentier en macrophages responsables de la phagocytose de
particules étrangéres ou dégradés. Les monocytes jouent un role central dans les processus

inflammatoires, immunitaires mais aussi dans 1’athérothrombose (Nguyen, 1999).

Au niveau de la réponse biologique des monocytes humains, je me suis notamment
focalisé sur la génération de ROS et I’expression du récepteur RAGE. Ce récepteur a été mis
en évidence a la surface des cellules monocytaires et I’interaction spécifique des AGEs avec
ce récepteur provoque une cascade de signaux intracellulaires a I’origine, entre autre, de la

formation des ROS (Neeper, 1992).
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2. Résultats

Acticle 5: Oxidative stresses induced by glycoxidized human or bovine serum
albumin on human monocytes. Free Radic Biol Med. 2008 Sept; 45 (6), 799-812.
Rondeau P, Singh NR, Caillens, H, Talet F, Bourdon E.
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Introduction that it exerts significant antioxidant activity [5]. In fact, albumin

Currently, in the United States alone, more than 17 million people
suffer from diabetes and this number may double before 2030 [1,2].
Type 2 diabetes or non-insulin dependent diabetes (NIDD) represents
approximately 85% of all cases of diabetes. This disease is a metabolic
disorder characterized by hyperglycemia and is dramatically asso-
ciated with severe complications. NIDD could double the risk of
developing cardiovascular disease, which represents the leading cause
of mortality in western countries [3].

Albumin is the most abundant serum protein with normal concen-
trations in the range of 35-50 g/L. This protein possesses a wide range of
biological properties [4], and there has been ample evidence suggesting

Abbreviations: AGEs, advanced glycation (or glycoxidation) end products; ANOVA,
analysis of variance; AU, arbitrary unit; BC, bathocuproinedisulfonic acid; BSA, bovine
serum albumin; BSAqx, BSA incubated with x mM glucose; BSAgq, BSA incubated in the
absence of glucose; CEL, carboxyethyliysine; CML, carboxymethyllysine; DCF, dichloro-
fluorescein; DCFH-DA, dichlorofluorescein diacetate; DCFH, dichlorofluorescein; ECL,
enhanced luminel chemiluminescence; FACS, fluorescence-activated cell sorting; HTsg,
50% hemolysis time; LDH, lactate deshydrogenase, MALDI, matrix-assisted laser
desorption ionization; MGO, methylglyoxal: NIDD, non-insulin-dependent diabetes;
PBS, phosphate-buffered saline; PLS, partial least squares; PMA, phorbol 12-myristate
13-acetate; PAGE, polyacrylamide gel electrophoresis; RAGE, receptor for advanced
glycation end products; ROS, reactive oxygen species.

* Corresponding author. Fax: +33 262262 93 82 37.
E-mail address: emmanuelbourdon@univ-reunion.fr (E. Bourdon).

(891-5849/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi: 10.1016/j.freeradbiomed 2008.06.004

represents the major and predominant circulating antioxidant molecule
in plasma known to be exposed to continuous stress [6-8].

Oxidative modifications of proteins could occur in diabetes, which is
one of the important pathological conditions associated with the early
occurrence of vascular complications, together with functional altera-
tions of albumin. In NIDD, albumin undergoes increased glycation and
glycoxidation [9]. The glycation phenomenon corresponds to the none-
nzymatic and nonoxidative covalent attachment of glucose molecule to
protein [9]. Glycoxidation refers to the radical-mediated oxidation
reaction of both free and protein-bound sugars [2]. Amadori rearrange-
ment of the above glycoxidized protein gives rise to deleterious, advanced
glycoxidation (also termed advanced glycation) end products (AGEs)
[10,11]. The formation and accumulation of AGEs constitute the
characteristic features of tissues in NIDD patients. The pathological
conditions of diabetes has been associated with an enhanced oxidative
stress [12]. Oxidative stress in diabetes could originate from various
processes, such as excessive production of oxygen radicals from the
autoxidation of glucose, glycoxidized proteins, and glycoxidation of
antioxidative proteins [13]. The compiled data from biochemical, animal
and epidemiological studies strongly support the hypothesis that
glycoxidative modifications of circulating proteins play a pivotal and
causative role in the pathogenesis of NIDD [14-17].

Interaction of AGEs with their receptors (RAGE) induces several
cellular phenomena potentially relating to diabetic complications.
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AGEs were demonstrated to augment inflaimmatory responses in
monocytes by up-regulating multiple signaling pathways via RAGE,
leading to vascular cell dysfunction [18]. Conversely, the AGEs product
inhibitor LR-90 has been shown to exert anti-inflammatory effects in
human monocytes [ 19]. AGEs have been identified as one of the factors
closely associated with the vascular complications in NIDD. The
implication of glycoxidized albumin in the generation of oxidative
stress and damage on inflammatory cells should be better specified.
We previously reported the effects of oxidative modifications induced
by the BSA glycoxidation on its structure, antioxidant properties, and
adipose cell physiology [20-22]. The majority of literature in this
regard reports the use of bovine serum albumin. Hence it is of utmost
importance to compare the effects of glycoxidation on both the
structures of human serum albumin (HSA) and bovine serum albumin
(BSA) and to investigate and compare the effects of such glycoxidized
albumin on monocyte cell physiology.

Here, we report the overgeneration of intracellular reactive oxygen
species (ROS), impairments in proteasomal activities, accumulation of
carbonylated proteins, and enhanced expression of RAGE in glycox-
idized albumin-treated cells. These novel observations have been
made in the presence of various modified BSA and HSA, which allows a
comparison between the extent of albumin glycoxidation and the
subsequent induced oxidative stress in cultured monocytes.

Materials and methods
Preparation of AGEs

For the preparation of glycoxidized albumin, nonrecombinant
bovine serum albumin (Sigma Cat. No. A2153) and human serum
albumin were used. HSA were purified in our laboratory from whole
human plasma as follows: isolation of serum albumin from fresh
human plasma was based on an extensive dialysis against 50 mM Tris/
HCl, pH 7.4, followed by an affinity chromatography using Cibacron
Blue 3G linked to agarose (Amersham Cat. No. 17-0948 01) as ligand for
albumin. A, 1.5 M NaCl, pH 7.4, buffer was used for the desorption of
bound albumin from Cibacron blue-agarose following elution of other
plasmatic proteins with a 50 mM Tris/HCI, pH 7.4, buffer. Each fraction
of eluate was examined by gel electrophoresis and the most purified
and concentrated extracts were pooled. AGEs were prepared as
previously described [21] by incubating 0.5 mM protein (BSA or HSA)
with increasing concentrations of glucose (0, 5, and 25 mM} and in PBS,
pH 7.4, under sterile conditions and nitrogen gas in capped vials at 37°C
for 3 weeks or with methylglyoxal (10 mM) for 2 days. The proteins
were dialyzed against PBS, pH 7.4, and sterile-filtered with 0.2-um
Millipore filters. Endotoxin content as assessed by an in vitro
toxicology assay kit (E-TOXATE, Sigma) was below a detectable level
(0.03 endotoxin unit/ml}).

Purification of albumin from diabetic and nondiabetic patients

Purifications of albumin were conducted using pooled serum from
three diabetic (¥ HbA;c=11.9%1.2) and three nondiabetic (%
HbA,=4.83+£0.31) patients. Fasting blood glucose concentrations
were comprised between 0,73 and 1 g/L for the group of nondiabetic
persons, whereas it was higher (1.1 g/L) for diabetic patients. Isolation
of serum albumin from human fresh plasma was performed as
previously described and by using an affinity chromatography
(Cibacron blue 3G; Amersham Cat. No. 17-0948 01).

Structural studies of AGEs: Measurements of fluorescence and
absorbance

AGE-related muodifications were determined by assessing the
production of fluorescent compounds or glycophore [23] and by
measuring the “browning color” resulting from the nonenzymatic

glycosylation of albumin [24]. The formation of glycophore associated
with the glycoxidation process in albumin was monitored at excitation
and emission wavelengths of 355 and 410 nm, respectively, by using a
microplate fluorometer FLUOstar OPTIMA (BMG Labtech, France). The
brown color constitutes one of the qualitative properties of AGEs [25]
and was analyzed by measuring the absorbance at 420 nm using a UV-
visible spectrophotometer and expressed as absorbance per pg
protein.

Oxidarive modification of SH

Thiol groups in native or modified albumin were measured by
Ellman's assay using 5,5'-dithiobis, 2-nitrobenzoic acid (DTNB) [26].
Briefly, 250 wl of albumin samples (in 0.1 M Tris-HCl, pH 8.0, EDTA
5 mM) was incubated with 3 vol of 0.5 mM DTNB. Considering the
interference of browning state of modified albumin, the concentration
of free thiol was calculated with a regression model by using the
partial least-squares method (PLS) [27]. The PLS model was optimized
by using 22 standard absorbance spectra recorded, between 250 and
500 nm, with a PowerWave microplate spectrophotometer (BioTek,
USA). These standards correspond to various concentrations of L-
cysteine (10 to 100 nmol) mixed with a browning solution at different
concentrations. Results were expressed as the number of free -5H
groups per mole of BSA.

REM study

Modifications of albumin (BSA or HSA) after glycoxidation were
analyzed by native polyacrylamide gel (12% of acrylamide) and stained
by Coomassie blue according to Laemmli's method [28]. Relative
electropheretic migration (REM) was determined for the different
AGEs by calculating the migration ratio of the modified albumin
monomer with the corresponding native albumin monomer (albumin
which had not been previously incubated) [21].

Mass spectroscopic analyses

All mass spectroscopic measurements were performed at the
Molecular Biophysics Unit (MBU) of the Indian Institute of Science
(Bangalore, India). Molecular weights of both glycoxidized and
nonglycoxidized samples were determined by electrospray ionization
mass spectrometry (ESI/MS), while tryptic digestions were analyzed
by MALDI-TOF-TOF.

ESI/MS was performed on Agilent 1100 LC coupled to Bruker
Esquire3000plus operating in positive-ion mode. Complete ESI/MS
settings were high voltage capillary, 4000 V; high voltage end plate
offset, =500 V; nebulizer gas pressure, 28 psi; dry gas flow rate, 7.00 L/
min; dry gas temperature, 340°C; capillary exit, 196.0 V; and Trap
Drive, 120.6. MALDI/MS measurements were performed using Ultra-
flexTOF/TOF from Bruker Daltomics (Germany). The setting condition
of the mass spectrometer was as follows: reflection positive ion mode,
accelerating voltage, 20 KeV. lons were generated by the emission of
nitrogen laser at a wavelength of 337 nm with 50 Hz repetition rate.
Generally, an average of 100-150 laser shots is required to record a
mass spectrum. Sinapinic acid (50 mg/ml in 50% acetonitrile, 9%
trifluoroacetic acid [TFA], in water) was used as the matrix. The target
plate used was the ground steel plate with 384 wells. Triplicate MALDI
measurements were made for each sample for the estimation of
reproducibility. Before enzymatic digestion with trypsin, AGEs
samples were reduced with 100 mM DTT at 95°C for 5 min. After
alkylation with a solution of 100 mM iodoacetamide for 20 min at
room temperature, the samples were incubated with trypsin {200 pl of
a 0.1 pg/ul solution) for 3 h at 37°C followed with an additional
incubation overnight at 30°C. A total of 0.5 ul of digestion solutions
was added to the same volume of matrix solution and the resulting
mixtures were completely dried before acquisition.
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Copper-binding test

The capacity of albumin for copper ion binding can be measured
spectrophotometrically by the use of bathocuproinedisulfonic acid
(BC, Fluka No. 11870) [29,30]. AGE preparations of BSA and HSA
(0.2 pM in NaCl 0.15 M) were incubated in triplicate for 2 h with 10 pM
CuS04. Then an overnight dialysis against NaCl 0.15 M was performed
and a BC solution (1.2 mM) was added to each sample to a final
concentration of 400 pM, followed by the addition of 1 mM sodium
ascorbate solution. Incubation for 5 min at room temperature
facilitated the complete reduction of Cu(ll) to Cu(l) bound to albumin
and resulted in the formation of BC-Cu(l) complex, which was read at
480 nm with a HP Model 8453 UV-visible spectrophotometer. The
concentrations of copper bound to modified albumin were calculated
using a calibration standard curve by increasing the concentrations of
CuS0O,4 up to 50 nM.

Hemolysis test of red Mood cells

The antioxidant properties of AGEs were examined with the free
radical-induced blood hemolysis test [31]. Human blood samples were
obtained from the Biochemistry department of the local hospital center
(CHD Felix Guyon) and were taken on EDTA substrate as anticoagulant.
Then plasma was removed and erythrocytes were washed with an
isotonic solution (NaCl 0.15 M). Each well of a 96-well plate was filled
with 100 pl (about 1x%10° erythrocytes, 400,000 cells/pl final concentra-
tion) of a diluted red blood cell solution (1/10 in 0.15 M NacCl). Different
albumin samples (10 uM final concentration) were added in triplicates.
Hemolysis was started by adding 0.45 M 2,2"-azobis(2-amidinopropane)
(AAPH) in each well. Turbidimetry at 450 nm was recorded every 10 min
using a 37°C thermostated microplate reader. Results were expressed as
50% of maximal hemolysis time (HTsq in min) which represents the total
defense against free radicals in human and animal models submitted to
oxidative stress [32].

Cell culture of THP1

Human monocytic leukemia cell line THP1 (ATCC TIB-202) was
cultivated in RPMI 1640 medium with 10% SVF, L-glutamine (2 mM),
penicillin (100 U{ml), streptomycin ( 100 pg/ml), and amphotericine B
(0.5 pg/ml). Cells were grown in a 5% CO; incubator at 37°C.

For all experiments, cells were plated in triplicate for each condition,
at 10% cells/100 pl per well in sterile 96-well plates (for cytotoxicity
analyses), at 2x10° cells/ ml per well in sterile 24-well plate (for ROS
assays, Western blot, and proteasome activity measurement experi-
ments). The culture plates were incubated for 24 h before adding
different AGE preparations at a final concentration of 10 uM. Thereafter,
cells were maintained in the humidified CO, incubator for 16 h before
further analyses. Before proteasomal activity measurements and
carbonyl Western blots, cells were washed thrice with PBS and were
reated at 4°C for 30 min with lysis buffer (25 mM Tris-HCl, pH 8.3,
10 mM KCL, 1 mM DTT, 1 mM EDTA, 1% Triton X-100) without protease
inhibitor. Cell lysates were then centrifugated and protein concentra-
tions were determined in the supernatant by the BCA method [33].

Proliferation assay

The MTT assay, using the standard 3-(4,5-dimethylthiazol-2-yl)-
2 5-diphenyltetrazolium bromide (Sigma), was chosen to evaluate the
effect of AGEs on THP1 cell proliferation [34]. This assay is based on
the cleavage of yellow tetrazolium salt MTT into purple formazan by
metabolically active cells, which can be photometrically quantified.
An increase in the number of living cells results in an increase in
total metabolic activity, which leads to a higher color formation.
After overnight cell incubation in the presence of different reagents,
20 ul of the MTT dye (5 mg/ml) was added into each well following

by 4 h of incubation. After discarding of the media, 150 ul of
isopropanol was added into each well and plates were agitated in
the dark for 30 min to solubilize dark blue formazan crystals. The
plates were read using a microplate reader at a wavelength of
595 nm, The negative control well (medium alone with no cell and
no reagent) was used for zeroing absorbance. The control sample
corresponds to THP1 cells incubated in the medium containing no
albumin. The results were expressed as the percentage of viable
cells with respect to the control.

Cytotoxicity: Lactate dehydrogenase (LDH) assay

To determine any possible toxic effect of AGEs on THP1 cells, the
lactate dehydrogenase assay was performed [35]. This assay is based
on the measurement of LDH released by dead cells in the culture
medium. After overnight incubation of THP1 cells, media were
collected and centrifuged at 3000g at 4°C for 5 min. The supernatants
(medium) were collected in fresh tubes. A total of 120 ul of LDH assay
lysis solution was added to the cells and tubes were put at 37°C for
45 min. Tubes were centrifuged at 250g for 4 min and supernatants
(lysates) were transferred into a new tube. A total of 100 pl of
supernatants (medium and lysates) was used for the measurement of
LDH activity according to the manufacturer's instructions (Sigma No.
TOX7). The reaction was performed in a new 96-well plate and
absorbance at 492 and 690 nm (control) was read using the microplate
reader.

Viable cell counts

ACScan flow cytometer (Becton-Dickinson) was used for the
relative counting of viable THP1 cells. Equal amounts of R-phycoer-
ythrin-labeled beads (CaliBRITE PE-beads, 5 um; BD Biosciences) were
added to each cell suspension just before the FACS analysis. An
electronic gate was set to count the PE-labeled beads. All THP1 cells
and PE bead events were recorded, and when the number of counted
PE-labeled beads reached 2000, the counting process was stopped. A
particular cell population was selected by gating and was identified by
its typical location in a FSC (forward scatter) vs SSC (side scatter)
graph. Results were expressed as the percentage of cells with respect
to the control.

Measurements of proteasome activity

Chymotrypsin-like, trypsin-like, and caspase-like activities of
proteasome were assayed using fluorogenic peptides (from Sigma)
Suc-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-MCA at
25 uM), N-t-Boc-Leu-Ser-Thr-Arg-7-amido-4-methylcoumarin (LSTR-
MCA at 40 uM) and N-Cbz-Leu-Leu-Glu-f>-naphthylamide (LLE-NA at
150 uM), respectively [36]. Assays were carried out with approxi-
mately 50 pg of cell lysate in 25 mM Tris-HCI (pH 7.5) and the
appropriate substrate at 37°C for 0-30 min incubation. The fluores-
cence of aminomethylcoumarin and [5-naphthylamine products was
determined at excitation/emission wavelengths of 350/440 and 333/
410 nm, respectively, using a microplate spectrofluorometer reader
(Fluostar, BMG France). Peptidase activities were measured in the
absence or in the presence (20 pM) of the proteasome inhibitor MG132
(N-Cbz-Leu-Leu-leucinal) and the difference between the two values
was attributed to proteasome activity.

Western hlots

Carbonylated proteins were analyzed using the Oxyblot kit
(Oxyblot Detection, Chemicon International Inc.) [37]. Briefly, about
5 ug of proteins (1 pg/ul) was denaturated by 5 ul 12% SDS for 10 min at
room temperature. Samples were then treated with 10 mM 2.4-
dinitrophenylhydrazine in 2 M HCI for 15 min at room temperature

157



802 P Rondeau er al. / Free Radical Biology & Medicine 45 (2008) 799-812

and then neutralized. The derivatized proteins were separated by SDS-
PAGE and transferred to a nitrocellulose membrane (Bio-Rad). The
primary antibody used was directed against the 2,4-dinitrophenol
moiety and detection was performed using the ECL reagent (GE
Healthcare). The monoclonal antibody 12G10 (anti-a-tubulin) was
developed by Joseph Frankel and E. Marlo Nelsen. It was obtained
from the Developmental Studies Hybridoma Bank developed under
the auspices of the NICHD and maintained by The University of lowa,
Department of Biological Sciences, lowa City, lowa. The rabbit
polyclonal antibody LMP2 was obtained from Santa Cruz (SC 28809).
Rabbit anti-RAGE polyclonal antibodies were obtained from Sigma
(R5278). Rabbit anti-CML polyclonal antibodies were obtained from
abcam (ab27684).

Signal quantifications from images were determined using the
freeware Image] (version 1.32j), available from the internet website:
http://rsb.info.nih.gov/ij/.

Determination of ROS production

A 20 mM solution of H;DCFDA was added to the cells at a final
concentration of 10 uM, 30 min before the end of THP1 cell incubation
with the different treatments. Then the cells were washed with RPMI
medium and the fluorescence of the oxidized H,DCFDA (DCF) was
measured by FACS with fluorescence excitation at 488 nm (blue laser)
and an emission at 530 nm (FL1). THP1 cells were gated for analysis
based on light-scattering properties and DCF fluorescence intensity
was assaved after counting 10,000 events. The results were expressed
as the percentage of labeled cells with respect to the signal obtained
for the positive control (THP1 cells incubated with PMA).

Statistical analysis

Data were expressed as the means #standard deviation (SD) from a
minimum of three experiments. Statistical significances were deter-
mined using one-way ANOVA (followed by the Tukey test). Two-way
ANOVA was used for multiple comparisons, with Pvalue less than 0.05
required for significance level.

Results
Characterization of AGE preparation

Serum albumin (HSA) was purified from fresh human plasma by
following different steps of dialysis and affinity chromatography, and
it was compared with commercial bovine serum albumin by native
PAGE electrophoresis, As shown in Fig. 1a, electrophoresis profiles of
commercial BSA and purified HSA gave striking differences. Contrary
to the commercial BSA, albumin purified from human plasma
exhibited only one single band relative to the monomeric form
which was not accompanied by dimeric or oligomeric forms. AGEs
were prepared by the treatment of these albumins with glucose (5 and
25 mM) and methylglyoxal (10 mM), and their absorbance was
measured at 420 nm. Fig. 1b features the increasing level of
fluorescence of BSA and HSA AGEs. This fluorescence is attributed to
the formation of glycophore and is significantly higher for BSAyco
(+1500%, P<=0,001, vs BSAcq) and HSAnco (+200%, P<0.001, vs HSAga).
This increase in fluorescence was associated with a parallel rise of
absorbance at 420 nm, which is attributed to browning reaction.
Certainly, both pigmented and fluorescent products [24] were formed
by nonenzymatic glycosylation. As seen in Fig. Ic, only the AGE
solutions obtained by incubations with methylglyoxal gave significant
enhancement in absorbance for BSAygo (+68%, P<0.001, vs BSAgq)
and for HSAwgo (+21%, P=0.05, vs HSAgq). To assess whether the
degree of modification of HSA was pathophysiological, albumin from
diabetic and nondiabetic patients had been isolated and used as the
internal control. Similar increases in browning absorbance at 420 nm

were noted for the albumin purified from diabetic patients or MGO-
incubated HSA when compared with the respective controls (Fig. 1¢)

To further characterize the oxidative modifications in our pre-
parations, we examined whether the content of free thiol groups in
albumin was altered by the glycoxidation process. The determination
of free thiol groups was performed according to Ellman's dosage and
results are shown in Fig. 1d. Regardless of the type of albumin, the
results showed a significant decrease in the number of free thiol
groups following the increasing concentration of glucose used for the
incubations. In comparison with albumin incubated without glucose,
this decrease was more obvious for BSAyco (-90%, P<0.001), but not
for HSAnco (—14%). The decreased levels of reduced protein sulfhydryl
groups were attributed to the oxidation of residue Cys34 and indicated
the changes in protein conformation associated with the glycoxidation
process [38]. Surprisingly, average values of 0.55 (0.41) free -SH per
mole of BSA (HSA) were obtained for the untreated protein (no
glucose) instead of one -SH group as expected for 1 mol of albumin
[4]. In healthy adults, approximately 70% of Cys34 in albumin contains
a free sulfhydryl group, and the rest forms a disulfide with several
compounds like cysteine, homocysteine, or glutathione [39]. This
suggests that commercially available BSA is already oxidized at
residue Cys34, and the incubation of BSA or HSA in PBS, pH 74, at
37°C over a period of 3 weeks is sufficient to induce a decrease in the
number of reduced thiol groups [21].

In a previous study [21] we showed that oxidation and glycation
phenomena can affect the net charge of a protein. Different AGE
preparations have been separated by native PAGE electrophoresis.
Under these conditions, the protein charge would be the main factor
affecting its migration. The native gel in Fig. 1e features the migration
profiles for the different BSA and HSA preparations. Relative electro-
phoretic migration was determined by calculating the ratio of
migrations of albumin monomer with nontreated albumin. Results
are shown in Table 1. Significant increases in REM were observed for
both albumins. A slight nonsignificant increase was noted for the HSA
purified from diabetic patients in comparison with that purified from
control subjects. With a slight increase for albumin incubated with
glucose (+7.5% [+7%)] for BSAgys [HSAqys), respectively, P<0.05 vs
BSA:o [HSAgg]), a more pronounced rise was observed for BSAyco
(+23%, P<0.001 vs BSAco) and HSAwco (+10.5%, P<0.05 vs HSAgo). In
further Western analysis, we studied the appearance of carbonyl
groups (Fig. 1f) in glycoxidized albumin by using the principle of
carbonyl assay developed by Levine et al. [37]. The Western blot
revealed a noteworthy increase in protein carbonyl after modification
with methylglyoxal in both treated albumins. Measurements of
density indicated a significant increase in carbonyl content for HSA
and BSA incubated with MGO. Besides, the level of carbonylation was
higher for BSA AGEs than for HSA AGEs. Fig. 1g shows a higher
carbonyl accumulation in the albumin purified from diabetic patients
when compared with protein from control subjects.

Among the different AGEs, CML and CEL constitute the most
common epitope. From Fig. 1h, it can be seen that Western blot using
antibodies directed against CML showed an enhanced signal for this
AGE modification for albumin incubated with increasing concentra-
fions of glucose and for MGO-treated albumin. Several studies have
shown that methyglyoxal can react with albumin to form AGE
structures such as N*-(carboxyethyl)lysine (CEL) while glucose gives
rise to N°-(carboxymethyl)lysine (CML) [40,41]. The very high signal
observed for BSAygo or HSAygo suggests that polyclonal anti-CML
antibody used in this study recognized not only CML but also cross-
reacted with CEL, as already shown in another previously published
study [42].

