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Tout d’abord, je remercie l’ensemble des membres de mon jury de thèse : les Professeurs 

Bruno Fève, Michel Fortier et Pierre Gourdy qui m’ont fait l’honneur d’évaluer mes 

travaux et les Docteurs Muriel Bonnet et Pierre Fafournoux qui ont accepté d’être 

examinateur de ma thèse. Ce fut un grand plaisir de pouvoir discuter et échanger avec 

vous à l’occasion de ma soutenance. 

 

Je tiens à remercier l’ensemble des membres de l’équipe AKR : Marie, Antoine, 

Jean-Christophe, Pierre, Isabelle, Annabel, Marie, Typhanie, Cyrille, Coralie, Gaëlle, 

Mickael, Igor, Nathanaëlle et Fanny, merci pour les bons moments passés tous ensemble 

notamment à l’occasion des réunions d’équipe et des sacrifices. 

Marie, merci de m’avoir accompagnée tout au long de ma thèse, d’avoir été présente 

pour la rédaction de la revue, de la thèse mais aussi des demandes de financement. 

J’ai apprécié de pouvoir discuter avec toi et de partager notre projet lipolyse. Ce projet 

qui nous aura donné pas mal de fil à retordre, mais nous aura surtout donné 

l’occasion de pouvoir nous retrouver à la paillasse ensemble pour les différenciations, 

les dosages de glycérol (nous n’aurons pas, non plus, été aidées par la qualité assez 

aléatoire de certains kits…) et la révélation des western blot. Même si tout n’a pas 

fonctionné comme prévu au cours de ma thèse, c’est le jeu et je ne garderai que les 

bons souvenirs, merci encore et bonne continuation. 

Antoine, merci de m’avoir accueillie dans votre équipe et d’avoir partagé avec moi votre 

bureau pendant ces cinq années. J’ai apprécié de pouvoir discuter de choses et 

d’autres mais surtout de science ! Merci de m’avoir révélé quelques uns de vos secrets 

lors de mon épopée « southern blot ». J’espère que vous continuerez longtemps à 

étudier les AKR1B qui ont encore de très nombreux secrets à nous révéler… Je suis 

ravie d’avoir pu apporter une petite pierre à l’édifice même si je pense qu’on ne voit 

qu’une toute petite partie de l’iceberg… Bon courage ! 

Jean-Christophe, merci pour ton calme et ta patience pendant mon Master 2 mais 

également tout au long de ma thèse. Merci d’être toujours resté positif et d’avoir 

toujours eu le bon conseil au bon moment. Ce fut un réel plaisir de t’avoir en cours ou 

en TP, de faire des petites virées EchoMRI, cages métboliques ou southern mais aussi 

d’avoir pu apprendre, travailler et discuter avec toi. 

Pierre (Pierrot, le jumeau maléfique…), merci pour tous tes conseils, ta bonne humeur et 

tes magnifiques blagues et autres calembours qui m’auront accompagnée tout au 

long de ma thèse. Cela a été un réel plaisir de pouvoir papoter avec toi. Pendant ma 

thèse, nous avons été numéro 1 ex æquo sur les « scoops » au sein du labo, c’est avec 
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grand plaisir que je te rends ton titre ! Je compte sur toi pour avoir les dernières infos 

du labo ;-). 

Isabelle, merci pour tous tes petits conseils. J’ai beaucoup apprécié de pouvoir papoter et 

rire avec toi que ce soit quand nous étions à nos paillasses respectives (si on oublie le 

mur nous étions finalement face à face !) mais également pendant nos nombreuses 

séances de prélèvements rétro-orbitaires. 

Annabel, j’ai adoré pouvoir discuter avec toi de manips, et bien évidemment de séries et 

autres choses futiles !!! Merci d’avoir été présente tout au long de ma thèse et ceci 

malgré les milliers de kilomètres qui nous séparaient pendant cette dernière année. 

Merci pour les sessions Skype du dimanche soir au cours desquelles tu as toujours 

réussi à me remonter le moral. Merci aussi à Antony qui participe toujours très 

activement à toutes ces discussions vitales (ou pas ;-) ) que l’on a sur Skype. Merci 

pour les moments portes fermés, les discussions de geek (oui, assumons le : nous 

sommes des geeks !), les fous rires, les soirées et les très très nombreux débrieffing de 

série (PBV, PLL, Revenge…) j’espère qu’il y en aura encore de très nombreux… 

Marie (Cameron, Doc), merci d’avoir toujours eu le mot pour me remonter le moral 

même quand je n’y croyais plus trop. Merci pour tous tes précieux conseils. Merci de 

m’avoir supportée dans le bureau à la paillasse ! Bon courage pour la fin de ta thèse, 

c’est une fois sur la ligne d’arrivée que l’on se rend compte du chemin parcouru et 

surtout de tous les bons moments ! 

Typhanie (Tyf, Tufaine …), merci d’avoir su me faire rire pendant cette dernière partie 

de ma thèse, ce qui n’a pas toujours été facile. J’ai adoré élaborer des théories avec toi 

sur tout et rien, Google nous a aidé à vérifier tout cela ! C’est avec plaisir que je te 

lègue le standard du bureau, ainsi que la salle de culture. L’avenir de la « Pastel 

room » est assuré, elle est entre de bonnes mains ! Bon courage pour la suite de ta 

thèse, profites en bien tu verras ça passe très vite, peut-être un peu trop… 

Cyrille, j’ai beaucoup aimé pouvoir discuter avec toi tant dans le bureau qu’en salle 

café. Tu as toujours le bon mot au bon moment. Bon courage pour la suite de tes 

aventures au labo toi qui est maintenant chez AR. 

Coralie (Coco des bois), après le départ des filles, merci d’avoir continué à m’accueillir 

dans ton bureau même si je n’arrivais pas toujours au bon moment… J’espère avoir pu 

répondre à toutes tes petites questions pendant la dernière partie de ta thèse. Au 

moment où j’écris tout ça tu n’as pas encore soutenu, mais je sais que tout va bien se 

passer ne t’inquiète pas. Je te souhaite plein de bonnes choses pour l’après thèse. 

Mickael, le petit dernier de l’équipe ! J’ai beaucoup apprécié ton humour pendant ma 

fin de thèse. Je te souhaite beaucoup de courage, de beaux moments et de bons 
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résultats pour ta thèse qui commence à peine. Et surtout n’oublies pas qu’on peut avoir 

une thèse même en sortant d’Anatole France !!! 

 

Je remercie bien évidemment Angélique, Christelle et Jean-Paul pour leur aide 

technique, leurs nombreux conseils avisés, et leur écoute. Merci aussi à Sandrine, 

Khirredine et Philippe pour leur aide, leur patience et bien sûr le soin apporté aux 

souris. 

 

J’ai une petite pensée pour « les filles du RU » : Annabel, Elodie, Emilie, Emmanuelle, 

Julie, Matthias et Sandra, pour qui 11h30 c’est 11h30. Merci pour tous les bons moments 

que nous avons passé au RU devant des repas tous plus particuliers les uns que les 

autres…  

Elodie (Michèle, ma voisine du 98) et Sandra (Sansan), merci à toutes les deux pour 

toutes nos discussions, tous les bons moments passés ensemble et notamment pour votre 

accueil pour la SFE l’an dernier. Merci également pour tous vos précieux petits conseils 

toutes au long de ma thèse et votre présence à ma soutenance. 

Emilie (Duchesse), avec Annabel et Julie vous m’avez très rapidement accueillie à mon 

arrivée en Master 2 et, grâce à vous trois, j’ai passé de très bons moments au labo, 

autour des pauses thés mais également dans votre bureau et bien sûr hors du labo. 

Merci pour tous les petits conseils que tu m’as donné notamment pour mes premières 

extractions d’ARN et aussi pour le monitorat. Malgré la distance, merci d’avoir 

toujours été là pour me remonter le moral, pour parler de choses futiles mais aussi de 

science !! 

Emmanuelle (Manue, La Martinale), après nos deux années de licence ensemble, ça a 

été un réel plaisir de te retrouver au labo pour finir ma thèse avec toi. Merci d’avoir 

grave assuré pendant mes deux dernières années de thèse et surtout après le départ 

des filles. Merci pour les moments au Saxo, les petites soirées, les discussions de filles et 

ta grande passion pour l’informatique qui m’aura tellement fait rire… 

Julie (Ju, Mamytch’), merci pour tes blagues de qualité, ta bonne humeur, nos 

discussions porte fermée dans votre bureau avec Annabel, les petites soirées greluches, 

Brad (je crois que toute ma vie je penserai à Brad en dosant mes prot !)… J’ai une 

petite pensée pour notre épopée Doctoriales à Saint-Nectaire avec Annabel et Matthias 

qui rétrospectivement était plutôt cool. Merci à tous les trois (+ les animaux…) de 

m’avoir accueillie régulièrement à Blyes ; après chaque séjour chez vous, je suis 

repartie reboostée et prête à affronter les nombreuses épreuves de la fin de thèse. 
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Matthias (MB), nous avons commencé et fini nos thèses en même temps. Ce fut un plaisir 

d’avoir pu partager avec toi les petits tracas du thésard : la galère des manips , les 

demandes de financement et bien sûr les doctoriales… Je te souhaite bon courage 

pour la suite, à Cambridge paraît-il ! 

 

Merci aux thésards et post-doc passés et présents du Labo : Salwan, Olivier, Marine, 

Rafik Aurélien, Sabrina, Marjorie, Anthony, Alexandre, Layal, Bagora, Hugues, Fatim, 

Lia et Aurélie. 

Salwan (Dr Maqdasy), merci pour toutes nos discussions parfois animées, ce fut toujours 

agréable d’avoir ton point de vu de médecin. Je te souhaite bon courage pour la fin 

de ta thèse et surtout pour la rédaction. 

Rafik, j’ai aimé discuté avec toi mais, c’est un constat assez clair, je crois que nous ne 

serons jamais tout à fait d’accord. Mais je te souhaite bon courage pour cette 

quatrième année de thèse qui est loin d’être la plus facile, j’espère qu’elle t’apportera 

tout ce que tu attends. 

Marine, ça y est toi aussi tu viens de soutenir. Tu vas voir il faut du temps pour arriver à 

se désintoxiquer du labo mais petit à petit on arrive, promis ! Bon courage pour la 

suite. 

Aurélie, merci pour tous tes petits conseils, ta présence et tes grands éclats de rire. Merci 

de m’avoir encouragée pendant toute ma thèse et de toujours avoir été là pour 

papoter. Merci pour les soirées, le brunch, les apéros, j’espère qu’il y en aura encore de 

très nombreux… 

Amalia, dans les moments les plus difficiles (surtout ces derniers mois), merci de m’avoir 

laissée trouver asile dans ton bureau assez régulièrement. Merci de toujours avoir été 

là, surtout après le départ des filles, pour m’écouter et de toujours avoir eu le mot pour 

me remonter le moral. 

 

Merci également à l’ensemble des membres du laboratoire pour votre écoute, vos conseils, 

tous les bons moments passés ensemble, en salle café mais aussi à l’occasion des réunions 

du jeudi (toujours très animées), des pique-niques et du repas de Noël.  

 

Emilie (Blondie), merci d’avoir été là et de m’avoir supporté pendant ma thèse ce qui, je 

te le concède n’a pas toujours dû être facile. Merci pour les voyages : Bruxelles, 

Londres, la fête des Lumières à Lyon, Strasbourg, les châteaux de la Loire, Prague ; 

les courses du samedi ; les magasins ; les très nombreux ciné pour des films toujours 
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de qualité (ou pas ;-) ). Merci aussi d’avoir été compréhensive pour les voyages que 

l’on a pas pu faire, thèse oblige, mais que l’on va pouvoir faire maintenant ! 

Merci à l’ensemble de la famille Montessinos de m’avoir changé les idées grâce à votre 

présence, à toutes les soirées jeux, et aux nombreux barbecues. J’espère qu’il y en aura 

encore de très nombreux !!! 

 

Je remercie tous les membres de ma famille : tous mes oncles, mes tantes et mes cousins 

pour leurs encouragements et leur présence. 

Nicole et Danielle, merci entre autre pour les séjours à Vias, les virées en bateau et les 

parties de rami. 

Jacqueline et Jean et tous mes cousins de Toulouse, merci à vous tous de m’avoir 

accueillie pour mon stage de Master 1. 

Eric, Karin, Marie et Luc, merci pour toutes ces petites virées en Alsace. Ce fut toujours des 

moments très ressourçant même si pendant ma thèse ils se sont faits plus rares, ils sont 

toujours très précieux pour moi. 

Tata Valérie, Philippe, Nicolas, Antoine et Claire-Marie, merci à tous de toujours avoir 

été là, de toujours avoir suivi mon parcours à la fac. Merci pour tous les bons 

souvenirs à Valessard. Nicolas, merci pour les soirées à la maison et tous les moments 

que l’on a passé à la fac ensemble. 

Balou et Jean-Baptiste, merci de toujours avoir été présents, merci pour tous ces petits 

moments en famille, si précieux au quotidien. J’espère qu’il y en aura encore de très 

nombreux. Jean-Baptiste, ma porte te sera toujours ouverte revient quand tu veux 

passer quelques jours chez ta cousine préférée ;-) 

Mamy, merci à toi de toujours avoir été présente dans les bons comme dans les mauvais 

moments. Tu as toujours su être présente pour moi et a toujours cru en moi. Merci 

aussi pour toutes ces petites choses du quotidien : les parties de rami et de Scrabble du 

dimanche après-midi, les virées shopping toutes les 3 avec Maman, et pour toutes ces 

fois où nous ne sommes pas d’accord… Merci pour tout ! 

Maman, avec Papa vous avez toujours cru en moi, vous m’avez toujours laissé choisir ce 

que j’avais envie de faire et vous m’avez surtout toujours fait confiance et soutenu. 

C’est grâce à vous deux que j’ai pu réussir tout ça. Merci Maman, de m’avoir poussée et 

encouragée, ces dernières n’ont pas été faciles pour nous. C’est grâce à ton soutien 

inconditionnel que j’ai pu, entre autre terminer cette thèse. Merci pour tout ça et pour 

tout le reste ! 
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"1V! :&#-*-:-'!08-:5:=-*-'!VM"Gi!
"RSPC/! :=5%:=58-&%(&#0%&!C/!
"89[#!h! :*0(&*&(P8&#-.&8!9#5m(=![0;(5#!#&;&:(5#!h!
"Rg! :>#6.0(&!f-'0%&!8&%=>8#59$'0%&!
"Rc! "Rg!f-'0%&!
"S"3c! :=5%:=5$'5*:>#6.0(&!;0#75J>f-'0%&!
"?RD! :#5%(09*0'8-'&!RD!
"?SD! :#5%(09*0'8-'&!SD!
"?XDh! :#5%(09*0'8-'&!XDh!
"?X2! "?XDh!2>'(=0%&!
"?gD! :#5%(09*0'8-'&!gD!
"MCc! :=5%:=5-'5%-(-8&!CPf-'0%&!
"M"D! :=5%:=0(-8>*-'5%-(5*!GLqP7-:=5%:=0(&!
"c1! :#5($-'&!f-'0%&!1!
"c3! :#5($-'&!f-'0%&!8$:&'80'(&!86!;0*;-6B!
"c?PFh! :#5($-'&!f-'0%&!?PFh!
"43! :=5%:=5*-:0%&!3!





"9(B/8,08$%1!

"ZA3! :#55:-5B$*0'5;5#(-'&!
""1H!h! :&#5J-%5B&!:#5*-[&#0(5#P0;(-.0(&8!#&;&:(5#!h!
""HS! :&#5J-%5B&!:#5*-[&#0(5#!#&%:5'%&!&*&B&'(!
"#&[PF! :#&08-:5;>(&![0;(5#PF!
"sH! :#&9'0'&!s!#&;&:(5#!
HX"! #&8![*65#&%;&'(!:#5(&-'!
HsH! #&(-'5-8!s!#&;&:(5#!
2;8F! %(&0#5>*!;5P1!8&%0(6#0%&!F!
2Rg! %5#7-(5*!8$%=>8#59$'0%&!
2=:! %=5#(!=&(&#58-B&#!:0#('&#!
%=HN1! %=5#(!=0-#:-'!HN1!
25JFE! %&J!8&(&#B-'-'9!#&9-5'!vP75J!FE!
2#&7:PF;! %(&#5*!#&%:5'%-.&!&*&B&'(P7-'8-'9!:#5(&-'PF;!
2(0(C! %-9'0*!(#0'%86;&#!0'8!0;(-.0(5#!5[!(#0'%;#-:(-5'PC!
2YGE! %-B-0'!.-#6%!GE!
2YX! %(#5B0*!.0%;6*0#![#0;(-5'!
V13S! VNXh!;5'.&#(-'9!&'d>B&!
VMA! (#-5%&!:=5%:=0(&!-%5B&#0%&!
VM"Gi! (0-*!-'(&#0;(-'9!:#5(&-'!5[!GifR0!
VNXh! (6B5#!'&;#5%-%![0;(5#!h!
V2g! (>#5-8!%(-B6*0(-'9!=5#B5'&!
,3"PF! 6';56:*-'9!:#5(&-'!F!
Y0.PF! .0.PF!5';59&'&!
Y31APF! .0%;6*0#!;&**6*0#!08=&%-5'!B5*&;6*&PF!
Y4R4! .&#>!*5m!8&'%-(>!*-:5:#5(&-'!
Y4R4PH! Y4R4!#&;&:(5#!
o(F! o-*B+%!(6B56#!9&'&!
w[:GDC! d-';![-'9&#!:#5(&-'!GDC!
hP2A1! hP%B55(=!B6%;*&!0;(-'!

!
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!
! !

"#$$%&'(!





>$##,8()!

!

!

/M/4MZ?H1"gMS!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!F!

MK! M'(#586;(-5'!<!*0!%6:&#[0B-**&!8&%!1cH!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!F!
,3! "AE:8KGQNJB:)3333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333)<!
*3! 'NBJKNJB:)3333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333)5!
.3! ?9KQ8FSE:)@:)B9@JKNFA8)33333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333)5!

FK! X-J0(-5'!86!N1R"g!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!D!
DK! H$86;(-5'!8&%!;0#75'>*&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!C!

MMK! 4&%!0*85%&!#$86;(0%&%!56!1cHF/!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!G!
,3! #@:8NFVFKQNFA8):N)SFN:S)@0:URB:SSFA8)@:S)[\8:S)KA@Q8N)G:S),]&<*)3333333333333333333333)6!

FK! 3=&d!*+g5BB&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!G!
DK! 3=&d!*0!%56#-%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!q!
CK! 3=&d!*&!#0(!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!q!
GK! 4&!*0:-'!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!W!
qK! 4&!7x6[!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!W!
WK! 4&!:5#;!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!W!
iK! 4&!=0B%(&#!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!i!
TK! 4&!:56*&(!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!i!

*3! ,KNFTFN9S):8^_EQNF`J:S)@:S),]&<*)333333333333333333333333333333333333333333333333333333333333333333333333333333)a!
FK! H$86;(-5'!86!9*6;5%&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!i!
DK! H$86;(-5'!8&%!0*8$=>8&%!(5J-@6&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!T!

0K! R$(5J-;0(-5'!8&%!0*8$=>8&%!-%%6%!8&!*0!:$#5J>80(-5'!*-:-8-@6&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKK!T!
7K! 1*8$=>8&%!:#586-(%!06!;56#%!8&!*0!%($#5y859&'Q%&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!O!

CK! H$86;(-5'!8&%!0;-8&%!7-*-0-#&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!O!
GK! H$86;(-5'!86!#$(-'0*8$=>8&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FF!
qK! 2>'(=Q%&!8&!:#5%(09*0'8-'&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FF!

0K! "?XDh!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FF!
7K! "?RD!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FD!

.3! =BNLAGA[F:S)[989NF`J:S):N)VA8KNFA88:GG:S):8NB:)G:S)@FVV9B:8N:S),]&<*)3333333)<5!
FK! Z#(=5*596&%!8&%!&'d>B&%!=6B0-'&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FD!
DK! Z#(=5*596&%!8&%!1cHF/!8&!#0(K!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FC!

/3! HA8KNFA8S)RL_SFAGA[F`J:S):N)RL_SFARQNLAGA[F`J:S)@:S),]&<*)33333333333333333333333)<6!
FK! Y5-&!8&%!:5*>5*%!&(!;5B:*-;0(-5'%!8-07$(-@6&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FG!
DK! 1*85%&!#$86;(0%&%!&(!#&:#586;(-5'!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FW!

0K! V#0;(6%!9$'-(0*!Bz*&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FW!
8@! OP,6-$1)!(B-?50,1)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!DH!
88@! O)1!"AO3!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!DE!

7K! V#0;(6%!9$'-(0*![&B&**&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!FO!
8@! OP,6-$1)!(B-?50,1)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!DQ!
88@! O)1!"AO3!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!MM!

CK! 1cHF/!&(![5';(-5'%!%6##$'0*-&''&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!DD!
0K! R$(5J-;0(-5'!8&%!0*8$=>8&%!%6##$'0*-&'%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!DC!
7K! 35'(#I*&!8&!*0![5';(-5'!%6##$'0*-&''&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!DG!

GK! 1*($#0(-5'!8&%!;0:0;-($%!B$(075*-@6&%!=$:0(-@6&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!Dq!
0K! 1f#F7iL!0;-8&%!7-*-0-#&%!&(!B$(075*-%B&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!Dq!

8@! 7B0$=85,08$%!-)1!,58-)1!9868,8()1!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!MH!
88@! "58-)1!9868,8()1!)0!#B0,9$681#)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!MH!

7K! 1f#F7C!&(!""1Hh!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!DT!





>$##,8()!

!

!

qK! 1*85%&!#$86;(0%&%!&(!;0';&#%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!DO!

MMMK! 4&!(-%%6!08-:&6J!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!CE!
,3! +:)NFSSJ)Q@FR:JU)WBJ8)33333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333)D<!
*3! +:)NFSSJ)Q@FR:JU)WGQ8K)3333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333)D5!

FK! 45;0*-%0(-5'!86!(-%%6!08-:&6J!7*0';!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!CD!
DK! 4&%!;&**6*&%!86!(-%%6!08-:&6J!7*0';!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!CC!

0K! 4+08-:5;>(&!7*0';!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!CC!
7K! 40![#0;(-5'!%(#5B0P.0%;6*0-#&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!CG!

8@! O)1!&(B,-8&$5R0)1!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!FS!
88@! O)1!5)66?6)1!1$?54)1!,-8&$5R0,8()1!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!FT!
888@! O)1!5)66?6)1!4B#,0$&$UB08V?)1!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!FT!
8/@! O)1!5)66?6)1!)%-$04B68,6)1!)0!6)!(B1),?!/,15?6,8()!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!FH!

CK! X5';(-5'%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!CW!
0K! 2(5;f09&!8&%!*-:-8&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!Ci!

8@! "&&$(0!-)!6P,68#)%0,08$%!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!FE!
!! "0%%09&!8&%!1?NS!:0#!8-[[6%-5'!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!Ci!
!! 4&!(#0'%:5#(!8&%!1?NS!)!(#0.&#%!*0!B&B7#0'&!:*0%B-@6&!KKKKKKKKKKKKKKKKKKKKKK!CT!

--K! O8&$+)%'1)!8&!'5.5!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!FQ!
888@! >R%04'1)!-)!0(8+6R5B(8-)1!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!SL!

!! Z#-9-'&!86!9*>;$#5*PCP:=5%:=0(&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!GE!
!! 40!#$0;(-5'!8+&%($#-[-;0(-5'!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!GF!
!! 40!.0;65*&!*-:-8-@6&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!GD!

7K! 4-:5*>%&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!GD!
;K! 1;(-.-($!&'85;#-'&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!Gq!

8@! O,!6)&08%)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!ST!
88@! OP,-8&$%)508%)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!SE!
888@! O,!(B18108%)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!SG!
8/@! O)!W;2X!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!SQ!

GK! 4&!8$.&*5::&B&'(!86!(-%%6!08-:&6J!7*0';!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!qE!
0K! Z'(59&'Q%&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!qE!
7K! 4&%!;&**6*&%!%56;=&%!08-:5;>(0-#&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!qD!

8@! 3(B5?(1)?(1!,-8&$5R0,8()1!)0!)%-$04B68?#!/,15?6,8()!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!TM!
88@! 3(B5?(1)?(1!,-8&$5R0,8()1!)0!68+%,+)!4B#,0$&$UB08V?)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!TT!

;K! 4+08-:59&'Q%&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!qW!
8@! OP)%+,+)#)%0!-,%1!6,!68+%B)!,-8&$5R0,8()!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!TH!
88@! O,!-8NNB()%58,08$%!0)(#8%,6)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!TE!

!! ""1H{!<!0;(&6#!;&'(#0*!8&!*0!8-[[$#&';-0(-5'!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!qi!
!! 4&%!3rS/"!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!qO!
!! 16(#&%![0;(&6#%!-B:*-@6$%!80'%!*0!8-[[$#&';-0(-5'!(&#B-'0*&!KKKKKKKKKKKKKKKKKK!WE!

888@! AB+?6,08$%!-)!6,!-8NNB()%58,08$%!0)(#8%,6)!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!HD!
!! 4+-'%6*-'&!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!WF!
!! 4&%!9*6;5;5#(-;5y8&%!KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK!WD!
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Fig. 3. Topology and structural features of AKRs
Topological representations of the amino acid sequence of AKR1B (A), AKR1C (B), AKR6
(C), and AKR7 (D). The -strands (blue) are represented as arrows and the -helices (red) as
cylinders. Each major strand and loop is number. Connecting random coils are shown as
extended loops. The position of the active site residues in sequence is indicated. Note the shorter
loop A and the extra helices in AKR6 and 7 (C and D).
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androgen-dependent expression [58], and an inducible AKR

from Chinese hamster ovary cells has recently been cloned [64].

In addition, the plant chalcone reductases synthesize isoflavinoid

phytoalexins in conjunction with chalcone synthase as an induced

response to pathogen attack [12], while metabolism of the

dialdehyde of aflatoxin B1 occurs through an ethoxyquin-

inducible ALR [66].