Mass spectroscopy analyses

Modifications of different albumin preparations, including native
BSA and HSA, were assessed by ESI/MS, which indicated the number of
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Fig. 1. Characterization of BSA and HSA AGEs. (a) Electrophoretic migration profile of commercial BSA and purified HSA (PAGE 12%). (b} Fluorescence of AGEs at 355/410 nm expressed
in arbitrary units of flusrescence per mg protein. (c) Absorbance at 420 nm for albumin incubated without glucose (GO} or with 10 mM methylglyoxal (MGO) and for albumin purified
from diabetic and nondiabetic patients, (d) Thiol group contents in the different preparations of albumin evaluated with Ellman’s methaod, () The Coomassie staining of the analysis
of BSA and HSA preparations by native PAGE electrophoresis ( 12%). (f) Oxidative modification of glycoxidized albumin as assessed by the carbonyl assay with signal intensity (AU of
carbonyl spots. (g} Oxidative modification of albumin purified from diabetic and nondiabetic patients as assessed by the carbonyl assay. (h) AGE content in albumin preparations as
assessed by Western blotting with the corresponding signal intensities [arbitrary unit). All data in (b) to (d) are expressed as mean+5D {n=4) and statistical analyses were performed
using one-way ANOVA for multiple comparisans, ™ Effect of the glycoxidation of BSA [HSA] (vs BSAg, [HSAGo]): *Hp20.001, *P<0.05, *Effect of diabetic pathology {vs non diabetic):

## % p20.001, *P<0.05.
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Table 1

Relative electrophoretic migration of glycoxidized bovine and human serum albumin
BSAco BSAcs BSAgas BSAwmco

REM 1.068+0.008 1122+£0.009% 1.149£0,008%#* 1.31710.036+%%
HSAgo HSA:5 HSAgzs5 H5MAuco

REM 1.015£0.011 1.065+0.005 1086£0.005" 1120+0.016"

Relative electrophoretic migration (REM) of the different preparations of BSA and HSA was evaluated as described under Materials and methods. Data of REM are represented as
mean+SD (n=3) and statistical analyses were performed using one-way ANOVA. * Effect of the glycoxidation of BSA [HSA] (vs BSAq [HSAcol): **P=0.001, **P=0.01, *P=0.05.

glucose molecules or methylglyoxal condensed on the protein (Table 2).
The average molecular mass specified in the Table corresponds to the
mean of different masses of proteins exhibiting different degrees of
modification. The most abundant components are also featured in Table
2. As expected, nonenzymatic glycosylation of albumin with glucose or
methyglyoxal induced an increase in its average molecular weight, with
variable extent, depending on the nature of glycoxidation. Molecular
masses of native BSA and H5A were approximately 66438 and 66567 Da,
respectively. The most abundant species in BSAgs and HSAgs samples
were the nonmodified (native) albumin (no mass variation). The
molecular mass of the most abundant species in HSAgss was increased
to approximately 167 Da corresponding to the protein condensed with
one glucose unit. Definitely, the condensation of one glucose or
methylglyoxal molecule to the protein leads to a mass increase of 162
or 54 Da, respectively. Similarly, the molecular mass of predominant
species for HSAmco was increased to 166 Da, which probably
corresponds to three methylglyoxal units attached to the protein.
Different HSA and BSA samples were also digested by trypsin.
MALDI spectra for the trypsic proteolyses of native, glycoxidized
(with methylglyoxal), and diabetic HSA are shown in Fig. 2. The
comparison of nonglycoxidized (HSAqq) and glycoxidized (HSAwmco
and HSAg;,,) albumin clearly revealed several differences: first, the
main obvious change was the disappearance of most abundant ionic
species (for nonglycoxidized albumin digest) at m/z 1623.5, and
second, the appearance of several predominant ionic species (for

glycoxidized albumin digest) at m/z 673.6, 875.4, 1149.5, and 1546.6.
Some other peptides of HSAqp digests still remained at low
abundance in glycoxidized digests (HSAwmco and HSA4..), particu-
larly at mfz 927.5, 1342.5, and 1931.5. In conclusion, even if the
tryptic patterns were not exactly the sarne, an important similarity
was evidenced between in vitro-modified albumin (HSAgzs and
HSAwco) and in vivo diabetic HSA digest profiles.

In summary, the main modifications in BSA and H5A in terms of
oxidative and structural parameters were observed in the presence of
albumin incubated with methylglyoxal. Besides, a comparison
between in vitro-modified and in vivo-modified albumin (diabetic)
showed similar changes in the protein structural properties. This was
more significant when structural changes were compared between
HSAgi;p and HSAG;s.

In the following experiments, antioxidant properties and effects of
glycoxidized albumin on THP1 cells were investigated.

Impairment of antioxidant properties of BSA and HSA after glycoxidation

To examine whether the glycoxidation treatment had any effect
on the antioxidant properties of albumin, different albumin
preparations previously characterized were submitted to the free
radical-induced hemolysis test and their copper-binding capacity
was evaluated. The antioxidant properties of albumin samples were
investigated using the red blood hemolysis test either in the absence

Table 2
ESI mass analysis of in vitro-modified BSA and HSA
Major Molecular  Abundance Mass Comp t  Molecul Abundance Mass
Component Mass (%) Increase (Da) | Mass (%) Increase (Da)

BSAg, HSAG,

A 66438.47 100 | A 66567 43 100

B 66552.06 44.52 +113.6 B 66746,18 59,01 +1787
Average Molecular Mass (Da) 66524 - Average Molecular Mass (Da) 66613
BSAgs ~ HSAgs

A 66444.2 100 +57 A 66567,18 100 -0,2

B 66596.9 34.97 +158,2 (+ 1 glc) | B 66653,06 60,95 +85,6

C 66730,66 56,06 163.2 (+1 gle)

Average Malecular Mass (Da) B6587 — + B3 ' Average Molecular Mass (Da) BBTOS —
BSAgzs

A 66518.92 100 + 80.45 A 66734,78 100 +167.3 (+1 glc)

B 66601.67 7426  +163.2 (+1 gic) B 66900,59 7996  +333.1(+2glc)

Cc 67091.31 65.8 + 652.8 (+4 gic) C 66564,44 73,97 -28
Average Molecular Mass (Da) 86714 ~ Average Molecular Mass (Da) 66925 —_—

[

BSAwco  HSAugo

A 66681.65 100 +243.1 | A 66733,55 100 + 166.1 (+3 mgo)

B 66604.63 81 +166.1 (+3 mgo) 'r B 66570 91,97 +2.5

Cc 66760.12 63.35 +321.6 (+6 mgo) C 66625,72 93,18 +58.2 (+1 mgo)

D 66444.84 66.06 +6.3 (2] 6688587 85 + 318.4 (+6 mgo)
Average Molecular Mass (Da) 67713 — k_ verage Molecular Mass (Da) 66868 —

Average molecular mass (Da) of the different preparations of BSA and HSA was obtained by ESI/MS. Abundance of the different components was determined (%), Mass increase was
caleulated by comparison with native BSA (66438 Da) and HSA (66567 Da), Number of glucose {glc) or methylglyoxal (mgo) units attached to the protein was specified.
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Fig. 2. Comparisons between peptidic profiles of glycoxidized and nonglycoxidized HSA. MALDI spectra of tryptic digest of (a) HSAxe, [b) HSApco, and (c) HSA of diabetic patients. The

ionics species with underlined myz correspond to peptides present in the three samples.

or in the presence of 10 pM protein. Typical hemolysis curves
obtained for control (PBS), HSAce, and HSAwmco are illustrated in the
insert of Fig. 3a. As expected, the antioxidant property of
nonmodified albumin was evidenced by delayed hemolysis in
comparison with control, and this was observed either with BSAco
(curves not shown) or with H5Aca. The free radical scavenging
properties of different albumin preparations, symbolized by hemo-
lysis half-times (HTsp), are shown in Fig. 3a. On the one hand, the
protective effect observed for BSAg, (+16%, P<0.001 vs PBS) and for
HSAco (+26%, P<0.001 vs PBS) was progressively lost after the
glycoxidation of protein (Fig. 3a). On the other hand, a collapse in
the antioxidant property of the protein was noted for both BSAyco

and HSAuco. In comparison with HSAgg, albumin modification by
methylglyoxal induced a 24% reduction (P<0.001) in the antioxidant
activity of protein. A similar reduction was observed for modified
BSA with 26% (P<0.001) reduction in the antioxidant activity.
Remarkably, an increase in antioxidative properties was observed
for in vivo diabetic HSA compared with nondiabetic albumin.

The antioxidant activity of albumin was also related to its capacity
to bind metal such as copper ions. By using bathocuproinedisulfonic
acid to assay bound Cu(Il), we determined copper-binding capacities
(nM/umol) of modified albumin (Fig. 3b). Surprisingly, the results
indicated a progressive rise in copper-binding capacity of BSA with
glycoxidation process. This rise reached 260% for BSAyco (P<0.001, vs
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Fig. 3. Effects of glycoxidation on the antioxidant activities of albumin. (a} Impairment
in the antioxidant activities of BSA and HSA as assessed by the free radical-mediated
blood hemolysis test. Insert is an illustration of hemolysis curves obtained in the
absence (O, control no HSA) or the presence of 10 uM HSA incubated with (#) or without
(@) methylglyoxal. Histograms represent half-time hemolysis (HTsy in min) expressed
as means+ 5D of three independent experiments. The dotted line facilitates comparison
with contrel (ne albumin). biathnc al analyses were performed m:na one wny ANOVA
for multiple comparisons. - " Effect of BSA or HSA (vs conrrol, *p<0.001, “P=001,
*p<0.05. * Effect of glycoxidation [vs BSAcp ot HSAco ) * * "P=0.001, ¥ *P<0.01, "P<0.05.
"Effect of diabetic pathology (vs non diabetic); * " P<0.001. (b) Effect of glycoxidation
on copper-binding capacities of BSA or HSA. Histograms represent copper-binding
capacities of modified albumin {nM/umol albumin). Data are expressed as mean+50D
(n=3) and statistical analyses were performed using one-way ANOVA for multiple
comparisons. “Effect of glycoxidation (vs BSAg, (HSAG)): **P=0.001; *P<0.05.

BSA¢ o), while it was less for BSAqos (112%, P<0.05 vs BSAgg). Argirova
and Ortwerth, in their study on glycoxidized BSA, showed that highly
glycoxidized (500 mM glucose) albumin was less capable of compet-
ing for copper ions in the presence of other ligands, suggesting that
glycoxidized proteins might have diminished stability constants of
their copper chelates [29]. For HSA, no significant variations in the
copper-binding capacities of protein were observed after its modifica-
tion by glycoxidation with an exception for HSAgs, where a slight
increase was noted.

Effects of AGEs on THP1 cells

Before further analysis on the impact of AGEs on monocytes
physiology, the effects of different AGE preparations on the viability of
THP1 cells were assessed. The cytotoxicity effects were assayed by
measuring cell proliferation and viability. In the subsequent experi-
ments, THP1 cells were incubated with mild concentrations of AGEs in

the presence of 10 uM native or glycoxidized albumin. First, the effect
of characterized AGEs on the metabolic activity of THP1 cells was
assessed in vitro by the MTT assay. The incubation with 10 uM albumin
AGEs resulted in an increase in the viability of cells compared to PBS
control as shown in Fig, 4a. It increased up to 22% (P<0.01) for BSAq25
and 20% (P<0.05) for HSAmgo compared with control. Regardless of
the nature of albumin preparations incubated in the presence of cells,
no significant impairment in their viability was noted.

In parallel, the membrane integrity of THP1 cells submitted to
AGEs was monitored in terms of cytoplasmic LDH activity of the
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Fig. 4. Effects of AGEs on THP1 cells integrity. The relative viability (%) of THP1 cells
incubated 16 h with (a) 10 pM AGEs and determined by MTT assay. (b) Effect of 10 pM
AGEs on the release of lactate dehydrogenase in THP1 cells supernatant medium.
Results are expressed as the percentage of LDH released in the medium relative to the
total LDH activity present (medium plus cell lysates). {¢) Viability of THP1 cells treated
with 10 pM AGEs, expressed as the percentage of cells compared with PBS control and
determined by a relative counting using a FACSscan flow cytometer. In all experiments,
the viability was compared with control (cells incubated with PBS) and positive control
corresponds to cells incubated with hydrogen peroxide (1.5%). Data are expressed as
mean£SD (n=3) and statistical analyses were performed using one-way ANOVA for
multiple comparisons, "Effect of BSA or HSA (vs control): " "P=0.001, ""P=0.01,
*p<0.05. * Effect of glycoxidation (vs BSAgq or HSAc): * * "P<0.001,* *P=0.01, "P<0.05.
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medium. The results of LDH activity are shown in Fig. 4b and no
significant differences in LDH activity under each condition of cell
incubation are observed. Contrarily to the viability results obtained
with the MTT method, the direct cell count by FACS showed a decrease
in the number of THP1 cells when incubated in the presence of
albumin glycoxidized by 25 mM glucose or 10 mM methylglyoxal. On
the one hand, as depicted in Fig. 4c, the decrease was approximately
70% [20%] (P<0.001 [0.001] vs BSAcg [HSAGo] for BSAgzs [HSAGzs] and
about 27% [36%] (P<0.001 [0.001] vs BSAgo [HSAgo)) for BSAmco
[HSAyicol. On the other hand, significant increase of viability was
observed for cells incubated in the presence of either glycoxidized or
nonglycoxidized albumin (BSA and HSA).

Effect on proteasomal proteolytic activities

The proteasome represents the major constituent of the proteolytic
pathway for the degradation of oxidized proteins and it includes a
minimum of three distinct peptidase activities: chymotrypsin-like,
trypsin-like, and caspase-like activities [43].

Fig. 5a reports proteasomal activities measured in THP1 cells,
which had been incubated in the absence (PBS) or the presence of
10 uM native or glycoxidized BSA. Significant increases in chymo-
trypsin-like activities (LLVY) were observed in glycoxidized-incu-
bated cells. No significant variation in the trypsin-like activities
(LSTR) was noted when the cells were incubated with native or
glycoxidized bovine serum albumin. Regarding the caspase-like
activities (LLE), a slight but significant reduction was observed when
the cells were incubated in the presence of native BSA (BSAgg) than
in the absence of albumin (PBS). LLE activities were higher in
glycoxidized BSA-incubated cells than in cells treated with native
albumin (BSAcq).

Effects of native or glycoxidized HSA on the proteasomal activities
of THP1 (Fig. 5b) were quite different from those previously observed
with glycoxidized and nontreated BSA. Significant increases in
chymotrypsin-like activities were observed when the cells had been
incubated with native or glycoxidized HSA than in the absence of the
protein (PBS). Concerning the trypsin-like activity of the proteasome
and in contrast to what was previously observed with BSA prepara-
tion-incubated cells, a significant reduction was evidenced in cells
incubated with HSAz5 (P<0.05 vs HSAqy). Caspase-like activity (LLE)
was strongly impaired when cells were incubated with HSAyco (—30%,
P<0.001 compared with HSAgo). The different effects of HSA and BSA
on proteasomal activity might be due to structural differences
between BSA and HSA.

Effect of glycoxidized BSA and HSA on carbonyl accumulation and the
expressions of RAGE and LMP2 by THP1

The investigation whether glycoxidized albumin might lead to an
accumulation of carbonylated proteins in the cells was highly
important. Carbonyl assay was performed on cells, which had been
incubated for 16 h in the absence or the presence of 10 uM of different
albumin preparations (Fig. 6). A protective effect of native albumin
was observed, as the profiles for the carbonyl proteins were less
intense when the cells were incubated with native albumin (BSAgg or
HSAco) compared to PBS control. As asserted by density measure-
ments, an increase in the signal for carbonylated cellular proteins was
noted in those cells previously incubated in the presence of the
following glycoxidized albumins: BSAczs, BSAmco, and HSAyco.

LMP2 constitutes a component of the eukaryotic multicatalytic
proteinase complex, the proteasome. As the glycoxidized albumin-
induced changes in proteolytic activities could be related to
variations in the proteasome levels, Western blots were performed
using antibodies directed against the LMP2 subunit of the enzymatic
complex (Fig. 6). The proteasome expression was similar when cells
were incubated with native or glycoxidized albumin. It is note-
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Fig. 5. Effect of ACEs on proteasomal activities. THP1 cells were incubated in the
presence or absence (PBS) of 10 uM AGEs generated either from BSA (a) or HSA (b) for
16 h. Cells were washed and lysates were prepared as described under Materials and
Methods. The caspase-like, chymotrypsin-like, and trypsin-like activities of the
proteasome were assayed using the fluorogenic peptides substrates LLE-NA, LLVY-
AMC, and LSTR-AMC, respectively, at 12.5 uM final concentration. Assays were carried
out with 50 g of cell lysates in 25 mM Tris-HCI (pH 7.5) and with the appropriate
substrate at 37°C for 0-30 min incubation, The fluorescence of each sample was
evaluated using a multiplate spectrofluorimeter (BMG Labtech) at excitation/emission
wavelengths of 350/440 and 333410 for aminomethylcoumarin and [*-naphthylamine
products, respectively. Peptidase activities were measured in the absence or the
presence (10 pM) of the proteasome inhibitor MG132, and the difference between the
two values was attributed to proteasome activity. Bars represent mean+5D (n=3 to 8),
P values were obtained using one-way ANOVA. "Effect of BSA or HSA (vs control):
¥ p-0.001, "P<0.05, * Effect of glycoxidation (vs BSAqy or HSAcy): * *P<0,01, *P=0.05.

worthy that a slight increase and little decrease in LMP2 were
observed when cells were incubated with BSAmce and HSAwco,
respectively. This reduction in LMP2 expression in the cells treated
with HSAwmco might explain the significant alteration in the caspase-
like activity of the proteasome in THP1 incubated with this modified
albumin.

Concerning RAGE receptor expression, antibody used for the
Western blot detected two bands in the 45 kDa range representing
the RAGE protein and a ~25 kDa protein that was reported to be a
nonspecific reaction. A stronger signal was observed in glycoxidized
BSA than in native BSA or in PBS control. No significant variation in
RAGE expression was evidenced in the cells incubated in the presence
of the different preparations of HSA. Nevertheless a higher RAGE
expression was noted in cells incubated with HSAgn or HSAyco.

Reactive oxygen species
The oxidative stress in THP1 after 16 h incubation in the absence or
presence (10 pM) of various albumin preparations was examined by

using the dichlorofluorescein diacetate (DCF-DA) reagent |44]. After
internalization by the cell, hydrolysis (removal of acetate moiety), and
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Fig. 6. Expression of LMP2, CD 36, and RAGE receptor by Western blot, THP1 cells were incubated for 16 h in the absence or presence of 10 uM native or glycoxidized albumin.
Approximately 25 ug of total protein from lysates of treated cells was separated by SDS-PAGE and transferred to nitrocellulose membranes, Antibodies (see Materials and Methods)
were used at a dilution of 1:1000 and visualized using the appropriate HRP-conjugated secondary antibody and the ECL system (GL Healthcare ). Signal quantification of carbonyl was

determined by using the freeware Image],

oxidation by various oxidants, the nonfluorescent fluorescein deriva-
tives (dichlorofluorescein, DCFH) will become DCF and emit fluores-
cence. As THP1 monocytes constitute nonadherent cells, DCF
fluorescence was determined after cellular treatments by using a
FACS technique. The cellular counts of fluorescence in Figs. 7a and 7b
reveal a higher ROS formation in THP1 treated with MGO-modified
albumin compared with respective controls (BSAqo or HSAgo). Results
of ROS formation in THP1 incubated with the different albumin
preparations are shown in Fig. 7c. Protective effects of native albumin
are again evidenced here. A decreased fluorescence signal was
observed when the cells were incubated with native albumin (BSAq,
or HSAgo), compared to PBS control. An increase in the ROS formation
was observed in those cells previously incubated in the presence of
glycoxidized albumin and especially with BSAyco or HSAuco.

The results of statistical analysis using two-way analysis of variance
(ANOVA) are summarized in Table 3. The two parameters analyzed in
this test were albumin origin (BSA or HSA) and glycoxidation
treatment (GO, G5, G25, and MGO). It was observed that the nature
of albumin chosen (BSA or HSA) in the different experiments
significantly affected the results at a structural or physiological level.
Glycoxidation treatment significantly affected the results of the
structural studies, antioxidant capacity of albumin, caspase-like
activity of the proteasome, and ROS production in THP1 cells. Most
interestingly, we addressed the question of interactions between the
two parameters: “Do both parameters exert any interactions?” In most
instances, for the majority of studies conducted, the answer to this
question is “yes" as interactions between the two parameters were
ascertained by the calculated P values inferior to 0.05.

Discussion

Elevated concentrations of circulating glycoxidized albumin
demonstrate a typical feature of blood in diabetic patients [9].
Glycoxidized proteins alter tissue function and disturb cellular
metabolism. Interaction of AGEs with several cell types has been
shown to induce intracellular stress and leads to an increased
production of cytokines or nitric oxide (NO), activate NF<B or heme
oxygenase, produce lipid peroxidation products, and crosslink
proteins [10,45]. Extensive studies have focused on the impact of

AGEs on cell physiopathology. Nonetheless, only a few studies have
reported the comparative effects of glycoxidation phenomenon on the
structure of BSA and HSA and on the induced oxidative stress in cells.
In the present study, we compared (i) the consequences of glycoxida-
tion induced by patho- (25 mM) or physiolegical (5 mM) concentra-
tions of glucose or methylglyoxal on the structure and antioxidative
properties of BSA or HSA, (ii) the cellular impact of glycoxidized
albumin on THP1 by the determination of cell viability, accumulation
of carbonylated proteins, expression of RAGE, and the generation of
oxidative stress in the cell.

Impact of glycoxidation on the structure of albumin

We previously reported some structural changes in albumin
induced by the glycoxidation of protein. But, in these studies, BSA
was incubated with high concentrations of glucose (100 mM), orin the
presence of copper, or submitted to elevated temperature. Also, cells
were incubated in the presence of high glycoxidized BSA concentra-
tions (0.37 mM) [20-22,46]. Here, we tried to mimic either
physiological or pathophysiological conditions by incubating HSA or
BSA with glucose and methylglyoxal and by treating monocytes with
modified albumin. Extensive care was taken for the incubation of
albumin with sugar for 3 weeks, which corresponds to the half-time of
the protein in the plasma. The major structural change in oxidized HSA
from healthy human plasma occurred at the thiol group of Cys34 of
reduced HSA [47]. Under our experimental conditions, purified HSA
was less oxidized than commercial BSA (Fig. 1a), which is in
accordance with another report detailing such structural differences
in albumin preparations [38]. Structural information indicated the
formation of a molten globule-like state of HSA after 21 days of
incubation with 35 mM glucose [48]. Here, significant oxidations of
thiol in BSA and HSA were induced, when the proteins were
glycoxidized by 25 mM glucose. Cys34 could account for a large
percentage (>55%) of oxidized thiol in human serum albumin obtained
either from critically ill patients or from diverse commercial
preparations [38]. Similarly, as assessed by the carbonyl assay, an
increase in the carbonylation of the proteins was observed (Fig. 1f) and
this is consistent with the previously reported results, where a
significant increase of carbonyl groups in HSA was observed on
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Fig. 7. Production of ROS in THP1 cells with AGEs. FACS analysis of DCF fluorescence of
THP1 cells incubated overnight with {a) BSA and (b} H5A AGEs. The ratio of fluorescence
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glycoxidation (vs BSAg, or HSAG): ¥ *P<0.01, *P=005.

glycoxidation for 20 days with 50 mM glucose [49]. Among carbonyl
modifications of plasmatic proteins, methylglyoxal (MGO), a very
reactive dicarbonyl compound, is increased in diabetes. Recent data
suggest that MGO can strongly impair the structure and antioxidants
properties of albumin in vitro, leading to a modified protein similar to

809

that isolated from diabetic patients [50]. Here, utmost increases in
glycophore fluorescence, protein carbonylation, and REM of albumin
were observed in the MGO-modified protein.

Very recently, a diabetic patient with poor glycemic control was
found to exhibit more than 94% of his albumin presenting a glycative
state [51]. Our group recently showed that the incubation of BSA with
25 mM glucose for 7 weeks led to 59% of glycoxidized albumin [21].
Under the experimental conditions of this study, the protein structure
of BSA was more drastically affected by glycoxidation than that of HSA.

Different impacts of glycoxidation on the antioxidant properties of BSA or
HSA

Albumin, the most abundant protein in the plasma, could act as an
important circulating antioxidant [7,52], in addition to several
properties such as the transport of fatty acids and regulation of
oncotic pressure [4]. Some previous studies showed that the integrity
of albumin was necessary for the protein to exert efficient antioxidant
activity [20,30,46]. For the first time, the effects of sole glycoxidation
of BSA and HSA on the antioxidant activity of protein were assessed by
the determination of their copper-binding and free radical-trapping
capacities. Our present data are consistent with the previous
observations made in 1999, which showed that the sole glycoxidation
of BSA with increasing concentration of glucose (up to 500 mM
glucose) had no effect on the free radical-trapping capacities of
albumin, as assessed by the AAPH-induced test [20]. Impaired BSA
antioxidant activities were observed only in copper-induced oxidized
albumin previously glycoxidized [20]. A very significant alteration in
the free radical-trapping capacity of BSA was observed (Fig. 3a) when
the protein was modified by MGO. Faure et al. recently showed that
antioxidant capacity of BSA determined by thiol measurement as well
as in a cellular system (Hela cells stressed by H,0,) was significantly
altered after modification by MGO [50]. In human albumin, its sole
glycoxidation with 25 mM glucose was sufficient to significantly
impair the free radical-trapping capacity of protein (Fig. 3a). In
addition, HSA modified by MGO did not exert any antioxidant activity.
This impairment in the free radical-trapping capacity of HSA after
glycoxidation was not associated, under our experimental conditions,
with any modification in the copper-binding capacity of the protein

Table 3

Statistical analysis of data using two-way analysis of variance
Does albumin Does glycoxidation Do both
origin {BSA or HSA)} treatment {GO/G5/G25 parameters
affect the result? or MGO) affecr the exert any

result?

interactions?

Structural studies
Thiol number
Fluorescence
REM -
Browning

Antioxidant properties
HTso

Copper binding

Effects on THP1 cells
MTT measurements
LDH measurements
Cell counting
Proteasome LLVY
Proteasome LSTR
Proteasome LLE
Production of ROS

P=0.0546
P=02709
P=0.9285
P=0.0840

e

P=07284

e

£

P=0.1198

Data in this study were obtained from a minimum of three independent experiments
and were statistically analyzed using two-way analysis of variance (ANOVA). The major
effects of the albumin origin (BSA or HSA) and glycoxidation treatment (GO, G5, G25, or
MGO) or their interactions were evaluated by ANOVA. Proteasome LLVY, LSTR, and LLE
correspond to the chymotrypsin-like, trypsin-like, and caspase-like activities of the
proteasome, respectively. Significances were *** P<0.001, ** P=001, and * P=0.05.
Pvalues higher than 0.05 were specified.
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(Fig. 3b). These results are in agreement with the previous observation
showing that Cys34 blockage in HSA (using N-ethylmaleimide, NEM,
reagent) was not associated with any reduction in the copper-binding
capacity of the protein [30]. These results confirm that antioxidant
activities exerted by albumin are somehow harbored by different
localizations on the protein; therefore, these properties may differ
even under same glycoxidation treatment. Although structural
modifications after glycoxidation were more evident for BSA than
for HSA, the impact of such treatment on the antioxidant properties of
albumin was significant mainly for the human form of the protein.

Induction of oxidative stress by glycoxidized BSA or HSA on THP1 cells

Interaction of advanced glycoxidation end products with AGE
receptors (RAGE) induced several cellular phenomena potentially
relating to diabetic complications, including atherosclerosis. Mono-
cyte activation, adhesion, and migration are the key events in this
pathology. Conversely, AGE inhibitors reduced the expression of
RAGE and other proinflammatory genes including monocyte che-
moattractant protein-1 (MCP1), interferon <y-inducible protein-10
(INFyIP10), and cyclooxygenase-2 (Cox2) in a dose-dependent
manner [19]. In addition, antioxidants inhibited the expression of
the proinflammatory response in THP1 cells induced by the ligation
of the receptor for AGEs [53]. Grune and his group, in one of their
recent studies, showed that microglial cells were able to degrade
glycoxidized proteins. Furthermore, an inhibition of the cellular
proteolytic systems was demonstrated in the presence of AGEs in the
culture medium [54]. Chronic exposure to glycoxidized serum in the
1774.A macrophage cell line led to decreased expression of heat shock
protein 70 (HSP 70) which became undetectable over time; this was
explained on the basis of direct involvement of HSP 70 in the
refolding of damaged proteins [55]. Furthermore, using the same cell
type of macrophages, Davies's group showed that oxidized proteins
altered the hydroperoxide phosphatase activity of cellular protein
and the cellular redox signaling pathway [56]. Our team showed a
pathophysiological effect of glycoxidized BSA on the primary cultures
of human adipose cells by inducing an accumulation of oxidatively
modified proteins [21]. More recently, several proteins particularly
prone to carbonylation in cells incubated with AGEs were identified
[22]. The heterogeneity of AGEs, experimental conditions under
which they are generated, and concentrations used may lead to
varied cellular responses. Valencia et al. showed that BSA incubated
with 500 mM glucose failed to bind RAGE and to induce any cellular
response when contaminating endotoxin was removed [57]. Our
albumin preparations were analyzed for endotoxin content, which
appeared below detectable levels. It should be noted that the
majority of studies dealing with the influence of AGEs on cell
physiopathology used either BSA or HSA modified by high non-
physiological concentrations of glucose or MGO. Results reported
here showed different and significant effects of low concentrations
(10 pM) of mild modified albumin on the physiology of THP1 cells. In
most instances, a drastic influence of modified albumin was noted for
HSAnco and BSApico. Interestingly, both HSA and BSA modified by
physiological or pathological concentrations of glucose induced an
enhanced cell proliferation as assayed by MTT measurement,
Concerning cell counting, perplexing results were obtained after
various treatments with glycoxidized albumin, as a reduced number
of THP1 was counted when previously incubated with glycoxidized
albumin. The MTT system was used for measuring the activity of
living cells via mitochondrial dehydrogenases. One can hypothesize
that the activity of this enzyme could be enhanced in glycoxidized
albumin-treated cells. Otherwise, in the FACS-mediated cell count-
ings, a window was defined to select and numerate only those cells
presenting a turgescent and round shape. S0 we assume that the
treatment of THP1 with AGEs modified the cell shape, leading to their
displacement from the counting window. We could conclude that the

presence of AGEs with mild concentrations used under these
experimental conditions did not impair cell viability.

The oxidative modification of lipoproteins in the vascular wall
leads to local production of reactive carbonyl species that mediate the
recruitment of macrophages, cellular activation, and proliferation [58].
This multiplication of macrophages constitutes a typical feature of
atherosclerosis. Conversely, the impact of AGEs on human mesench-
ymal stem cells inhibited the proliferation of cells, induced apoptosis,
and prevented cognate differentiation into adipose tissue, cartilage,
and bone [59]. Recent results showed that “rejuvenation” phenom-
enon in stem cells could be characterized by the decrease in AGEs and
carbonylation associated with enhanced proteasomal activities in
blastocytes on multiplication and differentiation [60].

A reduction in carbonylation of cell proteins was observed in those
THP1 incubated in the presence of native albumin, showing the
antioxidant protective effect of protein. Albumin glycoxidized with
MGO induced an enhanced carbonylation of proteins in the cells.
Glycoxidation of plasmatic proteins led to an altered cellular recogni-
tion and internalization of these particles, which were bound by the
specific AGE receptors, named RAGE [61]. The RAGE-like receptor CD36
was overexpressed in aortic vascular smooth muscle cells treated with
AGEs [62]. Here, elevations in the expressions of RAGE were especially
noted in those cells incubated in the presence of glycoxidized BSA
compared to native BSA. Surprisingly, a higher level of RAGE
expression was observed in HSAyo and HSAqq-treated cells. We
hypothesize that the differential effects of BSA and HSA on human
monocyte (THP1) RAGE expression might have a link with the
difference in the origin of species for both the albumin and the cell
used. Further investigations are necessary to detail the mechanisms of
RAGE expression.

The proteasome represents the main constituent of the proteolytic
pathway for the degradation of oxidized proteins [43]. Interestingly,
enhanced chymotrypsin-like activity of the proteasome was observed
in the cells incubated with glycoxidized albumin. Significant reduction
in caspase-like activity was observed in HSAmco-treated cells.
Impairments in the peptidylglutamyl-hydrolyzing activities of the
proteasome were already reported when incubated with BSA¢5q [54].
Definitely, it was reported that all three proteolytic activities were
significantly reduced following the effects of 20 ng of BSA-AGE on 1 pg
of isolated proteasome |[54]. This concentration ratio between the
oxidized compound (glycoxidized albumin) and the proteolytic system
(proteasome) was high compared to the mild conditions used in our
study. In addition, the concentrations of sugar used for BSA modifica-
tions were higher than 250 mM. It was also reported by the same group
that exposure of proteasome to oxidized protein leads to a biphasic
response in the proteolytic activities. At moderate oxidant concentra-
tions, proteolytic susceptibility increases, whereas at higher oxidant
concentrations, a decrease in proteolytic susceptibility occurs [63].

Antioxidant activity of native albumin in this cellular model of
THP1 was further evidenced by the significant decrease in DCF
fluorescence when cells were incubated in the presence of BSAgo or
H5A:0 as compared with the control (PBS). This protective action of
albumin was significantly impaired after glycoxidation of the protein.
Noteworthy, compared to BSA, HSA (glycoxidized or not) induced
significant oxidative stress in THP1 cells, even though the carbonyl
content is lower in HSA. Enhanced oxidative stress assayed by DCF-DA
in macrophage-like RAW 264.7 cells exposed to various AGE albumin
was reported by Subramaniam et al. [64]. In addition, they observed
that the mere addition of unmodified albumin to cells was adequate to
suppress the fluorescence of oxidized DCF. Here, the more significant
results were again analyzed in the presence of MGO-modified
albumin.

Oxidative modifications of albumin were observed when the
protein was glycoxidized by pathophysiological concentrations of
glucose, Such glycoxidized albumin induced an accumulation of
carbonyl proteins and enhanced the formation of ROS. Impairments
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in proteosomal activities in human monocytes were also observed.
We demonstrate herein the important impact of the nature of
albumin chosen in experiments dealing with structural/function
relationships after the modification of the protein by glycoxidation.
AGEs originating from the glycoxidation of BSA or HSA have lead to
differential cellular responses. This study confirms and extends the
determinant influence of the conditions in which AGEs are
generated and concentrations used in experiments designed to
mimic pathological conditions. Further ongoing projects try to better
define the effects of AGEs on cellular physiology and to observe
whether any impairment of proinflaimmatory cytokine expressions
could be associated with the oxidative damages induced by
glycoxidized albumin in cells.
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3. Discussion

Dans la premiére partie de ce travail, consacrée a I’étude de I’impact de la glycation
sur la structure et les propriétés biologiques des protéines sériques, nous constatons des
modifications structurales bien distinctes en fonction de 1’origine de 1’albumine. En effet la
glycoxydation de la forme bovine se traduit par un état d’oxydation beaucoup plus marqué
par rapport a celle engendrée sur la forme humaine. Par ailleurs, I’'impact sur les propriétés
biologiques differe également entre les deux formes d’albumine. Comme le montre le test
d’hémolyse des globules rouges, la glycation affecte de facon significative les propriétés
antioxydantes de la SAH, tandis qu’elle les accentue chez la SAB. L une des hypothéses que
I’on pourrait avancer pour expliquer cette différence, est la meilleure affinité de la forme

humaine de I’albumine dans un systéme biologique utilisant des cellules humaines

(érythrocytes).

Par ailleurs nous avons cherché a évaluer les modifications produites par des glycations
modérées des deux albumines en utilisant la spectrométrie de masse (MS) selon deux
approches différentes :
® En déterminant et en comparant la masse molaire moyenne des différentes albumines
natives et modifiées, nous avons pu estimer le nombre d’unités glucose ou méthylglyoxal qui
a pu se fixer sur la protéine sérique. Ainsi, nous constatons que la masse molaire augmente de
facon beaucoup plus significative sur 1’albumine bovine modifiée (entre + 63 et 1189 Da)
que sur I’albumine humaine (entre + 182 et 255 Da).

@ En effectuant au préalable de 1’analyse MS, une digestion trypsique des albumines natives
et glyquées, nous avons cherché a identifier les régions de la protéine impliquées dans la

glycation.

En utilisant cette seconde approche, il n’a pas été possible de déterminer les sites
spécifiques de glycation de la SAB et de la SAH a partir des profils trypsiques des albumines
modifiées obtenus par MALDI-TOF MS. En effet, dans le cas d’une protéine glyquée au
niveau d’un résidu arginine (K) (Figure 23), on peut s’attendre a deux profils de digestion

différents :

- (cas 1) Si la digestion par la trypsine est effective au niveau du site arginine glycosylé, on
s’attend a une augmentation de la masse de I’espéce ionique B par rapport au profil de

I’albumine native qui s’explique par I’adduction d’une unité glucose sur le résidu arginine.
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- (cas 2) La digestion par la trypsine peut se révéler inefficace au niveau d’un résidu arginine

préalablement modifié. Dans ce cas on obtientra deux fragments au lieu de trois (B et A).
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Figure 23 : Plusieurs profils MS de digestion possibles pour la protéine glyquée

L’éventualité d’une efficacité¢ partielle de digestion par la trypsine au niveau des sites
lysine ou arginine impliqués dans la glycation rend difficile I’interprétation des profils de
digestion et la détermination des sites de glycation de la protéine.

Par contre, la comparaison des profils de digestion a permis de mettre en évidence de fortes
similitudes entre ceux de SAH modifiés et celui d’un patient diabétique, confirmant que notre

modele in vitro se rapprochait du modéle d’AGEs in vivo.

La réponse physiologique des THP1 aux AGEs via le récepteur CD36

La deuxieme partie de I’étude met en avant le role de 1’albumine glycoxydée sur la
physiologie des cellules monocytaires humaines. Le traitement modéré des monocytes par les

différents AGEs (10 uM) entraine une réponse de type oxydatif sous forme d’une
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augmentation du taux de protéines carbonylées et de la formation accrue de ROS. Cette
réponse est médiée par un ou plusieurs récepteurs spécifiques tels que le RAGE. En effet, en
interagissant avec ce type de récepteur situé¢ a la surface des monocytes, les AGEs peuvent
induire une réponse inflammatoire par le biais de différents génes comme MCP-1 (monocyte
chemoattractant protein-1), INFyIP10 (Interferon y-inducible protein-10) et Cox-2
(Cyclooxygenase-2) (Figarola, 2007). Dans notre travail, la présence du récepteur RAGE est
confirmée par Western Blot avec une expression plus prononcée lorsque les cellules ont été
traitées par les deux albumines incubées en présence de méthylglyoxal.

Par ailleurs, le récepteur « scavenger » CD36, pouvant également fixer les AGEs, est
présent a la surface des monocytes/macrophages. Ce récepteur est impliqué dans la
transformation des macrophages en cellules spumeuses a la base de la formation des plaques
d’athérome a ’origine de 1’athérosclérose (Han, 2002). Le récepteur CD36 est également
impliqué dans la phagocytose des corps apoptotiques (Fadok, 1998). Dans le cadre de cette
¢tude, il m’est apparu important d’étudier I’implication du récepteur CD36 dans la réponse
oxydative des THP1 soumises a un stress glycoxydant. Pour cela, j’ai suivi 1’évolution de son

expression en utilisant la cytomeétrie de flux a fluorescence.

Protocole

Apres des traitements modérés (10, 20 et 40 uM) des cellules THP1 avec différents
AGEs (BSAgo, BSAgys et BSAyvgo), dérivés de 1’albumine bovine, les suspensions cellulaires
sont lavées avec du PBS en présence de 1% de sérum albumine bovine. Les cellules sont
ensuite incubées avec un anti-CD36 (1 :40) couplée a la fluorescéine isothiocyanate (FITC)
pendant 30 minutes a température ambiante. Les suspensions cellulaires lavées avant et apres
incubation avec du tampon PBS en présence de 1% de sérum albumine bovine sont ensuite
analysées par le cytometre Beckman FC500. L’expression du récepteur CD36 est déterminée
a partir de la mesure de fluorescence obtenue par FACS avec une excitation au laser argon a
488 nm et une émission a 530 nm (FL1). L’intensité de I’immunomarquage d’un antigéne
donné est évaluée par le ratio des moyennes arithmétiques de fluorescence entre une condition

de traitement et le controle (milieu + PBS).
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Résultat et conclusion :

Dans cette ¢tude en cytometre de flux nous avons déterminé I’expression du CD36 a la
surface des cellules THP1 en fonction de la nature du traitement (BSAgy, BSAgs ou
BSAwGo) et selon la concentration de la stimulation (10, 20 ou 40 uM) (Figure 24). Comme
pour le récepteur RAGE en Western Blot, une augmentation significative de 1’expression du
récepteur CD36 par les monocytes est observée en présence de BSAygo. Toutefois, ce niveau

d’expression ne semble pas €tre corrélé a la dose du traitement en AGEs.
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Figure 24 : Expression du récepteur CD36 a la surface des THP1 par FACS

La significativité des résultats est évaluée par une analyse de variance ANOVA (suivi par un test de Tukey).

" Effet de la BSA sur 'expression du CD36 (en comparaison avec le contréle PBS): ***P<0.001, **P<0.01,
*P<0.05. " Effet de la glycation sur [’expression du CD36 (en comparaison avec BSAgy): "p<0.001,
"p<0.01, "P<0.05.

Si les deux principaux récepteurs aux AGEs, que sont CD36 et RAGE, sont stimulés au
niveau monocytaire, il a ét¢ montré que les AGEs stimulent également I’expression d’autres
récepteurs moins spécifiques comme le CD44 ou le CD68 de monocytes humains

(Kishikawa, 2006). Le CD68 est un autre récepteur de la famille des MSRs (macrophage
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scavenger receptors), tandis que le CD44, fortement exprimé au cours de la réaction

inflammatoire, est le principal récepteur de I’acide hyaluronique.

La réponse physiologique des THP1 et les systemes de défense

L’un des résultats obtenus dans ce travail concerne 1’activité du protéasome lorsque les
cellules THP1 subissent un stress glycoxydant. Dans 1’étude menée précédemment (Partie
IT), nous avons mis en évidence une altération de ce systeme protéolytique au sein des
cellules adipocytaires soumises a une stimulation excessive (+ 50 uM) d’AGEs. Ici, la
stimulation modérée des THP1 par des AGEs dérivés de 1’albumine bovine favorise 1’activité
du protéasome (particulicrement son activité de type chymotrypsine), tandis que les AGEs
issus de I’albumine humaine provoquent plutdt une altération de cette activité (principalement
I’activité de type caspase). On retrouve, d’ailleurs cette réponse contrastée au niveau de
I’expression de LMP2, 1'une des sous-unités protéiques constituant le protéasome.
Parallelement aux systémes protéolytiques participant a la dégradation des protéines, il existe
des systémes de défense contre la formation d’especes issues de 1’oxydation, tels que les ROS
ou les radicaux. Ce systéme de défenses primaires comprend différentes enzymes telles que la
superoxyde dismutase (SOD). Au vu des résultats contrastés de 1’activité du protéasome
obtenus entre les deux formes d’albumine, j’ai effectué une comparaison de 1’expression du
gene de la Mn-SOD au niveau des THP1 soumis a de 1’albumine (bovine et humaine) native
ou modifiée par du méthylglyoxal. Toutefois, il serait intéressant de déterminer si les résultats
présentés ci-dessous peuvent étre associée avec une modification de I’activité enzymatique de

la Mn-SOD.

Protocole

Le protocole de I’expression du gene de la Mn-SOD est décrit dans une autre étude
placée en Annexe 2 (Roche, 2009). Les cellules THP1 sont traitées 16h avec 10 uM
I’albumine (bovine et humaine) native ou modifiée par le méthylglyoxal. Ensuite les ARN
totaux sont extraits et dosés. La PCR en temps réel est réalisée sur les ADN codants
correspondants a partir du systtme ABI PRISM utilisant la méthode « Sybrgreen ». La
quantité d’ARN du gene d’intérét (Mn-SOD) et du geéne de référence (18S) est déterminée a
partir de courbes standards relatives a ces deux genes. Afin de prendre en compte la

variabilité de la concentration en ARN de chaque échantillon, les valeurs obtenues pour le
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gene d’intérét sont normalisées par rapport aux valeurs obtenues pour le gene de référence.
Les cellules traitées avec du PMA (phorbol 12-myristate 13-actetate) constituent le controle

positif.

Résultat et conclusion :

Comme dans le cas de I’activité du protéasome et de I’expression du LMP2, nous constatons

un résultat opposé entre les modeles d’AGEs humains et bovins (Figure 24).
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Figure 25 : Expression ARN du géne de la Mn-SOD

La significativité des résultats est évaluée par une analyse de variance ANOVA (suivi par un test de Tukey).

" Effet de la BSA ou HSA sur ’expression de la Mn-SOD (en comparaison avec le contréle PBS): ***P<0.001.
* Effet de la glycation (MGO) sur [’expression de la Mn-SOD (en comparaison avec BSAgy ou HSAgg):
"p<0.01, "P<0.05.

En effet, la glycoxydation de 1’albumine bovine se traduit par une augmentation de
I’expression de la Mn-SOD (BSAmgo vs. BSAgg) tandis que celle de I’albumine humaine
induit plutét une diminution de I’expression (HSAygo vs. HSAgy). De plus I’expression
basale de la Mn-SOD, en présence d’albumine native, est beaucoup plus importante dans le
cas de la forme humaine que celle de la bovine. Dans le cas de la glycoxydation de 1’albumine
bovine, la diminution de 1’expression de la Mn-SOD peut s’expliquer par le role joué par le
facteur nucléaire de transcription NFxB. En effet, I’expression de NFxB, facteur fortement

impliqué dans la stimulation de 1’expression de ce géne, peut étre fortement stimulée par un
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stress oxydant induit par des AGEs (Bubici, 2004). Les niveaux d’expression de la Mn-SOD
obtenus entre les formes natives et glycoxydées de I’albumine humaine sont en contradiction
avec ceux obtenus pour la forme bovine mais sont en accord avec les résultats obtenus pour
I’activité protéolytique du protéasome.

Le stress glycoxydant généré par les AGEs au niveau des monocytes, induit
I’oxydation de nombreuses protéines intracellulaires ainsi que la formation accrue de ROS.
Ces altérations au niveau de la cellule peuvent étre contrecarrées par deux types de
machinerie cellulaire : les systétmes de défense enzymatiques primaires tels que la Mn-SOD,
qui s’attachent a diminuer la production de radicaux libres et ainsi limiter la génération de
ROS, mais également les systémes protéolytiques qui assurent la dégradation des protéines
altérées. Dans le cas de la stimulation des THP1 par des mode¢les in vitro d’AGEs d’origine
bovine, les systemes de défense et de dégradation de la cellule semblent jouer leur role pour
assurer son intégrité et sa survie. Par contre, le traitement des monocytes par de 1’albumine
humaine glycoxydée induit un stress oxydant plus important avec pour conséquence une
altération protéique beaucoup plus prononcée. On peut supposer que parmi les protéines
cellulaires affectées se trouvent celles impliquées dans les systémes de défense primaire et
dans les activités protéolytiques. Il a d’ailleurs été montré, dans le cas du vieillissement, que
I’accumulation de protéines endommagées par oxydation et glycation contribuent, entre autre,

a la baisse d’efficacité du systéme protéosomal (Bulteau, 2000; Petropoulos, 2000).

4. Conclusions et perspectives

Ce dernier travail montre bien I’importance que requiert le choix du modele d’AGEs
utilisé pour les études physiopathologiques sur cellules in vitro. Nous avons pu mettre ici en
¢vidence le contraste dans les réponses biologiques d’une lignée cellulaire humaine en
fonction de I’origine de 1’albumine. Par ailleurs, en utilisant des mode¢les in vitro mimant les
conditions physiopathologiques d’une hyperglycémie, la réponse biologique au niveau
cellulaire n’est pas assez marquée et justifie, dans de nombreuses études, le choix de modéles
d’AGEs utilisant des conditions suprapathologiques (jusqu’a 1 M de glucose mis en présence
d’albumine).

Dans la continuité des études portant sur la réponse biologique des monocytes et des
adipocytes humains soumis a un stress glycoxydant, il serait pertinent d’étudier 1I’implication

des principaux récepteurs aux AGEs (RAGE et CD36) dans la réponse inflammatoire
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(cytokines, TNFa) et oxydative (ROS) de ces deux modeles cellulaires. Dans cette étude
mécanistique, il serait aussi particulierement intéressant de suivre 1’activité du facteur de

transcription NFxB induite par les AGEs par le biais des récepteurs RAGE et CD36.
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PARTIE IV

Etude in vivo du statut redox et antiradicalaire de
I’albumine sérique dans le cadre de la pathologie
diabétique
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1. Introduction

Paradoxalement, le taux d’enzymes a 1’activité antioxydante est moins ¢élevé dans le
sang qu’a I’intérieur des cellules, alors que le plasma sanguin, comparativement, semble plus
exposé, a un stress oxydatif soutenu. Le déficit en défenses antioxydantes du plasma est alors
comblé par sa protéine la plus abondante, 1’albumine, longtemps considérée uniquement
comme une simple protéine de transport. En effet de nombreux modeles d’oxydation in vitro
ont mis en avant les propriétés antioxydantes inhérentes a cette protéine plasmatique. Ses
propriétés bénéfiques intrinséques sont notamment attribuées a la présence d’un seul résidu
cystéine libre (Cys34) cible potentiel des oxydants, une structure tridimensionnelle permettant
I’exposition de certains résidus (Met, ...) jouant le role d’éponge a oxydant et conférant a la

protéine des capacités de fixation de métaux (Halliwell, 1988; Roche, 2008).

De nombreuses études, parmi lesquelles celles que nous avons menées précédemment,
ont mis en évidence I’'impact de D’altération in vitro de 1’albumine sur ses propriétés
fonctionnelles. D’une part, I’agrégation induite a la sérum albumine bovine dans des
conditions non physiologiques (traitement thermique), entraine une diminution drastique de
ses capacités a piéger des radicaux libres et a fixer le cuivre (Rondeau, 2007). D’autre part, la
glycation in vitro de 1’albumine humaine ou bovine, par des concentrations modérées en
glucose, affecte ses propriétés antiradicalaires et modifie ’état redox de la protéine
(Rondeau, 2008). De plus elle induit un stress glycoxydant au niveau cellulaire (Chesne,
2006 ; Singh, 2007). D’autres modeles in vitro, qui ont mis en évidence la faible contribution
des antioxydants (catalase, SOD, glutathion peroxydase...) dans I’activité¢ antioxydante du
plasma (Blake, 1981; Halliwell, 1986), suggerent ainsi le role clé joué par I’albumine comme
antioxydant de substitution dans le plasma (Musante, 2006). Mais qu’en est-il in vivo ?
Comment se comporte cette protéine majeure du systéme circulatoire dans le cas de

pathologies caractérisées par I’occurrence d’un stress oxydant accru ?
Dans cette partie et en prolongement des études in vitro effectuées précédemment, j’ai

souhaité évaluer I’état redox, antioxydant et structural de I’albumine plasmatique dans le

cadre de la pathologie diabéte.
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Le diabete représente une pathologie qui se caractérise par une €lévation chronique de
la glycémie. L’hyperglycémie associée a un déséquilibre métabolique, est due a une
déficience de I’insuline ou bien a un défaut de réponse des cellules a cette hormone. Cette
maladie s’accompagne généralement d’autres complications métaboliques telles que les
micro- et macro-angiopathies. L’hyperglycémie persistante, la formation résultante de
produits avancés de glycation et un stress oxydant accru seraient directement impliqués dans
le développement des ces complications métaboliques. De plus, les protéines plasmatiques,

dont I’albumine, seraient les plus affectées par ces processus déléteres.