A COMMON THREE-DIMENSIONAL STRUCTURE

Since members of the AKR superfamily show amino acid

sequence identity, it is likely that they retain a common three-

dimensional fold. The structures of human placental and bovine

muscle ADRs, rat liver 3α-HSD, pig muscle ALR and murine

FR-1 adopt an identical (α�β)
�
-barrel fold, as determined by X-

ray crystallography [7–10,69]. These structures have eight parallel

β-strands, and each β-strand alternates with an α-helix running

anti-parallel to the strand, thereby forming the staves of the

barrel (Figure 2).

Strict conservation of amino acid sequence occurs at 11

positions in the primary structure of all the AKRs: Gly-22, Gly-

45, Asp-50, Lys-84, Asp-112, Pro-119, Gly-164, Asn-167, Pro-

186, Gln-190 and Ser-271 (Figure 3). (The numbering of amino

acid residues throughout this review corresponds to that of rat

liver 3α-HSD.) Also, an additional eight positions are conserved

in 41 of the AKRs: Gly-20, Tyr-55, Gly-62, Leu-113, Trp-148,

Gly-158, Glu-192 and Arg-276. Five of these residues function in

cofactor binding (Asp-50, Asn-167, Gln-190, Ser-271 and Arg-

276), and three form parts of the active site (Asp-50, Tyr-55 and

Lys-84). The remaining residues may play structural roles in

forming the barrel core, since they are found within the β-

strands, α-helices and short loops of the barrel. This pattern of

conservation is not unusual. In other (α�β)
�
-barrel proteins,

recurrent short loop structures between the α-helices and the β-

strands of the barrel are thought to maintain the general size and

ellipticity of the barrel [70–72].

Since the AKRs consist of approximately the same number of

residues, we weighted the multiple alignments against gap

insertion. The resulting multiple sequence alignment contained

no major gaps in regions that correspond to the components of

the barrel structure, further supporting a conserved three-

dimensional fold for the superfamily. However, major gaps in

the alignments appear in the sequences of three large loops on the

C-terminal side of the barrel (Figures 2 and 3). The AKRs

seemingly maintain the architecture of the barrel scaffold while

tailoring substrate specificity through modification of the loops

near the active site, as discussed below.

KINETIC AND CATALYTIC MECHANISM

The AKRs catalyse oxidation and reduction reactions on a range

of substrates using NAD(P)(H) as cofactor. An ordered Bi Bi

kinetic mechanism, in which cofactor binds first and leaves last,

has been demonstrated for ALR, ADR, 3α-HSD and 3-oxo-5β-

steroid 4-dehydrogenase, and may be a hallmark feature of other

AKRs [73–76]. The reduction reaction involves 4-pro-R hydride

transfer from NAD(P)H to the substrate carbonyl and

protonation of the oxygen by a residue of the enzyme acting as

Figure 3 Multiple sequence alignment of the AKR superfamily

The multiple sequence alignment used PILEUP from the GCG program suite [68] with the gap and the gap length penalties set to 12 and 4 respectively. The secondary structure of rat liver 3α-

HSD is noted above the alignment [9]. B1, B2, H1 and H2 are β-sheets and α-helices not forming the core (α/β )
8
-barrel structure. Also, residues corresponding to three large loops on the

C-terminal side of the barrel are noted. Invariant residues in all AKRs are highlighted in pink (see the text). Abbreviations for the proteins are given in Table 1. Modified from Jez et al. [26] ; reproduced

with the permission of Plenum Press.
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Figure 2 A common three-dimensional fold for the AKRs

The ribbon drawing of the three-dimensional structure of rat liver 3α-HSD shows the common

(α/β)
8
-barrel motif of the AKRs, with the C-terminus at the top. The α-helices and β-sheets

(in pink) of the barrel are indicated, as are two helices (H1 and H2) not in the barrel. In addition,

the A-loop, B-loop and C-terminal loop are indicated. Reproduced with permission from Hoog,

Pawlowski, Alzari, Penning and Lewis (1994) Proc. Natl. Acad. Sci. U.S.A. 91, 2517–2521 [9] ;

copyright (1994) National Academy of Sciences, U.S.A.

a general acid. The reverse occurs in the oxidation reaction.

Whether this reaction has a concerted mechanism or two distinct

steps, with either hydride or proton transfer occurring first,

remains unclear. As discussed below, the 5β-reductases of the

superfamily represent a variation on this general mechanism, and

reduce a carbon–carbon double bond instead of a carbonyl

group.

The structures of ADR, ALR, 3α-HSD and FR-1 indicate

spatial conservation of the active-site residues Asp-50, Tyr-55,

Lys-84 and His-117 (Figure 4) [7–10,69]. In addition, a water

molecule is consistently bound between Tyr-55, His-117 and the

C-4 of bound NADP+, an arrangement thought to mimic the

location of the substrate carbonyl. The spatial arrangement of

Tyr-55, His-117 and the nicotinamide ring has been proposed to

create an oxyanion hole. Based on the original ADR�NADPH

binary complex structure, Wilson and co-workers [7] suggested

that either Tyr-55 or His-117 is the proton donor, based on the

proximity required between the C-4 position of the nicotinamide

ring and the anticipated position of the substrate carbonyl.

Moreover, Asp-50 and Lys-84 were proposed to form a hydrogen-

bond�salt-bridge network that could decrease the pK
a

of the

tyrosine and facilitate proton donation. These authors also noted

that the hydrophobic environment of His-117 would depress the

pK
a
of the imidazole side chain, making it less likely to function

as the proton donor at physiological pH.

These structures laid the basis for site-directed-mutagenesis

studies of the catalytic mechanism of ADR, ALR and 3α-HSD
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Fluprostenol, an FP receptor agonist, clearly reduces the
expression of PPARγ and its target genes [31, 50]. More-
over, this Fluprostenol-mediated suppression of the gene
expression is cleared by cotreatment with AL8810, an FP
receptor antagonist, indicating that PGF2α inhibits adipocyte
differentiation of 3T3-L1 cells by acting through an FP
receptor.

AKR1B7 gene-knock-out mice display excessive adipos-
ity resulting from adipocyte hyperplasia/hypertrophy and
exhibit high sensitivity to diet-induced obesity. Treatment
of 3T3-L1 cells or AKR1B7 gene-knock-out mice with
Cloprostenol, an FP receptor agonist, decreases adipocyte
size and inhibits the expression of lipogenic genes [49].

The precise molecular mechanism of PGF2α-mediated
suppression of adipogenesis has been investigated. PGF2α

represses the function of PPARγ by causing its phospho-
rylation via FP receptors [50]. In addition, Fluprostenol
enhances the expression of COX-2 via activation of

the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) 1/2 pathway. Moreover,
promoter-luciferase and chromatin immunoprecipitation
assays demonstrated that PGF2α-derived COX-2 expression
is activated by the binding of cAMP-responsive element
binding protein (CREB) to the promoter region of the COX-
2 gene in 3T3-L1 cells [50]. Thus, the MEK/ERK-CREB
cascade forms a positive feedback loop, one that probably
plays a critical role in the suppression of the early phase
of adipogenesis by elevating the de novo production of
antiadipogenic PGF2α.

4. Suppression of the Early Phase of
Adipogenesis by PGE2

PGE2 is also known to suppress adipogenesis through
suppression of PPARγ function. PGE2 and an EP4 ago-
nist, AE1-329, increase the intracellular cAMP levels in
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Fluprostenol, an FP receptor agonist, clearly reduces the
expression of PPARγ and its target genes [31, 50]. More-
over, this Fluprostenol-mediated suppression of the gene
expression is cleared by cotreatment with AL8810, an FP
receptor antagonist, indicating that PGF2α inhibits adipocyte
differentiation of 3T3-L1 cells by acting through an FP
receptor.

AKR1B7 gene-knock-out mice display excessive adipos-
ity resulting from adipocyte hyperplasia/hypertrophy and
exhibit high sensitivity to diet-induced obesity. Treatment
of 3T3-L1 cells or AKR1B7 gene-knock-out mice with
Cloprostenol, an FP receptor agonist, decreases adipocyte
size and inhibits the expression of lipogenic genes [49].

The precise molecular mechanism of PGF2α-mediated
suppression of adipogenesis has been investigated. PGF2α

represses the function of PPARγ by causing its phospho-
rylation via FP receptors [50]. In addition, Fluprostenol
enhances the expression of COX-2 via activation of

the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) 1/2 pathway. Moreover,
promoter-luciferase and chromatin immunoprecipitation
assays demonstrated that PGF2α-derived COX-2 expression
is activated by the binding of cAMP-responsive element
binding protein (CREB) to the promoter region of the COX-
2 gene in 3T3-L1 cells [50]. Thus, the MEK/ERK-CREB
cascade forms a positive feedback loop, one that probably
plays a critical role in the suppression of the early phase
of adipogenesis by elevating the de novo production of
antiadipogenic PGF2α.

4. Suppression of the Early Phase of
Adipogenesis by PGE2

PGE2 is also known to suppress adipogenesis through
suppression of PPARγ function. PGE2 and an EP4 ago-
nist, AE1-329, increase the intracellular cAMP levels in
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Fluprostenol, an FP receptor agonist, clearly reduces the
expression of PPARγ and its target genes [31, 50]. More-
over, this Fluprostenol-mediated suppression of the gene
expression is cleared by cotreatment with AL8810, an FP
receptor antagonist, indicating that PGF2α inhibits adipocyte
differentiation of 3T3-L1 cells by acting through an FP
receptor.

AKR1B7 gene-knock-out mice display excessive adipos-
ity resulting from adipocyte hyperplasia/hypertrophy and
exhibit high sensitivity to diet-induced obesity. Treatment
of 3T3-L1 cells or AKR1B7 gene-knock-out mice with
Cloprostenol, an FP receptor agonist, decreases adipocyte
size and inhibits the expression of lipogenic genes [49].

The precise molecular mechanism of PGF2α-mediated
suppression of adipogenesis has been investigated. PGF2α

represses the function of PPARγ by causing its phospho-
rylation via FP receptors [50]. In addition, Fluprostenol
enhances the expression of COX-2 via activation of

the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) 1/2 pathway. Moreover,
promoter-luciferase and chromatin immunoprecipitation
assays demonstrated that PGF2α-derived COX-2 expression
is activated by the binding of cAMP-responsive element
binding protein (CREB) to the promoter region of the COX-
2 gene in 3T3-L1 cells [50]. Thus, the MEK/ERK-CREB
cascade forms a positive feedback loop, one that probably
plays a critical role in the suppression of the early phase
of adipogenesis by elevating the de novo production of
antiadipogenic PGF2α.

4. Suppression of the Early Phase of
Adipogenesis by PGE2

PGE2 is also known to suppress adipogenesis through
suppression of PPARγ function. PGE2 and an EP4 ago-
nist, AE1-329, increase the intracellular cAMP levels in
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Fluprostenol, an FP receptor agonist, clearly reduces the
expression of PPARγ and its target genes [31, 50]. More-
over, this Fluprostenol-mediated suppression of the gene
expression is cleared by cotreatment with AL8810, an FP
receptor antagonist, indicating that PGF2α inhibits adipocyte
differentiation of 3T3-L1 cells by acting through an FP
receptor.

AKR1B7 gene-knock-out mice display excessive adipos-
ity resulting from adipocyte hyperplasia/hypertrophy and
exhibit high sensitivity to diet-induced obesity. Treatment
of 3T3-L1 cells or AKR1B7 gene-knock-out mice with
Cloprostenol, an FP receptor agonist, decreases adipocyte
size and inhibits the expression of lipogenic genes [49].

The precise molecular mechanism of PGF2α-mediated
suppression of adipogenesis has been investigated. PGF2α

represses the function of PPARγ by causing its phospho-
rylation via FP receptors [50]. In addition, Fluprostenol
enhances the expression of COX-2 via activation of

the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) 1/2 pathway. Moreover,
promoter-luciferase and chromatin immunoprecipitation
assays demonstrated that PGF2α-derived COX-2 expression
is activated by the binding of cAMP-responsive element
binding protein (CREB) to the promoter region of the COX-
2 gene in 3T3-L1 cells [50]. Thus, the MEK/ERK-CREB
cascade forms a positive feedback loop, one that probably
plays a critical role in the suppression of the early phase
of adipogenesis by elevating the de novo production of
antiadipogenic PGF2α.

4. Suppression of the Early Phase of
Adipogenesis by PGE2

PGE2 is also known to suppress adipogenesis through
suppression of PPARγ function. PGE2 and an EP4 ago-
nist, AE1-329, increase the intracellular cAMP levels in
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Fluprostenol, an FP receptor agonist, clearly reduces the
expression of PPARγ and its target genes [31, 50]. More-
over, this Fluprostenol-mediated suppression of the gene
expression is cleared by cotreatment with AL8810, an FP
receptor antagonist, indicating that PGF2α inhibits adipocyte
differentiation of 3T3-L1 cells by acting through an FP
receptor.

AKR1B7 gene-knock-out mice display excessive adipos-
ity resulting from adipocyte hyperplasia/hypertrophy and
exhibit high sensitivity to diet-induced obesity. Treatment
of 3T3-L1 cells or AKR1B7 gene-knock-out mice with
Cloprostenol, an FP receptor agonist, decreases adipocyte
size and inhibits the expression of lipogenic genes [49].

The precise molecular mechanism of PGF2α-mediated
suppression of adipogenesis has been investigated. PGF2α

represses the function of PPARγ by causing its phospho-
rylation via FP receptors [50]. In addition, Fluprostenol
enhances the expression of COX-2 via activation of

the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) 1/2 pathway. Moreover,
promoter-luciferase and chromatin immunoprecipitation
assays demonstrated that PGF2α-derived COX-2 expression
is activated by the binding of cAMP-responsive element
binding protein (CREB) to the promoter region of the COX-
2 gene in 3T3-L1 cells [50]. Thus, the MEK/ERK-CREB
cascade forms a positive feedback loop, one that probably
plays a critical role in the suppression of the early phase
of adipogenesis by elevating the de novo production of
antiadipogenic PGF2α.

4. Suppression of the Early Phase of
Adipogenesis by PGE2

PGE2 is also known to suppress adipogenesis through
suppression of PPARγ function. PGE2 and an EP4 ago-
nist, AE1-329, increase the intracellular cAMP levels in
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Fluprostenol, an FP receptor agonist, clearly reduces the
expression of PPARγ and its target genes [31, 50]. More-
over, this Fluprostenol-mediated suppression of the gene
expression is cleared by cotreatment with AL8810, an FP
receptor antagonist, indicating that PGF2α inhibits adipocyte
differentiation of 3T3-L1 cells by acting through an FP
receptor.

AKR1B7 gene-knock-out mice display excessive adipos-
ity resulting from adipocyte hyperplasia/hypertrophy and
exhibit high sensitivity to diet-induced obesity. Treatment
of 3T3-L1 cells or AKR1B7 gene-knock-out mice with
Cloprostenol, an FP receptor agonist, decreases adipocyte
size and inhibits the expression of lipogenic genes [49].

The precise molecular mechanism of PGF2α-mediated
suppression of adipogenesis has been investigated. PGF2α

represses the function of PPARγ by causing its phospho-
rylation via FP receptors [50]. In addition, Fluprostenol
enhances the expression of COX-2 via activation of

the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) 1/2 pathway. Moreover,
promoter-luciferase and chromatin immunoprecipitation
assays demonstrated that PGF2α-derived COX-2 expression
is activated by the binding of cAMP-responsive element
binding protein (CREB) to the promoter region of the COX-
2 gene in 3T3-L1 cells [50]. Thus, the MEK/ERK-CREB
cascade forms a positive feedback loop, one that probably
plays a critical role in the suppression of the early phase
of adipogenesis by elevating the de novo production of
antiadipogenic PGF2α.

4. Suppression of the Early Phase of
Adipogenesis by PGE2

PGE2 is also known to suppress adipogenesis through
suppression of PPARγ function. PGE2 and an EP4 ago-
nist, AE1-329, increase the intracellular cAMP levels in
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reductases with ubiquitous expressions (AKR1B1,
AKR1B3, AKR1B5), a second group named aldose
reductase-like proteins (ARLP) have been characterized
on the basis of sequence homology (at least 60–70%
identity with aldose reductase). Several ARLP with both
a poor efficiency in reducing glucose and a more tissue-
restricted expression have been identified in mouse,
AKR1B7 (14–16), AKR1B8 (17) and in human,
AKR1B10 (18, 19).
The well-characterized human lung PGFS also named

AKR1C3 is used as the reference PGFS enzyme in the
current study and is a member of AKR1C subfamily,
which comprises proteins with a hydroxysteroid dehy-
drogenase activity. The human PGFS catalyses the
reduction of PGH2 and PGD2 into PGF2a and 9a,11b-
PGF2, respectively, but does not use PGE2 as substrate
(7). Crystallographic studies of AKR1C3 and isoforms
AKR1C1 and AKR1C2 indicate broader substrate speci-
ficity for AKR1C3 in comparison with other members of
AKR1C subfamily (20).

In this study, we examined whether five members of
AKR1B subfamily from human and mouse produced
PGF2a from PGH2 and found that AKR1B1, AKR1B3 and
AKR1B7 are more efficient PGFS than AKR1C3.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant AKR
Enzymes—Open reading frames of AKR1B1, AKR1B3,
AKR1B7, AKR1B8 and AKR1B10 were inserted between
NdeI and BamHI/EcoRI sites of the expression vector
pET-28a as described previously (21, 22) and used for
transformation of Escherichia coli BL21DE3. The outside
primers used for PCR amplifications of inserts were as
follows: 50 B1 NdeI primer (50-CGGCAGCCATATGGCA
AGCCGTC-30) and 30 B1 EcoRI primer (50-CGGAATTC
GGGCTTCAAAACTCTTCATGG-30); 50 B3 NdeI primer
(50-CGGCAGCCATATGGCCAGCCATC-30) and 30 B3
EcoRI primer (50-CACGAATTCCAGAGAGACACAGGA
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Fluprostenol, an FP receptor agonist, clearly reduces the
expression of PPARγ and its target genes [31, 50]. More-
over, this Fluprostenol-mediated suppression of the gene
expression is cleared by cotreatment with AL8810, an FP
receptor antagonist, indicating that PGF2α inhibits adipocyte
differentiation of 3T3-L1 cells by acting through an FP
receptor.

AKR1B7 gene-knock-out mice display excessive adipos-
ity resulting from adipocyte hyperplasia/hypertrophy and
exhibit high sensitivity to diet-induced obesity. Treatment
of 3T3-L1 cells or AKR1B7 gene-knock-out mice with
Cloprostenol, an FP receptor agonist, decreases adipocyte
size and inhibits the expression of lipogenic genes [49].

The precise molecular mechanism of PGF2α-mediated
suppression of adipogenesis has been investigated. PGF2α

represses the function of PPARγ by causing its phospho-
rylation via FP receptors [50]. In addition, Fluprostenol
enhances the expression of COX-2 via activation of

the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) 1/2 pathway. Moreover,
promoter-luciferase and chromatin immunoprecipitation
assays demonstrated that PGF2α-derived COX-2 expression
is activated by the binding of cAMP-responsive element
binding protein (CREB) to the promoter region of the COX-
2 gene in 3T3-L1 cells [50]. Thus, the MEK/ERK-CREB
cascade forms a positive feedback loop, one that probably
plays a critical role in the suppression of the early phase
of adipogenesis by elevating the de novo production of
antiadipogenic PGF2α.

4. Suppression of the Early Phase of
Adipogenesis by PGE2

PGE2 is also known to suppress adipogenesis through
suppression of PPARγ function. PGE2 and an EP4 ago-
nist, AE1-329, increase the intracellular cAMP levels in
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-%5[5#B&%!=6B0-'&%!1cHF/F!&(!1cHF/FE!:5%%$80-&'(!$90*&B&'(!6'&!0;(-.-($!#$(-'0*8$=>8&!

#$86;(0%&! ^3#5%0%! &(! 0*KL! DEECe! ?0**&95! &(! 0*KL! DEEW_K! N$0'B5-'%L! *+0;(-.-($! #$(-'0*8$=>8&!

#$86;(0%&!8+1cHF/F!&(!8&%!0*85%&! #$86;(0%&%!B6#-'&%! %&B7*&! #$%-86&**&! ;5B:0#$&!)! ;&**&!

8+1cHF/FE! ^H6-d! &(! 0*KL! DEFF_K! 4+0;(-.-($! #$(-'0*8$=>8&! #$86;(0%&! %&B7*&! 85';! '+n(#&!
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*&! #0(! 56! *&! =0B%(&#L! 06;6'&! 06(#&! 0*85%&! #$86;(0%&! '&! #$86-(! 06%%-! &[[-;0;&B&'(! *&!

#$(-'0*8$=>8&!^H6-d!&(!0*KL!DEFF_!^V07*&06!G_K!

!

qK 2>'(=Q%&!8&!:#5%(09*0'8-'&%!

4&%! :#5%(09*0'8-'&%! ;5'%(-(6&'(! 6'! 9#56:&! 8&! B$8-0(&6#%! *-:-8-@6&%! :5%%$80'(! 8&!

'5B7#&6%&%! [5';(-5'%! &(! %>'(=$(-%$%! )! :0#(-#! 8&! *-:-8&%! B&B7#0'0-#&%! %&*5'! (#5-%! $(0:&%!

&'d>B0(-@6&%K! 4+0;-8&! 0#0;=-85'-@6&! &%(! *-7$#$! :0#! *0! :=5%:=5*-:0%&! 1DK! M*! &%(! &'%6-(&!

;5'.&#(-! &'! :#5%(09*0'8-'&! gD! ^"?gD_L! *&! :#$;6#%&6#! ;5BB6'! 8&! *+&'%&B7*&! 8&%!

:#5%(09*0'8-'&%! %56%! *+0;(-5'! 8&%! ;>;*55J>9$'0%&%! 8&! (>:&! M! ^3ZsPFL! 85'(! *+&J:#&%%-5'! &%(!

;5'%(-(6(-.&_! &(! 8&! (>:&! MM! ^3ZsPDL! 85'(! *+&J:#&%%-5'! &%(! -'86;(-7*&!e! X-96#&! O_! ^2-BB5'%L!

DEEG_K! 40! "?gD! :&6(! n(#&! ;5'.&#(-&! &'! 8-[[$#&'(&%! :#5%(09*0'8-'&%! :0#B-! *&%@6&**&%L! 8&6J!

:&6.&'(! n(#&! %>'(=$(-%$&%! :0#! 8&%! 0*85%&! #$86;(0%&%!<! *0! :#5%(09*0'8-'&! XDh! ^"?XDh_!

^c076(6(6!&(!0*KL!DEEO_!&(!*0!:#5%(09*0'8-'&!RD!^"?RD_!^N090(0!&(!0*KL!DEFF_K!

!

0K "?XDh!

S'! DEECL! *&! "#5[&%%&6#! X5#(-&#! &(! %5'! $@6-:&! 5'(! B5'(#$! @6&! *+0*85%&! #$86;(0%&! 75.-'&!

;5''6&! :56#! %5'! 0;(-.-($! DEhP=>8#5J>%($#5-8&! 8$%=>8#59$'0%&L! 1f#F7q! $(0-(! *0! "?XDh!

2>'(=0%&!8&!*+&'85BQ(#&!75.-'!^A085#&!&(!0*KL!DEEC_K!S'!&[[&(L!1f#F7q!;5'.&#(-(!*0!"?gD!&'!

"?XDh! 9#z;&! )! 6'&! 0;(-.-($! OPLFFP&'85:$#5J>8&! #$86;(0%&! @6-L! `6%@6+)! ;&((&! #$;&'(&!

8$;56.&#(&L! $(0-(! 6'-@6&B&'(! 0((#-76$&! )! 8&%! &'d>B&%! 8&! *0! [0B-**&! 8&%! 1cHF3L! *&%!
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#&;=&#;=$&!;=&d!*&%!06(#&%!0*85%&!#$86;(0%&%K!

!

7K "?RD!
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/80($!'+5'(!(56(&[5-%!:0%!&';5#&!$($!;5'[-#B$&%!8%!/8/$@!

!
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!
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"*6%-&6#%! $(68&%! 5'(! :&#B-%! 8+0[[-#B&#! @6+"C(D9FL! "C(D9G! &(! "C(D9E! %&#0-&'(!

#&%:&;(-.&B&'(L!%6#!*0!70%&!8&!*&6#%!%-B-*0#-($%!8&!%$@6&';&%!&(!8&!:#5:#-$($%!&'d>B0(-@6&%L!

*&%!5#(=5*596&%!B6#-'%!8+"C(D9SL!"C(D9DF!&(!"C(D9DS!^/0#%f-!&(!0*KL!DEETe!S'85!&(!0*KL!DEFF_K!

AnB&!%-!@6&*@6&%!8-[[$#&';&%!8&!%$@6&';&!($B5-9'&'(!8+6'&!$.5*6(-5'!8-.&#9&'(&!&'(#&!*&%!

8&6J!&%:Q;&%L!"C(D9E!&(!"C(D9DS!'&!:5%%Q8&'(!:0%!&J0;(&B&'(!*&!BnB&!:#5[-*!8+&J:#&%%-5'K!

S'! &[[&(L! *&! ;0'0*! 8$[$#&'(! &%(! *&! %-(&!B0`&6#!8+&J:#&%%-5'!8+"C(D9E! 0*5#%! @6+"C(D9DS! &%(! )!

:&-'&! 8$(&;(07*&! 80'%! ;&! (-%%6K! 4&%! :#5B5(&6#%! 8&! ;&%! 8&6J! 9Q'&%! 8-[[Q#&'(! 8+6'&! :&(-(&!
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8&! %$@6&';&%! B5'(#&'(! @6&! ;&((&! #$9-5'! 8&! ii7:! :#$%&'(&! 6'&! [5#(&! -8&'(-($! 0.&;! *&%!

$*$B&'(%! (#0'%:5%07*&%!8&! (>:&!4MNS! ^*5'9! -'(&#%:&#%&8!'6;*&0#! &*&B&'(_K!3&((&! %$@6&';&!

8&! ii7:!:#$%&'(&! 80'%! *&! :#5B5(&6#! 8+"C(D9E! :56##0-(! 85';! :#5.&'-#! 8&! *0! (#0'%:5%-(-5'!
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!
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increase in hyperosmotic sorbitol levels, affecting eye
lens and nerves (Chung et al., 2003). The polyol pathway
was also shown to be present in both male and female
reproductive tracts (van der Horst, 1986), specifically docu-
mented in the epididymis of the bull (Frenette et al., 2004)
and in the mouse oviduct (Kaneko et al., 2003). The impor-
tance of fructose and sorbitol in sperm motility and embryo
development is also well established in vitro (Parrish et al.,
1989; Frenette et al., 2004; Kimura et al., 2005).

Aldose reductase (AR, from the AKR1B1 gene) reduces
glucose into sorbitol using NADPH as an electron donor
(Fig. 1). This is the rate-determining reaction of the polyol
pathway (Kinoshita and Nishimura, 1988). AR can also be
involved in the neutralization of carbonyl compounds from
oxidative stress (Bohren et al., 1989) and potentially in the
production of the prostaglandin F2a (Madore et al., 2003).
Sorbitol can be further oxidized into fructose by sorbitol
dehydrogenase (SDH, from the SORD gene) using NADþ

as an electron acceptor (Oates, 2002).
Based on its pivotal role in the control of high-energy

substrate, the polyol pathway can also be indirectly associ-
ated with oxidative stress through oxidative metabolism
(Chung et al., 2003). As antioxidants and pro-oxidants
were regulated in the bovine oviduct according to location
and hormonal state (Lapointe and Bilodeau, 2003; Lapointe
et al., 2005, 2006), we hypothesized that the polyol pathway
is also differentially modulated in the oviduct in order to
optimize reproduction efficiency. We know that the isthmus
is a sperm reservoir where spermatozoa are retained for
several hours (Hunter andWilmut, 1984) and where capac-
itation is also believed to occur (First and Parrish, 1987).
The oviduct can thus be seen as harboring multiple micro-
environments since sperm functions canbeeither positively
or negatively affected by oviductal fluid from the isthmus
and ampulla in different key moments of the estrous cycle
(Grippo et al., 1995).

In this study, we investigated the spatial expression of
the two enzymes involved in the polyol pathway by immu-
nolocalization within the oviduct. We also measured polyol
levels throughout the estrous cycle in the isthmus and the
ampulla by mass spectrometry. Results are discussed
in regards to the possible role of the polyol pathway in

the modulation of sperm motility, capacitation, and early
embryo development.

RESULTS

Radically Different Expression Patterns for the
Polyol Pathway Enzymes along the Oviduct

The expression of the two proteins involved in the polyol
pathway was investigated in six small ("2 cm), equidistant
sections of the oviduct (Fig. 2). AR was detected at 35 kDa
by SDS–PAGE, and was restricted to the isthmus of the
oviduct in the first two sections. The level of AR was as high
as in the uterus. In contrast, SDH wasmostly present in the
isthmic–ampullary junction and the ampulla, although a
detectable level of SDH was observed in the isthmus as
a 40-kDa band. For the next experiments, only ampulla
(sections 5þ 6) and isthmus (sections 1þ 2) regions were
used to analyze mRNA and protein expression. Both
oviducts ipsilateral and contralateral to the ovarian corpus
luteum were pooled since no difference of expression was
observed.

Expression of AR and SDH Throughout the
Estrous Cycle

Figure 3 shows the levels of both AKR1B1 and SORD
mRNA throughout the estrous cycle for isthmus and
ampulla regions. Two-way analysis of variance (ANOVA)
for AKR1B1 mRNA expression indicated an interaction
between the moment and position factors (P¼0.009, see
Supplemental data). mRNA level is generally higher in the

Figure 2. Specific regional protein expression of aldose reductase
(AR) and sorbitol dehydrogenase (SDH) along the bovine oviduct.
Protein expression was assessed by Western blot (20mg/lane) in six
equi-distant sections of the oviduct, from the uterus (U) to the ovary.
The estrous cycle had no impact on the relative regional expression
of both AR (35 kDa) and SDH (40 kDa) along the oviduct. This is
a representative of three experiments (follicular stage shown here).
þ, Positive control (bovine epididymis).

Figure 1. The polyol pathway: aldose reductase (AR;AKR1B1 for the
gene) converts glucose to sorbitol, while sorbitol dehydrogenase
(SDH; SORD for the gene) transforms sorbitol to fructose.
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relative amount of white, brown, and mixed areas is genetically
programmed and depends on several factors, including age, sex,
environmental temperature, and nutritional status.

In most small rodents, brown areas are readily recognizable
by gross inspection in the interscapular, axillary, and cervical
portions of the anterior subcutaneous depots and in the medi-
astinal and perirenal visceral depots. White, brown, and mixed
areas are found in discrete depots; some subcutaneous (ante-
rior) and visceral (mediastinal and perirenal) depots are clearly
partitioned into WAT and BAT.

In recent articles, we reported quantitative anatomical data
on the adipose organ of adult Sv129 female mice (76, 78).
Calculation of the total number of white and brown adipocytes
in the main depots (anterior subcutaneous, posterior subcuta-
neous, mediastinal, perirenal, perigonadal, perivesical, retro-
peritoneal, and mesenteric) demonstrated that in this strain
white and brown adipocytes are interspersed in all subcutane-
ous and visceral depots. White adipocytes are more numerous
in some depots (posterior subcutaneous, mesenteric, and ret-
roperitoneal), and brown adipocytes are more numerous in
others (anterior subcutaneous, mediastinal, and abdominopel-
vic). The depots on the limbs, which are in close connection
with skeletal muscles, are also mixed; in a comparative study
of Sv129 and B6 mice, the former were shown to contain a
greater amount of BAT (2).

White and Brown Adipocytes Have a Discrete Morphology
and Physiology

White adipocytes are spherical cells (Fig. 2) with a fairly
variable size that depends mainly on the size of the lipid
droplet stored in them. Differentiated white adipocytes are
sometimes quite small (!10 "m in diameter) compared with
the average adipocytes found in adult mammals (22). Their
main feature is a single lipid droplet (unilocular adipocytes)

formed by triacylglycerols that accounts for #90% of the cell’s
volume. Even on electron microscopy there seems to be no
distinct structure separating it from the thin rim of cytoplasm,
although it is well known that perilipin is found at this level (8,
52). Mitochondria are thin and elongated, with randomly ori-
ented cristae, and variable in amount; in general, they are less
numerous in the larger cells. Several caveolae are found on the
outer surface. Other organelles are usually poorly represented.
A distinct basal membrane surrounds the adipocyte (Fig. 3).

Brown adipocytes store triglycerides in the form of multiple
small vacuoles (multilocular adipocytes; Fig. 2). Most brown
adipocytes are polygonal with a variable diameter that is
usually in the 15- to 50-"m range. The most characteristic
organelles of these cells, the mitochondria, are large, spherical,
and packed with laminar cristae and are usually numerous in
the cytoplasm (Fig. 4).

In our experience, when an adipocyte with the light micro-
scopic appearance of a multilocular cell is viewed under the
electron microscope, it will have several mitochondria with a
morphology characteristic of brown adipocytes (21, 31). This
is independent of the presence of uncoupling protein 1 (UCP1).
At variance with those who hold that brown adipocytes are
cells expressing UCP1, we believe that expression of this
protein merely reflects the cell’s thermogenic activity and that
a brown adipocyte is a cell with a distinctive morphology, i.e.,

Fig. 1. Gross anatomy of the adipose organ of adult female 129Sv mice. The
subcutaneous and visceral depots were dissected and placed on a mouse
template to show their location in the body. Middle: mouse kept at warm
temperature (28°C for 10 days). Right: mouse kept exposed to cold (6°C for 10
days). Note the different color of the organ, due to the increase in brown
adipose tissue and the decrease in white adipose tissue contained in the organ.
The organ is made up of 2 subcutaneous depots, anterior (deep cervical,
superficial cervical, interscapular, subscapular, axillo-thoracic; A) and poste-
rior (dorsolumbar, inguinal, gluteal; F), and of several visceral depots: medi-
astinal (B), mesenteric (C), retroperitoneal (D), and abdominopelvic (perirenal,
periovarian, parametrial, perivesical; E). Bar $ 1 cm. Reprinted with permis-
sion from Adipocytes (78).

Fig. 2. Scanning electron microscopy of brown (BAT; left) and white (WAT;
right) adipose tissue. Brown adipocytes are polyhedral with a multilocular lipid
depot, and white adipocytes are spherical with a unilocular lipid depot. Left
bar $ 40 "m; right bar $ 25 "m. Reprinted with permission from Kurtis (22).

Fig. 3. Subcutaneous mouse WAT. Part of a white adipocyte. Mitochondria
(m) are small and elongated, with randomly oriented cristae. BM, basal
membrane; L, lipid droplet. Transmission electron microscopy. Bar $ 0.5 "m.
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relative amount of white, brown, and mixed areas is genetically
programmed and depends on several factors, including age, sex,
environmental temperature, and nutritional status.

In most small rodents, brown areas are readily recognizable
by gross inspection in the interscapular, axillary, and cervical
portions of the anterior subcutaneous depots and in the medi-
astinal and perirenal visceral depots. White, brown, and mixed
areas are found in discrete depots; some subcutaneous (ante-
rior) and visceral (mediastinal and perirenal) depots are clearly
partitioned into WAT and BAT.

In recent articles, we reported quantitative anatomical data
on the adipose organ of adult Sv129 female mice (76, 78).
Calculation of the total number of white and brown adipocytes
in the main depots (anterior subcutaneous, posterior subcuta-
neous, mediastinal, perirenal, perigonadal, perivesical, retro-
peritoneal, and mesenteric) demonstrated that in this strain
white and brown adipocytes are interspersed in all subcutane-
ous and visceral depots. White adipocytes are more numerous
in some depots (posterior subcutaneous, mesenteric, and ret-
roperitoneal), and brown adipocytes are more numerous in
others (anterior subcutaneous, mediastinal, and abdominopel-
vic). The depots on the limbs, which are in close connection
with skeletal muscles, are also mixed; in a comparative study
of Sv129 and B6 mice, the former were shown to contain a
greater amount of BAT (2).

White and Brown Adipocytes Have a Discrete Morphology
and Physiology

White adipocytes are spherical cells (Fig. 2) with a fairly
variable size that depends mainly on the size of the lipid
droplet stored in them. Differentiated white adipocytes are
sometimes quite small (!10 "m in diameter) compared with
the average adipocytes found in adult mammals (22). Their
main feature is a single lipid droplet (unilocular adipocytes)

formed by triacylglycerols that accounts for #90% of the cell’s
volume. Even on electron microscopy there seems to be no
distinct structure separating it from the thin rim of cytoplasm,
although it is well known that perilipin is found at this level (8,
52). Mitochondria are thin and elongated, with randomly ori-
ented cristae, and variable in amount; in general, they are less
numerous in the larger cells. Several caveolae are found on the
outer surface. Other organelles are usually poorly represented.
A distinct basal membrane surrounds the adipocyte (Fig. 3).

Brown adipocytes store triglycerides in the form of multiple
small vacuoles (multilocular adipocytes; Fig. 2). Most brown
adipocytes are polygonal with a variable diameter that is
usually in the 15- to 50-"m range. The most characteristic
organelles of these cells, the mitochondria, are large, spherical,
and packed with laminar cristae and are usually numerous in
the cytoplasm (Fig. 4).

In our experience, when an adipocyte with the light micro-
scopic appearance of a multilocular cell is viewed under the
electron microscope, it will have several mitochondria with a
morphology characteristic of brown adipocytes (21, 31). This
is independent of the presence of uncoupling protein 1 (UCP1).
At variance with those who hold that brown adipocytes are
cells expressing UCP1, we believe that expression of this
protein merely reflects the cell’s thermogenic activity and that
a brown adipocyte is a cell with a distinctive morphology, i.e.,

Fig. 1. Gross anatomy of the adipose organ of adult female 129Sv mice. The
subcutaneous and visceral depots were dissected and placed on a mouse
template to show their location in the body. Middle: mouse kept at warm
temperature (28°C for 10 days). Right: mouse kept exposed to cold (6°C for 10
days). Note the different color of the organ, due to the increase in brown
adipose tissue and the decrease in white adipose tissue contained in the organ.
The organ is made up of 2 subcutaneous depots, anterior (deep cervical,
superficial cervical, interscapular, subscapular, axillo-thoracic; A) and poste-
rior (dorsolumbar, inguinal, gluteal; F), and of several visceral depots: medi-
astinal (B), mesenteric (C), retroperitoneal (D), and abdominopelvic (perirenal,
periovarian, parametrial, perivesical; E). Bar $ 1 cm. Reprinted with permis-
sion from Adipocytes (78).

Fig. 2. Scanning electron microscopy of brown (BAT; left) and white (WAT;
right) adipose tissue. Brown adipocytes are polyhedral with a multilocular lipid
depot, and white adipocytes are spherical with a unilocular lipid depot. Left
bar $ 40 "m; right bar $ 25 "m. Reprinted with permission from Kurtis (22).

Fig. 3. Subcutaneous mouse WAT. Part of a white adipocyte. Mitochondria
(m) are small and elongated, with randomly oriented cristae. BM, basal
membrane; L, lipid droplet. Transmission electron microscopy. Bar $ 0.5 "m.
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as fat on the neck and upper back, are more responsive 
to glucocorticoids—forming a so-called “buffalo-hump” 
in humans with an excess of glucocorticoids, such as 
in Cushing’s disease. Interestingly, the acquired form 
of lipodystrophy associated with treatment for HIV pro-
duces a similar kind of buffalo-hump (Miller et al., 1998). 
Fat distribution, even in thin individuals with steady body 
weight and stable BMI, changes with age, decreasing in 
retro-orbital fat and subcutaneous fat and increasing  in 
intra-abdominal fat.

Genetics play an important role in both obesity and 
distribution of WAT. Twin and population studies have 
revealed that both BMI and WHR are heritable traits, 
with genetics accounting for 30%–70% of the variabil-

ity (Nelson et al., 2000). For exam-
ple, such genetic control of body 
fat distribution is evident in Hot-
tentot/Khoisan women, who have 
marked accumulation of fat in the 
buttocks (steatopygia). Striking 
differences in WAT distribution 
can also be observed in individu-
als with heritable forms of partial 
lipodystrophy (Agarwal and Garg, 
2006) (see below).

In mammals the adipose organ 
is composed not only of white adi-
pocytes, which are the primary 
site of triglyceride/energy storage, 
but also brown adipocytes, which 
are important in both basal and 
inducible energy expenditure in the 
form of thermogenesis (Figure 2). 
This occurs through expression of 
uncoupling protein-1 (UCP-1), a 32 
kDa protein found in the inner mito-
chondrial membrane, that allows 
dissipation of the proton electro-

chemical gradient generated by respiration in the form of 
heat (Cannon and Nedergaard, 2004). In rodents, brown 
adipose tissue (BAT) is most abundant in the neonatal 
period and is most concentrated in the interscapular 
region. Brown adipocytes can also be found in other 
areas, including typical WAT depots, following cold expo-
sure (Cinti, 2005). Although some “warm-bodied” !shes 
(such as sword!sh) maintain brain temperatures higher 
than the environment due to the presence of brown fat-
like “heater cells” around the brain, BAT itself develops 
relatively late in the course of evolution in parallel with 
the development of homeothermy and the capacity for 
nonshivering thermoregulation. Boney !sh, such as carp 
(Cyprinus carpio), express UCP-1 in the liver, and in 

Figure 1. Fat Distribution Influences 
Risks Associated with Obesity in 
Humans
(Top) Obesity is the consequence of an ex-
cess in fat accumulation and is de!ned by 
a body mass index of  30. Fat distribu-
tion can be estimated by measurements of 
the ratio of waist to the hip circumference 
(WHR). Obese individuals with low WHR, 
(subcutaneous or pear-shaped obesity) 
are at low risk for metabolic complications 
of obesity, whereas individuals with a high 
WHR (visceral or apple-shaped obesity) 
are at high risk for these complications 
(Kissebah and Krakower, 1994). (Bottom) 
In humans, depots of white adipose tissue 
are found in areas all over the body, with 
subcutaneous and intra-abdominal depots 
representing the main compartments for fat 
storage. Brown adipose tissue is abundant 
at birth and still present in adulthood but to 
a lesser extent.
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relative amount of white, brown, and mixed areas is genetically
programmed and depends on several factors, including age, sex,
environmental temperature, and nutritional status.

In most small rodents, brown areas are readily recognizable
by gross inspection in the interscapular, axillary, and cervical
portions of the anterior subcutaneous depots and in the medi-
astinal and perirenal visceral depots. White, brown, and mixed
areas are found in discrete depots; some subcutaneous (ante-
rior) and visceral (mediastinal and perirenal) depots are clearly
partitioned into WAT and BAT.

In recent articles, we reported quantitative anatomical data
on the adipose organ of adult Sv129 female mice (76, 78).
Calculation of the total number of white and brown adipocytes
in the main depots (anterior subcutaneous, posterior subcuta-
neous, mediastinal, perirenal, perigonadal, perivesical, retro-
peritoneal, and mesenteric) demonstrated that in this strain
white and brown adipocytes are interspersed in all subcutane-
ous and visceral depots. White adipocytes are more numerous
in some depots (posterior subcutaneous, mesenteric, and ret-
roperitoneal), and brown adipocytes are more numerous in
others (anterior subcutaneous, mediastinal, and abdominopel-
vic). The depots on the limbs, which are in close connection
with skeletal muscles, are also mixed; in a comparative study
of Sv129 and B6 mice, the former were shown to contain a
greater amount of BAT (2).

White and Brown Adipocytes Have a Discrete Morphology
and Physiology

White adipocytes are spherical cells (Fig. 2) with a fairly
variable size that depends mainly on the size of the lipid
droplet stored in them. Differentiated white adipocytes are
sometimes quite small (!10 "m in diameter) compared with
the average adipocytes found in adult mammals (22). Their
main feature is a single lipid droplet (unilocular adipocytes)

formed by triacylglycerols that accounts for #90% of the cell’s
volume. Even on electron microscopy there seems to be no
distinct structure separating it from the thin rim of cytoplasm,
although it is well known that perilipin is found at this level (8,
52). Mitochondria are thin and elongated, with randomly ori-
ented cristae, and variable in amount; in general, they are less
numerous in the larger cells. Several caveolae are found on the
outer surface. Other organelles are usually poorly represented.
A distinct basal membrane surrounds the adipocyte (Fig. 3).

Brown adipocytes store triglycerides in the form of multiple
small vacuoles (multilocular adipocytes; Fig. 2). Most brown
adipocytes are polygonal with a variable diameter that is
usually in the 15- to 50-"m range. The most characteristic
organelles of these cells, the mitochondria, are large, spherical,
and packed with laminar cristae and are usually numerous in
the cytoplasm (Fig. 4).

In our experience, when an adipocyte with the light micro-
scopic appearance of a multilocular cell is viewed under the
electron microscope, it will have several mitochondria with a
morphology characteristic of brown adipocytes (21, 31). This
is independent of the presence of uncoupling protein 1 (UCP1).
At variance with those who hold that brown adipocytes are
cells expressing UCP1, we believe that expression of this
protein merely reflects the cell’s thermogenic activity and that
a brown adipocyte is a cell with a distinctive morphology, i.e.,

Fig. 1. Gross anatomy of the adipose organ of adult female 129Sv mice. The
subcutaneous and visceral depots were dissected and placed on a mouse
template to show their location in the body. Middle: mouse kept at warm
temperature (28°C for 10 days). Right: mouse kept exposed to cold (6°C for 10
days). Note the different color of the organ, due to the increase in brown
adipose tissue and the decrease in white adipose tissue contained in the organ.
The organ is made up of 2 subcutaneous depots, anterior (deep cervical,
superficial cervical, interscapular, subscapular, axillo-thoracic; A) and poste-
rior (dorsolumbar, inguinal, gluteal; F), and of several visceral depots: medi-
astinal (B), mesenteric (C), retroperitoneal (D), and abdominopelvic (perirenal,
periovarian, parametrial, perivesical; E). Bar $ 1 cm. Reprinted with permis-
sion from Adipocytes (78).

Fig. 2. Scanning electron microscopy of brown (BAT; left) and white (WAT;
right) adipose tissue. Brown adipocytes are polyhedral with a multilocular lipid
depot, and white adipocytes are spherical with a unilocular lipid depot. Left
bar $ 40 "m; right bar $ 25 "m. Reprinted with permission from Kurtis (22).

Fig. 3. Subcutaneous mouse WAT. Part of a white adipocyte. Mitochondria
(m) are small and elongated, with randomly oriented cristae. BM, basal
membrane; L, lipid droplet. Transmission electron microscopy. Bar $ 0.5 "m.
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Fig. 1. (A) Isolated adipocyte from the abdominal visceral pads of a 1 year old male
rat. Tissue is embedded in epon araldite and cut as a semi-thin section (1 !m).  The
tissue is pseudocoloured. The large lipid droplet (red) occupies the majority of the
cell,  and most of the cytoplasm (Cy) is located in close proximity to the nucleus
(N).  (B) Epon araldite embedded 1 !m section of adipose tissue (stained with Tolu-
idine Blue) from the visceral pad of a 1 year old male rat showing tightly packed
adipocytes. The tissue is richly vascularised (BV) and to the upper left corner an
adipocyte is sectioned in the plane of the nucleus (N).

are identified: determination of adipocytes from multipotent stem
cells and, terminal differentiation of pre-adipocytes into mature
adipocytes.

2.1.1. Determination

Adipocytes are derived from mesenchymal stem cells (MESCs),
common precursors for adipocytes, osteoblasts, myocytes and
chondrocytes (Rosen and Macdonald, 2006). MESCs initially

develop into pre-adipocytes, cells that are morphologically indis-
tinct from MESC precursors but committed to WAT  or BAT lineages
(Rosen and Macdonald, 2006). Fig. 2 schematically shows the main
processes involved in adipocyte determination and differentiation.

Wnt  signalling is critical for pre-adipocyte determination.
Canonical Wnt  signalling represses adipogenesis. Wnt10b binds to
adipocyte cell surface receptors, including the lipoprotein recep-
tor related 5 (LRP5), LRP6 and frizzled, activating the "-catenin
pathway and triggering nuclear localisation and recruitment of a
co-activator complex to activate Wnt  target genes (Cristancho and
Lazar, 2011; Longo et al., 2004). Wnt5a also negatively regulates
adipogenesis by inhibiting transcription factors essential for adipo-
genesis including PPAR# and CEBP$ (Ross et al., 2000). Committed
pre-adipocytes demonstrate lower Wnt5a expression than MESCs
leading to increased PPAR# expression, lipid accumulation and the
loss of osteogenic potential. Several microRNAs (miRNAs) effect
Wnt/"-catenin inhibition (e.g. miR-210 and miR-194) or activation
(miR-344, miR-27) (Qin et al., 2010). In contrast to the canoni-
cal pathways, the "-catenin-independent Wnt5b ligand indirectly
promotes adipogenesis. Wnt5b activates alternative cell surface
receptors, and inhibits "-catenin nuclear localisation and activation
of downstream targets (Kanazawa et al., 2005).

The transforming growth factor-" (TGF-") family is also impli-
cated in adipogenesis. TGF-" stimulates SMAD signalling (Zamani
and Brown, 2011) and has a paradoxical role in promotion of pre-
adipocyte proliferation but also inhibition of cell differentiation
via SMAD3 signalling. Several bone morphogenic proteins (BMPs),
members of the TGF-" family, promote pre-adipocyte commit-
ment via SMAD/p38 signalling (Cristancho and Lazar, 2011). BMP4
promotes pre-adipocyte determination in multipotent C3H10T1/2
cells (Tang et al., 2004). BMP2 triggers SMAD1 signalling and
nuclear translocation of Shnurri-2 (Shn), which is vital for effi-
cient production of PPAR#. MESCs from Shn2−/− mice have limited
capacity to induce adipocytes even in the presence of BMP2 (Jin
et al., 2006).

The zinc finger protein Zfp423 has also been identified as a
transcriptional controller of pre-adipocyte commitment (Gupta
et al., 2010). Zfp423 is enriched in pre-adipose fibroblasts com-
pared with non-adipogenic counterparts and many of the highly
expressed genes in pre-adipocytes are Zfp423 dependant. Permis-
sive cell culture methods indicate that ectopic expression of Zfp423
in non-adipose fibroblasts leads to PPAR#-mediated adipocyte dif-
ferentiation (Gupta et al., 2010).

2.1.2. Terminal differentiation

Once a pre-adipocyte has committed to the adipogenic lineage,
a signalling cascade of events occurs to terminally differentiate the
cell into a mature adipocyte. The molecular regulation of adipocyte
terminal differentiation and the molecular mechanisms that main-
tain the adipocyte in this differentiated state are well characterised
(Rosen and Macdonald, 2006), and PPAR# and CCAAT enhancer
binding proteins predominantly control this differentiation (see
Fig. 2).

Many molecular mechanisms contribute to terminal differen-
tiation and adipocyte maintenance, but PPAR# is pivotal. PPAR#
regulates adipogenesis (Rosen and Macdonald, 2006), maintain-
ing adipocytes in a differentiated state. Introduction of a mutant
PPAR# into the 3T3-L1 adipocyte cell line reduced the expression
of key genes (including GLUT4 receptors and key enzymes involved
in triglyceride and free fatty acid metabolism) needed for mainte-
nance of the mature adipocyte (Tamori et al., 2002).