Dans cette étude, je me suis donc intéressé aux parameétres structuraux et fonctionnels
(pouvoir antiradicalaire) du plasma et de son albumine purifiée provenant d’un panel de
sujets. J’ai mesuré les parametres d’oxydation et les propriétés antiradicalaires tout d’abord au
niveau des plasmas et ensuite sur la fraction d’albumine apres purification. Dans un deuxiéme
temps, j’ai cherché a mettre en relation les modifications structurales et fonctionnelles de ces

plasmas et albumine avec les parameétres cliniques et biochimiques des patients.

2. Protocoles expérimentaux

a) Recrutement des sujets

L’¢tude porte sur les plasmas sanguins provenant de 54 sujets (20 hommes/ 34
femmes) recueillis auprés du service de biochimie du Centre Hospitalier de La Réunion

(CHR- Saint-Denis). Le panel est divisé en deux groupes (Tableau 3).

Ces groupes ont été définis selon le pourcentage d’hémoglobine glyquée. Parmi ces
sujets, 23 sont affectés au groupe B avec une mesure du taux d’hémoglobine glyquée
(HbAlc) supérieur a 7%. Le groupe A est constitué de 31 sujets dont le taux d’hémoglobine
glyquée est inférieur a 6,8 %. Méme si nous disposons de nombreux parameétres cliniques
pour ces différents patients, nous n’avons aucune connaissance de leurs pathologies

éventuelles.
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Groupe A . Groupe B

N 31 23
AGE 62,2 + 20,2 66,6 + 10,3
HbA1c (%) 5,74 + 0,58 8,99+ 1,67
Protéine sérique (g.I"") 716+7,6 70,7 £ 17,1
Urée (mmol.I™) 8,90 + 9,21 9,33 +6,16
Créatinine (umol.l") 136 £ 146 111+ 44
Cholesterol (mmol.l'1) 4,37 +1,20 4,20 + 1,62
HDL (mmol.I") 1,16 + 0,33 1,21+ 0,43
LDL (mmol.I™) 2,78 1,08 2,33+ 1,30
Triglyceride (mmol.I") 1,07 £ 0,46 1,11+ 0,39

Tableau 3: Caractérisation des sujets participant a 1’étude in vivo

b) Purification de I’albumine des plasmas

L’albumine humaine est purifiée a partir des plasmas par chromatographie d’affinité

sur du Bleu de Cibacron 3G couplé a I’agarose (Amersham). Le Bleu de Cibacron est un

colorant qui posséde une forte affinité pour l'albumine. La chromatographie se réalise en

batch dans des tubes de 2 ml dans lesquels on conditionne 1 mL de gel Cibacron par plusieurs
lavages avec le tampon de liaison (Tris-HC1 50 mM, pH 7.4). 1 mL de plasma est déposé sur
le gel et incubé pendant une heure a faible agitation a 4°C. Le gel est ensuite incubé 6 fois
avec 1 mL de tampon de liaison. L’albumine est ensuite décrochée du gel a I’aide du tampon
d’¢élution (Tris-HC1 50 mM, NaCl 1,5 M, pH 7,4). Les deux premiers mL ¢lués sont éliminés
et les 5 suivants sont conservés. La pureté des fractions de lavage et d’¢lution est évaluée et

comparée au plasma sur gel polyacrylamide 12% en condition native (Figure 26).
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Figure 26: Electrophorese PAGE en condition native des fractions éluées de plasmas

c) dosage de I’albumine purifiée du plasma

Toutes les mesures de parameétres structuraux (fluorescence) et fonctionnels (thiol, KRL et
carbonyle), effectuées sur la protéine plasmatique, sont exprimés en fonction de la quantité de
cette protéine. La concentration en albumine purifiée est déterminée par I’absorbance a 278

nm en utilisant le coefficient d’extinction molaire de I’albumine : g578,m = 33064 mol.I".cm™.

d) Dosage du taux de carbonyle par ELISA (état redox)

Le taux de carbonylation des plasmas et des albumines correspondantes est déterminé a partir
d’un dosage immunoenzymatique (ELISA) direct, mis au point dans notre laboratoire, et dont
le principe repose sur la reconnaissance de la 2,4-dinitrophenylhydrazine (DNPH) fixée sur
les sites carbonylés des protéines par un anticorps anti-DNPH. Le protocole utilisée en
Western-Blot (Rondeau, 2008; Singh, 2007) a ¢ét¢ adapté pour le dosage en ELISA
(Rondeau, 2009). Le degré d’oxydation des plasmas et des albumines est déterminé a partir

d’une gamme standard de protéines carbonylées.

e) Test KRL"® ou hémolyse des globules rouges (propriétés antioxydantes)

Les propriétés antiradicalaires des plasmas et des albumines correspondantes sont évaluées a
I’aide du test in vitro KRL basé sur la comparaison des cinétiques d’hémolyses des globules

rouges, induites par les radicaux libres en fonction des conditions expérimentales. Le
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protocole est développé dans les travaux précédents (Rondeau, 2007; Rondeau, 2008). Pour
chaque plasma ou albumine purifiée, on déterminera le temps de demi-hémolyse (HTs)

normalisé par rapport au HTsy obtenu pour une hémolyse en présence de PBS.

f) Etude de fluorescence

Les mesures de fluorescence, réalisées sur la sérum albumine isolée du plasma, nous
apporterons des informations au niveau de la structure de la protéine. Plusieurs mesures de

fluorescence sur I’albumine diluée (1,2 pg/pl) sont réalisées :

-La fluorescence du tryptophane a la longueur d'onde d’excitation de 280 nm et de 340 nm

pour I’émission (Mooradian, 1996).
-La fluorescence du glycophore aux longueurs d’onde d’excitation et d’émission respectives
de 350 nm et 425 nm (Ogino, 1995).
- La fluorescence de I’acide 1-anilino-8-naphtalénesulfonique (ANSA) dont I’émission est
obtenue a 440 nm avec une longueur d’onde d’excitation a 355 nm, est utilisée comme un

marqueur fluorescent des sites hydrophobes de la protéine (Stryer, 1965).

g) Dosage des groupements cystéine libre (état redox)

Le dosage des groupements thiols au niveau de 1’albumine permet d’évaluer le degré
d’oxydation de cette protéine. Le protocole de dosage, basé sur la méthode d’Ellman et
largement décrit dans nos précédentes études, a été adapté ici pour 1’analyse de faibles

volumes réactionnels en plaque 96 puits (Chesne, 2006; Rondeau, 2007; Rondeau, 2008).

h) Statistiques

La comparaison des moyennes observées pour chaque groupe et pour chaque
parametre étudié, a été effectuée en utilisant le test T de Student pour des series non
appariées. Les analyses multivariées des 54 échantillons et des paramétres cliniques et

expérimentaux, sont réalisées a I’aide du logiciel The Unscrumbler® Version 7.1.
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3. Résultats

a) Parameétres d’oxydation et antiradicalaire au niveau des plasmas :

Les plasmas ont été obtenus a partir d’échantillons de sang centrifugés a 2500 rpm et ont été

conservés a — 20°C en vue des expériences suivantes.

- Etat redox des plasmas

Les résultats de la comparaison du statut redox des différents plasmas, déterminé par
ELISA carbonyle, sont représentés sous deux formes dans la figure 27 : d’une part, la
moyenne du taux de carbonyle pour chaque groupe, d’autre part 1’état redox de chaque plasma
en fonction du taux d’hémoglobine glyquée (HbAIc).

Une augmentation significative (+10%, p<0,001) du taux d’oxydation est observée
pour le groupe de patients dont le taux d’hémoglobine glyquée est supérieure a 7% (Figure
27b). Par ailleurs, une corrélation significative (* =0.22, p<0,001) a pu étre établie entre les
taux de carbonyle et de HbAlc (Figure 27a). Il est a signaler que I’augmentation du taux de
carbonyle est étroitement corrélée avec la concentration en protéines dans le plasma (r* =

0.31, p<0,0001).
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Figure 27: Taux de carbonyle (%) dans les différents plasmas
a) Corrélation entre le taux de carbonyle et d’hémoglobine glyquée (HbAlc); b) Taux de

carbonyle comparé entre les groupes A et B. La significativité est déterminée par le test t de
Student pour séries non appariees. ** p<0.001.
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- Capacités antiradicalaires des plasmas

Les capacités antioxydantes des plasmas sont déterminées a partir du test d’hémolyse
induite par les radicaux libres. Ce test permet d’évaluer la faculté des différents plasmas a
neutraliser les radicaux libres et ainsi retarder ’hémolyse. Le temps de demi-hémolyse (HTso)
traduit cette capacité antiradicalaire.

Les résultats présentés (Figure 28b), mettent en évidence I’importance des propriétés
antioxydantes des plasmas appartenant aux deux groupes avec une augmentation du HTs
autour de 200% (p<0,0001) par rapport a I’hémolyse en absence de plasma (PBS). Par contre,
aucune différence significative du HTsy moyen, n’est observée entre les deux groupes. Par
ailleurs, le HTso de I’ensemble des plasmas ne présente pas de corrélation significative (p=

0,251) avec le taux d’hémoglobine glyquée (Figure 28a).
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Figure 28: Temps de demi-hémolyse HT5 (% par rapport a PBS) dans les différents plasmas

a) Corrélation entre le HTsy et le taux d’hémoglobine glyquée (HbAlc); b) HTsy moyen
comparé entre les groupes A et B et le contrdle (PBS). La significativité est déterminée par le
test t de Student pour séries non appariées. *** p<0,0001 (comparaison avec PBS).

Enfin, la variabilité du pouvoir antioxydant en fonction des plasmas n’est aucunement
liée 4 la quantité de protéines plasmatiques (r* = 0.01, p=0,45). Le pouvoir protecteur exercée
par le plasma contre les radicaux libres semble d’avantage li¢ a la qualité fonctionnelle des
protéines constituantes du plasma, parmi lesquelles 1’albumine reste la plus abondante.

Dans la suite de 1’étude, nous nous focalisons sur les propriétés intrinséques
(structurales, redox et antioxydantes) de 1’albumine purifiée de ces plasmas afin notamment

d’évaluer la contribution de cette protéine dans les propriétés biologiques du plasma.
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b) Paramétres structuraux, redox et antioxydant au niveau des albumines :

- Parametres structuraux :

Différentes émissions de fluorescence sont mesurées au niveau des albumines purifiées afin
d’effectuer une comparaison, d’un point de vue structural, de I’albumine des différents sujets.
Trois mesures de 1’émission de fluorescence sont réalisées :

- celle du tryptophane

- celle du glycophore

- celle de ’ANSA

Les principaux parameétres struturaux relatifs aux deux groupes sont résumés dans le tableau 4 :

Groupe A [ ] Groupe B [ ]
Fluorescence

ANSA (AU) Ex: 355nm Em: 440 nm 4818 + 732 4425 + 672 h']
Glycophore (AU) Ex: 350nm Em: 425 nm 1850 + 320 2071 + 300* 7
Tryptophane (AU) Ex: 280nm Em: 340 nm 1337 £ 493 1618 + 408* |

Tableau 4: Principaux parameétres de fluorescence des SAH provenant des sujets des groupes A et B
La significativite est déterminée par le test t de Student pour séries non appariées. * p<0.05.

Contrairement aux variations de fluorescence constatées dans les études précédentes
(Rondeau, 2009) lorsque la SAB est glyquée in vitro, une augmentation significative de la
fluorescence du tryptophane (p<0.05) et une diminution de I’hydrophobicité¢ (ANSA) (p<0.05),
sont observées sur les albumines du groupe B dont le taux d’HbAlc moyen est plus élevé. En
effet, le modele in vitro d’AGE dérivé de I’albumine bovine se caractérise par un quenching de
fluorescence du tryptophane et une augmentation de la fluorescence de I’ANSA par rapport a la
forme native traduisant un changement conformationnel qui ne semble pas étre identique a celui
observé chez les albumines in vivo. Par contre, de telles modifications structurales chez
I’albumine humaine modifiée in vitro par glycation n’ont pas été décrites jusqu’a présent.
Cependant, I’oxydation de la forme humaine de I’albumine par de la Chloramine T a mis en
¢vidence un quenching de fluorecence aussi bien pour le tryptophane que pour I’ANSA
(Bourdon, 2005). Ces deux paramétres structuraux (ANSA et tryptophane) présentent d’ailleurs

une corrélation inverse significative (Figure 29).
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Figure 29: Relation entre les émissions de fluorescence de I’ANSA et du tryptophane (UA)

Concernant 1’émission de fluorescence du glycophore, caractéristique de la formation de
produits avancés de glycation, une augmentation significative est observée pour le groupe B
(+15%, p<0,0001) par rapport au groupe de sujets présentant une hémoglobine glyquée
inférieure a 6,8% (Figure 30b). Il est a noter que lors d’une étude précédente, ’augmentation de
cette fluorescence a également été¢ observée sur des modeles in vitro d’AGE dérivé de la SAH
(Rondeau, 2008). De plus ce paramétre structural présente une corrélation significative avec

I’hémoglobine glyquée (Figure 30a).
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Figure 30: Emission de fluorescence du glycophore dans les SAH purifiées

a) Corrélation entre [’émission de fluorescence du glycophore rapportée a la quantité de
protéine (UA) et le taux d’hémoglobine glyquée (HbAlc) ; b) [’émission de fluorescence du
glycophore moyen comparée entre les groupes A et B. La significativité est déterminée par le
test t de Student pour séries non appariées. *** p<0.0001.
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- Etat redox des albumines

Contrairement aux résultats obtenus au niveau des plasmas, le taux de carbonyles des
SAH des différents sujets ne permettent pas de différencier les deux groupes. De plus, les

variations ne sont significativement pas corrélées au taux d’hémoglobine glyquée.

- Capacités antiradicalaires des albumines

Si le temps de demi-hemolyse HTsg au niveau des plasmas n’est pas apparu comme un parametre
de discrimination entre les deux groupes, au niveau de I’albumine purifiée, une augmentation
significative (+ 10%, p<0,05) de la capacité antiradicalaire est observée pour le groupe B par

rapport au groupe A (Figure 31).
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Figure 31: HT5s des SAH comparé entre les groupes A et B

La significativité est déterminée par le test t de Student pour séries non appariées. * p<0.05.

Comme dans le cas du plasma, aucune corrélation ne peut &tre établie entre la capacité
antiradicalaire de la SAH et I’hémoglobine glyquée. Par contre, a partir des résultats de HTs
obtenus pour les plasmas et leurs albumines purifiées, nous pouvons corréler significativement
ces deux parametres attestant de la contribution majeure de I’albumine dans les défenses

antiradicalaires (Figure 32).
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Figure 32: Corrélation entre HTs, plasmas et HT5¢/qté de protéine SAH

- Dosage des thiols

Le dosage des groupements thiol par la méthode d’Ellmann permet de différencier
significativement les deux groupes avec une altération de ces groupements beaucoup importante
(+ 15%, p < 0,001) dans le groupe B (Figure 33a). L oxydation des thiols est corrélée au taux
d’hémoglobine glyquée (Figure 33b). Ce résultat peut €tre mis en relation directe avec

I’oxydation de 1I’albumine observée apres glycation de la protéine (étude in vitro).
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Figure 33: Nombre de mole de thiols par mole d’albumine
a) Corrélation entre le nombre de thiol par mole de protéine et le taux d’hémoglobine glyquée

(HbAlc) ; b) le nombre de thiol moyen comparée entre les groupes A et B. La significativité
est déterminée par le test t de Student pour séries non appariées. ** p<0.001.
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¢) Relation structure / fonctions:

Les corrélations entre les différents parameétres cliniques et experimentaux ont €té
¢valuées a travers des analyses multivariées en utilisant les 8 parameétres expérimentaux obtenues
(carbonyle, HT50, 3 fluorescences, et thiols) et les 9 paramétres cliniques appliqués au panel de
54 plasmas et de leurs albumines purifices.

L’analyse en composante principale (ACP) nous permet de génerer une carte factorielle
(Figure 34) permettant de visualiser le positionnement des 54 sujets selon les deux axes les plus

informatifs (PC1 et PC2).
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Figure 34 : Carte factorielle des 54 individus du panel d’étude établie selon les axes 1 et 2
(A) Individus appartenant au groupe A ; (®) individus appartenant au groupe B

On peut observer que la totalit¢ des parameétres (cliniques et expérimentaux) permettent de
séparer la population des 54 sujets selon les deux groupes établis au début de 1’étude (suivant le
% HbA1c). Toutefois, les deux premiers axes ne decrivent que 42% de I’information globale.

De la méme manicre, I’ACP nous a permis de générer une cate factorielle des variables
parametriques permettant de visualiser sur les axes 1 et 2 des corrélations éventuelles (Figure

35).
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Figure 35 : Carte factorielle des 17 variables du panel d’étude établie selon les axes 1 et 2
(®) Parameétres cliniques ; (A) Paramétres expérimentaux.

Si quelques correlations sont mises évidence entre certains parametres cliniques
(Créatinine/Urée ou Cholestérol total/Cholestérol-LDL) par le biais de cette carte, nous ne
sommes pas en mesure d’établir des corrélations significatives entre des variables décrivant la

struture (fluorescence ou thiol) et celle reflétant la capacité antioxydante de la protéine (HTs).

4. Discussion

Les résultats obtenus ici, sont & interpréter avec précaution car le panel de plasmas
utilisé n’est pas totalement adapté aux objectifs fixés pour cette étude. En effet, si nous
pouvons considérer les sujets dont le taux d’hémoglobine glyquée est supérieure a 7% comme
des états d’hyperglycémie mal controlés provenant d’un état diabétique, nous n’avons aucune
information quand a leur type de diabéte éventuel. Par ailleurs, nous n’avons aucune
information sur la qualité sanitaire des sujets constituant le groupe A (HblAc < 6,8 %). Une
partie de ces sujets sont probablement des diabétiques dont I’hyperglycémie est bien
contrdlée, d’autres sujets peuvent présenter des pathologies autres que le diabéte. Enfin, nous
n’avons aucune connaissance des traitements éventuels suivis par les sujets de cette étude.

L’ hétérogénéité de ce groupe rend ainsi les résultats sur les différents marqueurs (statut redox,

190



antiradicalaire...) plus difficile a interpréter. Par ailleurs, notre panel de patients présente une
mauvaise distribution en termes de % d’Hb1Ac dans la mesure ou le nombre d’individus avec
une hémoglobine glyquée tres élevée (< 10% ; 7 individus) est faible par rapport a celui ayant

un Hb1Ac tres faible (< 6% ; 24).

Dans ce travail nous avons tout de méme constaté une augmentation significative
(+10%) de I’état d’oxydation des plasmas avec le taux élevé d’hémoglobine glyquée. Cette
altération accrue ne se retrouve pas au niveau de la HSA purifiée. Ce qui pourrait s’expliquer
par le fait que I’albumine, bien que protéine plasmatique majoritaire, n’est pas la seule
protéine sensible a 1’oxydation. Concernant le statut antiradicalaire de 1’albumine, celui-ci

semble plutdt se renforcer avec I’augmentation de I’hémoglobine glyquée.

Ces résultats ne vont pas totalement dans le sens de ce que nous avons obtenus dans
les études in vitro. En effet, si nous avons constaté une augmentation de 1’altération de type
oxydatif de I’albumine humaine modifiée par glycation, ces phénomenes ont également une
incidence délétere sur ses propriétés antiradicalaires. In vivo, la glycation n’est pas le seul

processus qui peut entrainer une altéreration des propriétés antioxydantes de 1’albumine.

D’un point de vue structural, nous avons mis en évidence une augmentation de
I’émission de fluorescence du glycophore de I’albumine, caractéristique des produits avancés
de glycation, en corrélation avec le taux d’hémoglobine glyquée. Cette augmentation a été
¢galement constatée sur nos modeles in vitro. 1l en est de méme pour le statut redox du résidu
cystéine dont 1’oxydation est constatée aussi bien in vitro qu’in vivo. L’analyse globale de
toutes ces données nous a permis de discriminer nos groupes de départ établi en fonction du
taux d’hémoglobine glyquée. Par contre, il n’a pas été possible d’établir des corrélations

significatives entre les propriétés structurales de la protéine et ses propriétés fonctionnelles.
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5. Conclusion et perspectives

En resumé, nous observons une altération de certaines propriétés intrinseéques de
I’albumine (thiol, changement conformationnel) liée avec 1’augmentation du taux
d’hémoglobine glyquée. Ces résultats semblent conforter généralement les études effectuées
in vitro. Cependant les conclusions que 1’on peut tirer de cette comparaison in vitro et in vivo
sont & nuancer dans la mesure ou le paramétre % HbAlc ne constitue en aucune fagon un

marqueur suffisant pour conclure sur 1’état diabétique d’un sujet.

Ce travail constitue un préliminaire & une étude beaucoup plus vaste visant a
démontrer que 1’albumine peut constituer un bio-marqueur de choix du statut redox dans la
pathologie diabétique. Le but étant d’établir des corrélations entre les parameétres
biochimiques de patients dont on connait clairement le type de pathologie avec les propriétés
structurales et fonctionnelles de 1’albumine. A travers cette étude in vivo, il serait
particuliérement intéressant de suivre 1’affinité de la protéine plasmatique pour certains

métabolites (acides gras, médicaments...) suivant le degré de gravité du diabete.

Dans le méme esprit, le statut redox et antioxydant de 1’albumine pourrait faire 1’objet
d’autres études in vivo concernant d’autres pathologies, comme 1’Ataxie de Freidreich. Cette
maladie génétique autosomique récessive se caractérise par des troubles neurologiques,
affectant la coordination des mouvements (ataxie) et de la parole (dysarthrie) avec des
complications d’ordre métabolique (diabéte) et des dysfonctionnements cardiaques (Ristow,
2003). Un stress oxydatif accru a été mise en évidence chez les patients atteints de cette
maladie, par I’effet bénéfique de traitements antioxydants dans le recouvrement de certaines
fonctions (Rotig, 2002). L analyse structurale et fonctionnelle de 1’albumine chez ces patients
permettrai peut étre d’apporter de nouveaux éléments concrets de compréhension sur

I’implication de cette protéine comme marqueur du stress oxydant dans cette pathologie.
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Les travaux présentés dans ce manuscrit proposent de nouveaux ¢léments sur le statut
structural, redox et antioxydant de 1’albumine soumise a des conditions non physiologiques ou
pathologiques, ainsi que les interactions entre ces différents paramétres (Figure 34).

Du point de vue structural, nous avons démontré que les changements
conformationnels de 1’albumine bovine ne sont pas similaires lors des processus de glycation
et d’agrégation. L’évolution conformationnelle au niveau des poches hydrophobes de la
protéine étant différente, I’impact sur ses propriétés fonctionnelles en est la conséquence
directe. En effet, ’agrégation induit une perte d’affinité pour 1’ion cuivre et une diminution de
son activité¢ antiradicalaire, alors que le processus de glycation favorise ces deux propriétés.
Par ailleurs, la structure tridimensionnelle adoptée par 1’albumine glyquée ne favorise pas
celle-ci a former des agrégats. Cette perte de susceptibilité a 1’agrégation peut étre attribuée
non seulement a la conformation spécifique au niveau des sites hydrophobes, mais ¢galement
a I’¢tat d’oxydation du seul groupement thiol libre, Cys34.

Paradoxalement, si le processus de glycation de la forme bovine de 1’albumine native
s’accompagne d’un changement de I’état redox de la protéine, avec une carbonylation accrue
ainsi qu’une oxydation du résidu Cys34, les propriétés antioxydantes (antiradicalaire et
affinité pour le cuivre (II)) se retrouvent d’avantage renforcées plutdt qu’altérées. De plus, les
AGEs dérivés de D’albumine bovine stimulent aussi bien 1’expression des récepteurs
cellulaires RAGE et CD36 au niveau de cellules adipocytaires et monocytaires. Dans ces deux
modeles cellulaires, un stress oxydant est observé, accompagné d’une carbonylation accrue
des protéines intracellulaires. Certaines protéines particulierement sensibles a 1’oxydation ont
¢t¢ identifiées au niveau des cellules d’adipocytes humains. C’est le cas des protéines
annexine A2 et B-actine (ACTB), qui ont la particularité d’interagir entre elles. L’altération
oxydative de I'une des deux protéines, voire des deux pourrait, peut étre, affecter cette
interaction. Une des conséquences du stress oxydant intracellulaire généré par les AGEs
dérivés de 1’albumine bovine, au niveau des monocytes humains (THP1), est une
augmentation notoire des activités protéolytiques du protéasome. Ici, I’albumine modifiée ne
peut plus remplir totalement sa fonction d’antioxydant, les systémes protéolytiques jouent
alors leurs roles dans la dégradation des protéines oxydées.

Bien qu’il y ait une grande similitude structurale entre la forme bovine (SAB) et la
forme humaine (SAH), il est apparu que les modeles in vitro d’AGEs issus de ces deux
formes ont des statuts structuraux, redox et antioxydant sensiblement différents. En effet,
méme si les modifications structurales et conformationnelles de la SAH glyquée n’ont pas été

¢tudiées, il semble que cette protéine soit globalement moins sensible a 1’oxydation par
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rapport a la SAB. Par ailleurs et contrairement a son homologue bovin, la glycoxydation de la
SAH affecte de fagon plus significative ses propriétés antioxydantes (activité antiradicalaire et
affinité pour le cuivre). Par contre, avec un stress oxydant plus prononcé et une expression
accrue du récepteur RAGE, la réponse biologique des monocytes humains soumis a ce
modele in vitro d’AGEs est beaucoup plus probante. Enfin, ce stress oxydant intracellulaire
plus important semble altérer de fagcon plus conséquente les protéines des cellules
monocytaires, a un degré tel que des protéines (LMP2,..) impliquées dans certaines activités
protéolytiques du protéasome, se retrouvent affectées au niveau de leur expression. Dans ce
cas précis, le protéasome ne peut plus remplir son réle d’élimination des protéines

défectueuses.