The CCAAT enhancer binding proteins (C/EBPs) form a sig-
nalling cascade involved in terminal differentiation of the mature
adipocyte. Adipogenic stimuli, such as cyclic AMP  (cAMP) and glu-
cocorticoids activate C/EBP"  and C/EBP%  and promote terminal
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for the isolation of distinct cell populations on the basis of the
differential expression of previously characterized cell-surface
markers expressed by stem cell populations in other tissues.
Populations of individual cells were first sorted on the basis of

their expression of CD29 (b1-integrin) and CD34, both of which
are expressed by several stem cell populations (Shackleton
et al., 2006; Trempus et al., 2003; Wilson et al., 2007). Four pop-
ulations were isolated: CD29!:CD34! (P1), CD29lo:CD34! (P2),
CD29lo:CD34+ (P3), and CD29hi:CD34+ (P4). Sorted cells were
plated and grown to confluence, and the adipogenic potential
of these sorted populations (P1–P4) was analyzed in vitro by oil
red O staining. The induction of adipocyte differentiation was
tested through the use of a standard protocol for adipogenesis
that employs a cocktail of insulin, glucocorticoids, and isobutyl-
methylxanthine (IBMX) (see the Experimental Procedures). Only
the P3 fraction of CD29hi:CD34+ cells showed significant differ-
entiation in vitro, with accumulation of cells displaying unilocular
lipid droplets (Figure S1 available online).
Having established that there was a subpopulation of cells in

adipose stroma that was capable of differentiating into adipo-
cytes in vitro, we next performed FACS for additional cell surface
to further purify the adipogenic subpopulations. The strategy
that was used in these studies is shown (see Figure 1) and
described below. First, endothelial cells and hematopoietic cells
were depleted from the SVF on the basis of staining of CD31,
CD45, and Ter119, generating a lineage-negative (Lin!) popula-
tion. This step removed "25% of the cells in the SVF. Second,
the cell populations depleted of the lineage markers were sepa-
rated on the basis of staining for CD34 and CD29, as described
above. The Lin!:CD34+:CD29+ subpopulation was further sepa-
rated on the basis of staining for stem cell antigen 1 (Sca-1) and
CD24 (Figure 1 and Figure 2A), two cell-surface proteins that are
expressed on stem cell populations from other tissues (Shackle-
ton et al., 2006; Spangrude et al., 1988; Wilson et al., 2007).
The Lin!:CD29+:CD34+:Sca-1+ (Sca-1+) population comprises
approximately half of the cells present in the SVF (53.5%), but
only a small population of cells also expressed CD24 with the
total number of Lin!:CD29+:CD34+:Sca-1+:CD24+ (CD24+) cells
constituting in total"0.08% of the cells in the SVF (see Figure 1).
The Sca-1+ population was negative for CD105 (endoglin) and
CD117 (c-kit) (data not shown), distinguishing these cells from
bone marrow-derived mesenchymal stem cells and hematopoi-
etic stem cells (Li and Johnson, 1995; Sun et al., 2003).
We next tested whether the CD24+, Lin!:CD29+:CD34+:

Sca-1+:CD24! (CD24!) and Lin!:CD29+:CD34! (CD34!)
subpopulations can differentiate into adipocytes in vitro via the
aforementioned protocol. We found that after exposure to an
adipogenic cocktail in vitro, both the CD24+ and CD24! popula-
tions developed into adipocytes with large, unilocular lipid
droplets that stain with oil red O (Figure 2B). Similar levels of dif-
ferentiation of both the CD24+ and CD24! subpopulations were
also observed when insulin alone was substituted for the full adi-
pogenic hormone cocktail (data not shown). RT-PCR analysis of
mRNAs derived from these differentiated adipocytes showed an
approximately 7-fold increase in the expression of aP2 in both
the CD24+ and CD24! cultures versus the undifferentiated
populations. Expression of Adipsin was increased 5-fold in the
CD24! population and 25-fold in the CD24+ population

(Figure 2C). The 5-fold greater induction of Adipsin expression
in the CD24+ versus CD24! adipocytes suggested that these
are functionally distinct populations (confirmed in vivo, see
below). Although both CD24! and CD24+ populations could
robustly differentiate into adipocytes, the CD34! cells failed to
differentiate in response to the same adipogenic cocktail. Fur-
ther experiments showed that the CD24! and CD24+ cell popu-
lations are also capable of differentiating into bone, cartilage,
and muscle in vitro (Figure S2). In addition, although the unfrac-
tionated SVF showed some ability to differentiate into adipo-
cytes, it did so poorly when compared to the CD24! and
CD24+ populations, displaying significantly smaller numbers of
oil red O positive cells with multilocular lipid accumulation
(Figure 2B) and lower levels of Adipsin and aP2 expression
(Figure 2C). The finding that the SVF is poorly adipogenic in com-
parison to the CD24! population, which represents 53.5% of the
SVF, suggested that there may be inhibitory factors present in
the unfractionated SVF. Quantification of the number of oil red
O-positive cells derived from each cultured cell population iso-
lated in the FACS sorting scheme revealed that the CD24! and
CD24+ were 24-fold and 19-fold enriched, respectively, for adi-
pocytes versus the unfractionated SVF (Table S1). The extent
of differentiation of the SVF in these experiments was similar to
that documented in previous studies (Boquest et al., 2005; Izad-
panah et al., 2006; Wagner et al., 2005). These data indicated
that the FACS strategy that was employed enriched for adipo-
cyte precursor cells.

Markers of Adipogenesis Are Induced in Lipodystrophic
White Adipose Tissue
We next tested whether the different stromal cell fractions could
reconstitute WAT in vivo by transplanting "50,000 donor cells
into recipient animals. However, we did not observe any differen-
tiation of either the CD24+ or CD24! subpopulation into
adipocytes after injection of "50,000 cells into adipose tissue
of wild-type mice. This suggested that the microenvironment

Figure 1. A Schematic Representation of the FACS Strategy
The scheme for the FACS analysis is shown as a dendrogram of the hierarchy

developed for cell sorting. The percentage yield of each population compared

to the starting number live single cells derived from the SVF is indicated. Re-

sults are shown as mean ± SD (n = 4).
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 $)!
ABSTRACT $*!

 Aldose reductases (AKR1B) are widely expressed oxidoreductases whose physiological $+!
function remains elusive. Some AKR1B are genuine prostaglandin F2" (PGF2") synthases suggesting $#!
they might influence adipose homeostasis since PGF2" signalling negatively regulates adipogenesis. '%!

This was shown for Akr1b7 gene which invalidation in mouse increased adiposity related to a lower '&!
PGF2" content in fat.. Yet, humans have no ortholog gene for Akr1b7.  Here, we compared '"!

Akr1b/AKR1B genes expression in adipose tissues and differentiating adipocytes to explore conserved '$!
mechanisms regulating PGF2" synthesis and adipogenesis. We performed absolute quantification of ''!

murine Akr1b genes expression in tissues with a focus on adipose depots. Akr1b3 gene encoded the '(!
most abundant isoform in adipose tissue. Akr1b7, Akr1b8 and Akr1b16 shared fat tissue in their top 5 ')!
expression sites. Akr1b7 was the sole isoform enriched in stromal vascular fraction and absent from '*!

adipocytes. All isoforms, except Akr1b16, were transiently increased at the onset of 3T3-L1 cell '+!
adipogenesis (d0-3) and down-regulated thereafter. Contrasting with Akr1b3 its mouse ortholog, '#!

AKR1B1 expression increased throughout differentiation of human multipotent adipose-derived stem (%!
(hMADS) cells (d0-15) paralleling PGF2" release while FP receptor level collapsed in early (&!
differentiation (d0-3). Just like its murine counterpart Akr1b8, AKR1B10 followed a transient ("!

expression profile. AKR1B1 inhibitor Statil altered PGF2" production and enhanced adipogenic gene ($!
expression. Statil effects were counteracted by FP agonist. Thus, in both species AKR1B-dependent ('!

PGF2" production is important in early differentiation to restrict adipogenesis. PGF2" anti-adipogenic ((!
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effect is then toned down through FP receptor or Akr1b3/b7 down-regulation in human and mouse #$!
cells, respectively. #%!

 #&!
INTRODUCTION #'!

 Aldose reductases (AKR1B, E.C. 1.1.1.21) are cytosolic monomeric enzymes belonging to $(!
the aldo-keto reductase (AKR) superfamily that reduce aldehyde or ketone function into $)!
corresponding alcool from various aliphatic or aromatic substrates. This superfamily encompasses $*!

more than 150 NAD(P)(H)-dependent oxidoreductases distributed in all prokaryotic and eukaryotic $"!
kingdoms. In humans, three AKR1B have so far been characterized: AKR1B1 [human aldose $+!

reductase (AR); (1)], AKR1B10 [also designated as human small intestine (HSI) reductase or aldose $#!
reductase-like-1 (ARL-1); (2,3)], and AKR1B15 (4). Four mouse Akr1b have been described: $$!
Akr1b3, also referred as murine aldose reductase (mAR) is the ortholog of AKR1B1 (5), Akr1b7 $%!

[previously named mouse vas deferens protein (MVDP); (6)], Akr1b8, the ortholog of AKR1B10 $&!
[previously named FGF-related protein 1 (FR-1) (7)], and Akr1b16 (4). $'!

 AKR1B proteins belong to one of the most characterized AKR subgroups. Indeed, human %(!
AKR1B1 is notoriously associated with diabetic complications resulting from its ability to reduce %)!

glucose into sorbitol in a NADPH+H+ dependent manner, which promotes osmotic and oxidative %*!
stresses. In addition to glucose conversion, AKR1B proteins display reductase activities for various %"!
substrates including aldehydes, retinoids, xenobiotics, and prostaglandins (PG). This wide range of %+!

substrates allows these enzymes to participate in many pathological processes related to diabetes, %#!
tumorigenesis (8-12) or inflammation (13-18). This has prompted development of specific aldose %$!

reductase inhibitors for targeting these pathological manifestations but physiological function of %%!
AKR1B proteins remains still elusive (19). %&!
 We and others, previously showed that Akr1b/AKR1B enzymes can be distinguished %'!

according to their ability to produce prostaglandin F2! (PGF2!) through the reduction of the 9-,11-&(!
endoperoxide moiety of the common prostaglandin precursor PGH2 supplied by cyclooxygenases &)!

COX-1 or COX-2 (16,20). Human AKR1B1 and mouse Akr1b3 and Akr1b7 were shown to possess &*!
this prostaglandin F2! synthase activity whereas AKR1B10 and Akr1b8 isoforms were devoid (20). &"!
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We recently reported that mice deficient for Akr1b7 displayed excessive basal adiposity resulting #"!
from both adipocyte hyperplasia and hypertrophy under a normal diet and in absence of increased #$!

food intake. Akr1b7 loss was associated with decreased PGF2! levels in white adipose tissue (WAT). #%!
Moreover, Cloprostenol (PGF2! analog) administration in Akr1b7-/- mice normalized white adipose #&!

tissue expansion by altering both de novo adipocyte differentiation and size (21), suggesting that ##!
Akr1b7 was an important regulator of WAT homeostasis through PGF2!-dependent mechanisms (21).  #'!
 Activation of biological pathways that favour adipocyte differentiation from precursor cells '(!

results in an increase in the number of adipocytes that may be critical for overall metabolic balance. ')!
Therefore adipocyte expansion is tightly regulated by factors promoting or inhibiting adipocytes '*!

development. Among paracrine/autocrine factors produced by WAT, PGF2! acting through the '+!
prostaglandin F receptor (FP) coupled to MAPK and/or Ca2+ signalling was previously shown to '"!
suppress adipocyte differentiation by inhibiting the function/expression of the critical proadipogenic '$!

transcription factor peroxysome proliferator-activated receptor ! (PPAR!) and CCAAT/enhancer-'%!

binding protein ! (C/EBP!) (22,23).  '&!

 The differential contributions of Akr1b/AKR1B isoforms to WAT homeostasis in vivo are not '#!
currently established. Humans have no ortholog genes for Akr1b7. PGF2! produced by Akr1b3 ''!
suppressed adipocyte differentiation in mouse 3T3-L1 cell line (25). Yet, absence of adipose )((!

phenotype in Akr1b3-deficient mice suggested that redundant function borne by other isoforms might )()!
compensate for the lack of Akr1b3 in vivo (26) and that some specific traits should explain non-)(*!

redundant function of Akr1b7. The aim of the present study was to define expression patterns and )(+!
provide quantification of mouse and human Akr1b/AKR1B isoforms in adipose depots and during )("!
adipocyte differentiation in culture, in order to explore conserved mechanisms regulating PGF2! )($!

synthesis and evaluate involvement of these enzymes in PGF2!-mediated regulation of WAT )(%!
homeostasis. )(&!

 )(#!
EXPERIMENTAL PROCEDURES )('!
Biological materials - 129/sv mice were housed in a room-controlled temperature with 12h light 12h ))(!

dark cycles in agreement with international standards for animal welfare. They were fed ad libitum )))!
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with water and Global-diet (Harlan). Four to six month-old male mice were killed by cervical ##$!
dislocation and different tissues, including fat pads from various locations were removed and ##%!

immediately frozen in liquid nitrogen, and stored at -80°C until use. ##&!
 Human adipose tissues specimens (subcutaneous fat) were obtained from 7 subjects who were ##"!

undergoing abdominal surgery at Estaing hospital, Clermont-Ferrand (Auvergne, France). They were ##'!
aged between 28 to 61 years with a body mass index (BMI) higher than 25kg/m2. These samples were ##(!
immediately frozen in liquid nitrogen. The hospital’s ethics committee approved this study.  ##)!

Adipose tissue fractionation - Murine fat pads freshly excised were rinsed in Krebs-Ringer ##*!
bicarbonate buffer, minced and digested for 30min at 37°C in DMEM (Invitrogen) containing 1g/L of #$+!

type II collagenase (Sigma-Aldrich). Undigested tissues were removed by filtration through a 250!m #$#!
nylon sieve. After centrifugation of the filtrate at 750 x g for 10min, the floating adipocyte fraction #$$!
was separated from the stromal vascular pellet, and each fraction was stored at -80°C until use. #$%!

Cell culture and treatment - Mouse 3T3-L1 preadipocytes were cultured and differentiation was #$&!
induced to as previously described (27). Briefly, for the amplification step, cells were cultured in #$"!

DMEM (Invitrogen) supplemented with 10% of bovine serum (Biowest), 2mM L-glutamine, #$'!
100U/mL penicillin and 0.1mg/mL streptomycin (Invitrogen) at 37°C in a humidified atmosphere #$(!

with 5% CO2. Then 80,000 plated cells/cm2 were cultured in DMEM supplemented with fetal calf #$)!
serum (FCS). Adipocyte differentiation of confluent 3T3-L1 cells was initiated with DMEM #$*!
supplemented with 10% FCS, 500nM dexamethasone, 0.1!M insulin, and 500!M #%+!

isobutylmethylxanthine (Sigma-Aldrich). After 48h, the culture medium was replaced with DMEM #%#!
containing 10% FCS and 0.1!M insulin. From the fifth day, cells were cultured with DMEM #%$!

supplemented with 10% FCS until complete adipocyte differentiation. hMADS-3 cells were cultured #%%!
and differentiated as previously described (28,29). hMADS cells were routinely maintained in #%&!
proliferation in DMEM (Lonza) containing 10% FCS, 2mM L-glutamine, 100U/mL penicillin and #%"!

0.1mg/mL streptomycin at 37°C in a humidified atmosphere with 5% CO2. Cells were plated at #%'!
40.000 cells/cm2 in growth medium containing 2.5ng/mL FGF2 (Peprotech). Two days post seeding, #%(!

FGF2 was removed from proliferation medium. Next day, differentiation of confluent cells was #%)!
induced with DMEM/Ham’s F12 (Lonza) supplemented with 0.86!M insulin, 10!g/mL transferrin, #%*!
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1!M dexamethasone, 100!M isobutylmethylxanthine, 1!M rosiglitazone, and 0.2nM #$%!
triiodothyronine (Sigma-Aldrich). At day 3, dexamethasone and isobutylmethylxanthine were #$#!

removed. To evaluate the involvement of aldose reductases during adipogenesis, some hMADS cell #$&!
batches were differentiated in the presence of either the aldose reductase inhibitor Statil, 1 to 10!M #$'!

(Santa Cruz Biotech), or DMSO (vehicle) or in combination with 0.1!M Cloprostenol for various #$$!
amounts of time as indicated in the figure legends. Cells were then harvested for further analysis. #$(!
Oil-Red-O staining - hMADS cells were fixed in 4% paraformaldehyde and stained with Oil-Red-O #$"!

(Sigma-Aldrich) as previously described (30). Measurement by spectrophotometry of Oil-Red-O #$)!
staining was performed by dissolving the intracellular lipid droplets with isopropanol. Absorbance #$*!

was measured at 490nm. #$+!
Gene expression - Total RNA were extracted from human and mouse tissues, hMADS or 3T3-L1 #(%!
cells using TRI Reagent (Molecular Research Center, Inc.). RNA concentration and purity were #(#!

assessed spectrophotometrically using a NanoDrop 1000 (Thermo Scientific). One microgram of #(&!
mRNA was reverse transcribed for 1h at 37°C with 5pmol of random hexamers primers, 200units of #('!

Moloney murine leukemia virus-reverse transcriptase (Promega), 2mM dNTPs and 20units of #($!
RNAsin. Two microliters of a fifth dilution of cDNA were used in each PCR. #((!

 Real-time quantitative PCR (RT-qPCR) was performed on a Mastercycler ep Realplex #("!
(Eppendorf) using MESA GREEN quantitative PCR masterMix Plus for SYBR (Eurogentec). #()!
Amplification was performed as follows: initial denaturation at 95°C 2min, followed by 40 cycles of #(*!

94°C 15s, 60°C 15s, 72°C 20s. The specificity of each reaction was determined after completion of #(+!
PCR cycling by analysis of the melting point dissociation curve generated for temperatures from 60 to #"%!

95°C at 0.2°C/s. Each reaction was performed in duplicate for each sample and relative expression #"#!
was calculated based on the standard curve method normalized to TBP for hMADS cells and Ppib for #"&!
3T3-L1 cells (see Supplemental Table 1 for primers sequence).! Amplification efficiency was #"'!

determined for each pair of primers and a 100% ± 5% efficiency conditionned their use in qPCR #"$!
analyses. #"(!

Murine aldose reductases mRNA absolute quantification was performed in various tissues following #""!
the method of Pfaffl (31). Briefly, cDNA of each aldose reductase and of 18S RNA were cloned in a #")!
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pGEM-T Easy Vector (Promega), and then were sequenced (GATC Biotech) to confirm the correct #$%!
insertion of cDNA in plasmid. After mRNAs reverse transcription, aldose reductase cDNAs resulting #$&!

products were quantified by qPCR using calibration curves with known concentrations of plasmid #"'!
DNA between 10-2ng and 10-7ng. Potential RNA quantity variations between tissue extracts were #"#!

corrected with 18S RNA quantification (see Supplemental Table 2 for primer sequences). Results #"(!
were expressed as femtomole (fmol) of aldose reductase mRNA per microgram of total RNA.  #")!
 For semi-quantitative RT-PCR experiments, PCR reactions were performed by using GoTaq #"*!

Polymerase (Promega). PCR conditions were as follows: 5min at 94°C followed by 22 to 33 cycles of #"+!
45s at 94°C, 45s at the optimal annealing temperature determined by gradient PCR (Actin, 22 cycles, #"$!

60°C; Acc, 25 cycles, 65°C; Zfp521, 27 cycles, 65°C; Akr1b3 27 cycles, 65°C; Akr1b7, 33 cycles, #""!
69°C; Akr1b8, 30 cycles, 69°C; Akr1b16, 30 cycles, 65°C), and 30s at 72°C with a final elongation #"%!
step of 5min at 72°C (Supplemental Table 1). Aliquots of PCR products were analyzed on a 2% #"&!

ethidium bromide-stained agarose gel and signals were quantified with Multi Gauge Software suite #%'!
(Fujifilm).  #%#!

Western blot - Cellular and tissue samples were homogenized in cold extraction buffer containing #%(!
20mM Hepes, 0.42M NaCl, 1.5mM MgCl2, 0.2mM EDTA, 2mM NaF, 2mM Na3VO4, and protease #%)!

inhibitors cocktail (Complete protease inhibitor cocktail tablets, Roche Diagnostics). After #%*!
centrifugation at 4°C for 15min at 13000rpm, concentration of soluble proteins was determined by the #%+!
Bradford method (Bio-Rad). Fifty !g of total proteins were subjected to a denaturing SDS-PAGE #%$!

electrophoresis and electrotransferred onto Hybond-ECL membrane (GE-Healthcare). Detections #%"!
were performed using primary antibodies (Table 1) raised against FP receptor (1/500, Cayman #%%!

Chemical), human COX-1 (1/500, Santa Cruz), murine Cox-1 (1/500, Cayman), COX-2 (1/1000, #%&!
Cayman), AKR1B1 and AKR1B10 (1/1000, kind gifts of Dr. D. Cao, Department of Medical #&'!
Microbiology, Immunology, and Cell Biology, Simmons Cancer Institute, SIU School of Medecine, #&#!

Springfield, IL), FABP4 (1/500, R&D Systems), Akr1b3 (1/2000, L5), Akr1b7 (1/3000, L4), Akr1b8 #&(!
(1/1000, L8) (32), "-Tubulin (1/20,000, Sigma-Aldrich) and revealed with a peroxidase-conjugate #&)!

anti-rabbit, anti-mouse, anti-goat or anti-rat secondary antibody (P.A.R.I.S.). Detection was #&*!
performed using Immobilon Western Chemiluminescent HRP Substrate (Millipore) and signals were #&+!
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quantified with a DNR MF ChemiBis 3.2 camera and Multi Gauge Software suite (Fujifilm). #$%!
PGF2! dosage - Culture media samples were collected every 72h, immediately frozen in liquid #$&!

nitrogen and stored at -80°C. PGF2! released in culture media was measured by enzyme immunoassay #$"!
and acetylcholinesterase-linked PGF2! tracer (Cayman) according to the manufacturer’s instructions. #$$!

Statistical analyses - Results were expressed as means ± SD (or SEM when indicated). Statistical '((!
significance of differences between experimental groups was assessed using tests specified in figure '(#!
legends. All tests were performed using GraphPad Prism 5 (GraphPad Software). '('!

 '()!
RESULTS '(*!

 Comparative tissue expression of mouse Akr1b - Expression levels of the four mouse Akr1b '(+!
mRNA (Akr1b3, b7, b8, b16) were measured by RT-qPCR absolute quantification in a set of 15 '(%!
tissues. PCR was performed using specific primers that target the most divergent part of the '(&!

transcripts encompassing the 17 C-terminal amino acids encoding sequences and the 3’-untranslated '("!
region (Supplemental Fig. 1). Akr1b3 overall had the widest expression with levels ranging from 1.96 '($!

to 31.86 x10-9fmol."g-1 of total RNA in retroperitoneal WAT (rWAT) and testis, respectively (Table 2 '#(!
and Supplemental Fig. 2). It was also the major isoform in all the 15 examined organs except for vas '##!

deferens and adrenal. On the contrary, Akr1b7 showed very high expression levels but only in a '#'!
restricted number of tissues. Its expression culminated in vas deferens and adrenal (25,000 and 2,000 '#)!
times more than in other tissues, respectively). Secondary expression sites for Akr1b7 were gonadal '#*!

WAT (gWAT), intestine and testis (1.78, 0.52, and 0.35 x10-9fmol."g-1 of total RNA, respectively). '#+!
Akr1b8 had rather low expression levels except in adrenal and testis (3.95 and 4.68 x10-9fmol."g-1 of '#%!

total RNA, respectively). Akr1b16 mRNA highest levels were observed in adrenal (6.94 x10-9fmol."g-'#&!
1 of total RNA) but were low in vas deferens (2.51 x10-9fmol."g-1 of total RNA) and in kidney (1.23 '#"!
x10-9fmol."g-1 of total RNA). Altogether, these data indicated that adrenal gland was a major common '#$!

expression site for mouse Akr1b genes. ''(!
 In the present quantitative analysis, although brown and white adipose tissues exhibited low ''#!

levels of Akr1b transcripts, Akr1b3 was still the predominant isoform (7 times more expressed than '''!
other Akr1b) whereas Akr1b8 and Akr1b16 were expressed at lower levels (0.86 and 0.65 x10-'')!
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9fmol.!g-1 of total RNA, respectively) (Fig. 1). Akr1b7 showed a somewhat unique expression pattern ##$!
characterized by detectable expression in gWAT and almost undetectable expression in brown ##%!

adipose tissue (BAT), inguinal WAT (iWAT) and rWAT (Fig. 1). This suggested that fat pad specific ##&!
mechanisms could modulate its expression in adipose tissues. ##'!

 Differential expression of Akr1b in adipose fractions - To further characterize Akr1b ##(!
expression in adipose tissues, we performed cell tissue fractionations. In these experiments, WAT is ##"!
fractionated into two different cell populations: adipocytes and a heterogeneous population collected #)*!

in the stromal vascular fraction (SVF) encompassing undifferentiated precursors, macrophages, #)+!
fibroblasts, leukocytes, epithelial, endothelial, and vascular cells (33). Detection of adipocyte acetyl-#)#!

coenzyme A carboxylase (Acc) and progenitors-enriched zinc finger protein 521 (Zfp521) allowed #))!
confirmation of the quality of tissue fractionation (Fig. 2E-F). In all WAT depots Akr1b3 expression #)$!
was detected in both adipocyte and SVF fractions with at least 2-fold enrichment in adipocytes. In all #)%!

depots, Akr1b8 and Akr1b16 were expressed similarly in both fractions except for rWAT in which #)&!
Akr1b16 mRNA was enriched 1.8-fold in mature adipocytes. Thus, expression of Akr1b3, b8 and b16 #)'!

was detected in both mature adipocytes and in the adipocyte progenitors/precursors-containing SVF. #)(!
In contrast, Akr1b7 transcripts were absent from adipocytes fraction but were enriched in the SVF #)"!

from gWAT. Differential expression of Akr1b3 and Akr1b7 proteins (members endowed with PGF2" #$*!
synthase activity) was confirmed by western blot analysis of adipose tissue fractions (Fig. 2G). #$+!
Altogether these data showed coexpression of most genes encoding Akr1b isoforms in both WAT #$#!

cellular fractions whereas Akr1b7 was the only member of the subfamily to be exclusively expressed #$)!
in SVF. #$$!

 Differential expression of murine Akr1b genes during adipogenesis in 3T3-L1 cells - #$%!
Progenitor cells from SVF constitute a reservoir for adipose tissue maintenance when committed into #$&!
an adipocyte fate. The mouse preadipocyte 3T3-L1 cell line is a well characterized and widely used in #$'!

vitro model to study adipocyte differentiation. In order to compare mouse aldose reductases #$(!
expression during adipogenesis, 3T3-L1 differentiation was induced over a two-week period. RT-#$"!

qPCR analyses showed increased expression of Fabp4 and Ppar! genes in 3T3-L1 cells at #%*!
differentiation day 3 and day 6 confirming adipocyte differentiation (Fig. 3). In comparison with #%+!
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Akr1b3, b8 or b16, Akr1b7 gene was expressed at very low levels in 3T3-L1 cells (detection threshold $%$!
qPCR Ct values around 33 for Akr1b7 mRNA vs 22 to 28 for the other isoforms) (Fig. 3A). Whereas $%&!

Akr1b16 expression was unaltered throughout the culture period, Akr1b3, b7 and b8 mRNA levels $%'!
increased from the onset of the adipogenic program (2.7-, 6- and 2-fold respectively) at differentiation $%%!

day 3 and then progressively returned to basal expression levels found in undifferentiated cells. Ptgfr $%(!
mRNA levels (encoding the FP receptor) underwent a transient increase (4-fold) at differentiation day $%)!
3 paralleling Akr1b3, b7 and b8 expression patterns (Fig. 3A). Moreover, we confirmed by western $%*!

blot analysis that Akr1b3, b7, b8 and FP protein levels paralleled their messenger RNA (Fig. 3B). $%+!
Finally as previously shown (34,35), we confirmed that COX-1 protein was constitutively expressed $(#!

throughout the differentiation program while COX-2 was acutely down-regulated from day 3 onward. $("!
We concluded that with the exception of Akr1b16, Akr1b3, b7 and b8 expression levels were all $($!
transiently increased during the early steps of adipogenesis with maximal expression at day 3 (at the $(&!

onset of differentiation) and thereafter decreased during adipogenesis. $('!
 Differential expression of human AKR1B during adipogenesis in hMADS cells - Involvement $(%!

of human AKR1B in adipose tissue homeostasis is poorly documented. Recent data reported positive $((!
correlation between PGF2! release in human preadipocytes isolated from obese women, body mass $()!

index (BMI) and cytokine induced AKR1B1 expression (36). In contrast, expression of AKR1B10 or $(*!
AKR1C3 and AKR1A1, two proteins belonging to AKR1 family and bearing PGF synthase activity, $(+!
has never been studied in fat cells (37,38). Western blot using specific antibodies (39) and RT-qPCR $)#!

analyses (Supplemental Fig. 3) confirmed AKR1B1 expression in intact subcutaneous WAT from $)"!
obese patients but no correlation with BMI was shown in our study. The discrepancy with data from $)$!

Michaud et al (36) could result from the small size of our cohort. We also monitored mRNA levels $)&!
for other PGF synthases of the AKR1 family (AKR1C3 and AKR1A1), FPA/FPB receptors $)'!
(PTGFR1/PTGFR2 genes) and COX-2 (PTGS2 gene). However, again we found no correlation with $)%!

BMI. Although AKR1B10 transcripts were detected in rather low amounts (average Ct=29.4), protein $)(!
remained undetectable in these WAT samples. This suggests that AKR1B10 expression could be either $))!

absent or restricted to a minor population within subcutaneous WAT.  $)*!
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 To further analyze expression of human aldose reductase isoforms during adipogenesis, we #$%!
used human multipotent adipose-derived stem (hMADS) cell line that can be differentiated into #&'!

functional adipocytes under adipogenic culture conditions (40). Adipogenesis was monitored by #&"!
measuring changes at mRNA or protein levels of markers of the predifferentiation state (ZNF521, a #&#!

regulator of adipose commitment ortholog to murine Zfp521) and of early (PPAR!) and of late #&(!
(LEPTIN, FABP4/aP2) differentiation (Fig. 4B and Supplemental Fig. 4A). In agreement with #&)!
progressive adipogenic differentiation, PPAR! mRNA expression increased from day 3 to reach a #&*!

plateau between day 9 and day 12. As previously described in other preadipocyte lines, a 1.5-fold #&+!
increase in ZNF521 mRNA level was transiently observed at day 0 in hMADS cells (41). Consistent #&$!

with previous reports on leptin production, the highest LEPTIN mRNA level observed at day 6 was #&&!
decreased two-fold at day 9 (40). In agreement with full maturation of hMADS adipocytes, #&%!
FABP4/aP2 protein began to accumulate on day 9 (Supplemental Fig. 4A). The lowest expression of #%'!

AKR1B1 mRNA was observed at day 3 and progressively increased to reach 210% of basal level at #%"!
day 15 (Fig. 4A). This expression time course was tightly correlated with changes in AKR1B1 protein #%#!

accumulation (Supplemental Fig. 4A). In contrast, AKR1B10 mRNA levels had their highest #%(!
expression at day 0 and gradually decreased below 11% of the basal level throughout differentiation #%)!

(Fig. 4A). Unlike AKR1B1 and AKR1B10, AKR1A1 expression was only slightly and transiently #%*!
increased (1.6 fold) between differentiation day 3 and day 6. Messenger RNA level for AKR1C3 was #%+!
strongly induced (58-fold) from day 3 onward. Finally, COX-2 expression (PTGS 2 gene) was high in #%$!

preadipocytes and rapidly turned off after the onset of adipogenesis between day 0 and day 3 (Fig. #%&!
4C). Taken together, these data suggested that AKR1B10 and AKR1B1 expression could be #%%!

differentially involved in adipogenesis.  (''!
 AKR1B-mediated PGF2! release during hMADS cells adipogenesis - Previous in vitro ('"!
enzymatic assays using human recombinant proteins showed that AKR1B1 had PGF synthase activity ('#!

whereas AKR1B10 was completely devoid of such activity (20). Therefore, we evaluated the ('(!
functional link between AKR1B1 expression and PGF2! production during adipogenic differentiation (')!

of hMADS cells. Under differentiation conditions, PGF2! production rate of flow from hMADS cells ('*!
increased progressively throughout adipogenesis to reach a 3-fold induction in mature hMADS ('+!
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adipocytes at day 15 (Fig. 5A). This increase in PGF2! output was tightly correlated with changes in $%&!
AKR1B1 expression at both mRNA and protein levels (Fig. 4A, 5A and Supplemental Fig. 4B) and $%'!

independent from changes in the expression of the other PGF synthases i.e. AKR1A1 and AKR1C3 $%(!
(Fig. 4A). Consistent with the observations from mouse 3T3-L1 cells, expression of the rate limiting $"%!

enzymes COX was either constitutive (COX-1) or inhibited (COX-2) upon induction of $""!
differentiation and remained very low during hMADS cells adipogenesis (Fig. 5B). $"#!
 As shown in Fig. 5B, expression of both FPA and FPB isoforms of PGF2! receptor was $"$!

maximal in proliferative preadipocytes (day -3). It then decreased dramatically after day 3 (FPA, 17% $")!
of day -3 value) or day 6 (FPB, 6% of day -3 value) and remained low in maturing adipocytes. This $"*!

suggested that PGF2! released by adipocytes may essentially exert its anti adipogenic action in $"+!
undifferentiated hMADS cells. Soon after differentiation commitment, FP receptors were turned off to $"&!
trigger the adipogenic program and maintained at low levels throughout terminal differentiation. $"'!

These low but detectable amounts of FP proteins coexisting with high PGF2! levels would imply that $"(!
PGF2! could also have some function in mature adipocytes. $#%!

 Exposure of hMADS cells to the specific AKR1B inhibitor Statil (Ponalrestat) over the 2 $#"!
weeks differentiation period, resulted in an 18% reduction in cumulative PGF2! production (Fig. 5C). $##!

Remaining PGF2! accumulation could be attributed to constant expression of AKR1A1 or AKR1C3 $#$!
(Fig. 4A) whose PGF synthase activities are insensitive to Statil (38). The ability of hMADS cells to $#)!
accumulate intracellular lipids when exposed to adipogenic medium in the absence or presence of $#*!

Statil was then examined by Oil-Red-O staining. As shown in Fig. 5D, lipid accumulation was $#+!
significantly increased by Statil treatment. As expected, Statil had no effect per se on AKR1B1, A1, $#&!

B10, C3 gene expression (Fig. 5E). We thus concluded that increased PGF2! release during hMADS $#'!
adipogenesis was partially associated with AKR1B1 activity that might contribute to delay adipocyte $#(!
differentiation. $$%!

 Interestingly, the reduction in PGF2! production resulting from hMADS Statil treatment led to $$"!
a concomitant decrease in COX-2/PTGS 2 expression (Fig. 5E) whereas COX-1 was unaltered (not $$#!

shown). This observation was in agreement with previous demonstration of a PGF2!-dependent up-$$$!
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regulation of COX-2 gene in 3T3-L1 cells (42). Our data thus confirm such a positive feedback loop ##$!
for PGF2! in human adipocytes.  ##%!

 Role of AKR1B1-dependent PGF2! production on adipogenic program - Our kinetics ##&!
expression data underscored the main changes occurring during the first three days of differentiation ##'!

for most of the actors involved in PGF2! production/response. Further experiments were conducted in ##(!
order to evaluate the effect of Statil over the first three days of differentiation and the impact of ##)!
AKR1B1-dependent PGF2! production during this critical period (Fig. 6). Compared with vehicle #$*!

condition, 10"M Statil treatment resulted in a 27% decrease in PGF2! release associated to a #$"!
concomitant increase in the expression of the transcripts for proadipogenic regulators C/EBP! and #$+!

C/EBP" and for adipocyte marker ATGL, the lipolytic adipose triglyceride lipase. As expected, this #$#!
treatment had no effect on AKR genes or on COX-1 expression and was too brief to alter COX-2 #$$!
mRNA levels (not shown). To evaluate the ability of PGF2! to reverse the Statil-dependent increase in #$%!

adipose conversion, hMADS cells cultured in adipogenic medium for six days were concomitantly #$&!
exposed to the FP agonist Cloprostenol in the presence of Statil. As shown in Fig. 6C and D, #$'!

Cloprostenol exposure counteracted Statil effects on both intracellular lipid accumulation and #$(!

expression of transcripts for proadipogenic factors C/EBP! and PPAR". Altogether our data indicate #$)!

that, in hMADS cells, Statil exerts a primary proadipogenic effect in hMADS cells at least by #%*!

inhibiting AKR1B1-dependent PGF2! synthesis.  #%"!
 #%+!

DISCUSSION #%#!
 Understanding physiological function of a multigenic enzymatic family of highly related #%$!
members is a challenging task. Potential functional redundancies are a major pitfall that has hampered #%%!

progress in deciphering the physiological function of aldose reductases (Akr1b/AKR1B) genes #%&!
subfamily. Previous data showing that certain Akr1b/AKR1B enzymes are endowed with genuine #%'!

prostaglandin F2! synthase activity has provided first evidences for their possible influence on #%(!
endocrine or metabolic functions ((16,20,32); for review (45)). More recently, constitutive Akr1b7 #%)!
gene knockout in mice allowed the in vivo demonstration that the decreased in PGF2! production #&*!

resulting from Akr1b7 loss can affect adipose tissue homeostasis without compensation by other #&"!
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related isoforms (21). This phenotype was not expected considering the previously well established $%&!
anti-adipogenic PGF synthase-dependent action of Akr1b3 in 3T3-L1 cells (25). However, it was $%$!

rather consistent with the absence of an adipose phenotype in Akr1b3-/- mice (26). Here, we performed $%#!
comparative and quantitative analysis of the expression of aldose reductase (Akr1b subfamily) genes $%'!

in a set of mouse tissues with a focus on adipose depots and adipose tissue fractions. This allowed us $%%!
to define the exact isoforms representation in each tissue and to pinpoint the hallmarks of ubiquity for $%(!
canonical aldose reductase (Akr1b3) and of tissue-specificity for aldose reductase-like enzymes $%)!

(Akr1b7, b8 and b16). Our data highlighted the unique adipose-specific features of Akr1b7 in line $%*!
with its anti-adipogenic action in vivo and revealed that in humans, AKR1B isoforms might also $(+!

regulate adipogenic differentiation at least by a PGF2!-dependent mechanism.   $("!
 Akr1b isoforms in adipose tissues: minor expression sites for a major physiological function - $(&!
Although Akr1b3 remains the most abundant isoform in adipose tissues, our quantitative studies $($!

reveal that fat represents a common expression site for all aldose reductase-like genes (at least one of $(#!
their "Top 5" tissues is adipose tissue, Table 2). Previous in vitro experiments have anticipated the $('!

possible impact of Akr1b proteins on adipose tissue homeostasis. We reported that Akr1b7 had anti $(%!
adipogenic action when overexpressed in 3T3-L1 preadipocytes (30). Although the underlying $((!

mechanisms were not elucidated at that time, later evidence that Akr1b7 was endowed with PGF $()!
synthase activity suggested that Akr1b7-mediated PGF2! production was likely to support inhibition $(*!
of adipocyte differentiation (20,32). This was definitively proven in vivo by using Akr1b7 KO mice $)+!

that developed excessive adiposity in correlation with decreased accumulation of PGF2! (21). In the $)"!
meantime, it was shown that endogenous Akr1b3 could also fulfil the PGF2!-dependent suppression $)&!

of adipocyte differentiation in 3T3-L1 cell line (25). Interestingly, these authors reported that Akr1b3 $)$!
expression was regulated throughout the 3T3-L1 differentiation program, mRNA levels showing a $)#!
transient increase during the first day after initiation of differentiation then returning to low levels in $)'!

maturing cells. Although we broadly confirm these previous observations for Akr1b3, we also reveal $)%!
that all Akr1b isoforms except Akr1b16 (that was constitutive) and to a lesser extent FP receptor $)(!

(Ptgfr gene) are differentially expressed during 3T3-L1 adipogenesis with transient and maximal $))!
mRNA levels coinciding with the onset of differentiation and decreasing thereafter. Moreover, $)*!
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Akr1b3, b7, b8 and FP protein levels essentially follow mRNA expression patterns suggesting that $%&!
their down-regulation could be required for completion of the adipogenic program. If this is the case, $%"!

then this should only partly reflect the need to limit PGF2! production and signalling to progress $%'!
through adipogenesis because Akr1b8 isoform is devoid of PGF synthase activity (20). Consistent $%$!

with this idea, Akr1b8-/- mice showed a discrete increase of fat mass percentage both on chow and $%(!
high fat diet (46). Although the mechanisms were not explored in this genetic study, these data $%#!
suggested that Akr1b members, in that particular case Akr1b8, could negatively regulate adipose $%)!

tissue expansion through PGF2!-independent means. In addition, although both Akr1b3 and b7 were $%*!
reported to negatively regulate 3T3-L1 differentiation through PGF synthase activity, we show that $%+!

endogenous Akr1b7 amounts are very low compared to that of Akr1b3 (Fig. 3). Conversely, Akr1b3 $%%!
ablation in mice had no impact on adipose tissues while loss of Akr1b7 induced, as expected, an (&&!
expansion of fat (21). Therefore, Akr1b function in adipose tissue should be investigated in vivo as (&"!

much as possible. Here, we report in vivo characterization of Akr1b genes expression within the two (&'!
functional fractions of fat depots, i.e. adipocytes and stromal vascular fraction (SVF). These data (&$!

underscore the unique signature of Akr1b7 gene expression which is the sole among the four mouse (&(!
Akr1b to show a depot-specific pattern and the sole to be virtually absent from mature adipocytes (&#!

(Fig. 1 and 2). Akr1b3 shows higher expression in the adipocyte fraction thus contrasting with 3T3-L1 (&)!
data (Fig. 3 and (25)). Altogether these observations suggest that Akr1b7 functions in WAT are not (&*!
overlapped by other isoforms in good agreement with the adipose phenotype of Akr1b7-/- mice. The (&+!

identification of the cell population within SVF which supports Akr1b7 expression and relays its anti (&%!
adipogenic action is currently in progress. ("&!

 Anti-adipogenic action of AKR1B-dependent PGF2! production is conserved in humans - (""!
AKR1B1 isoform was shown to be expressed in primary preadipocytes isolated from human fat tissue ("'!
in close correlation with cytokine-induced PGF2! release but its impact on adipogenesis remains ("$!

unknown (36). Our study suggests that the mode of action of AKR1B enzymes on adipose tissue ("(!
homeostasis may differ in human and mouse. Using multipotent cells isolated from human adipose ("#!

tissue (hMADS line), we show that expression of AKR1B1, the human homolog of mouse Akr1b3, (")!
parallels hMADS adipogenic differentiation in close correlation with PGF2! release. Importantly, we ("*!
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demonstrate that inhibition of PGF2! production using a specific aldose reductase inhibitor during the $"%!
critical period of hMADS adipogenesis (day 0 to day 3) enhances adipocyte differentiation (Fig. 6). $"&!

Hence, in human as in mouse, the aldose reductase-dependent production of PGF2! might participate $'(!
in restricting differentiation of preadipocytes in a cell autonomous manner but the means of this $'"!

restriction may differ. Unlike Akr1b3 in 3T3-L1, the expression of AKR1B1 is not down-regulated but $''!
steadily increases throughout adipogenesis. However, PGF2! receptors are turned off after day 3 of $')!
hMADS differentiation (compare Fig. 3 and 5). This suggests that the need to overcome the $'$!

repressive effect of PGF2! on adipogenesis might be mainly achieved by limiting its signalling $'*!
potential (by down-regulating FP receptors) in human cells and by limiting its synthesis (by down-$'#!

regulating Akr1b3 and Akr1b7 PGF synthases) in mouse preadipocytes. Nevertheless, we show that $'+!
in both species, genes encoding aldose reductase-like devoid of PGF synthase activity i.e. Akr1b8 and $'%!
AKR1B10 show maximum mRNA accumulation in undifferentiated adipocytes and are down-$'&!

regulated in maturing adipocytes (Fig. 3 and 4A). In terms of structural conservations, substrate $)(!
spectra and tissue distribution, murine Akr1b8 is considered as the ortholog of human AKR1B10 (47). $)"!

Besides PGF2!, other signalling molecules such as those produced by the vitamin A (retinol) $)'!
metabolism, retinoic acid (RA) and retinaldehyde (Rald) are known to negatively regulate $))!

adipogenesis (48,49). Interestingly both AKR1B10 and AKR1C3 display the best Rald reductase $)$!
activity among AKR1B and AKR1C enzymes (for review (50)). Once synthesized, Rald $)*!
concentrations depends both on its rate of irreversible oxidation to RA and on its rate of reduction $)#!

back to retinol. Although we showed that Akr1b8/AKR1B10 and AKR1C3 are differentially $)+!
expressed after adipogenic stimulation, further experiments will be needed to unravel the possible $)%!

impact of these enzymes as regulators of adipogenesis by influencing retinoid metabolism.  $)&!
 Taken together, our findings establish Akr1b/AKR1B enzymes as previously unrecognized $$(!
contributors of adipose tissue homeostasis. By comparing human and mouse isoforms in preadipocyte $$"!

culture models, we established that the two species have developed different but convergent strategies $$'!
to control PGF2! production and its biological impact on fine tuning early adipocyte differentiation. $$)!

Finally, our findings establish the background for further evaluation of AKR1B pharmacological $$$!
inhibitors designed to treat diabetic complications as potential obesogenic compounds. $$*!
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The abbreviations used are: AKR1B1, aldo-keto reductase family 1 member B1; AR, aldose #"%!

reductase; HSI, human small intestine protein; ARL-1, aldose reductase-like 1; MVDP, mouse vas #""!
deferens protein; FR-1, FGF-related protein 1; PGF2!, prostaglandin F2!; WAT, white adipose tissue; #"&!

gWAT, gonadal WAT; iWAT, inguinal WAT; rWAT, retroperitoneal WAT; BAT, brown adipose #"'!

tissue; PPAR!, peroxysome proliferator-activated receptor !; C/EBP!, CCAAT/enhancer-binding #"(!

protein !; FP, prostaglandin F receptor; CREB, cAMP-responsive element binding protein; BMI, #"#!

body mass index; DMEM, Dulbecco's modified Eagle medium; hMADS, human multipotent adipose-#")!
derived stem cells; TBP, TATA box binding protein; Ppib, peptidylprolyl isomerase B; HNE, 4-#"*!

hydroxy-2-nonenal; FABP4/aP2, fatty acid binding protein 4/adipose protein 2; SVF, stromal vascular #"+!
fraction; ACC, acetyl-coenzyme A carboxylase; Zfp521/ZNF521, zinc finger protein 521; PTGS2, #&$!
prostaglandin-endoperoxide synthase 2; PTGFR, prostaglandin F receptor gene; RA, retinoic acid; #&%!

Rald, retinaldehyde. #&"!
 #&&!

TABLE 1. Antibody table. #&'!

 #&(!
 #&#!
TABLE 2. Absolute quantification of mRNA for Akr1b isoforms in mouse tissues. RT-qPCR #&)!

analyses were performed using total RNA from a set of 15 tissues (n=4-9) from four month-old male #&*!
mice. Each isoform level was expressed as femtomoles of the targeted mRNA in 1"g of total RNA ± #&+!

SEM (iWAT, inguinal WAT; gWAT, gonadal WAT, rWAT, retroperitoneal WAT; BAT, Brown #'$!
Adipose Tissue). The highest and lowest expression sites are highlighted in gray. The « Top 5 » #'%!
expression sites for each Akr1b are in bold italic and ranking is numbered on the right. #'"!

Peptide/protein target Antigen sequence (if known) Name of Antibody Manufacturer, catalog #, and/or name 
of individual providing the antibody

Species raised in; 
monoclonal or 
polyclonal

Dilution used

Fp receptor SMNSSKQPVSPAAGL FP Receptor Polyclonal Antibody Cayman Chemical #101802 Rabbit; polyclonal dilution 1/500
Human COX-1 Cox-1 (C-20): sc-1752 Santa Cruz Biotechnology #sc-1752 Goat; polyclonal dilution 1/500
Mouse COX-1 LMRYPPGVPPERQMA COX-1 (murine) Polyclonal Antibody Cayman Chemical #160109 Rabbit; polyclonal dilution 1/500
COX-2 DPQPTKTATINASASHSRLDDINPTVLIK COX-2 (murine) Polyclonal Antibody Cayman Chemical #160106 Rabbit; polyclonal dilution 1/1000
HNE-Michael adducts Anti-HNE-Michael Adducts Calbiochem #393207 Rabbit; polyclonal dilution 1/1000
AKR1B1 Dr Deliang Cao Rabbit; polyclonal dilution 1/1000
AKR1B10 Dr Deliang Cao Rabbit; polyclonal dilution 1/1000
FABP4 R&D systems #MAB1443 Rat; monoclonal dilution 1/500
Akr1b3 ALMSCAKHKDYPFHAEV L5 Pr Anne-Marie Lefrançois-Martinez Rabbit; polyclonal dilution 1/2000
Akr1b7 DLLDARTEEDYPFHEEY L4 Pr Anne-Marie Lefrançois-Martinez Rabbit; polyclonal dillution 1/1000
Akr1b8 LLPETVNMEEYPYDAEY L8 Pr Anne-Marie Lefrançois-Martinez Rabbit; polyclonal dilution 1/3000
!-Tubulin Monoclonal Anti-!-Tubulin antibody Sigma-Aldrich #T6074 Mouse; monoclonal dilution 1/20000
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  Akr1b3 Akr1b7 Akr1b8 Akr1b16 
 x 10-9fmol.!g-1 of total RNA 

gWAT 7.04 ± 1.38 1.78 ± 1.55 3 1.32 ± 0.44 3 0.80 ± 0.32 5 
iWAT 2.40 ± 0.55 0.08 ± 0.05 0.55 ± 0.29 0.28 ± 0.14 
rWAT 1.96 ± 0.51 0.08 ± 0.02 0.86 ± 0.38 5 0.66 ± 0.33 
BAT 8.34 ± 2.17 0.01 ± 0.002 0.73 ± 0.15 0.88 ± 0.05 4 
Testis 31.86 ± 4.19 1 0.35 ± 0.05 5 4.68 ± 0.49 1 0.33 ± 0.19 

Instestine 7.47 ± 4.20 0.52 ± 0.08 4 0.26 ± 0.16 0.08 ± 0.07 
Kidney 27.65 ± 3.91 2 0.16 ± 0.01 0.22 ± 0.08 1.23 ± 0.55 3 
Adrenal 17.61 ± 2.22 3 311.93 ± 46.93 2 3.95 ± 0.71 2 6.94 ± 1.13 1 
Spleen 3.60 ± 0.26 0.16 ± 0.06 0.12 ± 0.07 0.03 ± 0.004 
Liver 14.80 ± 3.27 4 0.15 ± 0.07 0.05 ± 0.02 0.02 ± 0.004 

Vas deferens 4.47 ± 0.51 3994.30 ± 149.66 

1 

0.27 ± 0.06 2.51 ± 0.53 2 
Lung 2.70 ± 0.15 0.01 ± 0.001 0.31 ± 0.03 0.20 ± 0.02 
Brain 10.58 ± 3.00 5 0.03 ± 0.01 0.09 ± 0.04 0.72 ± 0.13 

Muscle 2.53 ± 1.18 0.05 ± 0.01 0.03 ± 0.01 0.35 ± 0.02 
Heart 6.65 ± 1.17 0.03 ± 0.02 1.00 ± 0.08 4 0.75 ± 0.21 

 $%#!

FIGURE LEGENDS $%%!
 $%&!
FIGURE 1. Aldose reductase genes are differentially expressed in fat depots. Graphic $%$!

representation of RT-qPCR results shown in Table 2 corresponding to Akr1b gene expression in $%'!
various adipose depots (iWAT, inguinal WAT; gWAT, gonadal WAT, rWAT, retroperitoneal WAT; $%(!