Comme nous avons pu le voir dans les différentes étapes de ce travail, la moindre
altération de I’albumine se traduit par un changement conformationnel et une modification de
ses propriétés intrinséques. Par ailleurs, certains résultats qui apparaissent discordants, mettent
en avant toute la complexité de la structure de 1’albumine et des propriétés antioxydantes qui
lui incombent. En effet, les différentes études montrent que 1’albumine bovine glyquée
induit un stress oxydant intracellulaire alors que dans le méme temps, ses capacités de
piégeage de radicaux libres ou de fixation du cuivre sont renforcées. La multitude de sites
(méthionine, Cys34, DAHK...) contribuant aux propriétés antioxydantes de la protéine
plasmatique peut expliquer la contradiction de ces résultats. Les modifications structurales
spécifiques induites par la glycation, mises en évidence lors de la premicre étude, peuvent

apporter un début de réponse a 1’augmentation des capacités antiradicalaires de 1’albumine

glyquée.

Les deux aspects, structural et biologique peuvent avoir une répercussion sur la
physiologie des cellules et des tissus exposés a cette protéine circulante. Ainsi, dans la
pathologie diabétique, les changements physiologiques et pathologiques de 1’albumine liés au
processus de glycoxydation, permettent de mieux comprendre I’implication probable de cette

protéine dans les complications métaboliques liées a cette pathologie.
En effet, dans notre étude in vivo, j’ai pu notamment établir des corrélations entre les

parametres antioxydants et structuraux de ’albumine d’une part et la « sévérité » de la

pathologie diabéte (en termes d’hémoglobine glyquée).
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Par rapport a ces différentes études, quelques questions demeurent et restent a
¢lucider :

- Méme si la conformation spécifique des sites hydrophobes et le statut redox de la cystéine34
semblent impliqués dans le statut antioxydant de la protéine, cet interaction structure/
fonction doit étre validée ([1], Figure 36). L’¢tude structurale de 1’albumine humaine
modifiée par glycation telle qu’elle a été réalisée sur la forme bovine pourrait apporter des
¢léments de validation.

- De méme, I’étude de la susceptibilité¢ a 1’agrégation de 1’albumine modifiée par glycation
pourrait étre réalisée sur la forme humaine afin de valider I’implication des poches
hydrophobes et le statut redox de la cystéine 34 dans le processus agrégatif ([2], Figure 36).

- Dans le cas précis de 1’étude des propriétés des protéines adipocytaires particulieérement
sensibles a la glycoxydation, il serait intéressant de mettre en évidence en quoi I’altération
de ces protéines intracellulaires peuvent affecter certains mécanismes cellulaires ([3],
Figure 36). Par ailleurs, il serait pertinent, en utilisant les mémes méthodologies
(protéomique), de déterminer les protéines adipocytaires exclusivement exprimées lors d’un

stress glycoxydatif ([4], Figure 36).

Au dela des études complémentaires mentionnées précedemment, ’ensemble des
résultats présentés dans ce travail suscite de nouvelles voies d’investigation mettant en avant
les roles clés de I’albumine dans le systéme circulatoire :

Il faut rappeler que I’albumine posseéde des fonctionnalités aussi nombreuses que
diverses, qui passent par le transport de métabolites, de fixation, de régulation de la pression
oncotique et le pouvoir antioxydant. Tout au long de ce travail, je me suis principalement
focalisé sur I’évolution de son état redox ainsi sur ses activités antioxydantes en relation avec
ses modifications structurales. L’¢tude que j’ai réalisé sur I’affinité de la protéine plasmatique
modifiée pour I’ion cuivre, un ligand cationique, constitue un aspect de ces propriétés
antioxydantes. Parmi les fonctions importantes qui n’ont pas été abordé dans cette étude,
I’affinité¢ de 1’albumine pour de nombreux métabolites exogeénes et endogenes constitue un
vaste champ d’étude qui trouve toute sa place dans le cas de la pathologie diabétique. Les
composés susceptibles d’étre transporté par la protéine sont nombreux parmi lesquels on
retrouve les acides gras, la bilirubine mais aussi les agents thérapeutiques. Ainsi, I’albumine
joue un réle important dans la pharmacocinétique et dynamique de médicaments qu’elle fixe.
Cette implication de I’albumine dans la thérapie galénique prend toute son importance dans le

cas du traitement médicamenteux du diabete.
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En effet, ’insulinothérapie fait appel a des analogues de I’insuline qui ont la
particularité de se fixer a I’albumine. Dans ce cadre 1a, et comme abordé dans les conclusions
de la premiére partie, nous pourrions nous intéresser dans un premier lieu a I’interaction entre
I’albumine et le Détemir en faisant appel a de nouvelles techniques (RMN, microscopie
infrarouge...) ([5], Figure 36). De méme, une ¢étude de I’affinité de 1’albumine modifiée par
glycation pour les acides gras trouverait toute sa place dans la compréhension de la relation
diabéte/obésité et de tous les mécanismes qui en découlent ([5], Figure 36). Enfin cette
démarche pourrait étre étendue a d’autres medicaments ayant une forte affinité pour la

protéine plasmatique comme le ketoprofen, 1’ibuprofen et la warfarine.
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Abstract Free radicals are a normal component of cellular oxy-
gen metabolism in mammals. However, free radical-associated
damage is an important factor in many pathological processes.
Glycation and oxidative damage cause protein modifications,
frequently observed in numerous diseases. Albumin represents a
very abundant and important circulating antioxidant. This
review brings together recent insights on albumin antioxidant
properties. First, it focuses on the different activities of albumin
concerning protein antioxidation. In particular, we describe the
role of albumin in ligand binding and free radical-trapping activ-
ities. In addition, physiological and pathological situations that
modify the antioxidant properties of albumin are reported.

© 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

It is well established that free radicals and reactive oxygen
species (ROS), nitrogen, and chlorine species contribute to
the development of several age-related diseases by inducing
oxidative stress and oxidative damage. Oxidative stress is com-
monly defined as a disturbance in the prooxidant and antiox-
idant balance leading to damage of lipids, proteins, and
nucleic acids [1]. Oxidative stress can result either from low lev-
els of antioxidants and/or from an increased production of
reactive species [2]. What is an antioxidant? Halliwell and
Whiteman defined an antioxidant as “any substance that,
when present at low concentrations compared with those of
an oxidizable substrate, significantly delays or prevents oxida-
tion of that substrate™. The term “oxidizable substrate™ corre-
sponds to “every type of molecule found in vivo™ [2].

“Corresponding author. Fax: 4262 262 93 82 37.
E-mail address: emmanuel.bourdon@univ-reunion.fr (E. Bourdon).

"These two authors contributed equally to this work and should be
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Abbreviations: AGE, advanced glycation end products; ARDS, acute
respiratory distress syndrome: CML, Niepsilon)-(carboxymethyl)
lysine; H,0,, hydrogen peroxide: HSA, human serum albumin; LCFA,
long-chain fatty acids; LDL, low-density lipoprotein; NO, nitric oxide;
RAGE, receptor for advanced glycation end products; RNS, reactive
nitrogen species; ROS, reactive oxygen species

Byproducts of oxygen metabolism, ROS, are reactive due to
the presence of unpaired valence shell electrons. Production of
ROS is not only intracellular but also concerns the surround-
ing area. Blood carries oxygen to tissues, and oxygen partial
pressure is about 100 mm Hg in the arterial circulation and
drops rapidly at the tissue levels with values between 4 and
20 mm Hg [3]. Then, blood is at least comparable, if not more
exposed to ROS than inside cells. Paradoxically, concentration
of antioxidants is much lower in plasma than in cells [4]. Sev-
eral models of oxidation indicate that albumin plays key role
in antioxidant functions challenging the historical idea that
only the intracellular compartment needs strenuous defense
against oxidants [4-9].

2. Albumin, a multifunctional protein

Albumin contains 585 amino acids and has a molecular
weight of 66 kDa. This highly soluble protein is present in hu-
man plasma at normal concentrations between 35 and 50 g/l
(for a review see [10]). Albumin has several important physio-
logical and pharmacological functions. It transports metals,
fatty acids, cholesterol. bile pigments, and drugs. It is a key
element in the regulation of osmotic pressure and distribution
of fluid between different compartments. In normal conditions,
its half-life is about 20 days, and its plasma concentration rep-
resents equilibrium not only between its synthesis in the liver
and its catabolism, but also its transcapillary escape. In general,
albumin represents the major and predominant antioxidant in
plasma, a body compartment known to be exposed to continu-
ous oxidative stress. A large proportion of total serum antiox-
idant properties can be attributed to albumin. Previous works
have shown that more than 70% of the free radical-trapping
activity of serum was due to human serum albumin (HSA) as
assayed using the free radical-induced hemolysis test [11].

Usually, albumin concentrations remain very low in cerebro-
spinal, aqueous humor, and synovial and lung bronchoalveo-
lar lining fluids when compared with plasma. Inflammation
enhances vascular permeability mainly through chemicals re-
leased by activated neutrophils [12]. A beneficial effect arises
from this apparent damage: albumin concentrations could be
found enhanced in sites of inflammation, for the protein to ex-
ert its multiple antioxidant properties [13].

In the next section, various activities of albumin as a major
antioxidant are examined. In the last section, some physiolog-
ical or pathological functions modifying the antioxidant prop-
erties of albumin are reported.

0014-5793/$34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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3. Ligand-binding capacities for antioxidant properties

Albumin binds many types of molecules and was called a
“sponge” or a “tramp steamer” of the circulation [10]. Many
antioxidant activities of albumin result from its ligand-binding
capacities. Albumin is well known for its ability to bind mole-
cules, such as metals ions, fatty acids, drugs, and also hor-
mones. The flexibility of the albumin structure adapts it
readily to ligands, and its three domain design provides a vari-
ety of binding sites [10].

Among the cationic ligands, copper and iron deserve partic-
ular consideration because as transition metals, they are very
potent to generate ROS after a reaction with oxygen. Free
Cu(IT) and Fe(II) ions can interact with hydrogen peroxide
(H,0;) leading to the formation of the deleterious hydroxyl
radical via the Fenton reaction. Bound to proteins, copper
and iron are generally less susceptible to participate in the Fen-
ton reaction. Concerning metals bound to albumin, hydroxyl
radicals released from Fenton reaction are mostly directed to
the protein sparing more important targets.

In plasma, most of the copper is bound to cacruloplasmin,
but a high percentage of the metal ion may exist bounded to
albumin [13]. HSA contains one high affinity site for copper,
the N-terminal tripeptide Asp-Ala-His [14]. Protein sequestra-
tion of Cu(II) ions has been shown to prevent ROS-generating
reactions. The first four amino acids of the N-terminus of hu-
man albumin, Asp-Ala-His-Lys (DAHK). form a tight-bind-
ing site for Cu(ll) ions. Despite iron being present at higher
physiological concentrations, copper can react with H.O1 to
form hydroxyl radicals 60 times faster than iron [15]. Several
studies have shown the antioxidant property of albumin by
binding of copper using the copper-induced low-density lipo-
protein (LDL) oxidation assay [6.7,16.17]. In this assay,
DAHK inhibited LDL lipid peroxidation and DAHK/Cu
complex showed a superoxide dismutase-like activity by signif-
icantly preventing the formation of ROS [18]. Moreover, HSA
and the tetrapeptide occupying its N-terminus (DAHK) were
shown to prevent neuronal death in murine cortical cell cul-
tures exposed Lo oxidative stress generated by H.O, and by a
mixture of copper and ascorbic acid [19].

Regarding iron, proteins involved in its transport are trans-
ferrin. caeruloplasmin, and lactoferrin. Nonetheless. high con-
centrations of circulating albumin indicate that the protein
might be able to scavenge some hydroxyl radicals produced
from iron reaction with H,O, [13]. In addition, in iron-over-
load disease, a significant amount of iron-bound albumin
was reported [20].

Among lipids, polyunsaturated fatty acids (PUFA) contrib-
ute largely to the pool of oxidizable biological compounds in
plasma. Albumin binds with high affinity to long-chain fatty
acids (LCFA) and PUFAs. The three main sites responsible
for LCFA in albumin are shown in Fig. 1 [10]. There is no evi-
dence that PUFAs bound to albumin are protected from lipid
peroxidation. Nonetheless, the fact that effective lipid-phase
antioxidants bind albumin (bilirubin and NO), indicates PU-
FAs bound to albumin, may be protected from oxidant-medi-
ated damage [21,22]. The binding of sterols by albumin is
weak, and the esterified or non-esterified forms of cholesterol
are carried in plasma by lipoproteins that are more specifically
designed for the task [10]. Cholesterol undergoes oxidation in
vitro and in vivo, forming biologically active derivatives
known as oxysterols [23]. Interestingly. oxysterols. unlike cho-

M. Roche et al. | FEBS Letters 582 (20008 ) 17831787
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Fig. 1. Main sites in albumin involved in its antioxidant activity. The
structure of albumin molecule is shown as strands using a PDB file
(PDB ID: 2BXF) of Ghuman et al. [61]. Lateral carbon chain of
residues involved in albumin antioxidant properties are developed and
colored. Amino terminus four amino acids of the protein are shown in
blue. This sequence is involved in the metal binding of the protein. The
sole free cysteine in the protein (Cys34) is shown in red. The free main
sites of ligation of PUFA in albumin are shown in purple. Lys240 in
albumin (yellow) is involved in bilirubin ligation. The six methionine
residues are depicted in green. Molecular graphic image was produced
using the UCSF Chimera package from the Resource for Biocomput-
ing, Visualization, and Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081),

lesterol, distribute almost equally between lipoproteins and the
lipoprotein-deficient serum (LPDS); in LPDS, the protein with
which oxysterols are associated is albumin [24]. This higher
affinity means that oxysterols carried by albumin are less rap-
idly released to cells than cholesterol. By this, albumin could
limit detrimental effects of oxysterols on cells.

An indirect antioxidant activity of albumin comes from its
ability to transport bilirubin, which binds with high affinity
to the molecule at Lys240 [25]. Such albumin-bound bilirubin
was shown to act as an inhibitor of lipid peroxidation [26]. Re-
cently, bilirubin, bound to albumin in the primary site, was
shown to protect a-tocopherol from damage mediated by per-
oxyl radicals [27] and to prolong the survival of human ventric-
ular myocytes against in situ-generated oxidative stress [28].

Another aspect of antioxidant activity of albumin may come
from its capacity to bind homogysteine. a sulfur-containing
amino acid, which results from the catabolism of methionine
residue. Elevated plasma homocysteine is a well-known risk
factor for atherosclerosis and may act through oxidation of
LDL [29].

4. Free radical-trapping properties in albumin

HSA contains one reduced cysteine residue (Cys34) which.
due to the large amount of albumin in plasma. constitutes
the largest pool of thiols in the circulation [30]. In healthy
adults. about 70-80% of the Cys34 in albumin contains a free
sulphydryl group. the rest forms a disulfide with several com-
pounds like cysteine. homocysteine, or glutathione [30].
Through the reduced Cys34. albumin is able to scavenge
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hydroxyl radicals [31]. Oxidation of Cys34 leads to the forma-
tion of sulfenic acid (RSOH), which is further oxidized to sul-
finic (RSO:H) or sulfonic acid form (RSO1H) [30.32]. Sulfenic
acid constitutes a central intermediate in both the reversible
and irreversible redox modulation by reactive species. Sulfenic
acid in HSA was recently involved in mixed disulfide forma-
tion, supporting a role of HSA-Cys34 as an important redox
regulator in extracellular compartments [32]. Reactive nitrogen
species (RNS) constitute nitrogen-centered species analogous
to ROS. Some RNS, such as nitric oxide (NO). contribute to
various biological processes. Other RNS, such as peroxynitrite
(ONOOQ ™), constitute powerful oxidants and nitrating species
[33). The —SH group of albumin represents an important anti-
oxidant against peroxynitrite as thiol group was shown to be
oxidized to a sulfenic acid (HSA-SOH) [34]. Subsequently,
HSA-SOH can be converted to a disulfide and then back to
mercapto-albumin (HSA-SH) [22].

Methionine residues (six in HSA) also represent an oxida-
tion-sensitive amino acid in albumin [7,11]. Met is particularly
susceptible to oxidation and a wide variety of oxidants lead to
production of methionine sulfoxide [35]. Oxidation to sulfone,
which is the next step, is only obtained under drastic condi-
tions not occurring usually in biological systems. Methionine
sulfoxide can be reversed back to Met with mild reductants
or by methionine sulfoxide reductases, whereas sulfone
formation is biologically irreversible. Levine et al. observed
that preferential oxidation of exposed Met residues in en-
zymes, such as glutamine synthase, had little effect on their bio-
logical function [36]. They proposed the very attractive
hypothesis that the oxidation and reduction cycle of Met resi-
dues in biological systems could serve as a ROS scavenging
system to protect proteins from extensive modifications
[36.37].

Finally, hypochlorous acid (HOCI) constituted a strong oxi-
dant compound. Activated phagocytes, such as neutrophils
and monocytes, release myeloperoxidase enzyme, which cata-
lyzes the formation of HOCI [38.39]. Albumin is able to scav-
enge HOCI preventing alteration of its preferential biological
target o -antiprotease [13].

5. Impairments in albumin antioxidant capacities after oxidation

As previously mentioned, the albumin molecule exerts sev-
eral antioxidant properties. These beneficial properties rely
on the structure of the molecule. Damages in the albumin mol-
ecule and its antioxidant properties have been considered as
“biologically insignificant™ because of the large amount of this
protein in plasma [13]. In addition, damaged albumin mole-
cules was reported to be rapidly removed from circulation
and degraded [40]. However, recent reports showed that anti-
oxidant properties of impaired albumin may be related to
pathological conditions.

During its long lifetime {more than 20 days), an albumin
molecule makes about 15000 passes through the circulation
[10]. Albumin incurs some damage that allects its antioxidant
properties. These modifications could occur in diabetes melli-
tus, which is one of the pathological condition associated with
early occurrence of vascular complications, together with func-
tional alterations of albumin [41]. In this complex pathology,
albumin undergoes increased glycation [41]. This phenomenon
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corresponds to the non-enzymatic attachment of a glucose
molecule to a free primary amine residue. Amadori rearrange-
ment of the glycated protein gives rise to the deleterious ad-
vanced glycation end products (AGE) [42]. After showing
that albumin antioxidant property was modified following in
vitro glycation by methylglyoxal [43], Favier et al. showed
impairment of the antioxidant properties of serum albumin
in patients with diabetes [44]. The binding activity of glycated
HSA to copper was shown to be lower than that of non-glycat-
ed HSAs [45]. In vivo, the contribution of albumin concentra-
tions to the iron-binding antioxidant capacity was shown to be
markedly reduced in diabetes [46]. Glycation of HSA induced
a marked loss of antioxidant activity of this molecule to cop-
per-mediated oxidation of LDL [6]. Furthermore. glycated
albumin exacerbated copper-induced LDL oxidation. proba-
bly by the generation of superoxide [6.45]. In vivo, albumin
also transports tryptophan, the largest and the essential amino
acid [10]. Binding of Trp is reduced in glycated albumin [47]. In
addition, some impairments in the antioxidant properties of
albumin after glycation and/or oxidation of the molecule was
evidenced [6.7]. Recently. we showed that in vitro glycated
albumin enhanced oxidative damage in adipocytes from a pri-
mary culture [48.49].

Several receptors for AGEs. termed receptor for advanced
glycation end products (RAGE), initiate intracellular signaling
and enhance ROS formation in cells though its recognition
and binding of AGEs [50]. The accumulation of N{epsilon)-
(carboxymethyl)lysine (CML). a major antigenic AGE. was
implicated in tissue disorders, in hyperglycemia and in inflam-
mation [51]. Glycated albumin was shown to impair vascular
endothelial NO synthase activity in vivo in aortas of rabbit
[52]. Use of specific antibodies showed that these effects were
mediated by CML and RAGE receptor [52]. The incubation
of glycated HSA with HOCI led to the formation of CML
[51]. The same group showed that ligand activity of AGE pro-
teins to scavenger receptors was dependent on their rate of
modification by AGEs [53]. Recently, hypochlorite-modified
albumin was shown to colocalize with RAGE in the artery wall
and to promote expression of monocyte chemotactic protein-1,
promoting inflammatory complications in the arterial wall
[54]. A toxic effect of glycated albumin was reported on
microglial cells associated with impairments in cellular proteo-
Iytic systems [55]. Several studies has described the mvolve-
ment of AGEs in neurodegeneration [41.56.57].

A total of 30-40% of patients with diabetes develop nephr-
opathies that require hemodialysis treatment. Both dityrosine
and carbonyl contents were found increased in HSA isolated
from patients on hemodialysis [17]. Such HSA had impaired li-
gand-binding capacity [17]. Furthermore, impaired antioxi-
dant properties of HSA from these patients was determined
using two different systems, namely copper-mediated oxidation
of human LDL and the free radicals-mediated hemolysis test
[17]. Quinlan and Gutteridge [58] described an important
occurrence in oxidative damages in patients with acute respira-
tory distress syndrome (ARDS). A beneficial effect of albumin
administration was evidenced by the resulting enhancement in
plasma thiol-dependent antioxidant status and in the reduction
in protein oxidative damage [39].

Alterations in antioxidant properties of HSA was very re-
cently identified in vivo in persons subject to obstructive sleep
apnea syndrome [60]. This impaired antioxidant activity was
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associated with an enhanced glycation status of albumin in
persons presenting this sleep disorder.

6. Conclusions

Albumin, the most abundant circulating protein in the plas-
ma. exerts important antioxidant activities. The molecule acts
through its multiple-binding sites and free radical-trapping
properties. In physiological or pathological conditions, func-
tion associated with changes in the redox status. the albumin
structure. and its beneficial antioxidant properties can be al-
tered. In general, albumin constitutes the major plasma protein
target of oxidant stress. Koch’s postulate that a biological
compound could constitute a causative agent in a disease ap-
pears to be fulfilled by oxidized albumin. If important benefi-
cial actions are exerted by native albumin, very detrimental
effects can be provoked by oxidized form of the protein and
acting as a biomarker of oxidative stress. Critically, adminis-
tration of albumin to patients with ARDS confers robust pro-
tection against oxidative stress and a favorable influence on
redox-signaling processes regulating inflammation.

Additional studies, especially in vivo, are needed to docu-
ment the modifications in albumin structure and antioxidant
properties in pathologic conditions. Albumin has not yet
showed all its secrets, and experiments are highly warranted
to achieve a better understanding of its important antioxidant
properties.
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Abstract High levels of oxidative stress were reported
in obesity-linked type 2 diabetes and were associated
with elevated formation of advanced glycation end
products (AGEs). Many studies have focused on the
effect of antioxidants on vascular and circulating cells
such as macrophages. However, despite the major
role of adipocytes in the etiology of diabetes, little is
known about the effect of natural antioxidants on
adipocyte response to oxidative stress. The present
study reports the differential protective effects of plant
nutrients toward adipose cells subjected to oxidative
stress. Caffeic acid, quercetin, L-ascorbic acid, and
a-tocopherol were tested on SW872 liposarcoma cells
subjected to a free radical generator or to AGEs.
Proliferation, viability, free radical formation, and
superoxide dismutase expression were assessed in
treated cells. Caffeic acid and quercetin appeared as
the most potent antioxidant nutrients. Our findings
clearly show a novel antioxidant role for caffeic acid
and quercetin at the adipose tissue level. These new
data confirm the beneficial role of phytotherapy as an
interesting alternative mean for the development of
novel therapeutical and nutritional strategy to prevent
metabolic disorders inherent to obesity-linked diabetes.
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Abbreviations

AAPH 2,2" Azobis 2-amidinopropane
AGE Advanced glycation end products
BSA Bovine serum albumin

BSAGi00 BSA glycated by incubation

with 100 mmol/l of glucose
Cw/Zn-S0D  Copper/Zinc superoxide dismutase
DCFH-DA  Dichlorofluorescin diacetate

FCS Fetal calf serum

LDH Lactate dehydrogenase

MTT Dimethylthiazol diphenyl
tetrazolium

NFkB Nuclear factor Kappa B

Mn-SOD Manganese superoxide
dismutase

PBS Phosphate-buffered saline

RAGE Receptor for advanced
glycation end products

ROS Reactive oxygen species

Introduction

It is now well established that free radicals and
reactive oxygen species (ROS) contribute to the
development of several age-related discases by induc-
ing oxidative stress and oxidative damages (Droge
2002). The incidence of diabetes is increasing, with a
worldwide prevalence estimated to double by 2030,

@ Springer
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primarily because of sedentary lifestyle and obesity
(Wild et al. 2004). A strong link between obesity and
diabetes is now well established with more than 70%
of people with diabetes being overweight. This
disease, which is characterized by hyperglycemia
and insulin resistance, is closely associated with
severe complications, Indeed, diabetes increascs the
risk of developing cardiovascular diseases, which
represent the leading cause of mortality in western
countries (Shoelson et al. 2006). Recently, a causal
role was shown for ROS in multiple forms of insulin
resistance, which was also associated with elevated
formation of advanced glycation end products (AGEs;
Houstis et al. 2006).

Adipocytes are known to express and secrete a
variety of active molecules, so-called adipokines,
which can regulate many biological processes such
as insulin sensitivity, appetite, immunity, and repro-
duction. It is now well established that dysregulation
of adipocyte functions by oxidative stress constitutes
a key process leading to type 2 diabetes. It is thus not
surprising that many diabetic therapies target adipose
tissue (TZD, physical activity, etc; Mayerson et al.
2002; Rahimi et al. 2003).