BAT, Brown Adipose Tissue). RT-qPCR results were expressed as femtomoles of the targeted mRNA $%)!
in 1!g of total RNA and presented as mean ± SEM. $&*!

FIGURE 2. Differential expression of aldose reductase genes in stromal vascular and adipocyte $&+!
fractions. Aldose reductase relative mRNA expression was evaluated by RT-PCR after tissue $&"!

fractionation of gWAT, iWAT and rWAT depots. A, C and E: representative agarose gel $&#!
electrophoresis showing PCR amplification products from stromal vascular fraction (SVF) and $&%!

adipocyte fraction (Adip). Optimal number of amplification cycles is indicated for each gene. B, D $&&!
and F: corresponding quantifications of RT-PCR signals. RT-PCR analyses were conducted using 4 $&$!

independent RNA pools each resulting from the fractionation of 2-6 fat pads. Signal intensity was $&'!
quantified for each PCR product and normalized according to Actin signal. For each gene, mRNA $&(!
level was expressed relative to the signal obtained for SVF which was given the value 1. n.d., not $&)!





!

! "#!

detected. Statistical analyses were performed to compare expression of each gene in SVF and $$%!
adipocyte fraction by unpaired t-test .* p<0.05; ** p<0.01; *** p<0.001. G, Akr1b3 and Akr1b7 $$&!

proteins were monitored by western blot on extracts from SVF and adipocyte fraction. !-Tubulin was $$"!
used as a loading control.  $$'!

FIGURE 3. Akr1b3, Akr1b7 and Akr1b8 expressions levels are transiently increased during the $$#!

earlier step of 3T3-L1 adipogenesis. At day 0 (d0), 3T3-L1 preadipocytes were induced to $$(!
differentiate into adipocytes. A, from d-2 to d15 of culture, mRNA levels of Fabp4, Ppar!, Ptgfr, $$$!

Akr1b3, Akr1b7, Akr1b8, and Akr1b16 were measured by RT-qPCR and normalized to Ppib. qPCR Ct $$)!
values from d3 are indicated to compare relative expression level of the different Akr1b genes. mRNA $$*!
quantifications were expressed as percentage of d-2 values. Statistical analyses were performed by $$+!

One-way ANOVA followed by a Dunnett’s post hoc test. * p<0.05; ** p<0.01; *** p<0.001. B, $)%!
Akr1b3, Akr1b8, Cox-1, Cox-2 and FP protein accumulations were monitored by western blot $)&!

throughout 3T3-L1 differentiation. !-Tubulin was used as a loading control.  $)"!

FIGURE 4. AKR1B1 and AKR1B10 display opposite expression profiles during hMADS cells $)'!
adipogenesis. At day 0 (d0), hMADS preadipocytes were induced to differentiate into adipocytes. A, $)#!
AKR1B1, AKR1B10, AKR1A1 and AKR1C3 mRNA levels were measured by RT-qPCR throughout $)(!

adipogenesis and values were normalized to TBP. B, to validate and follow the progress of adipogenic $)$!
program, PPAR!, ZNF521 and LEPTIN gene expressions were analyzed by RT-qPCR and values $))!

were normalized to TBP. C, level of PTGS 2 transcripts were measured by RT-qPCR and normalized $)*!
to TBP. mRNA quantifications were expressed as percentage of d-3 values. Statistical analyses were $)+!
performed by One-way ANOVA followed by a Dunnett’s post hoc test, each value was compared to $*%!

d-3 value. * p<0.05; ** p<0.01; *** p<0.001. $*&!

FIGURE 5. PGF2! flow is correlated to AKR1B1 expression during hMADS cells adipogenesis $*"!
and is sensitive to Statil inhibitor. A, culture media were collected every three days from d0 to d15 $*'!

during hMADS cells differentiation and levels of released PGF2! were determined by EIA. AKR1B1 $*#!
protein was detected by western blot in hMADS cells extracts. !-Tubulin was used as a loading $*(!
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control. B, COX-1, COX-2, FPA and FPB accumulation were analyzed by western blot, during $%$!
hMADS differentiation. !-Tubulin was used as a loading control. C, effects of AKR1B Statil inhibitor $%&!

on cumulative PGF2! production of hMADS cells. hMADS cells were treated with Statil or DMSO $%%!
(vehicle) during the entire 15 days differentiation period. Culture media were collected every three $%'!

days and PGF2! levels measured by EIA. D, hMADS cells were differentiated for 9 days in the $'(!
absence (vehicle) or presence of 10"M Statil, fixed and stained for triglyceride with Oil-Red-O. To $')!
quantify staining, Oil-red-O was extracted from differentiating adipocytes and absorbance was then $'"!

measured at 490nm. E, hMADS cells were differentiated during 15 days in presence of Statil or $'*!
DMSO (vehicle) and expression of AKR1B1, AKR1B10, AKR1A1, AKR1C3 and PTGS 2 genes were $'+!

analyzed by RT-qPCR, normalized to TBP and expressed as percentage of vehicle treatment values. $'#!
Statistical analyses in A and D were performed by One-way ANOVA followed by a Dunnett’s post $'$!
hoc test. Statistical analyses in B were performed by a Two-way ANOVA followed by a Bonferroni $'&!

post hoc test. * p<0.05; ** p<0.01; *** p<0.001. $'%!

FIGURE 6. Statil enhances hMADS adipocytes differentiation by inhibiting AKR1B1-dependent $''!
PGF2! synthesis. A, effects of AKR1B Statil inhibitor on PGF2! release in culture media were &((!

determined by EIA in hMADS cells treated with Statil or its vehicle during the first three days of &()!
differentiation. B, mRNA levels of C/EBP!, C/EBP", ATGL were monitored by RT-qPCR and &("!

normalized to TBP. Results were expressed as percentage of vehicle treatment values. D and E, &(*!
effects of Statil and Cloprostenol (PGF2! analog) treatments were examined after six days of &(+!
differentiation on C/EBP" and PPAR# expression by RT-qPCR (D) and on intracellular lipid &(#!

accumulation by Oil-Red-O staining (D, bright field and contrast phase views). Statistical analyses &($!
were performed by One-way ANOVA followed by a Dunnett’s post hoc test, each value was &(&!

compared with vehicle value. * p<0.05; ** p<0.01, *** p<0.001.  &(%!
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SUPPLEMENTAL DATA "!
 #!

DIFFERENTIAL EXPRESSION OF ALDOSE REDUCTASES INFLUENCES $!
PROSTAGLANDIN F2! LEVELS AND ADIPOCYTE DIFFERENTIATION IN MOUSE AND %!

HUMAN SPECIES &!
 '!

Emilie Pastel, Jean-Christophe Pointud, Gaëlle Loubeau, Christian Dani, Karem Slim, Gwenaëlle (!

Martin, Fanny Volat, Isabelle Sahut-Barnola, Pierre Val, Antoine Martinez, Anne-Marie Lefrançois-)!
Martinez *!

 "+!
SUPPLEMENTAL FIGURE 1: Primers location on murine Akr1b cDNA sequences. For each ""!
aldose reductase, cDNA sequences encoding the 17 C-terminal amino acids and the 3’-untranslated "#!

region were analyzed in a multiple sequence alignment by using the Clustal Omega program in order "$!
to design specific primers. Sequences corresponding to the primers used for the absolute "%!

quantification were boxed. "&!
SUPPLEMENTAL FIGURE 2: Graphic representation of the Akr1b mRNA absolute "'!

quantification detailed in Table 1. Graphic representation of RT-qPCR results shown in Table 1 "(!
corresponding to Akr1b gene expression in various tissues from four month-old male mice. RT-qPCR ")!
results were expressed as femtomoles of the targeted mRNA in 1!g of total RNA and were presented "*!

as mean ± SEM. #+!
SUPPLEMENTAL FIGURE 3: AKR1B expression in human subcutaneous white adipose tissue. #"!

A, protein extracts of subcutaneous adipose tissue from patients with BMI indicated on top of each ##!
lane were subjected to western blot analysis with specific anti-AKR1B1 and anti-AKR1B10 #$!
antibodies. "-Tubulin was used as a loading control. Proteins of adrenocortical adenoma served as #%!

positive control for AKR1B1 and AKR1B10 immunodetection (3,51). B, RT-qPCR analyses of #&!
mRNA levels of AKR family members encoding PGF synthases (AKR1B1, AKR1A1, AKR1C3) or #'!

devoid of a such activity (AKR1B10), of genes encoding COX-2 (PTGS 2) and PGF2" receptors FPA #(!
(PTGFR 1) and FPB (PTGFR 2). Quantifications were normalized to TBP. qPCR Ct values are #)!





! "!

indicated to compare relative expression level of the different genes analysed. BMI (kg/m2), sex (F or "#!
M) and age (years) of each patient is indicated on the right. Statistical analyses were performed by $%!

Mann-Whitney test. ** p<0.001. $&!
SUPPLEMENTAL FIGURE 4: PGF2! synthesis is correlated with AKR1B1 protein accumulation $"!

throughout hMADS cells differentiation. A, AKR1B1 and aP2 (FABP4) accumulations were $$!
analyzed by western blot throughout hMADS cells differentiation. !-Tubulin signals were used as a $'!
loading control (top panel). AKR1B1 and aP2 signals from four independent experiments were $(!

quantified, normalized to !-Tubulin and compared to d-3 values (bottom panels). B, correlation $)!
between PGF2! production and AKR1B1 accumulation during hMADS cells adipogenesis was $*!

determined by a Pearson’s analysis. Results were expressed as percentage of d-3 values. Statistical $+!
analyses were performed by One-way ANOVA followed by a Dunnett’s post hoc test, each value was $#!
compared with d-3. * p<0.05. '%!

'&!





! "!

SUPPLEMENTAL TABLE 1. Mouse and human oligonucleotide sequences for relative #$!
quantification by RT-qPCR and RT-PCR. #"!

Gene Forward primer Reverse primer 
PCR 

products 
size (bp) 

Akr1b3 GAGGACATGGCCACTCTACTCAGC CTTCGGCGTGGAAGGGGTAATCC 101 
Akr1b7 GGCTGCCATTCTCAGCTTCAACAG GCAAGTGGACCTCAGTATTCCTCG 104 
Akr1b8 GAGGGCCTGCCTGCTGCCT AGCCTCGTGGGCTGACTCAGC 85 
Akr1b16 CAGTTAAGTGAGGAGGACATGGCC CCGCATGGAAAGGGAAGTCCTCGTT 105 
Zfp521 CGCCGCAAGCAAGCGAAACCG CCTCTTCTTGCAGTCTACTGCCTC 96 
Actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT 138 
Fabp4 ATGAAATCACCGCAGACGACA TTCCTTTGGCTCATGCCCTTT 194 
Ppar! GAGCTGACCCAATGGTTGCT CCACAGACTCGGCACTCAAT 174 
Ppib GGAGATGGCACAGGAGGAA GCCCGTAGTGCTTCAGCTT 75 
Acc ACAGTGGAGCTAGAATTGGAC ACTTCCCGACCAAGGACTTTG 429 
Ptgfr ATAATGTGCGTCTCCTGCGT TGCGGAGAGCAAAAAGTGTCG 114 
TBP ACGCCAGCTTCGGAGAGTTC CAAACCGCTTGGGATTATATTCG 135 
PPAR! AGCCTCATGAAGAGCCTTCCA TCCGGAAGAAACCCTTGCA 119 
C/EBP" AACCAACCGCACATGCAGAT GGCAGAGGGAGAAGCAGA 102 
C/EBP# GTGCCTTGGAAATGCAAACTCACCGC GTCTGCTGTAGCCTCGGGAAGG 112 
ZNF521 GGGCCTTGCTTCCATTTTCC TTGAGGGATCTCGGTTTCGC 106 
LEPTIN GTGCGGATTCTTGTGGCTTTG TTCTGTTTGGAGGAGACTGACTG 149 
AKR1A1 GCCTCTGATTGGTCTGGGTA GTAGCCTACGCTAAGGGCAT 81 
AKR1B10 GAGAGCAGGACGTGAGACTTCTACC CCGATATCCTGCATCAATGGCCACC 177 
AKR1B1 GACCACCTTACTCAGCTACAACAGG GGACGAGCAGGCAACCACAGCTT 117 
ATGL GCTTCCTCGGCGTCTACTAC CAATGAACTTGGCACCAGCC 164 
PTGS 2 CCAGAGCAGGCAGATGAAATACCAG CAGCATCGATGTCACCATAGAGTGC 142 
AKR1C3 GCCAGGACTCAAGTACAAGCCTG CACCCATCGTTTGTCTCGTTGAG 147 

 ##!
SUPPLEMENTAL TABLE 2. Mouse oligonucleotide sequences for absolute quantification by #%!

RT-qPCR. #&!

Gene Forward primer Reverse primer 
PCR 

products 
size (bp) 

Akr1b3 GGCTTGCACCTGTTCTTTCTGCC GGCACGGCTTGGACTCTAAAGC 243 
Akr1b7 CCACTTGCTTGATGAGATCCG GCTCCTGATGACAAACATGTGC 189 
Akr1b8 GGAAGAATATCCCTATGATGCAG GGTCAGGTCAAATTAGTGAAGG 232 
Akr1b16 CCTGTTTGCAGCAAGTCATAACG CCTTTGCTGAGATGCATCTTCC 239 
18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 150 

 #'!
#(!
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The aldose reductase (AR; human AKR1B1/mouse Akr1b3) has been the focus of many

research because of its role in diabetic complications. The starting point of these alter-

ations is the massive entry of glucose in polyol pathway where it is converted into sorbitol

by this enzyme. However, the issue of AR function in non-diabetic condition remains unre-

solved. AR-like enzymes (AKR1B10, Akr1b7, and Akr1b8) are highly related isoforms often

co-expressed with bona fide AR, making functional analysis of one or the other isoform

a challenging task. AKR1B/Akr1b members share at least 65% protein identity and the

general ability to reduce many redundant substrates such as aldehydes provided from lipid

peroxidation, steroids and their by-products, and xenobiotics in vitro. Based on these prop-

erties, AKR1B/Akr1b are generally considered as detoxifying enzymes. Considering that

divergences should be more informative than similarities to help understanding their phys-

iological functions, we chose to review specific hallmarks of each human/mouse isoforms

by focusing on tissue distribution and specific mechanisms of gene regulation. Indeed,

although the AR shows ubiquitous expression, AR-like proteins exhibit tissue-specific pat-

terns of expression. We focused on three organs where certain isoforms are enriched, the

adrenal gland, enterohepatic, and adipose tissues and tried to connect recent enzymatic

and regulation data with endocrine and metabolic functions of these organs.We presented

recent mouse models showing unsuspected physiological functions in the regulation of

glucido-lipidic metabolism and adipose tissue homeostasis. Beyond the widely accepted

idea that AKR1B/Akr1b are detoxification enzymes, these recent reports provide growing

evidences that they are able to modify or generate signal molecules.This conceptually shifts

this class of enzymes from unenviable status of scavenger to upper class of messengers.

Keywords: aldose reductases, adipose tissue, prostaglandins, enterohepatic tissue, metabolism

INTRODUCTION

Aldose reductases (AR) are cytosolic monomeric enzymes, belong-

ing to the aldo-keto reductase (AKR) superfamily. This superfam-

ily encompasses more than 150 NAD(P)(H)-dependent oxidore-

ductases distributed in all prokaryotic and eukaryotic kingdoms

including yeast, plant, invertebrates, and vertebrates. They cat-

alyze the reduction of carbonyl groups from a wide variety of

natural or synthetic substrates such as aliphatic and aromatic

aldehydes, ketones, keto prostaglandins, ketosteroids, and xenobi-

otics. Because of overlapping substrates and coenzyme specificities

that could lead to confusion between these closely conserved pro-

teins, a nomenclature system for the AKR superfamily has been

established based on their structural and genetic properties and is

available at www.med.upenn.edu/akr/. Indeed, based on sequence

identity, these proteins are divided in 15 families termed AKR1–

AKR15, each family having less than 40% amino acid sequence

identity with the others. Some families are further subdivided into

subfamilies containing proteins with more than 60% sequence

identity (Jez et al., 1997; Hyndman et al., 2003). To date, the AKR1

family is the major group encompassing 50 variants of the referring

founder protein AKR1A1.

Among the AKR1 family, the AR subgroup (AKR1B) is

one of the most characterized because of its involvement in

human diseases such as diabetic complications resulting from

the ability of AKR1B1 to reduce glucose into sorbitol in a

NADPH + H
+

dependent manner. In addition to glucose conver-

sion, AKR1B proteins display multiple other activities including

reduction of aldehydes generated by lipid peroxidation, steroids

and their derivatives or by-products, retinoids, xenobiotics, and

prostaglandins.

The AKR1B subfamily contains several proteins with very high

structural similarity to the human former AKR1B1. The AKR1B

proteins share more than 65% sequence identity (Table 1). Accord-

ing to their phylogenetic features and their ability to reduce glu-

cose, they can be classified into two subgroups, i.e., AR (AKR1B1–

6) and aldose reductase-like proteins (ARLP; Akr1b7–16), respec-

tively.

To date, three human AKR1B have been characterized: AKR1B1

(human AR; Bohren et al., 1989), AKR1B10 [also designated as

human small intestine (HSI) reductase; Cao et al., 1998; Hyndman

and Flynn, 1998], and AKR1B15 (Barski et al., 2008; Salabei et al.,

2011), which are encoded by genes tandemly arrayed on chro-

mosome 7q33–35. AKR1B1 seems to be ubiquitously expressed

whereas AKR1B10 expression was only reported in small intes-

tine, colon, liver, and thymus (Cao et al., 1998). A genetic study

recently identified a new gene named AKR1B15 closely related
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Table 1 | Comparison of protein sequence of AKR1B.

% cDNA
identity

% Protein
identity

% C-ter
identity/similarity

Sequences of the 17 C-ter AA
residues

HUMAN
AKR1B1

•
100 100 100 100 ALLSCTSHKDYPFHEEF

AKR1B10
*

70 71 35 59 NVLQSSHLEDYPFDAEY

AKR1B15 68 68 23 47 DFKEFSHLEDFPFDAEY

MOUSE
Akr1b3

•
80 85 70 76 ALMSCAKHKDYPFHAEV

Akr1b7 72 71 52 71 DLLDARTEEDYPFHEEY

Akr1b8
*

71 70 23 53 LLPETVNMEEYPYDAEY

Akr1b16 69 70 35 71 GLFAASHNEDFPFHAEY

RAT
Akr1b4

•
82 84 70 76 ALMSCAKHKDYPFHAEV

r-Akr1b10 68 69 35 71 GLFAASRNEDFPFHSEY

Akr1b13
*

76 71 17 53 LLPETVNMEEFPYDAEY

Akr1b14 69 68 41 65 GLFVTSDEEDFPFHEEY

• or * or , corresponding proteins are encoded by ortholog genes; Bold letter, conserved amino acid residues; AA, amino acid.

to the AKR1B1 and AKR1B10 cluster on chromosome 7, encod-

ing a putative protein sharing 68 and 91% sequence identity with

AKR1B1 and AKR1B10, respectively. AKR1B15 tissue expression

has not been explored so far (Barski et al., 2008; Salabei et al.,

2011).

Four murine Akr1b have been described: Akr1b3 (murine AR;

Gui et al., 1995), Akr1b7 [previously named Mouse vas deferens

protein (MVDP); Pailhoux et al., 1990],Akr1b8 [previously named

fibroblast growth factor-related protein (FR-1); Donohue et al.,

1994], and Akr1b16 (Salabei et al., 2011). Murine AR genes are

located on chromosome 6 (locus 6 B1) and their tandem arrange-

ment suggests (as for the three human AKR1B) that these four

genes arise from an ancestral gene duplication event (Ho et al.,

1999; Ruiz et al., 2011). Like AKR1B1, Akr1b3 and Akr1b16 seem

to be ubiquitously expressed (Joshi et al., 2010; Salabei et al., 2011)

whereas Akr1b7 and Akr1b8 display more restricted tissue distrib-

ution: Akr1b7 is expressed in vas deferens, adrenal glands, gonads,

intestine, white adipose tissue, eye, liver, and kidney (Pailhoux

et al., 1990; Lau et al., 1995; Tirard et al., 2007; Brunskill et al.,

2011; Schmidt et al., 2011). Akr1b8 expression is detected in testis,

heart, adrenal glands, intestine, and liver (Donohue et al., 1994;

Lau et al., 1995; Joshi et al., 2010).

Among rat AR, Akr1b4 seems to be ubiquitously expressed

whereas the other related proteins have a more restricted expres-

sion pattern (MacLeod et al., 2010). Transcripts for Akr1b14 have

been detected in liver, kidney, and adrenals. Those of r-Akr1b10
share this tissue expression pattern but are also found in brain,

heart, and lungs (Endo et al., 2010b). Akr1b13 expression has been

observed at mRNA level in almost all organs, except brain and liver

but the protein remains undetectable in small intestine and colon

(Endo et al., 2011).

Several studies allowed identification of Akr1b4, Akr1b13, and

Akr1b14 as the orthologs of mouse Akr1b3, Akr1b8, and Akr1b7,

respectively (Barski et al., 2008; Endo et al., 2011). This phyloge-

netic analysis between rat and mouse AR has some limits: Akr1b14

and Akr1b7 do not exactly display the same expression pattern.

Indeed, vas deferens is the major site of Akr1b7 expression whereas

Akr1b14 is barely detectable in this tissue. Despite high sequence

identity, the two promoters differ by a short 77-bp region absent

in rat sequence which confers vas deferens targeted expression and

androgen responsiveness to the Akr1b7 gene (Val et al., 2002).

Identification of the mechanisms regulating expression of

AKR1B/Akr1b is a necessary step to understand their physi-

ological functions. Nevertheless, the precise identification and

determination of spatial distribution of AKR1B/Akr1b in healthy

tissues remains a difficult task, as it requires powerful and

specific immunological or nucleic probes to allow discrimina-

tion between these closely related isoforms. For that reason,

we designed immunological probes targeting the most divergent

domain among these enzymes that encompass the 17 C-terminal

amino acid residues (Table 1). Indeed,using this C-terminal region

critical to substrate specificity (Bohren et al., 1992), we developed

immunological tools discriminating Akr1b7, Akr1b3, and Akr1b8

isoforms (Lefrançois-Martinez et al., 2004). Similarly, the most

discriminating nucleotide probes or primers should be carefully

designed from 5
�
- to 3

�
-untranslated regions while open read-

ing frame should be avoided whenever possible. Knowing that in

mammals, AR genes (i.e., human AKR1B1 gene, murine Akr1b3,

and rat Akr1b4) display a broad tissue expression pattern, it can

be assumed that in normal conditions, most of their activities

are involved in maintaining general cellular homeostasis through

osmotic regulation or detoxification processes.

This review will focus on the most characterized AKR1B pro-

teins: AKR1B1, Akr1b3, Akr1b7, Akr1b8, and AKR1B10. To date

many in vitro and ex vivo studies have examined and carefully

described their enzymatic activities and defined their substrate

specificities. These studies have enlightened some redundancy

in substrate specificities that can be confusing when considering

that various isoforms may coexist in the same tissue. In light of

these enzymatic data, one of the most challenging issue regarding

Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery August 2012 | Volume 3 | Article 148 | 2

http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive




Pastel et al. AKR1B in endocrinology and metabolism

AKR1B enzymes would now be to explore their distinct biological
functions in specific physiological or pathological processes. The
focus of this review is to integrate most recent data on specific
regulations of AR genes with enzymatic and functional data, in
selected organs involved in endocrine and metabolic function, i.e.,
the adrenal gland, enterohepatic tissue, and white adipose tissue.

AKR1B AND ADRENAL ENDOCRINE FUNCTION

The adrenal gland has two anatomically and functionally different
components: the outer cortex which provides mineralocorticoids
from the zona glomerulosa, glucocorticoids from the zona fascic-
ulate, and the inner medulla in which chromaffin cells produce
adrenal catecholamines, i.e., epinephrine and norepinephrine and
various neuropeptides.

Acute and chronic adrenal cortex steroidogenesis is regu-
lated mainly through activation of the cAMP-dependent pro-
tein kinase (PKA) signaling pathway mediated by the pituitary
adrenocorticotropin hormone (ACTH).

Excess levels of glucocorticoid in the plasma in turn induce
a negative feedback on ACTH production resulting in blunted
ACTH-dependent steroidogenesis in the adrenal gland. This
blockade of the hypothalamic-pituitary-adrenal axis can be exper-
imentally recapitulated by dexamethasone treatment (a syn-
thetic glucocorticoid). In adrenals, cAMP-induced PKA activation
results at least in the phosphorylation of transcription factors
such as steroidogenic factor 1 (SF-1), CCAAT Enhancer Binding
Protein (C/EBP), and cAMP response element-binding protein.
These, in turn stimulate transcription of genes encoding steroido-
genic enzymes and proteins responsible for cholesterol metab-
olism, mobilization and transport. Therefore, adrenal steroido-
genesis is strongly associated with production of endogenous
harmful lipid aldehyde by-products including isocaproaldehyde
(4-methylpentanal) derived from cholesterol side chain cleavage
(the first step of steroid synthesis) and 4-hydroxynonenal (4-
HNE). Interestingly, previous studies have established that the
adrenal gland is one of the major sites for human and murine
AR expression (Lau et al., 1995; Hyndman and Flynn, 1998).

Akr1b8/AKR1B10: EXPRESSION PROFILE, DETOXIFICATION FUNCTION

(TABLES 2 AND 3)

Akr1b8 messenger was observed by in situ hybridization analysis
in fetal and adult murine adrenal cortex and remained undetected
in the medulla (Lau et al., 1995). Nevertheless, dexamethasone-
induced ACTH suppression had no effect on Akr1b8 protein
levels (Lambert-Langlais et al., 2009) suggesting that its biolog-
ical function would not be associated to the ACTH-dependent
steroidogenic activity. Indeed, isocaproaldehyde reductase activity
was abolished in adrenocortical Y1 cells lacking Akr1b7 (due to
stable antisense expression) in the presence of unaltered Akr1b8
protein levels (Lefrancois-Martinez et al., 1999). Accordingly,
isocaproaldehyde accumulated and resulted in cellular toxicity
despite the presence of Akr1b8. On the basis of these functional
studies, of its enzymatic constants and constitutive expression,
Akr1b8 does not appear to be the major isocaproaldehyde reduc-
tase in the adrenal cortex (Martinez et al., 2001). Although all
murine AR exhibit 4-HNE reductase activity, Akr1b8 seems to
be the most efficient HNE reductase in mouse tissues (Srivastava

et al., 1998; Martinez et al., 2001). This suggests that adrenocor-
tical expression of Akr1b8 could be dedicated to detoxification
of aldehyde lipids that are present in large amounts in the cortex
(Burczynski et al., 1999). Nevertheless, functional demonstration
remains to be established.

AKR1B10 mRNA has been detected in adrenal glands using a
human RNA Master Blot, but to date, there is no information avail-
able on its in situ localization and transcriptional control in this
organ (Hyndman and Flynn, 1998). Although both AKR1B1 and
AKR1B10 human AR display 4-HNE reductase activity, AKR1B10
exhibits a higher activity and product turn over than AKR1B1
(Shen et al., 2011). Both AKR1B1 and AKR1B10 isoforms are
expressed in the human adrenal gland and ex vivo studies revealed
that they also share the ability to reduce isocaproaldehyde (Hynd-
man and Flynn, 1998). Nevertheless, in a comparative enzymatic
study, Hara and colleagues showed that AKR1B1 had a more effec-
tive isocaproaldehyde reductase activity than AKR1B10, suggesting
that the latter was unlikely to play a major role in the detoxification
of steroidogenic by-products (Endo et al., 2009b).

Since its identification in human hepatocellular carcinoma,
AKR1B10 was shown to be differentially expressed in other tumor
and normal tissues (Cao et al., 1998; Fukumoto et al., 2005; Yoshi-
take et al., 2007; Rajkumar et al., 2010). AKR1B10 was suggested to
be a biomarker of smoker’s non-small cell lung carcinomas (Fuku-
moto et al., 2005) and to be involved in drug resistance (Matsunaga
et al., 2012).

Human adrenocortical carcinoma (ACC) are rare malignant
tumors generally associated with a poor prognosis (Libè et al.,
2007). In order to identify molecular predictors of malignancy
and of survival, 153 unilateral adrenocortical tumors were stud-
ied by microarray (http://www.ebi.ac.uk/arrayexpress, experiment
E-TABM-311). Unsupervised clustering analysis was performed
which allowed robust discrimination of malignant and benign
tumors. On the basis of this analysis, AKR1B10 was not found to
be associated with the ACC group (de Reyniès et al., 2009).

Akr1b7: EXPRESSION PROFILE, DETOXIFICATION FUNCTION, AND

PARACRINE ACTION (TABLES 2 AND 3)

High levels of Akr1b7 transcripts were initially observed by in situ
hybridization in fetal and adult murine adrenal cortex but were
undetectable in the medulla (Lau et al., 1995). We confirmed these
results by immunohistochemistry experiments which allowed
us to further restrict Akr1b7 expression to the zona fasciculata
(Aigueperse et al., 1999). In vivo, ACTH suppression with dex-
amethasone treatment resulted in a marked decrease of Akr1b7
mRNA levels that were restored when the treated mice were
injected with exogenous ACTH. This ACTH or cAMP-induced
Akr1b7 transcription was blocked by a PKA inhibitor (H89) in
the murine adrenocortical ATC and Y1 cell lines, respectively
(Aigueperse et al., 1999; Ragazzon et al., 2006).

Adrenal expression and ACTH regulation of Akr1b7 are sup-
ported by three SF-1 binding sites and other cis-elements located
in the 5�-flanking regulatory region of the gene. Using trans-
genic mice and cell transfection experiments, we delimited a
cryptic SF-1 response element (SFRE) 102 bp upstream of the
transcription start site. This SFRE supported basal adrenal pro-
moter activity. Two other SFREs were identified further upstream.
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Table 2 | Localization and regulation of AKR1B expression in adrenal gland.

Isoforms Localization Analyses Control by ACTH/
cAMP

Transcriptional
regulators

Reference

HUMAN
AKR1B1 Cortex IHC, RNA Master blot + n.d.

a,b

AKR1B10 Adrenal RNA master blot n.d. n.d.
b

AKR1B15 n.d. n.d. n.d. n.d. –

MOUSE
Akr1b3 Cortex + medulla WB No No

a,c

Akr1b7 Cortex NB, WB, IHC, ISH + Sp1, C/EBPβ, SF-1
a,c,d,e,f,g

Akr1b8 Cortex WB, ISH No No
a,c,d

Akr1b16 n.d. n.d. n.d. n.d. –

RAT
Akr1b4 Cortex RT-PCR, IHC, WB n.d. n.d.

h,i

Akr1b13 Adrenal RT-PCR n.d. n.d.
h

Akr1b14 Cortex ISH, WB + n.d.
j

, Intra-adrenal tissular localization was not specified; n.d., not determined; NB, Northern blot; WB, Western blot; RT-PCR, reverse transcription-polymerase chain

reaction; ISH, in situ hybridization; IHC, immunohistochemistry.

a
Lambert-Langlais et al. (2009),

b
Hyndman and Flynn (1998),

c
Martinez et al. (2001),

d
Lau et al. (1995),

e
Aigueperse et al. (1999),

f
Val et al. (2004),

g
Aigueperse et al.

(2001),
h
Endo et al. (2009a),

i
MacLeod et al. (2010).

Table 3 | Kinetic constants of AKR1B toward 4-hydroxynonenal, isocaproaldehyde, and prostaglandin H2.

Substrates 4-Hydroxynonenal Isocaproaldehyde Prostaglandin H2e

K m (µM) K cat (s−1) K m (µM) K cat (s−1) K m (µM) V max

(nmol/min/mg)

HUMAN
AKR1B1 716

a
0.84

a
1

b
0.66

b
1.9 44

AKR1B10 31
a

2.01
a

330
c

0.72
c

No activity

AKR1B15 n.d. n.d. n.d. n.d. n.d.

MOUSE
Akr1b3 665

a
0.82

a
62

d
1.3

d
9.3 26

Akr1b7 256
a

0.1
a

320
d

0.38
d

3.8 53.4

Akr1b8 230
a

3.18
a

71
d

0.03
d

No activity

Akr1b16 n.d. n.d. n.d. n.d. n.d.

RAT
Akr1b4 33

f
0.23

f
n.d. n.d. n.d.

r-Akr1b10 1.6
g

0.05
g

11
g

0.03
g

n.d.

Akr1b13 30
f

0.18
f

n.d. n.d. n.d.

Akr1b14 7.6
h

0.02
h

16
h

0.03
h

n.d.

n.d., not determined.

References (for comparison data were converted in µM for the Km and in s
−1

for the Kcat):
a
Joshi et al. (2010),

b
Matsuura et al. (1996),

c
Martin and Maser (2009),

d
Martinez et al. (2001),

e
Kabututu et al. (2009),

f
Endo et al. (2009a),

g
Endo et al. (2010b),

h
Endo et al. (2010a).

The site at −458 was a bona fide SFRE playing an essential
role for both basal promoter activity and cAMP responsiveness
whereas the site at −503 conferred intrinsic cAMP-sensing abil-
ity (Martinez et al., 2003; Val et al., 2004). Two other binding
sites for the trans-acting factors Sp1 and C/EBPβ at position
−52 and −61, respectively, also contributed to the transcrip-
tional cAMP responsiveness (Aigueperse et al., 2001; Table 2 and
Figure 1).

Aldose reductases are able to reduce isocaproaldehyde that is
produced in large amount in the adrenal cortex during steroido-
genesis. Indeed, the first step of steroidogenesis is the removal of
the cholesterol side chain by the P450scc enzyme, resulting in the
formation of pregnenolone and isocaproaldehyde. Furthermore,
isocaproaldehyde is a cytotoxic aldehyde whose accumulation in
Y1 cells decreased their viability (Lefrancois-Martinez et al., 1999).
In vitro studies revealed that Akr1b3, Akr1b7, and Akr1b8 all had

Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery August 2012 | Volume 3 | Article 148 | 4

http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Experimental_Pharmacology_and_Drug_Discovery/archive




Pastel et al. AKR1B in endocrinology and metabolism

FIGURE 1 | Schematic representation of the Akr1b7 promoter. The DNA binding site for transcription factors and nuclear receptors required for the Akr1b7
specific expression in adrenal gland (pink boxes) and in enterohepatic tissue (green boxes) are shown. LXR binding sites are involved in both adrenal and
intestine Akr1b7 expression.

the ability to reduce isocaproaldehyde. Their kinetic constants sug-
gested that isocaproaldehyde was a major substrate for Akr1b3
and Akr1b7, and a poor substrate for Akr1b8 (Martinez et al.,
2001; Table 3). Akr1b7 silencing in Y1 adrenocortical cells dis-
rupted cAMP-induced isocaproaldehyde reductase activity. This
strongly suggested that Akr1b7, rather than Akr1b3, was the
main isocaproaldehyde reductase in the adrenal gland (Lefrancois-
Martinez et al., 1999). These observations further indicate that
ACTH not only coordinates expression of enzymes responsible for
the biosynthesis of steroids, but also of non-steroidogenic enzymes
involved in the detoxification of reactive aldehydes generated
during steroidogenesis.

In a previous study, Madore and colleagues proposed that
AKR1B5, initially characterized as the bovine 20α-hydroxysteroid
dehydrogenase, ensured prostaglandin F2α synthase (PGFS) activ-
ity in the endometrium (Madore et al., 2003). Thereafter, we
have established by in vitro studies, that this property could be
extended to other but not all AKR1B enzymes. Indeed, AKR1B1,
Akr1b3, and Akr1b7 were shown to catalyze the reduction of
prostaglandin H2 (PGH2) into PGF2α (Table 3). In contrast,
Akr1b8 and AKR1B10 recombinant proteins were devoid of this
PGH2 9-,11-endoperoxide reductase activity. This activity has
not been investigated for Akr1b16, AKR1B15, and rat AR so
far. Importantly, based on their kinetic parameters, recombinant
AKR1B1,Akr1b3, and Akr1b7 displayed better PGF synthase activ-
ities than the previously characterized PGF synthases in mammals
(Kabututu et al., 2009).

Prostaglandins are paracrine/autocrine cell mediators sharing a
common precursor, PGH2, which is synthesized from free arachi-
donic acid by the cyclooxygenases type 1 (COX-1) or type 2
(COX-2). COX-1 is regarded as a constitutively expressed enzyme.
COX-2, on the other hand, is undetectable in most tissues in basal
conditions but can be induced by various mitogenic agents and
inflammatory stimuli (Ramsay et al., 2003). Following these obser-
vations, we carefully examined the PGF2α biosynthetic pathway in
the adrenal gland (Lambert-Langlais et al., 2009).

PGF2α was secreted by both cortical (steroidogenic cells) and
medullary (chromaffin cells) compartments of the adrenal gland.
In primary adrenocortical cell culture, PGF2α release was induced

2.5-fold by ACTH exposure which was correlated with ACTH-
responsiveness of both COX-2 and Akr1b7. Using over- and down-
expression strategies in cell lines, we demonstrated the pivotal
role of Akr1b7 in ACTH-induced PGF2α release and its functional
coupling with COX-2. In the adrenal medulla, PGF2α production
seemed to be resulting from the coordinated activities of Akr1b3
and COX-1. In the adrenal, expression of the PGF2α specific recep-
tor (FP) was restricted to chromaffin cells, suggesting that both
autocrine (within the medulla) and paracrine (between steroido-
genic and chromaffin cells) mechanisms were relaying PGF2α

action. Indeed in the chromaffin cell line MPC862L, PGF2α was
able to repress both basal and glucocorticoid-induced dopamine
release. By comparing PGF2α-responsiveness of isolated cells and
whole adrenal cultures, we demonstrated that PGF2α repressed
glucocorticoid secretion by an indirect mechanism involving a
decrease in catecholamine release, which in turn decreased adrenal
steroidogenesis.

These results allowed us to propose a new mechanism for an
intra-adrenal feedback loop, in which AR play a pivotal role in
the regulation of adrenal endocrine functions (Figure 2). The
mechanism that we proposed was the following: (1) In basal con-
ditions, PGF2α is constitutively secreted by chromaffin cells (by the
coupling of COX-1 and Akr1b3), thus regulating catecholamines
production and also limiting their paracrine action on steroido-
genesis. (2) During a stress situation, ACTH transiently induces
COX-2 and Akr1b7 expression, which results in PGF2α production
inside the cortex. PGF2α produced in the cortex then represses cat-
echolamines release by the medulla, via a paracrine action on its
FP receptor. Decreased catecholamines release in turn reduces the
effect of ACTH on glucocorticoids production (Lambert-Langlais
et al., 2009).

Akr1b3/AKR1B1 EXPRESSION PROFILE, DETOXIFICATION FUNCTION,

AND PARACRINE ACTION

By using different adrenal cell lines, we managed to detect Ak1b3
protein in the adrenocortical Y1 cells, and in the chromaffin
MPC862L cells. These results confirmed that, unlike other murine
AR, Akr1b3 is constitutively expressed in the whole adrenal gland
(Lambert-Langlais et al., 2009). In Y1 adrenocortical cell line
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FIGURE 2 | Proposed model integrating dual functions of aldose
reductases in the regulation of adrenal endocrine functions. Free
arachidonic acid (AA) is metabolized into PGH2 by COX enzymes and then
converted into PGF2α by PGFS of the AKR1B family. FP receptor expression
is restricted to the medullary zone. PGF2α synthesized in both the cortex
and medulla thus signals in an autocrine/paracrine manner on chromaffin
cells. This inhibits catecholamines production. Catecholamines produced in
the medulla normally stimulate glucocorticoids release by the cortex.
Decreased catecholamines production in response to PGF2α stimulation
thus results in a decrease in glucocorticoids production. The differential
expression and regulation of both COX and AKR1B enzymes within the
adrenal zones could allow the adjustment of PGF2α production to limit
stress response or control basal steroidogenesis by finely tuning
glucocorticoids secretion. In basal conditions, chromaffin cells of the
medullary zone constitutively secrete PGF2α, through the functional
coupling between COX-1 and possibly the PGFS Akr1b3. Under stress
conditions, the resulting ACTH surge induces COX-2 expression and
sustains Akr1b7 levels in the cortex. The functional coupling between
COX-2 and Akr1b7 triggers a PGF2α surge that could act as a local paracrine
feedback to limit catecholamine-mediated glucocorticoid release. After the
stress response has ended, COX-2 returns to undetectable levels. The
coupling between Akr1b7 and COX-2 does not take place. Akr1b7 then
functions only as a detoxifying enzyme of the harmful aldehydes produced
under chronic/basal stimulation of steroidogenesis. Catecho,
catecholamines; Gluco, glucocorticoids.

and during in vivo hormonal manipulations, cAMP appeared to
have no significant effect on Akr1b3 expression suggesting that
its expression was insensitive to ACTH (Martinez et al., 2001;
Table 2).

Akr1b3 is also involved in the detoxification of toxic carbonyls.
Even if Akr1b7 is the main isocaproaldehyde reductase and Akr1b8
the principal 4-HNE reductase, Akr1b3 is also able to reduce these
toxic compounds. This suggests that Akr1b3 can take part in the

elimination of these compounds in basal physiological conditions
(Lefrancois-Martinez et al., 1999; Martinez et al., 2001). More-
over, Akr1b3 is constitutively expressed in cortical and medullary
cells, where it could be coupled to COX-1 to synthesize PGF2α (see
above paragraph).

Despite its expected participation in the elimination of toxic
compounds and in the production of signal molecules (PGF2α),
there is no report of adrenal dysfunction in mice lacking Akr1b3
(Akr1b3−/−; Aida et al., 2000; Ho et al., 2000). This absence
of adrenal phenotype may result from functional redundancy
between the different family members present in the gland
(Akr1b7 and Akr1b8).

AKR1B1 expression has initially been detected using a RNA
master blot in human adrenal gland (Hyndman and Flynn, 1998).
More recently, immunohistochemistry experiments allowed us
to assign AKR1B1 to the cortical compartment of the gland
(Lambert-Langlais et al., 2009). In NC1-H295, a human adreno-
cortical tumor cell line, AKR1B1 mRNA levels were induced
by forskolin (adenylyl cyclase inducer) treatment (Lefrançois-
Martinez et al., 2004). This suggested that similarly to Akr1b7,
AKR1B1 gene expression could be sensitive to ACTH control.
However, the molecular mechanisms and cis-acting elements
ensuring ACTH/cAMP responsiveness of AKR1B1 gene have
remained unexplored.

For years, AKR1B1 had been considered as the major iso-
caproaldehyde reductase in the adrenal gland (Matsuura et al.,
1996). The NADPH-dependent isocaproaldehyde reductase activ-
ity harbored by AKR1B1 was inhibited by tolrestat while the
murine isocaproaldehyde reductase Akr1b7 was insensitive to
this pharmacological inhibitor (Matsuura et al., 1996; Lefrancois-
Martinez et al., 1999). We demonstrated that AKR1B1 was also
endowed with 9-,11-endoperoxide reductase activity (Kabututu
et al., 2009). The conversion of PGH2 into PGF2α, catalyzed by
AKR1B1, strictly dependent on the presence of NADPH, was
inhibited by tolrestat whereas Akr1b7 PGFS activity was insensitive
to AR inhibitors.

We showed that in the normal human adrenal gland, AKR1B1
and COX-2 were co-localized in steroidogenic cortical cells
(Lambert-Langlais et al., 2009). Therefore, the human adrenal cor-
tex could also have the potential to produce PGF2α in response
to ACTH. With respect to their hormonal regulation in the
adrenal cortex and their reductase activity toward common sub-
strates, we have postulated that AKR1B1 could be considered as
a functional ortholog of Akr1b7 in the human adrenal cortex
(Lefrançois-Martinez et al., 2004). The possibility that the PGFS
activity of AKR1B1 could be involved in an intra-adrenal feed-
back loop between endocrine activities of cortical and medullary
compartments in human adrenal gland remains to be explored.

Given the high expression of AKR1B1 in the adrenal cortex we
evaluated alterations in its expression in association with human
adrenal disorders. The relative abundance of AKR1B1 mRNA was
decreased in ACCs when compared to benign tumors, Cushing’s
hyperplasia, or normal adrenals (Lefrançois-Martinez et al., 2004).
These data provided evidence that expression of AKR1B1 was
decreased in adrenocortical cancer. This was further confirmed by
the unsupervised clustering analysis of the human adrenal tumors
transcriptome performed by de Reyniès et al. (2009), indicating
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that decreased expression of AKR1B1 correlated with malignancy
for the molecular diagnosis of adrenal tumors.

AKR1B AND GLUCIDO-LIPIDIC HOMEOSTASIS
AKR1B IN ENTEROHEPATIC TISSUES
Excessive nutrient intake is detrimental for cells and tissues. In
mammals, the liver converts excess dietary carbohydrates into
triglycerides through de novo lipogenesis. Two transcription fac-
tors, carbohydrate-responsive element-binding protein (ChREBP)
and sterol responsive element-binding protein-1c (SREBP-1c)
emerged as major mediators of glucose and insulin action in the
control of both glycolysis and lipogenesis in the liver. The liver X
receptors (LXR) are oxysterol activated transcription factors act-
ing as important metabolic regulators of the lipogenic pathway.
Indeed, LXRs ensure the transcriptional control of SREBP-1c in
response to insulin and of ChREBP. Moreover, direct targets of
LXRs include other lipogenic genes such as fatty acid synthase
(Fas) and stearoyl-CoA desaturase 1 (SCD1; Chen et al., 2004; Pos-
tic and Girard, 2008; Kim et al., 2009). The farnesoid X receptor
(FXR)/bile acid receptor is another nuclear receptor that plays
an important role in maintaining bile acid, lipid, and glucose
homeostasis since its activation has been shown to lower blood
triglyceride and cholesterol levels and to improve insulin sen-
sitivity in diabetic mouse models (Zhang and Edwards, 2008).
In enterocytes, FXR was shown to protect against the cytotoxic
effects of bile acids by increasing expression of binding proteins
and transporters (Schmidt and Mangelsdorf, 2008).

Akr1b8/AKR1B10: from cell detoxification to lipid synthesis
Previous analyses performed by RNAse protection assays reported
very weak levels of Akr1b8 transcript (Lau et al., 1995) in the
mouse intestine and absence of expression in the adult liver.
These observations were partially revised by Joshi et al. (2010)
who showed high Akr1b8 expression all along the adult intestinal
tract and moderate expression in the liver. Akr1b8 expression was
initially described to be up-regulated during the early phase of
the cell cycle and induced by growth promoting agents [fibrob-
last growth factor (FGF) and epidermal growth factor (EGF)],
as well as by hypertonic stress (Donohue et al., 1994; Hsu et al.,
1997). Although Akr1b8 displayed a strong expression in mouse
colon cancer cells (Joshi et al., 2010) and was suggested to be a
target gene for NF-E2 related factor 2 (Nrf2) transcription fac-
tor that controls intestinal detoxification response (Varady et al.,
2011), its expression and regulation in healthy liver and intestine
remained elusive. A recent study investigating bile acids impacts
on Akr1b7 expression showed that enterohepatic expression of
Akr1b8 was insensitive to bile acids (Schmidt et al., 2011). Akr1b8
enzymatic activities were extensively studied regarding its ability
to reduce the highly reactive 4-HNE produced during peroxida-
tion of polyunsaturated fatty acids (Srivastava et al., 1998). In vitro
enzymatic studies reported that multiple members of the AKR1B
group, including Akr1b8, were endowed with the ability to reduce
phospholipid aldehydes derived from lipid peroxidation. Com-
pared with AKR1B1 or Akr1b7, Akr1b8 activity was more efficient
with the reduction of short chain aldehydes such as 1-palmitoyl-
2-arachidonoyl-sn-glycero-3-phosphocholine and 1-pamitoyl-2-
arachidonoyl-sn-glycero-3-phosphoglycerol (Spite et al., 2007). In

line with the high lipid metabolic activities in Akr1b8 produc-
ing sites, it was proposed that Akr1b8 was acting physiologically
as a scavenger of toxic aldehydes derived from peroxidation of
endogenous or dietary lipids.

Beside its aldehyde reductase activity, Akr1b8 was shown to
associate with the lipogenic acetyl-CoA carboxylase α (ACCA) in
murine colon cancer cells (Joshi et al., 2010). ACCA is a rate-
limiting enzyme of de novo synthesis of fatty acids, catalyzing
the formation of malonyl-coA by ATP-dependent carboxylation
of acetyl-coA. This interaction protects ACCA from proteasomal
degradation and consequently allows increased fatty acid synthesis
that leads to production of lipid second messengers that promote
cell proliferation (Chajès et al., 2006). Whether Akr1b8 is also
involved in the stability of ACCA in healthy enterocytes has not yet
been determined. In order to associate gene signature with meta-
bolic network, a genetic study integrating quantitative trait locus
(QTL) mapping and network modeling led to knock-out (KO) the
three corresponding identified genes, among which Akr1b8 (Derry
et al., 2010). Akr1b8−/− mice phenotype was very briefly described
in this study suggesting a more specific perturbation in fat tissue
homeostasis rather than in the liver or intestine (see below).

The AKR1B10 gene has recently been determined as the human
ortholog of Akr1b8 (Joshi et al., 2010). Its expression was pri-
marily detected in healthy colon, small intestine, and liver (Cao
et al., 1998) and was found up-regulated with their correspond-
ing tumorigenic transformation (Cao et al., 1998; Yan et al., 2007;
Heringlake et al., 2010; Liu et al., 2012). This was also observed in
lung and breast cancers suggesting that AKR1B10 overexpression
could be associated with a broader tumor phenotype. In human
hepatocarcinoma, insulin or EGF enhanced AKR1B10 expression
through the activator protein-1 (AP1) mitogenic signaling. This
enhanced tumor development and progression through elimina-
tion of cytotoxic carbonyls and promotion of lipogenesis (Liu et al.,
2012). The treatment of human colon cancer SW-480 and HT-
29 cell lines with proteasome inhibitors known to increase the
expression of Nrf2-regulated genes induced AKR1B10 expression
suggesting that AKR1B10 could be a target of the Nrf2 transcrip-
tion factor (Ebert et al., 2011). Nrf2 responsiveness of AKR1B10
gene was further demonstrated by co-transfection experiments of
AKR1B10 promoter luciferase reporter constructs in human lung
adenocarcinoma cell lines (Nishinaka et al., 2011; Figure 3).

AKR1B10 was the first AKR1B protein which was demonstrated
to enhance cell proliferation and promote cell survival through its
ability to interact with and stabilize ACCA in breast cancer cells
(Ma et al., 2008) and in colon cancer cells (Wang et al., 2009).
AKR1B10 mediates ACCA stability through physical association.
This was shown to affect fatty acid/lipid synthesis, mitochondrial
function, and oxidative status. Identification of Akr1b8/AKR1B10
protein domain interacting with ACCA would be helpful to pre-
dict this characteristic for other AKR1B proteins and to develop
targeted therapeutic strategies for the modulation of de novo fatty
acid synthesis in cancer cells.

We are exposed daily to α,β-unsaturated aldehyde and trans-
2-hexenal through food and drink consumption (Stout et al.,
2008). This persistent exposure to electrophilic carbonyls requires
an effective defense system to protect intestinal cells from irre-
versible damage. Similarly to Akr1b8, in vitro enzymatic studies on
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FIGURE 3 | Schematic representation of the AKR1B1, Akr1b3, and
AKR1B10 promoters. Cis- and trans-acting factors shown to be involved in
stress responsiveness are indicated. TonE, tonicity response element; AP1,

activator protein-1 binding site; ARE, antioxidant response element; C/EBP,
CCAAT enhancer binding protein binding site; Sp1, selective promoter factor
1 binding site.