Plant nutrients like caffeic acid, quercetin,
L-ascorbic acid, and o-tocopherol have interesting
antioxidant activities contributing to the beneficial
effects of Mediterranean diet on human health
(Dragsted 2003). Recent data have shown that
natural antioxidant therapics improve health condi-
tions of diabetic patients. Many studies have focused
on the effect of these antioxidants on vascular and
circulating cells such as macrophages. However,
despite the major role of adipocytes in the etiology
of diabetes, little is known about the effect of natural
antioxidant on adipocyte response to oxidative
stress.

In this study, using two different models of
diabetes-like oxidative stress, we investigate the
potential protective effect of common nutritional
antioxidant compounds on human SW872 adipocytes
submitted to oxidative stress. The SWR872 cell line
was often used in previous studies as human
adipocyte cell model (Izem and Morton 2007; Singh
et al. 2007; Vassiliou and McPherson 2004; Wassef
et al. 2004). SW872 cells have the advantages of
being of human origin and of not requiring any
incubation cocktail to differentiate into mature adipo-
cytes (Wassef et al. 2004). Proliferation, viability, free

@ Springer

radical formation, and superoxide dismutase (SOD)
expression were assessed in treated SW872 cells.

Materials and methods
Materials

Caffeic acid (C-0625), L-ascorbic acid (A-5960),
o-tocopherol (T-3251), and quercetin (Q-0125) were
obtained from Sigma (Saint-Louis, MO, USA) and
were dissolved in sterile dimethyl sulfoxide (DMSO,
D-4540) before treatment of cells. 2,2'-Azobis
(2-methylamidinopropane) or AAPH (440914) was
provided from Sigma. Bovine serum albumin
(BSAgG 00) is an AGE prepared as previously described
(Chesne et al. 2006) by incubating 0.5 mM BSA with
100 mM of glucose in phosphate-buffered saline
(PBS), pH 7.4 under sterile conditions, and nitrogen
gas atmosphere, in capped vials for 3 weeks at 37°C.
The proteins were dialyzed against PBS, pH 7.4 and
sterile-filtered with 0.2 um Millipore filter. Endotoxin
content as assessed by in vitro toxicology assay kit
(E-TOXATE, Sigma) was below detectable level (0.03
endotoxin unitymL). Structural and functional impair-
ments of BSAg g0 were fully characterized in previous
studies (Chesne et al. 2006; Rondeau et al. 2007; Singh
et al, 2007).

Cell culture of SW872

Human SW872 liposarcoma cells (ATCC HTB-92)
were obtained from Dr. Lise Bemier’s laboratory
(Clinical Research Institute of Montreal) and was
cultivated in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal calf serum (FCS), L-glutamine
(2 mM), penicillin (100 U/mL). streptomycin
(100 pg/mlL), and amphotericine B (0.5 pg/mL). Cells
were grown in a 5% CO, incubator at 37°C. For all the
experiments, cells were plated in friplicate for cach
condition, at 10* cells/200 pL per well in sterile
96-well plate (for cytotoxicity analyses and ROS
assays) and at 2,107 cells/mL per well in sterile six-
well plate (RNA extraction). After 24 h of incubation,
culture medium was replaced by a solution containing
1,700 uL of DMEM, 300 uL of PBS (control) or
BSAgGioo (12 mM) or AAPH (2 mM), and 20 pL of
DMSO (control) or different nutritional antioxidants
dissolved in DMSO: caffeic acid (0 to 5 mM),
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L-ascorbic acid (0 to 5 mM), for x-tocopherol (0 to
200 uM) and quercetin (0 to 1 mM). Cells were
maintained in the humidified CQ, incubator for 24, 48,
and 72 h before further analysis.

Proliferation assay

The MTT assay, using the standard 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyl tetrazolium bromide MTT
(Sigma), was chosen to evaluate the effect of nutritional
antioxidants on SW872 cell proliferation (Mosmann
1983). The assay is based on the cleavage of yellow
tetrazolium salt (MTT dye) into purple formazan by
metabolically active cells, which can be photometrically
quantified. An increase in the number of living cells
results in an increase in total metabolic activity, which
leads to a higher purple color formation. Twenty-four
hours after cell treatment, 20 pL of the MTT dye
(5 mg/mL) was added into each well for 4 h. The
medium was then discarded, 150 pL of isopropanol was
added into each well, and plates were agitated in the
dark for 30 min to solubilize the dark blue formazan
crystals, Plate was read using a microplate reader
(Fluostar-BMG France) at 595 nm. A well with medium
alone (no cell and no reagent) was used for background
correction. SW872 cells incubated in DMSO-containing
medium were used as controls. Proliferation rate was
expressed as percentage of the corresponding control
cells treated with only 1% (v/v) DMSO.

Cytotoxicity: lactate dehydrogenase assay

To determine any toxic effect of the nutritional anti-
oxidants on SW872 cells viability, the lactate dehydroge-
nase (LDH) assay was pertormed (Legrand et al. 1992).
The assay is based on a measure of LDH released by
dead cells in the culture medium. After incubation of
SWE72 cells for 24, 48, and 72 h, media and cells were
collected. Cells were lysed using 120 uL of LDH assay
lysis at 37°C for 45 min. Cell lysates were then
centrifuged at 250 % g for 45 min and supernatants were
collected. Culture media (100 uL) and 100 uL of cell
lysates were used to measure the LDH activity (Sigma
#TOXT) according to the manufacturer’s instructions.
The reaction was performed in a 96-well plate, and
absorbances at 492 and 690 nm (control) were read
using a microplate reader (Fluostar-BMG France).
Results were expressed as LDH release (activity in the
medium/total activity).

Determination of ROS production

Thirty minutes before the end of incubation of
SWR872 cells with the different treatments, cells were
incubated with 10 uM DCFH-DA at 37°C (Interchim).
Cells were then washed with DMEM medium,
and the fluorescence of the oxidized form of DCF
was measured in a microplate reader at 492 nm
(excitation) and 520 nm (emission). Results were
expressed as percentage of fluorescence compared
to control cells (SW872 cells incubated with
DMSO).

Gene expression of Mn-SOD and Cw/Zn-SOD

Total RNAs were extracted from SW872 cells using
Trizol (Invitrogen) according to manufacturer’s recom-
mendations and quantified using a spectrophotometer.
Real-time polymerase chain reaction (PCR) was per-
formed on the complementary deoxyribonucleic acid for
Mn-SOD, Cw/Zn-SOD and housckeeping gene 18S
using the ABI PRISM ® 7000 Sequence Detection
System (Applied Biosystem, Forest City, CA, USA).
The primer sequences were as follows:

* Mn-SOD [primers: forward—5"-TGCAAGGAA-
CAACAGGCCTTAT-3" and reverse—5'-
AGTAAGCGTGCTCCCACACAT-3T;

« Cu/Zn-SOD [primers: forward—5'-
TGGTGGTCCATGAAAAAGCA-3" and reverse—
5-“TCCAGCGTTTCCTGTCTTTGTA-3"];

* 18S [primers: forward—5"-TGTTCACCATGA
GGCTGAGATC-3" and reverse—S5'-
TGGTTGCCTGGGAAAATCC-3"].

The PCR was performed using SYBRgreen Master
Mix Reagent. Thermal cycling proceeded with 40
cycles (initial activation step: 10 min, 95°C, 40 cycles
of 155 95°C, 1 min 59°C). The amount of RNA was
calculated with relative standard curves for RNA of
Mn-SOD, Cu/Zn-SOD and 18S. Normalization to 188
was conducted to account for variability in concen-
tration of total RNA.

Statistical analysis
Data were expressed as the means + standard
deviation (SD) from at least three experiments,

Statistical significances were determined using one-
way analysis of variance (ANOVA; followed by the
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Tukey test) for multiple comparisons, with a P value
of less than 0.05 required for significance or by two-
way ANOVA.

Results

Effects of antioxidants on SW872 cell proliferation
and viability

The cytotoxicity effects of caffeic acid, quercetin,
L-ascorbic acid, and o-tocopherol were assayed by
measuring the cell proliferation and viability.
SWE&72 cells were treated with increasing concen-
trations of different antioxidants for 24 h. As shown
in Fig. la and b, caffeic acid and quercetin signifi-
cantly decrease SW872 proliferation at very high
concentrations (—46%, P<0.001, for 4.7 mM, —76%,

a

200 4 E 160

o
2 £ a0
==
g 1504 i 120 ’,
= B D0 i
a 8
g E w. 025 050 075 100
g 100 - [caflleic ackd] mM
2
.Q -
v 50 L]
[
'—
=
“ T T T A\l 1
o 1.00 2.00 3.00 400 5.00
[caffeic acid] mM

c

200 -
o0
G
= 150 -
@
3] L
E
B 100 4
5 L
W
a
E™
=

0 L] T T L} L]
0 1.00 2.00 3.00 4.00 5.00
[L-ascorbic acid] mM

Fig. 1 Antioxidant effects on SW872 cells proliferation. The
relative proliferation rate of SW872 cells incubated 24 h with
increasing concentration of caffeic acid (a), quercetin (b).
L-ascorbic acid (¢), and a-tocopherol (d) were determined with
the MTT assay. Proliferation rate was expressed as percentage
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P<0.0001 for 1.2 mM, respectively), By contrast, no
change in MTT absorbance was observed in cells
incubated with L-ascorbic acid and a-tocopherol.

In parallel, cell viability was determined by measuring
the LDH activity released in the culture medium of
SWE&72 cells incubated for 24 and 72 h in the presence of
increasing concentrations of antioxidants. As shown in
Fig. 2, only cells incubated in the presence of 50 pM
quercetin for 24 h or 50 uM «-tocopherol for 72 h
exhibited enhanced LDH activity release. Caffeic acid
and L-ascorbic acid did not increase LDH release.
Surprisingly, a longer incubation time with 0.5 and
1 mM of caffeic acid strongly reduced the release of
LDH activity (—=60%, P<0.001, -70%, P<0.001,
respectively; Fig. 2a). These tendencies were in accor-
dance with the previous MTT results and reflect the
beneficial biological and protective properties of caffeic
acid.
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of the corresponding control cells treated with only 1% (v/v)
DMSO. Data were expressed as mean + SD (n=3), and
statistical analyses were performed using one-way ANOVA
for multiple comparisons. Effect of antioxidant on cell viability
(vs. control); ¥**P<(.001, ¥**P<(.01, *P<0.05
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Fig. 2 Time course and concenfration effects of antioxidants
on SWR72 cells viability, Effect of caffeic acid (a), quercetin
(b}, L-ascorbic acid (¢), and «-tocopherol (d) on the release of
LDH in SW872 cells medium. Results were expressed in
percentage of LDH released in the medium relative to the total

Effect of antioxidants in ROS cells production

The protective effect of antioxidants on cells is thought
to reside in their ability to reduce the level of
intracellular ROS generation. To test whether caffeic
acid, L-ascorbic acid, quercetin, and x-tocopherol, at
non-toxic concentrations, could reduce the intracellular
oxidative stress, intracellular ROS generation was
measured in treated SW872 cells using the dichloro-
fluorescin diacetate (DCFH-DA) assay. After its
internalization by the cell, DCFH-DA is hydrolyzed,
oxidized by various oxidants and emits fluorescence.
As observed in Fig. 3a, cells incubated in the
presence of caffeic acid for 24, 48, and 72 h showed a
reduced DCF fluorescence compared to control cells
treated with DMSO only. The DCF fluorescence was
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LDH activity present (medium plus cell lysates) and compared
with control. Data were expressed as mean = SD (n=3), and
statistical analyses were performed using one-way ANOVA for
multiple comparisons. Effect of antioxidant on cell viability
(vs. control): ***P<(0.001, **P<0.,01, *P<0.05

not affected in cells treated with quercetin, L-ascorbic
acid, and o-tocopherol for 24 h, but was significantly
reduced in cells incubated for 48 h in the presence of
50 uM quercetin (-23%, P<0.001). Surprisingly, after
72 h of incubation, L-ascorbic acid and «-tocopherol
enhanced intracellular ROS level, showing some pro-
oxidative properties.

Effect of antioxidants on AGEs- and AAPH-induced
oxidative stress

To compare the protective effects of the four antioxidants,
SWE872 cells were initially pretreated with different
oxidative stress generators (PBS, AAPH, and glycated
albumin) and then incubated for 48 h with 50 uM of each
antioxidant. AAPH is a soluble chemical that generates
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Fig. 3 ROS production in SW872 cells treated with antioxidants.
Analysis of DCF fluorescence of SW872 cells incubated 24, 48, and
72 h with suitable concentrations of antioxidant; caffeic acid (a).
quercetin (b). L-ascorbic acid (¢), and x-tocopherol (d) after initial
exposure with PBS (15% viv). All fluorescence intensities were

peroxyl radicals in the culture medium (Yoshida et al.
2004). We recently showed that glycated albumin
increased intracellular oxidative stress i adipocyles
leading to an increase in oxidation of cellular proteins
(Rondeau et al. 2008; Singh et al. 2007).

As shown in Fig. 4, caffeic acid and quercetin exert
an antioxidant effect on SW872 treated with BSA 40
or AAPH. By contrast, L-ascorbic acid and a-tocopherol
confirmed their pro-oxidative properties, with an in-
crease of ROS level (+3% to +21%; P<0.01).

Caffeic acid inhibits manganese and copper/zinc SOD
expressions

To determine the cellular mechanism by which caffeic

acid suppresses intracellular oxidative stress, the
influence of caffeic acid on Mn-SOD and Cuw/Zn-
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expressed in percentage of control (cells incubated PBS 15%
(vv)). Data are expressed as mean = SD (n=3), and statistical
analyses were performed using one-way ANOVA for multiple
comparisons. Effect of antioxidant on ROS accumulation
(vs. control); ***P<0,001, **P<(.01, *P<0.05, “P=0.05

SOD mRNA expression in SW872 cells was tested.
Mn-SOD, which is located in mitochondria, and
Cu/Zn-SOD, which is located in the cytosol, catalyze
the dismutation of the superoxide anion into hydrogen
peroxide and are involved in cellular defenses against
ROS-induced damages (Whittaker 2003).

As shown in Fig. 5, caffeic acid significantly
reduced mRNA expression of Mn-SOD in SW872
cells treated with PBS, BSAgigo. and AAPH. A
significant reduction in Cw/Zn-SOD was also observed
in cells treated with caffeic acid.

Discussion

The present study reports the differential protective
effects of nutrients toward adipose cells subjected to
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Fig. 4 Effect of antioxidants on ROS level in SW872 cells
pretreated with oxidative stress. After pretreatment with PBS
15% (viv: white), BSAgioo 12 mM (gray), or AAPH 2 mM
(black), SW872 cells were incubated with 50 pM of caffeic
acid, quercetin, L-ascorbic acid, or a-tocopherol for 48 h. DCF
fluorescence was measured as described in the “Materials and
methods™ section. The level of intracellular ROS was expressed
as percentage of ROS variation (diminution or augmentation) in
comparison with untreated cells. Data are expressed as
mean = SD (n=3), and statistical analyses were performed
using one-way ANOVA for multiple comparisons. Effect of
antioxidants on ROS accumulation (vs. control): ***P<(.001,
#p<(.01, *P<0.05

oxidative stress. Caffeic acid, quercetin, L-ascorbic
acid, and o-tocopherol were tested on SW872 lipo-
sarcoma cells subjected to a free radical generator or
to AGEs. Proliferation, viability, free radical forma-
tion, and superoxide dismutase expression were
assessed 1n treated cells. Our findings clearly show
a novel antioxidant role for caffeic acid and quercetin
at the adipocyte level.

For decades, adipocytes have been considered as a
storage compartment. Emerging research efforts on
adipose tissue have shown that adipocytes produce
numerous regulatory factors involved in body homeo-
stasis and that dysregulation of adipocyte functions by
oxidative stress is a key process leading to obesity-
related disorders (de Ferranti and Mozaffarian 2008).
Many studies have focused on the effect of nutritional
antioxidants on vascular and circulating cells such as
macrophages. In spite of the determinant role of
adipocytes in the etiology of obesity-related disorders,
very little is known about the effect of natural
antioxidant on adipocyte response to oxidative stress,
The present study examined the efficiency of nutri-
tional antioxidants to protect SW872 cells subjected
to oxidative stress mediated by different models of

oxidative stress generators. Using AAPH and gly-
cated albumin, which were shown to enhance oxida-
tive stress in THP1 monocytes and SW872 adipocytes
(Rondeau et al. 2008:; Singh et al. 2007), we
evidenced significant antioxidant activities for caffeic
acid and quercetin at the adipocyte level.

Caffeic acid, a phenolic acid in cereals, and
quercetin, a flavonoid in onions, constitute well-
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Fig. 5§ Caffeic acid effect on Mn-SOD and Cu/Zn-SOD mRNA
expression. After a pretreatment with PBS 15% (viv), BSAg 100
12 mM, or AAPH 2 mM, SW872 cells were incubated with
50 puM of caffeic acid, for 24 h. Relative mean expression of
Mn-SOD (a) in SWR72 cells were determined as described in the
“Materials and methods™ section. Similarly and after a pretreat-
ment with PBS 15% (v/v), BSAco. BSAgss, or BSAG 00 12 mM,
SWR72 cells were incubated with 50 uM of caffeic acid, for
24 h. Relative mean expression of Cw/Zn-SOD (b) in SW872
cells were determined as described in the “Materials and
methods™ section. Data are expressed as mean = SD (n=2 to 3),
and statistical analysis were performed using one-way ANOVA
for multiple comparisons. Effect of oxidative treatment (BSAg 00
or AAPH) on Mn-SOD or Cu/Zn-SOD mRNA expression (vs.
PBS control): ***#P<0.001, **P<0.01, *P<0.05. Effect of
caffeic acid on Mn-50D and Cuw/Zn-S0D mRNA expression
{vs. without caffeic acid): **P<0.001, *P<0.01, “P<0.05
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known bioavailable polyphenols found in human
plasma and urine (Erlund et al. 2002; Mennen et al.
2006; Olthof et al. 2001). Studies have clearly shown
that caffeic acid was an effective antioxidant in
different in vitro antioxidant assays (Gulcin 2006;
Roche et al. 2005). Polyphenols, such as caffeic acid
and quercetin, were shown to reduce the oxidative
stress in tissues (Dragsted 2003) and in cardiomyo-
cytes (Angeloni et al. 2007, 2008). Recent works
report an anti-obesity effect of polyphenols on
adipocyte cell lines from murine origin. These effects
were mediated by AMPK and MAPK signaling
pathways (Ahn et al. 2008; Yang et al. 2008).

L-Ascorbic acid, the vitamin C in citrus fruits, and
a-tocopherol, a component of vitamin E in sunflowers
oil, are also present in the human blood circulation and
help maintain a low-oxidant plasma level (Frei et al.
1989; Singh et al. 2005; Wilson 2005). In SWg72
submitted to oxidative stress insults, pro-oxidant
activities of both r-ascorbic acid and w«-tocopherol
were observed. Trace levels of transition metals can
participate in the metal-catalyzed Haber—Weiss reac-
tion, Generally, L-ascorbic acid and «-tocopherol are
thought as reducing agents. They are able to reduce
redox-active metals and thereby increase their pro-
oxidant chemistry (Buettner and Jurkicwicz 1996;
Osborn-Bames and Akoh 2003). Oxidative damages
in the intima of arterial wall were shown to be
accelerated by L-ascorbic acid (Miyata et al. 1998).

The cellular mechanisms underlying caffeic acid
inhibition of oxidative stress need to be identified.
Omne possible mechanism could be the direct scaveng-
ing of ROS in the culture medium, which would
mitigate the extracellular oxidative stress. However,
the reduction in the intracellular level of ROS and the
impact on SOD mRNA expression (Fig. 5) rise the
possibility that caffeic acid directly affects cellular
signaling. This is supported by our experimental
conditions, where cells were first treated in the
presence of the oxidative stress generator and then
incubated with the antioxidants. This result is in full
agreement with recent work showing that pretreat-
ment of caffeic acid decreased the level of ROS
induced by AGEs (Vasdev et al. 2007).

Receptors for AGEs, termed RAGE, are known to
cause cellular dysfunctions in adipocytes by initiating
intracellular signaling and enhancing ROS formation
(Goldin et al. 2006). Recent data showed that the
binding of AGEs on adipose cells could be mediated
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by CD36 (Horiuchi et al. 2003, 2005; Kuniyasu et al,
2003). To our knowledge., CD36 expression level in
SW872 cells has never been reported in the literature.
Using immunocytochemistry and FACS techniques,
we recently evidenced the expression of CD36
receptor in SW872 cells (unpublished results). Cur-
rent investigations in our laboratory are led to identify
how caffeic acid could affect CD36 signaling.

Quercetin treatment was also demonstrated to de-
crease the mRNA levels of Cu/Zn-SOD and Mn-SOD in
the brain of rotenone-stressed rats (Sanchez-Reus et al.
2007). The transcription nuclear factor NFkB has been
linked to up-regulation of Mn-SOD (Bubici et al
2004). We hypothesized that AGEs or AAPH-induced
oxidative stresses in SW872 were, at least partially,
counteracted by caffeic acid by a down-regulation of
NFkB expression. Recently, we are testing this
hypothesis in transfected SW872 cells with the use of
NFkB reporter vector.

In conclusion, our results show that caffeic acid
and quercetin are efficient to prevent oxidative stress
in human adipocytes, while having no cytotoxicity
effects. Here and for the first time, beneficial
properties of polyphenols are evidenced in a model
of obesity-linked metabolic disorder. These data bring
new cvidence that adipose tissuc constitutes a
preferential target for phytotherapy. Further studies
are needed to achieve a better understanding of the
cellular and molecular mechanisms of nutritional
antioxidants,
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Oxidative stress in adipose tissue constitutes a pathological process involved in obesity-linked met-
abolic disorders. Apolipoprotein E (apoE), which exhibits antioxidant properties in plasma and
brain, is highly produced by adipose tissue and adipocytes. In this study, we investigated the role
of apoE in the human adipocyte response to oxidative stress. We first demonstrated that apoE secre-

tion by adipocytes was stimulated by oxidative stress. We also observed that apoE overexpression
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protected adipocytes from hydrogen peroxide-induced damages, by mitigating intracellular oxida-

tion and exerting extracellular antioxidant properties. Our findings clearly show a novel antioxidant
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1. Introduction

The term oxidative stress refers to the situation where antioxi-
dant defenses are overwhelmed with oxygen-reactive species
resulting from increased free radical formation and cellular dam-
ages [1]. Oxidative stress has been increasingly implicated in the
pathogenesis of various diseases. Obesity is the fastest growing
nutritional disorder in industrial and emergent countries. It is
now well recognized that obesity dramatically increases the risk
for atherosclerotic vascular disease, the major cause of death all
over the world. Oxidative stress is closely linked to obesity-in-
duced disorders and has been found to be correlated to body mass
index [2].

In addition to its property in lipid storage, adipose tissue plays
active roles in many physiological and pathological processes
either by regulating energy metabolism or by exerting endocrinal

Abbreviations: apoE, apolipoprotein E; AAPH, 2,2'-azobis(2-ethylamidinopro-
pane); BSA, bovine serum albumin; H»05, hydrogen peroxide; DCF-DA, dichloro-
fluorescein diacetate; ROS, reactive oxygen species

* Corresponding author. Fax: +33 262 93 82 37.
E-mail address: emmanuel.bourden@univ-reunion.fr (E. Bourdon).

role for apoE in adipose tissue.
© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

and immunological activities [3]. Many studies have demonstrated
that obesity-induced oxidative stress in adipose tissue is a key pro-
cess leading to dysregulation of adipokine expression, cell inflam-
mation and insulin-resistance [4].

Apolipoprotein E (apoE), which is a component of lipoproteins,
e.g., chylomicrons, VLDL (very low density lipoprotein), intermedi-
ate-density lipoproteins, and HDL (high density lipoprotein), is
mainly produced and secreted by the liver [5]. apoE is known to
regulate both cellular and systemic cholesterol as well as triglycer-
ide metabolism [6,7] and has been highly studied for its potential
role in the etiology of atherosclerosis, diabetes, and obesity. apoE,
which was shown to exhibit anti-inflammatory, anti-atherogenic,
and anti-oxidant properties [8,9], has been found to be highly ex-
pressed by adipose tissue and adipocytes [10,11]. However, if apoE
expression by adipocytes has been known for many years, its
importance in the adipose response to oxidative stress has never
been thoroughly investigated.

Given the importance of oxidative stress-induced adipocyte
dysfunctions, the current study was undertaken to investigate
the potential role of apoE in human adipocytes response to oxida-
tive stress. We first showed that oxidative stress stimulates apoE
secretion by human primary mature adipocytes and by SW872
cells, a liposarcoma cell line often used as a human adipocyte cell

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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model [11-14]. Then, we demonstrated that apoE overexpression
in adipocytic cells protects from oxidative stress-induced cellular
damages. Taken together, our results suggest that oxidative
stress-mediated enhancement in apoE secretion by adipocytes
may represent a mechanism to reduce adipose tissue inflammation
during obesity-associated disorders.

2. Materials and methods
2.1. Materials

Human SW872 liposarcoma cells were purchased from Amer-
ican Type Culture Collection. Goat anti-human apoE and HRP-
conjugated goat anti-human apoE antibodies were obtained from
Academy Biomedical Company. AAPH [2,2'-azobis(2-methylami-
dinopropane)] was provided from Sigma. Glycated bovine serum
albumin (BSA) is an advanced glycated endproduct prepared as
previously described [15] by incubating 0.5mM BSA with
10 mM methyl-glyoxal in PBS, pH 7.4 in nitrogen gas capped
vials under sterile conditions and shaking for 2 days at 37 °C.
The proteins were dialyzed against PBS, pH 7.4 and sterile-fil-
tered with 0.2 pm Millipore. Caffeic acid (C-0625) was obtained
from Sigma (Saint-Louis, MO) and was dissolved in sterile di-
methyl-sulfoxide. Recombinant human apoE3 was obtained from
Peprotech.

2.2. Culture of primary mature adipocytes

Mature adipocytes were obtained from human subcutaneous
adipose tissue. The culture protocol has been described in previous
studies [12]. Cells were grown for 24 h in a CO; incubator (5%) at
37 °C. After 24 h, culture medium was replaced by fresh medium
containing either AAPH (1 or 2 mM), glucose (30 mM) or glycated
BSA (60 pM). The cells were incubated for an additional 24 h.
Supernatants were collected and apoE secretion was measured
by ELISA.

2.3. Culture of SW872 cells

Cells were cultured in DMEM high glucose; Ham'F12 (3:1 V/V)
containing 10% FBS and 2% penicillin/streptomycin. Cells were cul-
tured in 24-well plate (20 000 cells/well) with 500 pL of medium.
On the day of confluence, culture medium was replaced by fresh
medium containing either AAPH (1 or 2 mM), or glycated BSA
(60 uM) for 24 h.

2.4, SW872 cell transfection with pcDNA3 apoE

SW872 cells were transfected with the expression vector
pcDNA3 containing the cDNA of human apoE3 using lipofectamine
and Plus™ Reagent, (Invitrogen). Human apoE cDNA was prepared
as published [16] and subcloned into the mammalian expression
vector pCDNA3. Stable transfectants were selected with geneticin
for 3 weeks. Several control clones and several E+ clones were cho-
sen for characterization, and to avoid clonal specific effects, all fur-
ther experiments were performed on at least three independent
clones.

2.5. Quantification of cellular and extracellular apoE accumulation by
ELISA

After media collection, cells were washed two times with PBS
and then lysed in lysis buffer [25 mM Tris, 2 mM EDTA, 1% triton,
and 1% protease inhibitor mixture (GE Healthcare)], and spun for
10 min at 10 000xg. One hundred microliters of culture medium

and 20 pg protein aliquots of cell lysates were used for apoE quan-
tification by ELISA as described in [16].

2.6. H>0, treatment

Empty-vector transfected cells (control) and apoE-overexpress-
ing cells (E+) were cultured in 24-well plates. On the day of conflu-
ence, 500 pL of fresh medium (without serum) containing 0, 100,
500 uM of hydrogen peroxide (H;0,) were added for 1h. Cells
were then washed and fresh medium (without H,0,) was added
for 24 h.

2.7. Cytotoxicity measurements

Twenty-four hours after treatment, cells were washed, trypsin-
ized and stained with trypan blue. Living cells (non-blue) were
counted using an inverted microscope.

2.8. Quantification of adipocyte gene expression by RT-PCR

Twenty-four hours after treatment, total RNA was extracted
with Trizol (Invitrogen). Reverse transcriptase reaction was per-
formed and cDNA was amplified by RT-PCR on an MX4000 system
from Stratagene, using the SYBR green master-mix purchased from
Qiagen. Adiponectin and leptin mRNA levels were normalized with
ribosomal protein L27. All primers were designed using Primer3
software and purchased from Invitrogen.

2.9. Quantification of intracellular protein oxidation

Twenty-four hours after treatment, cells were washed, then
lysed in lysis buffer and spun for 10 min at 10 000xg. Protein con-
centration was measured in lysates according to the Lowry meth-
od. Carbonylated proteins were analyzed using the Oxyblot kit
(Chemicon) [12]. Signal intensity quantifications were determined
using the freeware Image] (http://rsb.info.nih.gov.ij/).

2.10. Quantification of intracellular oxidation levels

Twenty-four hours after treatment, cells were washed two
times with PBS, and incubated with 10 uM DCF-DA at 37 °C. After
30 min, cells were washed once with PBS, and the fluorescence
intensity of the oxidized form of DCF was measured in a micro-
plate-reader (BMG Labtech) at 492 nm (excitation) and 520 nm
(emission). Fluorescence values were calculated after subtracting
background (identical conditions without DCF). Results are ex-
pressed as percentage of fluorescence compared to control un-
treated cells.

2.11. Antioxidant properties of apoE

Culture media from control and E+ cells and recombinant hu-
man apoE3 were submitted to AAPH-induced hemolysis test. Each
well of a 96-well plate was filled with 100 pL of a diluted red blood
cell solution (about 1 x 10® erythrocytes in 0.15 M NaCl). One hun-
dred microliters of culture media from control and E+ cells or
100 pL of recombinant apoE3 (5 or 10 ug/100 uL in PBS) were
added in triplicates. Hemolysis was started by adding 0.45 M AAPH
in each well. Turbidimetry at 450 nm was recorded every 10 min
using a 37 °C thermostated microplate reader. For each medium,
the 50% of maximal hemolysis time (HT50%) was determined and
compared to control conditions (hemolysis in the presence of med-
ia from control cells for culture media or in the presence of PBS
alone for recombinant apoE3). The measurement of HT50% is very
reproducible: 1.32% and 3.85% intra- and inter-assay coefficients,
respectively [17,18].
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2.12. Statistical analysis

Data are expressed as means +S.D. Statistical analyses were
performed using unpaired Student’s t-tests.

3. Results
3.1. Oxidative stress stimulates apoE secretion by human adipocytes

The impact of oxidative stress on apoE secretion by human ma-
ture adipocytes and human SW872 liposarcoma cells was evalu-
ated. Oxidative stress was generated using three different
models. We used AAPH, high concentration of glucose, and glycat-
ed albumin. AAPH is a soluble chemical that generates peroxyl rad-
icals in the culture medium [19]. High concentration of glucose has
been shown to generate intracellular reactive oxygen species (ROS)
through the mitocheondrial chain reaction [20]. We recently
showed that glycated albumin, when compared to native albumin,
increased intracellular oxidative stress in adipocytes leading to an
increase in oxidation of cellular proteins [12].

Incubation of mature adipocytes with AAPH (2 mM) for 24 h
significantly increased apoE secretion (+20%) in the culture med-
ium (Fig. 1A). No change in apoE secretion was observed when cells
were treated with either glucose or glycated albumin (data not
shown). On the contrary, incubation of SW872 cells with AAPH
had no effect on apoE secretion, whereas incubation with glucose
(30 mM) and with glycated albumin (60 pM) for 24 h significantly
increased apoE secretion by 70% and 40%, respectively (Fig. 1B).
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However, when mature cells were pre-treated with caffeic acid, a
well established antioxidant compound [21], the AAPH-induced in-
crease in apoE secretion was partially inhibited (Fig. 1C). Further-
more, SW872 pre-treatment with the antioxidant compound
totally abolished glucose stimulation of apoE secretion (Fig. 1D).
AAPH is a synthetic molecule which produces several types of
reactive peroxyl and alkoxyl radicals. High concentrations of glu-
cose and glycated albumin have been shown to generate intracel-
lular ROS through complex mechanisms involving cellular
organelles (mitochondria) and/or scavenger receptors (receptor
for advanced glycation end products) [12,20]. By contrast, after
Fenton reaction with trace metals present in the cell media, H,0,
generates mainly hydroxyl radicals, which are among the most
reactive species in biological systems [22]. In the following exper-
iments, we chose to focus our work on the role of apoE at the adi-
pocyte level by investigating the sensibility of apoE-overexpressing
cells submitted to H,0,, a common free radicals initiator [23].

3.2. apoE overexpression improves cell resistance to hydrogen
peroxide-induced cytotoxicity in adipocytes

SW872 adipocytes stably transfected with empty pcDNA3 (con-
trol cells) or with pcDNA3 containing human apoE cDNA (E+ cells)
were used to investigate the role of apoE in the adipocyte response
to oxidative stress. Wild-type cells (not transfected) and empty-
vector transfected cells secreted the same amount of apoE in the
medium (80 ng of apoE/mg of cell protein in 48 h) and accumu-
lated the same amount of cellular apoE in cell lysates (20 ng of
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Fig. 1. Oxidative stress stimulates apoE secretion by human adipocytes. apoE ELISA was performed on media from mature adipocytes (A) and SW872 cells (B), treated for 24 h
at 37 *C with AAPH (1 and 2 mM), glucose (30 mM), glycated BSA or native BSA (60 M), in the presence or not of 50 pM of caffeic acid (B, D). “P < 0.01 compared to untreated

cells. ©*P < 0.01 compared to native BSA, #P < 0.05 compared to treated cells.
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Fig. 2. Stable transfected SW872 cells overexpressing apoE. apoE ELISA was performed on culture medium (A) and cell lysates (B) from SW872 cells transfected with pcDNA3-
apoE3 (E+ cells) or from empty vector transfected cells (control cells), after 48 h of culture. Several control clones and several E+ clones were chosen for characterization, and
to avoid clonal specific effects, all further experiments were led on, at least, three independent clones.

apoE/mg of cell protein in 48 h). Therefore, we used empty vector
transfected cells as controls in the following experiments. In E+
cells, the amount of cellular and secreted apoE was 3-5-fold higher
than in control cells (Fig. 2).

Control and E+ cells were exposed to H,0; for 1 h under serum-
free conditions, H;0, was then removed and cells were incubated
for an additional 24 h. Cell viability was measured using the trypan
blue method. Exogenous H,0, (100-500 pM) represents acute oxi-
dative stress. As shown in Fig. 3, exposure to 100 pM H,0, did not
significantly affect cell viability of control and E+ cells. Treatment
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Fig. 3. apoE overexpression improves cell resistance to hydrogen peroxide-induced
cytotoxicity in SW872 adipocytes. Control and E+ cells were incubated for 1 h with
H;0; under serum-free conditions. Viability was analyzed 24 h later using the
trypan blue method. ‘P < 0.05 compared to untreated cells. "P<0.01 compared to
untreated cells. °P < 0.05 compared to control cells.

with 500 uM resulted in a 70% decrease in cell viability (control).
apoE overexpression significantly protects cells against H;0,-in-
duced cell toxicity; a 50% increase in E+ cell viability was observed
when compared with control cells. Similar results were obtained
using propidium iodide (PI) staining followed by FACS analysis
(not shown).

3.3. apoE overexpression inhibits hydrogen peroxide-induced changes
in adiponectin and leptin gene expression

H,0, was shown to provoke atherogenic changes in adipokine
gene expression in adipocytes. To examine the effects of apoE on
H,0,-mediated effects on adipokine gene expressions, control
and E+ cells were incubated with Hy0,. To use experimental condi-
tions in which free radical damage is apparent without affecting
cell viability, we used 100 uM H,0; in the following experiments.
Total RNA was extracted from cells and mRNA levels of adiponectin
(adipoQ), and leptin (lept), were measured using quantitative RT-
PCR. Adiponectin and leptin mRNA levels were decreased by 90%
in control cells treated with H,0,. In E+ cells though, adiponectin
and leptin mRNA levels were decreased by only 50% and 60%,
respectively (Fig. 4A and B).

3.4. apoE overexpression protects from hydrogen peroxide-induced
intracellular oxidation in adipocytes

Oxidative stress has been shown to increase the accumulation
of oxidized proteins in adipocytes [12]. In order to evaluate if apoE
could prevent H,0, damages on cellular protein, we measured cel-
lular protein oxidation of lysates from control and E+ cells, treated
or not with H,05, using the carbonyl assay. As shown in Fig. 5A, un-
treated control cells exhibited a higher carbonylated profile com-
pared to E+ cells. Similarly, when cells were treated with H,0,
(100 pM), control cells exhibited more carbonylated proteins than
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Fig. 5. apoE overexpression pratects from hydrogen peroxide-induced intracellular
oxidation in adipocytes. Control and E+ cells were incubated for 1 h with H0;.
Twenty-four hours later, protein oxidation and ROS levels were determined by
measuring carbonyl content (A, B) and rates of DCF oxidation (C). Picture of
carbonyl content (A) is representative of two independent analyses. Signal intensity
(B) was quantified using Image]. DCF oxidation results are means + S.D. of biological
triplicates determination. ‘P < 0.05 compared to untreated cells. P < 0.01 compared
to control cells.

E+ cells. Signal intensity was quantified (Fig. 5B) and statics re-
vealed these variations in profile intensities did not reach signifi-
cance (p=0.07). Noteworthy, significant decreases in carbonyl
content in E+ cells compared with control cells (treated or not with
H,0,) were determined by using specific carbonyl ELISA technique
(data not shown). Intracellular ROS generation has been shown to
be involved in oxidative stress damages in adipocytes. To verify if
apoE could mitigate ROS generation in adipocytes, we measured
intracellular ROS levels in control and E+ cells, treated with H,0-
(100 uM) using the dichlorofluorescein diacetate (DCF-DA) assay.
As shown in Fig. 5C, at basal condition (no H>0,), E+ cells exhibited
two times less ROS levels as control cells. Treatment with H,0- for
1 h significantly increased ROS levels in control cells; however, in
E+ cells treated with H,0,, ROS levels remained lower than in con-
trol cells.

3.5. apoE exerts antioxidant activity

To determine whether the protection of apoE-overexpressing
cells toward oxidative insults could be due to the secreted apopro-
tein, we analyzed the antioxidant properties of secreted apoE.

Culture media from control and E+ cells were submitted to free
radical-induced hemolysis test. The antioxidant properties of the
preparation are evidenced by delayed hemolysis. Typical hemoly-
sis curves obtained in the presence of culture media from control
and E+ cells are illustrated in Fig. 6A. Hemolysis half-times
(HT50%) are shown in Fig. 6B. In comparison to control, culture
media from E+ cells significantly delayed hemolysis (+18%,
P <0.05). These results suggest that apoE secreted by adipocytes
can exert antioxidant properties. To ensure that it is the secreted
apoE in the medium of overexpressing cells that is directly in-
volved in free-radical scavenging, we tested antioxidant properties
of purified recombinant human apoE3. As shown in Fig. 6C and D, a
protective antioxidant effect was observed with 5 and 10 pg of re-
combinant apoE3, with 20% and 50% increases in the protective ef-
fect (P <0.01 vs. control), respectively. Noteworthy, differences in
the shapes of curves between experiments reported on Fig. 6A
and C arise from the differences in sample buffer compositions (cell
media or PBS) between the two experiments.

4. Discussion

The current study was undertaken to evaluate the role of apoE
secretion in human adipocytes submitted to oxidative stress. Our
results showed that apoE secretion by adipocytes was stimulated
by oxidative stress and suggest a beneficial advantage of apoE

(20089), doi:10.1016/j.febslet.2009.05.016
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(HT50%) were determined and are shown in B and D. P <0.05 compared to control cells.

overexpression in adipocytes submitted to hydrogen peroxide.
apoE appears to exert its protective effect both by mitigating intra-
cellular oxidation and by exerting extracellular antioxidant proper-
ties. These findings clearly showed a novel antioxidant role for
apoE at the adipocyte level.

For decades, adipocytes have been considered a storage com-
partment. More recently, emerging research efforts have shown
that adipocytes produce numerous regulatory factors implicated
in obesity-associated disorders |3]. Obesity has also been associ-
ated with chronic inflammation concomitant to an increase of
ROS production in adipose tissue [4].

apoE secreted by adipocytes plays important roles in adipocyte
metabolism [7,11,24,25]. However, although apoE anti-antioxidant
and anti-inflammatory activities in the arterial wall are now well-
established [8,16], such beneficial roles of the protein in adipose
tissue have remained underestimated.

In our experimental conditions, using human primary mature
adipocytes and the cell line SW872, we showed that ROS stimu-
lated apoE secretion. These effects were partially reversed by the
antioxidant caffeic acid (Fig. 1). Although enhanced apoprotein
secretion by macrophages or hepatocytes in response to oxidative
stress has already been reported [26,27], the present results consti-
tute the first report of oxidative stress effect on adipocytes from
human origin. Mazzone et al. have published an important study
on apoE synthesis by adipose tissue [24,25] but only very recently,
they have shown that oxidative stress downregulated apoE expres-
sion in adipocytes from murine origin [28]. The latter observations
were made in 3T3L1 cell line and mouse adipocytes that were incu-
bated in the presence of 1 mM H,0, [28]. In the present study we
show an increase in apoE secretion due to oxidative stress. The
apparent discrepancy between their results and the ones reported

P<0.01 compared to control (PBS alone).

here could be explained by the difference in species (human vs.
murine) or by the different agents and doses used to induce oxida-
tion (AAPH, glucose, glycated albumin vs. H,05).

In order to evaluate the potent antioxidant role of apoE secreted
by adipocytes, we submitted human adipocytes overexpressing
apoE to H;0,. Indeed, exogenous addition of H;0; in the culture
medium of adipocytes has been often used to model acute oxida-
tive stress [28,29]. Here, we show a significant protection in term
of viability in adipocytes submitted to H,0, when the cells overex-
pressed apoE (Fig. 3). Moreover, the decreased levels of adiponec-
tin and leptin mRNA by adipocyte incubated with H;0, were
significantly counteracted by apoE overexpression. Our results
showing a decrease in adiponectin mRNA levels are in full agree-
ment with the work of Soares et al. [29]. Reduced adiponectin
expression is associated with a higher risk of developing insulin
resistance [29]. The protective effects of apoE overexpression to-
ward changes in adipokine mRNA expression due to oxidative
stress strongly suggest that apoE may play an important role in
adipocyte cellular defense mechanisms.

The beneficial role of apoE in the adipocyte response to oxida-
tive stress was further evidenced by the reduced free radical for-
mation and reduced carbonylated protein accumulation in apoE-
overexpressing cells submitted to hydrogen-peroxide (Fig. 5). In-
creased oxidative stress was recently described in obese people,
and was proposed to be an important pathogenic mechanism of
obesity-associated disorders [4]. Our group recently identified spe-
cific proteins subjected to carbonylation in human mature adipo-
cytes submitted to oxidative stress induced by advanced
glycation endproducts (AGEs) [12].

The observations presented here indicate that endogenous apoE
expression is determinant for the protection of adipocytes submit-
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ted to oxidative stress. Even if the antioxidant activity of apoE has
already been studied in details at the artery wall level [8,16,30], it
was necessary to characterize the antioxidant activity of apoE se-
creted by adipocytes. Here and for the first time, antioxidant prop-
erties of apoE secreted by adipocytes were evidenced using the
hemolysis test.

In summary, we demonstrated that apoE secretion by adipo-
cytes was stimulated by oxidative stress and that apoE overexpres-
sion protected adipocytes from hydrogen peroxide-induced
damages. We propose therefore that oxidative stress-mediated
enhancement in apoE secretion by adipocytes may represent a
mechanism to reduce adipose tissue inflammation during obes-
ity-associated disorders. This hypothesis and the importance of
apoE at the adipose level warrants further investigation.
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Abstract

Moisture, protein, free fat and total fat were determined in Tuna Fishes (38) skipjack (Katsuwonus pelamis) (20) and yellow fin ( Thun-
nus albacares) (18) by chemical methods. Moisture was determined by freeze-drying or lyophilization, oven-dry methods and by using
electronic moisture analyzer. Protein content was determined using Gerhardt semi-micro Kjeldahl and combustion methods. Total fat
was determined using acid-hydrolysis method and free fat was determined by Soxhlet method. Near-infrared spectra of the fishes (28)
and partial least square regression with the reference methods namely lyophilization method for moisture, combustion method for pro-
teins, acid-hydrolysis method for total fat and Soxhlet method for free fat were used to set a calibration model. This regression model was
then used for quantifying the named components of the fishes (5), considered as unknowns, from their near-infrared spectra. There is a
good comparison between the results from the different chemical methods and the components quantified using the near-infrared spec-
troscopy method. An outcome of this work is that near-infrared spectroscopy can serve as an accurate and fast method for quantifying

the components of fishes.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Near-infrared spectroscopy; Moisture; Fat; Protein; Fish; Partial least squares regression

1. Introduction

Industrialization has led to an increase in the consump-
tion of pre-processed foods and thus the concern of food
components and its quality has grown (Ritter, 2005). Wet
chemical analysis has been used to characterize and quan-
tify the components of foodstuffs but the main disadvan-
tages are that the procedures are costly, destructive and
labour intensive (Clark & Short, 1994). There has been
an increasing use of spectroscopy (Baeten & Dardenne,
2002; Belton, 1997; Jhaumeer-Laulloo & Ramasami,
2005), in particular near-infrared spectroscopy (NIR)
(Cozzolino & Murray, 2002; Goula & Adamopoulos,

* Corresponding authors. Tel.: +230 4 541 041; fax: +230 4 656 928.
E-mail addresses: sabina@uom.ac.mu (S. Jhaumeer-Laulloo), p.rama-
sami@uom.ac.mu (P. Ramasami).

0308-8146/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodchem.2006.05.057

2003; Jhaumeer-Laulloo & Ramasami, 2005; Kays, Archi-
bald, & Sohn, 2005; Kempe & Luchetta, 2003; Kurowski,
Timm, Grummisch, Meyhack, & Grunewald, 1998;
Laporte & Paquin, 1999; Lee, Cavinato, Mayes, & Rasco,
1992; Priego-Capote, Ruiz-Jiménez, Garcia-Olmo, &
Luque de Castro, 2004; Rannou & Downey, 1997; Takam-
ura, Endo, & Matoba, 1998; Wilson & Tapp, 1999), for
quantitative analysis of food with advances in hardware
and chemometrics. The main near-infrared spectroscopy
advantages are its rapid and non-destructive characteristics
(Baeten & Dardenne, 2002; Osborne, 2000). NIR (Hart,
Norris, & Golumbic, 1962) is more advantageous com-
pared to mid-infrared spectroscopy (MIR) for the quanti-
tative analysis of food. In fact in NIR there is a low
degree of absorbance due to the low degree of excitation
of harmonics and combination vibrations. Thus the sample
for transmission measurement can be a few mm thick. Fur-
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e Background and Aims Plastid NADP-dependent malate dehydrogenase (MDH) catalyses the conversion of
oxaloacetate to malate. In C4 plants, it is involved in photosynthetic carbon assimilation. In Poaceae, one
NADP-MDH gene has been identified in rice (Cs; Erhartoideae) and maize (C,; Panicoideae), whereas two tandemly
repeated genes have been identified in Sorghum (Cy4; Panicoideae). In the present study, the molecular evolution of
the NADP-MDH multigene family was investigated in order to analyse how the C, isoform has evolved over a
broader range of panicoid grasses.

e Methods Polymerase chain reaction (PCR)-based cloning was used to isolate cDNAs encoding NADP-MDHs from
15 species of Panicoideae. A gene phylogeny was reconstructed based on ¢cDNA sequences using distance and
maximum parsimony methods. Episodic selection along some branches of the phylogenetic tree was tested by
analysing non-synonymous and synonymous rate ratios.Transcription of NADP-MDH genes was compared in green
leaves of five accessions of Saccharum, Sorghum and Vetiveria using a semi-quantitative PCR approach.

o Key Results Phylogenetic analyses of these data support the existence of two NADP-MDH gene lineages (NMDH-I
and NMDH-II) in several Andropogoneae (i.e. Saccharum, Sorghum and Vetiveria). Episodic positive selection was
shown along the basal branch of the NMDH-II clade. Three amino acid modifications allow the two gene lineages to
be distinguished, suggesting a positive selection at these sites. In green leaves, we showed that the transcript
accumulation was higher for NMDH-I than for NMDH-II.

e Conclusions It is hypothesized that the maintenance of both NADP-MDH genes in some Andropogoneace is due to
a partition of the original functions across both copies. NMDH-I probably corresponds to the C4 isoform as
previously suggested. Nevertheless, some C,4 species (e.g. maize) only have one gene which should be selected
for its high expression level in leaves. This study confirms that gene duplicates have been recruited for Cy
photosynthesis but are not required in every case.

Key words: C, photosynthesis, gene duplication, multigene family, NADP-MDH, Poaceae, positive selection,

sub-functionalization.

INTRODUCTION

C, photosynthesis provides a selective advantage for plants
growing in tropical areas (Sage, 2004). The C, pathway
serves as a pump, which provides an elevation of the
CO; concentration at the site of Rubisco, leading to limited
photorespiration and high water use efficiency in C, species
(von Caemmerer and Furbank, 2003). This pathway has
appeared several times during plant evolution from the Oli-
gocene and Miocene, at a period when atmospheric CO,
levels were gradually declining (Edwards et al., 2001; Sage,
2004). C,4 genes are of great interest since an aim of bio-
technology is to introduce the C, traits to cultivated C;
plants, possibly improving their performance under warm
conditions (Matsuoka et al., 2001). Phylogenetic and bio-
chemical studies of C, genes have also provided insights
into the molecular evolution of the C4 pathway (e.g. Sheen,
1999; Gehrig et al., 2001; Besnard et al., 2003; Monson,
2003; Westhoff and Gowik, 2004). In Poaceae, multiple
appearances of C, photosynthesis during the PACCAD
(Panicoideae, Arundinoideae, Chloridoideae, Centothecoi-
deae, Aristidoideae, Danthonioideae) clade diversification
have probably occurred (Kellogg, 2000). Using a phylo-
genetic approach on the grass phosphoenolpyruvate

* For correspondence. E-mail gbesnar@hotmail.com

carboxylase multigene family, it has been proposed that
such multiple appearances should be associated with mul-
tiple inductions of a pre-existing system (Besnard et al.,
2003). Study of other multigene families including a Cy4
isoform (NADP-malate dehydrogenase, pyruvate ortho-
phosphate dikinase) is required to understand thoroughly
how the C, pathway evolved during grass diversification.

In plants, plastid NADP-dependent malate dehydro-
genases (NADP-MDHs; EC 1.1.1.82) are essential enzymes
involved in photosynthesis (Scheibe, 1987; Sheen, 1999).
These enzymes are implicated in two main functions. First,
in all plants, NADP-MDH helps control export of the redu-
cing equivalents (malate) from the chloroplast to the cytosol
(Scheibe, 1987; Ocheretina et al., 2000). Secondly, NADP-
MDH is also involved in photosynthetic carbon assimilation
of both C4 NADP-malic enzyme type and C,4 phosphoen-
olpyruvate carboxykinase (PCK) enzyme type plants
because it converts oxaloacetate to malate, which is then
transferred from the mesophyll cells to the bundle sheath
cells (von Caemmerer and Furbank, 2003). NADP-MDH is
a redox-regulated enzyme (Miginiac-Maslow et al., 2000).
Redox regulation appeared relatively late in evolution
(probably in green algae; Ocheretina er al., 2000).
NADP-MDH is a highly conserved enzyme in plants, and
is apparently encoded by a small multigene family

© The Author 2005. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
For Permissions, please email: journals.permissions @oxfordjournals.org
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Abstract

A direct and reagent free procedure has been developed to monitor the fermentation process of pine apple nectar using Attenuated Total
Reflectance Fourier-transform mid-infrared spectrometry (FT-IR) and multivariate analysis. A classical 4> design for standards was employed
for calibration using the information in the spectral range from 907 to 1531 cm™' of the first order derivative spectra after mean centering
of infrared data. The root mean square error of calibration (RMSEC) of 0.040, 0.021, 0.063 and 0.074% w/w were obtained for glucose,
fructose, saccharose and ethanol, respectively, and a mean relative validation error 0f 2.9, 2.1, 2.6 and 3.6% was achieved for glucose, fructose,
saccharose and ethanol. Results obtained by the proposed procedure for the alcohol content at different fermentation levels were statistically
comparable with those obtained by a reference spectrometric method. So, FT-IR spectrometry provides a fast alternative to long and tedious

classical procedures to ethanol determination and sugar enzymatic analysis.

© 2005 Elsevier B.V. All rights reserved.

Keywords: FT-IR; ATR; PLS; PCA; Monitorization; Fermentation; Bioprocess

1. Introduction

Process analytical technologies (PAT) are systems for
analysis and control of manufacturing processes based on
timely measurements of critical quality parameters and per-
formance attributes of raw materials and in-process products,
to assure acceptable end-product quality at the completion of
the process [1].

Bioprocesses involving enzymes or active cells are used to
produce a wide variety of chemicals from alcohols, organic
and amino acids, to insulin, enzymes, and antibiotics. Differ-
ent kinds of fermentations are widely used in industrial scale
in production of food, beverages, enzymes, pharmaceuticals,
biogas, etc. Continuous monitoring of biotechnological
processes is urgently needed for improving efficient man-
agement and optimization as well as for quality control

* Corresponding author. Tel.: +33 262938643; fax: +33 262938237.
E-mail address: rophil@univ-reunion.fr (P. Rondeau).

0003-2670/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2005.04.057

with the aim of high quality final products. In fermentation
processes of sugar rich products, the continuous control of
alcohol provides a way to understand these processes and
to predict the quality of the final product. Currently, alcohol
measurements use on site semi-quantitative measurements
(i.e. ebullioscopy) or involve enzymatic extraction and
preparation of samples for laboratory analysis (i.e. distil-
lation prior to gravimetric analysis). In recent years, gas
chromatography has been accepted as standard procedure
for ethanol assay [2]. However, the relatively high-cost and
‘off-line’ nature of these analyses has restricted its use in
fermentation monitoring. As a result, extensive research has
been undertaken to develop techniques that will allow for the
continuous monitoring of ethanol levels during fermentation
processes. For example, headspace analysis of ethanol
fermentations using gas sensors has been attempted [3,4].
Infrared spectroscopy offers an alternative to conven-
tional chemical analysis. This analytical technique has
been applied successfully in a lot of bioprocess such as
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(Mg?* and K*) and Their Simultaneous Quantification in
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Resonance Spectroscopies
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In this paper, a ternary agqueous mixture of sucrose and two metal
ions (Mg** and K*) has been examined by mid-infrared spectros-
copy pled with principal p t analysis (PCA) and the par-
tial least-squares regression method (PLS). PCA was first used for
the description of Fourier transform mid-infrared (mid-FTIR) spec-
tral data of the pl ples. The resulting factorial map, set
up with the two most influential component axes, features distinet
concentration distribution specific to each component. Prediction
equations that linked sucrose, magnesium, and potassium concen-
trations to the spectral data were established by the partial least-
squares regression method. A quite good correlation was obtained
between the first 5 axes and the concentration variables, with co-
efficient values ranging from 0.984 to 0.997. It was thus possible to
predict specifically both metal ion concentrations in the ternary
mixture with relatively good accuracy. The ternary mixtures of su-
crose, Mg**, and K* were also subjected to “C NMR (nuclear mag-
netic resonance) analysis. From the relative displacements of chem-
ical shifts of the carbon atoms of sucrose, it was possible to deter-
mine the influence of each metal ion present in the mixture,

Index Headings: Sugar—ion interactions: Fourier transform mid-in-
frared spectroscopy; Mid-FTIR; Principal component analysis;
Partial least-squares regression; Principal component regression:
Nuclear magnetic resonance; “C NMR.

INTRODUCTION

Complex formation between carbohydrate and metal
ions has important biological implications.! The magne-
sium—sugar interaction has a stabilizing effect on the
DNA double helix structure.? Calcium ions and sugar are
involved in biological adhesion and agglutination pro-
cesses.” Complexation between the ATP molecule and
magnesium ion is a necessary co-factor for phosphoryl
and nucleotidyl transfer enzymes, as well as for major
energy storage in cells.*

Since these interactions are important in many biolog-
ical processes, they have been the subject of several in-
vestigations. Indeed, numerous reports®’ deal with the
structural and spectroscopic studies of alkali and alkaline
earth metal-sucrose complexes in the crystalline state. In
a recent article,® we discussed the nature of these inter-
actions in aqueous solutions by using Fourier transform
infrared (FT-IR) spectroscopy coupled with principal
component analysis (PCA) and "*C NMR (nuclear mag-

Received 3 June 2003; accepted 15 March 2004,
* Author to whom comrespondence should be sent. E-mail: cadetin
univ-reunion.|t.
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netic resonance) spectroscopy. Significant shifts in the
mid-infrared (MIR) absorption bands of sucrose were de-
picted in the presence of several metal ions, while "*C
NMR analysis showed that the carbon atoms of sucrose
experience a shielding or a deshielding effect in the pres-
ence of the metals. The results derived by these two spec-
troscopic techniques were concordant and showed that
the interaction of the metal ions with sucrose could be
differentiated.

Moreover, on the basis of these interactions, an indirect
quantification of metal ion concentration was attempted
and was discussed in a previous paper.” Partial least-
squares regression (PLS), applied to mid-infrared spectra
of pure sucrose solutions and to those containing various
concentrations of a metal ion, has proved to be efficient
to accurately predict any ion concentration.

Generally biological solutions such as sugar cane juice
are more complex and contain several sugars and metals.
It is of interest to study thoroughly the behavior of sev-
eral metal ions present in a same aqueous solution of
sucrose.

In this study, PCA is used for the processing and de-
scription of Fourier transform mid-infrared (mid-FTIR)
spectral data of a ternary mixture of sucrose and two
metal chlorides (KCl and MgCl,) and the partial least-
squares regression method (PLS) is used to predict the
two metal ion concentrations. The IR study is comple-
mented by a ""C NMR analysis where the shielding or
deshielding of the carbon atoms of sucrose caused by the
presence of the metal ions gives a better understanding
of the nature of interactions taking place in the ternary
mixture.

EXPERIMENTAL

Material. KCl and MgCl, (Anhydrous, 98%) were
purchased from Sigma. They were used without further
purification. Solutions of these salts were prepared in the
range of 0 to 30% (w/v). Aqueous solutions of sucrose
and metal salts were prepared by mixing an aqueous so-
lution of sucrose at various concentrations with two metal
chloride solutions.

Fourier Transform Mid-infrared Attenuated Total
Reflectance Spectra. Mid-infrared spectra of aqueous
solutions of pure sucrose and sucrose in the presence of
metal salts have been recorded on a Nicolet 460 Fourier-

APPLIED SPECTROSCOPY
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In this article, mid-infrared Fourier transform (Mid-FT-IR) and
carbon thirteen nuclear magnetic resonance (*C NMR) spectros-
copy have been used to determine possible interactions between su-
crose and various alkali or alkaline earth metals in agueous solu-
tion. In the presence of these metals, significant shifts in the ab-
sorption bands of sucrose were noted by mid-FT-IR coupled with
principal component analysis (PCA). These shifts were explained on
the basis of weakening of the H-bond network between sucrose and
water and possible interactions between sucrose and the metal ion.
Factorial maps were established and the spectral patterns obtained
show that these interactions vary according to the nmature of the
metal ion. “C NMR analysis showed that the carbon atoms of su-
crose undergo shielding or deshielding in the presence of metal ions
in agueous solutions. Two factors were invoked to account for the
variation of chemical shifts: the rupture of hydrogen bonds due to
hydration of the metal ion and the possible coordination of the met-
al ion to the oxygen atoms of sucrose.

Index Headings: Mid-infrared Fourier transform; Mid-FT-IR; lon—
sucrose interactions; Principal component analysis; PCA; “C NMR.

INTRODUCTION

Sugar is a component part of nucleic acids and as such,
sugar—metal ion interactions bear significant biochemical
importance.! The magnesium—sugar interaction has a sta-
bilizing effect on the DNA double-helix structure.’
Therefore, complexation between the ATP molecule and
magnesium ion is a necessary co-factor for phosphoryl
and nucleotidyl transfer enzymes, as well as a major en-
ergy storage method for cells.! Calcium ions and sugar
are involved in biological adhesion and agglutination pro-
cesses.t Several studies about sugar—ion interactions, par-
ticularly with alkali and alkaline earth metals, have been
reported.®®

Structural studies in the solid state have suggested that
the metal ion interaction with sugar can affect the con-
formations of the latter.” Moreover. in the solid state, in-
frared absorption bands of sugar are more detailed and
important spectral shifts induced by the metal interactions
can be more easily observed.® However, from the biolog-
ical point of view, it is important to understand the type
of interactions between sugar and metal ions in agueous
solution. According to Tajmir-Riahi,” such interactions
are not obvious to detect in aqueous solution, since there
is no significant difference between the infrared spectrum

Received 11 September 2002: accepted 2 December 2002,
* Author to whom correspondence should be sent. E-mail: cadet@
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of pure sucrose solution and the spectrum of solution
containing an alkali metal ion. The Fourier transform in-
frared (FT-IR) analysis of sucrose in solution by the at-
tenuated total reflectance (ATR) technique has been car-
ried out by Kodad et al."” The authors have made a thor-
ough assignment of the sucrose bands. More recently. the
principal component analysis (PCA) technique applied to
mid-infrared spectra has proved to be efficient for quan-
tifying shifts induced by sugar—metal interactions in so-
lution.""" Our group has also reported previously the
quantitative mid-infrared spectroscopic analysis of aque-
ous sucrose in limited concentration ranges.'? Carper and
co-workers'*'* have used both the FT-IR and nuclear
magnetic resonance (NMR) techniques to investigate var-
ious divalent metal ion interactions with gluconic acid or
sodium gluconate or gluconolactone. They have shown
for example that the sodium ion interacts with all the
gluconate OH groups except for the one in the 3 position
while the magnesium ion binds only at OH 1 and 6 to
form a 1:1 complex. In the present article, we study in a
first instance the nature of interactions between sucrose
and various alkali and alkaline earth metals in solution
by mid-infrared (MIR) spectroscopy using the principal
component analysis (PCA) technique. In a second part,
we attempt to identify such interactions by “C NMR
spectroscopy. The results of these two techniques are
compared and discussed in the present article. In previous
work, Bock and Lemieux'" have shown that the confor-
mation of sucrose is approximately the same in dimeth-
ylsulfoxide and water solutions and that this conforma-
tion is similar to that observed in the solid state. In ad-
dition, SIMPLE 'H-NMR isotope-shift measurements'®"”
of aqueous sucrose solutions have shown the existence
of an equilibrium between two intramolecular hydrogen-
bonded conformations, in which the 2-oxygen of the glu-
cose moiety acts as the acceptor for either the 1'-O or
3'-OH of the fructose moiety. as illustrated in Fig. 1.

EXPERIMENTAL

Material. Sucrose and anhydrous metal halide com-
pounds were all purchased from Sigma (St. Louis, MO).
They were used without further purification.

Mid-Fourier Transform Infrared Attenuated Total
Reflectance Spectra. Mid-infrared analyses were run on
aqueous solution of pure sucrose ((1.6 M) and on aqueous
sucrose solution in which were dissolved variable
amounts of solid metal salts: NaCl (0-3.4 M), KCI (0-
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ABSTRACT

In this paper, we report the use of Mid-FTIR spectroscopy
coupled with Partial Least Squares method for the quantita-
tive determination of various alkaline and alkaline earth
metals in aqueous solution owing to their interactions with
sucrose. First of all, prediction equations that linked cation
concentration to the spectral data were established indepen-
dently for each ion (K*, Na*, Mg** or Ca®"): very high
correlation coefficient values between the two first axes and
the chemical values were obtained. Moreover, a good pre-
diction could be made whatever the nature of ion involved in
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Full Paper: The monolayer-forming capabilities of a ter-
tiary amine-capped dialkyloxy biphenyl mesogen at the
air-water interface were studied. It was found that stable
monolayers are obtained in the presence of a water-solu-
ble polymer in the subphase, notably the sodium salt of
carboxymethylcellulose. Furthermore, the formation of a
surface-adsorbed polymer layer, either by aspiration of the
depletion layer or by heating, prior to the spreading of the
mesogen resulted in higher surface pressures. The stable
monolayers were successfully transferred to glass and alu-
minium substrates to give multilayer Langmuir-Blodgett
films. Reflection Infrared Spectra of the transferred films
were obtained, and they indicated that both components
are indeed present and that the biphenyl moiety and alkyl
spacer of the mesogen both have a net orientation perpen-
dicular to the film surface.

Surface pressure-area isotherms recorded for monolayers of
LC-1,10N spread on a 0.005 wt.-% solution of CMC at 25°C.
The four curves were recorded after different degrees of
cleaning of the subphase before spreading as described in the
text.
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Stabilisation of spread monolayers of an amine-
functionalised biphenyl mesogen by association with a

carboxymethyl cellulose salt

Sylvie Garneau, Philippe Rondeau, C. Geraldine Bazuin, Anna M. Ritcey*

Centre de recherche en sciences et ingéniérie des macromolécules (CERSIM), Département de chimie,
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Fax: 418-656-7916; E-mail: Anna.Ritcey@chm.ulaval.ca

Introduction

In recent years various groups have studied supramolecu-
lar sidechain-type polymers where a low-molar-mass
molecule functionalised at one end is complexed to a
polymer backbone via noncovalent interactions often in
the form of hydrogen or ionic bonding; see for example,
ref.l" The sidechains may be simple surfactants’* or
they may incorporate thermotropic moieties."”* Another
cluster of studies focusses on monolayers formed by sur-
factants and polymers at the air-water interface, and their
transfer to solid substrates as Langmuir-Blodgett films;

see for example ref.’ 2l They generally involve polyion
complexes of charged, water-soluble polymers and oppo-
site-charged surfactants, the latter usually composed of
alkyl chains and only infrequently incorporating a ther-
motropic mesogen.!”!

In this study we present an investigation of a system at
the air-water interface involving a charged polymer and a
functionalised (surfactant-like) small molecule incorpor-
ating a thermotropic mesogen. The system chosen, the
sodium salt of carboxymethyl cellulose (CMC) and ter-
tiary amine-capped dialkoxy biphenyl (LC-1,10N), is

Macromol. Chem. Phys. 2000, 201, No. 17
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Aliphatic ethers of cellulose are found to form stable monolayers when spread from dilute chloroform
solution at the air—water interface. Monolayer pressure—area isotherms exhibit a liquid analogous phase
followed by a transition region of relatively high compression at constant pressure. Limiting molecular
areas are found to depend on side-chain length, indicating that the hydrocarbon substituents do not adopt
an orientation strictly perpendicular to the water surface. Monolayers of mixed ethers containing, on
average, a single long chain substituent per repeat unit, form liquid analogous phases at molecular areas
equivalent to the area of the anhydroglucose ring. It is thus concluded that the cellulose backbone lies
flat on the water surface, The transition region observed upon compression beyond the liquid analogous
phase is attributed to the formation of bi- or multilayers, with molecules leaving the water surface. This
interpretation is consistent with the observed decrease in plateau pressure with increasing temperature.

Introduction

Attempts to prepare ultrathin polymer films by the
Langmuir—Blodgett (LB) technique are motivated by the
desire to combine the favorable material properties of
polymers with the control of molecular organization
available with this method of multilayer assembly. Initial
studies of polymeric LB films involved the introduction of
polymerizable functional groups in traditional amphiphilic
molecules and the subsequent polymerization after trans-
fer to a solid substrate.! This method proved rather
unsatisfactory, however, as density changes which ac-
company the chemical reaction create stresses and film
defects. Alternatively, the polymerization can be carried
out directly on the water surface.? Monolayers have also
been successfully spread from dilute solutions of a large
variety of preformed polymers,® including many am-
phiphilic copolymers. In general, strongly hydrophilic
groups are required in order to overcome the tendency of
a flexible macromolecule to adopt a coiled conformation
and instead lie flat on the water surface.

Another class of polymers that has received significant
attention is that comprised of rigid rodlike molecules.?
Substituted phthalocyaninatopolysiloxanes, polygluta-
mates, and cellulosics have been found to form stable
monolayers, which can be subsequently transferred to solid
substrates to give multilayers of well-defined thickness.
These studies suggest that under conditions of sufficient
natural chain extension, a strong amphiphilic nature may
not be required.

In the present article we report the formation of spread
monolayers by a series of aliphatic cellulose ethers.
Monolayers of cellulose derivatives were first investigated
more than 60 years ago.” The limiting area evaluated
from the pressure—area isotherm of a spread film of
unsubstituted cellulose® was, however, found to be sig-
nificantly smaller than the 60 A2 caleulated for the area
of anhydroglucose ring, thus suggesting that the intramo-
lecular attractive forces in this polymer are too strong to
allow for complete molecular dispersion. Similar obser-

® Abstract published in Advance ACS Abstracts, October 1, 1996,

(1) Breton, M. . Macromal, Sci. Rev. Macromol, Chem. 1981, C21,
61 and references therein.

(2) Bader, H.; Dorn, K.; Hupfer, B.: Ringsdorf, H. Adv. Polym. Sci,
1985, 64, 1.

(3} Ulman, A. An Introduction to Ultrathin Organic Films. Academic
Press: Toronto, 1991; pp 191-203 and references therein.

(4) Wegner, G. Ber. Bunsen-Ges, Phys. Chem, 1991, 95, 1326,

(5) Adams, N. K, Trans. Faraday Soc. 1933, 29, 90,

(8) Giles, C, H.: Agnihortri, V. G, Chem. Ind. 1967, 4, 1874.

vations were made for cellulose acetate,” although possible
tilting of the anhydroglucose rings was offered as an
alternative explanation for the small limiting area.
Monolayers of ethyl cellulose, on the other hand, were
found to have limiting areas which agree well with the
theoretical ring size.?

More recently, monolayers of a series of long chain
cellulose esters have been investigated.?'? In the case of
cellulose tridodecanoate, satisfactory multilayers could
be prepared, but only by the horizontal lifting method
and at surface pressures within the condensed phase.
Electron microscopy examinations of cellulose tridecanoate
samples transferred under these conditions showed in-
homogeneous films.? The first investigation of Langmuir—
Blodgett film formation by long chain cellulose ethers was
carried out by Wegner et al.'l'?

Rigid rod polymers represent an important class of
materials for the preparation of LB films. The introduction
of side-chain chromophores'~!% leads to multilayer as-
semblies that possess unique properties of interest for
applications in the fields of nonlinear optics and micro-
electronics. The general architecture of these side-chain
polymers allows for the systematic variation of molecular
parameters such as side-chain length and the degree of
substitution. The influence of these features on the
properties of spread monolayers is examined in this paper.

Experimental Section

Cellulose ethers, of the general structure shown in Figure 1,
were prepared from cellulose acetate (Aldrich, M, 30 000, acetyl
content 39.8%) and alkyl bromides in NaOH/DMSO. Finely
ground NaOH (10-fold molar excess) was added to a 2% solution
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1971, 36, 267,

(8) Borgin, K.; Johnson, P. Trans, Faraday Soc, 1953, 49, 956,
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133,29,

(11) Ritcey, A Wenx, G.; Wegner, G, Presented at the IUPAC
International Symposium on Macromolecules, Montreal, Canada, 1990,
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ABSTRACT

Oxidative stress and glycation: structural and biological properties
relationship of albumin modified in vitro or in vivo in diabetes context

Numerous pathologies are strongly linked to structural and functional alteration of target
proteins. Aggregation, glycation and oxidative damages constitute modifications of proteins,
frequently observed in numerous states of disease. The biological activities of proteins and
their conformational modifications are strictly connected. Among proteins, albumin represents
the most abundant and the most important antioxidant in blood. This circulating protein can, in
particular, undergo increased glycoxidation in case of diabetes, which can lead to the formation
of Advanced Glycation Endproducts (AGEs), and so induce various deleterious effects on cells.
In this study, I focused on the impact of aggregation, glycation and oxidative modifications on
the structural, redox and antioxidant status of albumin and the effect of this altered protein on
various cell lines physiology.

I firstly investigated, using biochemical and biophysical techniques, the structural changes of
bovine serum albumin induced by glycation, aggregation and both processes simultaneously.
By this, I tried to elucidate the impact of these processes on the antioxidant properties of the
modified protein.

Secondly, I studied the oxidative activity of in vitro glycoxidized bovine serum albumin on
mature adipocyte by identifying, in particular, specifically adipocyte carbonylated protein
targets by using proteomic techniques.

Then, I compared the effect of in vitro glucose and methylglyoxal-induced oxidative
modifications on bovine serum albumin (BSA) and human serum albumin (HSA) protein
structures and on THP1 monocyte physiology.

At last, the best way to characterize the structural and functional modification of altered
albumin is to study this protein with suitable pathological condition, in vivo instead of using an
in vitro model. In this last part, I determined simultaneously the structure, the antioxydant
properties and redox status of human plasma and its corresponding albumin purified from a
panel of plasma, in order to confirm or invalidate predictions based on in vitro models.

These investigations confirm the importance of native structure on functional properties of the
most abundant and protective protein in the circulatory system and by the way to have a better
understanding of its involvement in several physiological disorders such as Diabetes.

Subject: Biochemistry and Cellular Biology

Key words: Albumin, Adipocytes, Monocytes, SW872 and THP1 cell lines, Glycation,
Oxidative stress, Diabetes.

Research group: EA2526 — Laboratoire de Biochimie et Génétique Moléculaire —
15 avenue René Cassin — BP 7151 — 97715 Saint Denis Messag — Cedex 09 — France



RESUME

Stress oxydant et glycation : relation structure et activités biologiques de
I’albumine in vitro et in vivo dans le cadre de la pathologie diabétique

La plupart des pathologies, qu’elles soient d’origine génétique ou non trouvent leur origine
dans I’altération structural et/ou fonctionnelle de protéines d’intérét. L. agrégation, la glycation
et 'oxydation constituent les principaux types de modification protéique fréquemment
observées dans de nombreuses maladies tels que le diabete, I’athérosclérose ou encore les
maladies neurodégénératives. Généralement, [’altération des activités biologiques de ces
protéines est étroitement corrélée avec ses changements conformationnels et structuraux.
L'albumine représente la protéine circulante la plus abondante et constitue le plus important
antioxydant du plasma sanguin susceptible d’étre exposée a un stress glycoxydant accru, et
aboutir a la formation de Produits Avancés de Glycation (AGEs) dont les effets peuvent étre
néfastes au niveau cellulaire et tissulaire.

Dans cette étude, je me suis intéressé a I’effet de trois types d’altérations, que sont 1’agrégation,
la glycation et l'oxydation, sur la structure, le statut redox et 1’activité antioxydante de
I’albumine ainsi que l'incidence de cette protéine modifiée sur la physiologie de différentes
lignées cellulaires.

Au cours de ce travail, j’ai abordé les quatre points suivants :

1. Afin de mieux comprendre I'impact de ces processus altératifs sur les propriétés
antioxydantes de 1’albumine, j’ai étudié, en utilisant des techniques de la Biochimie et de la
Biophysique, les modifications structurales de la protéine soumise successivement a la
glycation, 1’agrégation et aux deux processus simultanément.

2. J’ai mis en évidence et identifié¢ des cibles protéiques sensibles a I’oxydation au niveau
d’adipocytes matures humains incubés en présence d’albumine bovine glycoxydée in vitro.

3. J’ai effectué une comparaison de ’action différentielle des modeles in vitro de d’AGEs
préparés a partir de I’albumine d’origine bovine ou humaine au niveau de monocytes THP1.

4. Enfin, afin de valider les caractéristiques structurales et biologiques obtenues a partir de nos
modeles in vitro d’AGEs dérivés de I’albumine, j’ai étudié sur des modeles purifiés a partir de
plasmas de sujets, I’état structural, redox et antioxydant de 1’albumine altérée in vivo.

Les résultats obtenus lors de ce travail permettent de mettre en avant I’importance de la
structure native de la plus abondante des protéines circulantes sur I’intégrité de ses fonctions
biologiques et en particulier sur son activité antioxydante. Egalement, cette étude apporte un
nouvel éclairage sur D’implication de I’albumine altérée dans de nombreux désordres
métaboliques tels que le diabete.

Discipline: Biochimie et Biologie Cellulaire

Mots-clés: Sérum albumine bovine, Sérum albumine humaine, Adipocytes, Monocytes,
Cellules SW872 et THP1, Glycation, Diabete, Stress oxydant.

Laboratoire: EA2526 — Laboratoire de Biochimie et Génétique Moléculaire —
15 avenue René Cassin — BP 7151 — 97715 Saint Denis Messag — Cedex 09 — France
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