AKR1B10 demonstrated a highly specific ability to reduce phys-
iological levels of 4-HNE and other alpha and beta-unsaturated
carbonyls in both their free or glutathione-conjugated form
(Martin and Maser, 2009; Zhong et al., 2009). Expression of
AKR1B10 may reflect the requirement for intestinal cells to
protect against the dietary, lumen microbial and lipid-derived
carbonyls.

Although physiological integration of all these data remains
difficult, this suggests that the beneficial role of Akr1b8/AKR1B10
in the protection of healthy cells against lipid peroxidation could
switch, in the case of cancer, into a deleterious role promoting cell
proliferation through stabilization of ACCA (Figure 4).

Akr1b7: improving (liver) metabolic capacity
A target for metabolic nuclear receptors (Figure 1 and Table 4).

Several studies reported specific Akr1b7 expression in the small
intestine (Volle et al., 2004; Ge et al., 2011; Schmidt et al., 2011)
within the epithelial cells of the villi (Lau et al., 1995) with a
decreasing gradient from the duodenum to the ileum. This expres-
sion has been shown to be under the control of oxysterol activated
LXR/retinoic X receptor (RXR) heterodimers acting through three
LXR response elements (LXRE) located in the Akr1b7 proximal
promoter (LXRE3: −259 to −244, LXRE1: −236 to −221, LXRE2:
−153 to −168 from the transcription start site). Two of these
cis-acting elements were specific for regulation by the alpha LXR
isoform (Volle et al., 2004).

Two other recent reports showed that Akr1b7 gene transcrip-
tion in the small intestine, colon and liver was also controlled by
bile acids through a FXR response elements (FXRE) located at
position −292 to −280 on the promoter (Ge et al., 2011; Schmidt
et al., 2011).

Several nuclear receptors, including FXR, pregnane X recep-
tor (PXR) and constitutive androstane receptor (CAR), have
been shown to protect against the cytotoxic effects of bile acids
by increasing expression of binding proteins, transporters, and
enzymes that detoxify bile acids (Zollner et al., 2006; Schmidt and
Mangelsdorf, 2008). The combined use of KO mouse models for
PXR/CAR receptors and pharmacological activators allowed iden-
tification of Akr1b7 as one of their target genes in the liver (Liu
et al., 2009; Table 4 and Figure 1).

Although molecular mechanisms mediating metabolic regula-
tion of Akr1b7 expression in the liver and intestine were profusely
examined using genetic models or forced expression systems, there
is no direct evidence for Akr1b7 expression in liver sections or in
isolated hepatocytes, to date.

Detoxifying lipid aldehydes. Wild-type mice treated with
PCN (pregnenolone-16α-carbonitrile; a PXR agonist) exhibited
a decrease in malondialdehyde (MDA) levels (another by-product
of polyunsaturated fatty acid peroxidation) compared with their
vehicle-treated counterparts. The effect of PCN on MDA was abol-
ished in Pxr−/− mice. The authors suggested that PXR played a
role in alleviating lipid peroxidation in small intestine. Since the
induction of Akr1b7 expression by PCN was also abolished by PXR
KO, the effects of PXR on lipid peroxidation could be mediated, at
least in part, by modulation of Akr1b7 expression (Liu et al., 2009;
Ge et al., 2011; Schmidt et al., 2011).

In light of the ability of Akr1b7 to reduce 4-HNE, Volle et al.
have compared the status of lipid peroxidation in the small intes-
tine of wild-type and Lxrα−/− mice by measuring MDA levels. In
the duodenum, a significant decrease in MDA concentrations was
seen when wild-type mice were treated with T091317 (a synthetic
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FIGURE 4 | Role of AKR1B10 and Akr1b8 in the regulation of lipid
synthesis and contribution in promoting cancer. In human cancer cells,
ACCA is protected against ubiquitination-proteasome dependent
degradation through its association with AKR1B10. Stabilization of ACCA
increases fatty acids synthesis. This protects cell from apoptosis by
preventing depletion of phospholipids, mitochondrial membrane lesions,

and oxidative stress. The dual capacity of AKR1B10 to stimulate
lipogenesis and to detoxify carbonyls and drugs thus contributes to
enhance cell proliferation/survival. In murine cancer cells, Akr1b8 was also
shown to stabilize ACCA thereby modulating fatty acid synthesis. The
impact of Akr1b8-mediated ACCA stabilization on mitochondrial function
and oxidative stress is still unknown.

agonist of LXR). This effect was not observed in Lxrα−/−
mice,

where T091317 was unable to induce Akr1b7. The authors sug-

gested that increased levels of LXRα in the small intestine and

its activation by oxysterols could in turn, up-regulate the expres-

sion of detoxifying genes which could ultimately reduce oxidative

stress (Volle et al., 2004). However, although the decrease in MDA

contents is clearly a LXR dependent mechanism, the direct involve-

ment of Akr1b7 seems unlikely. Indeed overexpression of Akr1b7

in vivo does not alter MDA levels (Ge et al., 2011).

Detoxifying bile acids or lipid peroxidation induced by bile acids
excess (Figure 5). Recently three independent studies proposed

that Akr1b7 or its rat ortholog Akr1b14 could be involved in bile

acid metabolism and/or signaling (Endo et al., 2011; Ge et al., 2011;

Schmidt et al., 2011).

Bile acids are cholesterol-derived molecules produced for its

solubilization in the gallbladder and intestine by forming mixed

micelles with cholesterol and phospholipids. They are required for

the activation of some pancreatic enzymes and for the absorption

of cholesterol, lipid soluble vitamins and to a lesser extent, triglyc-

erides and fatty acids from the intestine (Hylemon et al., 2009).

They also act as signaling molecules by acting as ligands for several

nuclear receptors including FXR and PXR or the membrane Gαs

protein-coupled receptors TGR5 as well as Gαi protein-coupled

receptors. Hence, bile acids contribute to the regulation of their

own synthesis, fatty acid, lipid, and lipoprotein synthesis as well as

glucose metabolism in the liver.

An in vitro enzymatic study using recombinant Akr1b14

(rat) and Akr1b7 (mouse) proteins showed that conjugated and

unconjugated bile acids (chenodeoxycholic acid (CDCA)/glyco-

CDCA and hyodeoxycolic acid (HDCA)/glyco-HDCA) specif-

ically, quickly, and significantly activated the NADPH-linked

reductase activity of Akr1b14 and to a lesser extent Akr1b7 activ-

ity (Endo et al., 2011). More accurately, higher specific activation

of Akr1b14 was mediated by an interaction of bile acids with the

His269 facilitating the release of NADP
+

. In Akr1b7, the histidine
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Table 4 | Expression of aldose reductases in liver and small intestine.

Isoforms Liver Small
intestine

Analyses Tissue-specific transcriptional
regulators

Reference

HUMAN
AKR1B1 + + NB, WB Nrf2

a,b,c

AKR1B10 + + NB, WB, IHC AP1, Nrf2
a,c,d,e,f,g,h

AKR1B15 n.d. n.d. n.d. n.d. –

MOUSE
Akr1b3 + + RT-PCR Nrf2

i,k

Akr1b7 + + RNase protection, RT-qPCR, WB LXR, CAR, PXR, FXR
j,l,m,n,o,p,q

Akr1b8 + + RT-PCR, NB Nrf2
i,r,s,t

Akr1b16 + n.d. RT-PCR n.d.
s

RAT
Akr1b4 + + RT-PCR, WB n.d.

u,v

r-Akr1b10 + − RT-PCR n.d.
w

Akr1b13 + + RT-PCR, WB n.d.
u,w

Akr1b14 + − RT-PCR n.d.
u,w

n.d., not determined; NB, Northern blot; WB, Western blot; RT-PCR, reverse transcription-polymerase chain reaction.
aCao et al. (1998), bO’Connor et al. (1999), cEbert et al. (2011), dFukumoto et al. (2005), eMartin et al. (2006), fHeringlake et al. (2010), gLiu et al. (2012), hNishinaka
et al. (2011), iJoshi et al. (2010), jLau et al. (1995), kNishinaka and Yabe-Nishimura (2005), lVolle et al. (2004), mSchmidt et al. (2011), nGe et al. (2011), oAigueperse et al.
(1999), pLambert-Langlais et al. (2009), qMartinez et al. (2001), rDonohue et al. (1994), sSalabei et al. (2011), tRangasamy et al. (2004), uEndo et al. (2009b), vMacLeod
et al. (2010), wEndo et al. (2010b).

residue found at position 269 in the Akr1b14 protein is replaced
by an arginine residue. This may account for weaker activation
by bile acids. The authors suggested that bile acids could activate
Akr1b14/Akr1b7 when their blood concentrations were elevated.
As high concentrations of hydrophobic bile acids could induce cell
injury through several pathways, e.g., lipid peroxidation, activation
of Akr1b14 by bile acids may increase detoxification of the harmful
lipid peroxidation by-products, and contribute to the attenuation
of toxic effects of bile acids.

Because members of the AKR family (i.e., AKR1C4 and
AKR1D1) were shown to be involved in the bile acid synthe-
sis, Mangelsdorf ’s group hypothesized that FXR-inducible Akr1b7
could be involved in bile acid metabolism in the intestine (Schmidt
et al., 2011). They showed that Akr1b7 overexpression in heterol-
ogous HEK293 cells was associated with a reduction activity of
3-keto bile acids to their 3β-hydroxy derivatives, which are less
toxic than their 3α-hydroxy epimers. Altogether, these results sug-
gest a novel function for Akr1b7 in the detoxification of bile
acids.

Possible role in metabolic action of bile acids signaling (Figure 5).
In the liver, bile acids are able to influence glucose metabo-
lism by at least two mechanisms. First, conjugated bile acids
rapidly activate the insulin signaling pathway via Gαi protein-
coupled receptors or superoxide ions. In this aspect, they function
much like insulin through the AKT pathway to activate glyco-
gen synthase and repress neoglucogenic genes (Hylemon et al.,
2009). Importantly, bile acids also mediate another control on
liver metabolism through the transcriptional activation of the
gene encoding the small heterodimer partner (SHP) via a func-
tional FXRE in its promoter. The orphan receptor SHP can exert
inhibitory interactions with forkhead box O1 (FOXO1), C/EBPα,

and hepatocyte nuclear factor 4α transcription factors, known
to activate neoglucogenic genes (Yamagata et al., 2004). The
inhibitory control of bile acids on gluconeogenesis has also been
demonstrated in FXR null mice or with the treatment of dia-
betic animals with the FXR agonist GW4064 (Ma et al., 2006;
Zhang et al., 2006). SHP is also able to interact with LXR to
down-regulate the gene encoding SREBP-1c which is the pre-
dominant transactivator for genes encoding enzymes involved
in fatty acid, triglyceride, and VLDL biosynthesis (Horton et al.,
2002).

These observations led Ge et al. (2011) to investigate the impli-
cation of FXR target gene Akr1b7 in liver glucose and lipid metab-
olism using adenovirus-mediated Akr1b7 overexpression. Overex-
pression of hepatic Akr1b7 significantly reduced plasma glucose
levels. This was associated with reduced hepatic mRNA levels of
gluconeogenic genes encoding phosphoenolpyruvate carboxyki-
nase and glucose 6-phosphatase and of peroxisome proliferator-
activated receptor γ co-activator 1α, as well as markedly increased
hepatic SHP mRNA levels. Hepatic lipogenesis was also affected:
mRNA levels of SREBP-1c and several lipogenic genes including
Fas, diacylglycerol acyltransferase 2, cholesterol 7α-hydroxylase,
and the ATP binding cassette G5 were significantly reduced. Nev-
ertheless other FXR target genes such as the bile salt export
protein or the multi drug resistance 2 were not affected. This
excluded the hypothesis that FXR was activated through over-
expression of Akr1b7. Forced hepatic expression of Akr1b7 also
significantly lowered plasma glucose and hepatic triglyceride and
cholesterol levels in db/db mice. These results show that overex-
pression of Akr1b7 in the liver selectively down-regulates gluco-
neogenic and lipogenic gene expression, even though the molec-
ular mechanisms linking Akr1b7 to these metabolic changes are
not elucidated. Yet, we can speculate that up-regulation of the
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FIGURE 5 | Role of Akr1b7 in bile acids metabolism and signaling
pathway. Akr1b7 has the ability to reduce 3-keto bile acids to their less toxic
3β-hydroxy derivatives. In turn, bile acids can stimulate detoxification activity
of Akr1b7, enhancing its capacity to reduce carbonyl and 3-keto bile acids. In
addition to bile acids detoxification, Akr1b7 is also one of their target genes.
In liver and intestine, bile acids induce the FXR-dependent Akr1b7
transcription. The forced expression of Akr1b7 in mouse liver by the mean of

recombinant adenovirus results in the down-regulation of gluconeogenesis
and lipid metabolism. Mechanisms involved are not unravel yet but could rely
on the up-regulation of SHP expression. Increased SHP levels could in turn
repress both FOXO and LXR, leading to the inhibition of gluconeogenic genes
and lipogenic genes, respectively. The mechanism by which Akr1b7
accumulation modulates the SHP gene expression appears independent from
FXR and remains to be discovered (dashed lines).

receptor SHP upon Akr1b7 overexpression has a central role in

the coordinated repression of both gluconeogenic and lipogenic

metabolisms.

Unlike overexpression of Akr1b8/AKR1B10 that leads to

increased lipogenesis, overexpression of Akr1b7 in the liver

reduced hepatic lipid accumulation suggesting that in vivo
these closely related AKR1B proteins display non-overlapping

functions. The possibility that other AR (including AKR1B10)

endowed with 4-HNE reductase activity could modulate bile

acid metabolism under the control of FXR, LXR, or PXR,

remains to be determined. Transcripts for a novel murine ARLP

(Akr1b16) were recently described in the liver but expres-

sion of Akr1b16 has not been investigated in the small intes-

tine (Salabei et al., 2011). Moreover, mechanisms controlling

their expression in these tissues have not yet been eluci-

dated.
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Akr1b3/AKR1B1: altering (liver) metabolic capacity
Both Akr1b3 and AKR1B1 are ubiquitously expressed. Akr1b3
transcripts were detected in the liver and small intestine at similar
levels (Joshi et al., 2010). AKR1B1 messenger RNAs are found in
the liver and small intestine (Cao et al., 1998). Western blot analy-
ses confirmed AKR1B1 expression in the small intestine although
it was undetectable in the normal adult liver. However AKR1B1
expression could be induced by alcoholic cirrhosis (O’Connor
et al., 1999).

In diabetic mice, Akr1b3 is involved in glucose metabolism
in some tissues through its participation in the polyol path-
way. In response to chronic hyperglycemia, Akr1b3 catalyzes the
rate-limiting reduction of glucose into sorbitol which is in turn
converted into fructose by the sorbitol dehydrogenase (SDH).
Activation of this pathway is involved in the development and
progression of diabetic complications (Brownlee, 2001). Some
evidences suggest that it could also be implicated in lipid metab-
olism. First, diabetic patients exhibit elevated blood triglycerides
and non-esterified fatty acids and second, fructose-fed rats display
an elevation of blood triglycerides and a reduction of peroxisome
proliferator-activated receptor alpha (PPARα) activation (Roglans
et al., 2007). These data led Qiu et al. to investigate the effects of
hepatic activation of the Akr1b3/polyol pathway on lipid metab-
olism (Figure 6). In a murine hepatocyte cell line, overexpression
of Akr1b3 was able to suppress PPARα transcriptional activity
through extracellular signal-regulated kinase (ERK1/2)-mediated
inactivating phosphorylations on Ser-12 and Ser-21. This resulted

in decreased expression of genes involved in peroxisomal and
mitochondrial β-oxidation pathway. In addition, Akr1b3 is up-
regulated under high glucose concentrations in mouse hepatocyte
AML12 cells and in vivo in diabetic mice. The genetic ablation or
pharmacological inhibition of Akr1b3 in diabetic mice decreased
ERK1/2-dependent phosphorylation of PPARα and blood triglyc-
erides levels. In diabetic animals, SDH KO was accompanied by
a reduction of blood triglycerides. This study clearly indicated
that Akr1b3 and the polyol pathway sensed intracellular levels
of glucose and adjusted PPARα activity through its phosphory-
lation/dephosphorylation, which in turn affected cellular lipid
homeostasis (Qiu et al., 2008). In db/db mice, inhibition and
knock-down of Akr1b3 induced the decrease of both plasma and
liver triglycerides levels. Inhibition of Akr1b3 in db/db mice led
to an improvement of hepatosteatosis due to the up-regulation
of acetyl-coA oxidase and apolipoprotein A-V, two PPARα target
genes involved in lipid catabolism (Qiu et al., 2012). Mecha-
nisms by which Akr1b3 influences ERK-dependent inactivation
of PPARα remain to be established.

AKR1B1 is also involved in the polyol pathway. Therefore, the
relevance of these results in human remains to be determined.
However, studies using Akr1b3−/− mice or transgenic mice over-
expressing AKR1B1 revealed no abnormalities in either the liver
or small intestine (Yamaoka et al., 1995; Aida et al., 2000).

In addition to this possible implication in metabolism,AKR1B1
could be an actor of small intestine protection against electrophilic
carbonyls. Its expression is also induced in human colon cancer

FIGURE 6 | Role of Akr1b3 in hepatic lipid homeostasis. Diabetic
conditions (high glucose or high fructose) lead to Akr1b3 up-regulation and
Akr1b3-dependent ERK1/2 activation and are often associated to
dyslipidemia. The ERK1/2 mediated phosphorylation of PPARγ inhibits its

transcriptional activity resulting in down-regulation of β-oxidation master
genes. Impaired β-oxidation favors hepatic lipid accumulation and increases
blood triglycerides and non-esterified fatty acids (NEFA). The mechanism by
which Akr1b3 induces ERK1/2 phosphorylation is still unknown (dashed lines).
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cell lines SW-480 and HT-29, by proteasome inhibitors known to
induce Nrf2 expression (Ebert et al., 2011). Characterization of
Akr1b3 promoter has shown that Nrf2 could regulate its activity
through an antioxidant response element 1 (−953 to −945) and
an AP1 site (Nishinaka and Yabe-Nishimura, 2005). The arrange-
ment of these elements in the stress response region was conserved
between Akr1b3 and AKR1B1 promoters (Figure 3).

Moreover, in a similar way as AKR1B10, AKR1B1 displayed
enzymatic properties allowing protection of intestinal cells against
dietary electrophilic carbonyls. Indeed, AKR1B1 kinetic para-
meters are compatible with reduction of glutathione-conjugated
carbonyl compounds (Shen et al., 2011). Studies in healthy tis-
sues could allow a better understanding of AKR1B1 implication
in cytoprotection against oxidative damage.

AKR1B IN WHITE ADIPOSE TISSUE
For decades, adipose tissue was considered an inert mass of energy
storage in which adipocytes were unique in the quantity of lipid
that they can store during period of energy excess and mobi-
lize as free fatty acids when required. In fat pads, adipocytes are
intermingled with other cells including blood cells, endothelial
cells, adipose precursors of varying degree of differentiation, and
fibroblasts (Ailhaud et al., 1992). Adipose tissue plays a crucial
role in the regulation of energy homeostasis, insulin sensitiv-
ity, and lipid/carbohydrate metabolism. These actions are medi-
ated by both non-secreted proteins and hormones produced by
adipocytes. These adipokines have wide-ranging effect on energy
intake, energy expenditure, carbohydrate and lipid metabolism,
including nutrient partitioning, and fuel selection (Trayhurn and
Beattie, 2001; Fonseca-Alaniz et al., 2007; Vázquez-Vela et al.,
2008). White adipose tissue expansion takes place rapidly after
birth and it retains some plasticity throughout life (Frühbeck,
2008). Adipose precursors are able to differentiate in mature
adipocytes and acquire features of fully differentiated cells during
adipogenesis. Acquisition of the adipocyte phenotype is charac-
terized by chronological changes in the expression of numerous
genes. Studies on 3T3-L1 cells, a line of murine preadipocytes
that have the ability to accumulate lipids during their hormonal-
induced differentiation into adipocytes, have allowed identifica-
tion of C/EBPs and PPARγ as master regulators of adipogenesis
(Tontonoz et al., 1994; Wang et al., 1995; Tanaka et al., 1997;
Rosen et al., 1999). The earliest event of adipogenesis is the
transient induction of C/EBPβ and C/EBPδ expression, which in
turn induces PPARγ and C/EBPα expression (Tang et al., 2004).
This is followed by the synergic action of PPARγ and C/EBPα

that enhance the expression of several genes characterizing the
adipocyte phenotype along with massive triglyceride accumula-
tion (Wu et al., 1999). SCD1, phosphoenolpyruvate carboxykinase,
Fas, ACCA, malic enzyme, insulin receptor, adipocyte specific fatty
acid binding protein, leptin (Rosen and Spiegelman, 2000) are
some of the essential genes induced during terminal differentia-
tion of adipocytes. Adipogenesis is tightly regulated by a set of
pro- and anti-adipogenic factors including insulin, FGF, EGF, and
prostaglandins (Gregoire et al., 1998). Adipose tissue expansion is
resulting from adipocyte hyperplasia (generated by an increased
number of adipocytes) and/or hypertrophy (caused by an enlarge-
ment of adipocyte resulting from increased lipid accumulation).

Disruption of the mechanisms that control adipose tissue home-
ostasis can result in massive expansion of the tissue as exemplified
during development of obesity (Henry et al., 2012). One of the
most exciting challenges in the field of adipose tissue homeostasis
is to identify the key regulators of adipose tissue expansion, which
would allow a better understanding of the mechanisms involved
in the pathogenesis of adipose tissue disorders. Recent reports
based on functional studies and identification of novel enzymatic
properties suggest that some AKR1B enzymes can regulate adipose
tissue homeostasis.

Akr1b7: a negative regulator of adipose expansion
Until 2003, there was no mention of AR expression in white adi-
pose tissue. In a transcriptomic study, Moraes et al. reported for
the first time the detection of Akr1b7 mRNA in mouse white
adipose tissue. In this study, the authors highlighted a decrease
in Akr1b7 expression in abdominal white fat tissue from diet-
induced obese mice when compared with mice fed a standard diet
(Moraes et al., 2003). This decrease reflected either the down-
regulation of Akr1b7 gene expression level per cell or the lower
proportion of cells expressing the gene. Indeed, Akr1b7 expres-
sion appeared to vary depending on the location of white adipose
depots and was found enriched in the stromal vascular fraction
(containing adipocyte progenitors) whereas it was virtually absent
from mature adipocytes (Tirard et al., 2007). Accordingly, Akr1b7
expression decreased during adipogenic differentiation of pri-
mary preadipocytes from the stromal vascular fraction and was
detectable in the 3T3-L1 preadipocyte cell line.

The transcription factor SF-1, an essential regulator of Akr1b7
expression in the adrenal cortex is absent from adipose tissue.
Instead, adipocyte precursors express liver receptor homolog-1
(LRH-1; Clyne et al., 2002), a nuclear receptor that also binds
to SF-1 regulatory elements and can substitute for SF-1 in tis-
sues where it is not expressed (Sirianni et al., 2002). Consistent
with decreased expression of Akr1b7 during adipogenesis, LRH-1
expression is rapidly down-regulated during adipocyte differen-
tiation (Clyne et al., 2002). We thus evaluated the possibility
that LRH-1 stimulated Akr1b7 promoter activity in preadipocytes.
Indeed, in co-transfection experiments in 3T3-L1 preadipocytes,
LRH-1 induced Akr1b7 promoter through the SF-1 binding site at
−458 (unpublished observations). Therefore, the dynamic expres-
sion profile of LRH-1 may account for expression of Akr1b7 in the
preadipocytes-enriched stromal fraction (stromal vascular frac-
tion) of various fat depots and its transitory expression in the
early differentiation steps of 3T3-L1 cells.

Overexpression of Akr1b7 in 3T3-L1 preadipocytes prevented
lipid droplets accumulation during adipogenic differentiation. In
contrast, knock-down of Akr1b7 accelerated differentiation and
lipid accumulation in 3T3-L1 cells. These results allowed us to
demonstrate that Akr1b7 is a negative regulator of adipogenesis
in vitro, which prevents differentiation by reducing lipid stor-
age (Tirard et al., 2007). The mechanisms through which Akr1b7
inhibits adipocyte differentiation in vivo were recently unraveled
by our group using Akr1b7−/− mice. These will be discussed below.

Akr1b7 has two different enzymatic activities that could poten-
tially be involved in the regulation of white adipose tissue home-
ostasis. First, just like Akr1b3, Akr1b7 is endowed with PGFS
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activity allowing synthesis of PGF2α, a potent inhibitor of adi-

pogenesis (Serrero et al., 1992; Kabututu et al., 2009). Indeed,

PGF2α is able to inhibit differentiation of 3T3-L1 into adipocytes,

through binding to the FP receptor. Activation of FP recep-

tor in turn blocks PPARγ and C/EBPα expression through a

Gαq-calcium-calcineurin-dependent signaling pathway (Liu and

Clipstone, 2007). PGF2α was also shown to block adipogenesis

through activation of mitogen-activated protein kinase, result-

ing in inhibitory phosphorylation of PPARγ (Reginato et al.,

1998). Second, Akr1b7 reduces 4-HNE, the accumulation of

which is known to induce an excessive development of adi-

pose tissue through adipocytes hypertrophy. Detailed analysis of

Akr1b7−/−
mice allowed us to show that Akr1b7 behaved as an

anti-adipogenic factor limiting white adipose tissue expansion,

essentially through the regulation of PGF2α levels in vivo (Volat

et al., 2012; Figure 7).

Akr1b7−/−
mice displayed excessive basal adiposity resulting

from both adipocyte hyperplasia and hypertrophy. They further

exhibited increased sensitivity to diet-induced obesity. Following

adipose enlargement and irrespective of the diet, they developed

liver steatosis and progressive insulin-resistance. Akr1b7 loss was

associated with decreased PGF2α white adipose tissue contents.

Cloprostenol (a PGF2α agonist) administration in Akr1b7−/−
mice

normalized white adipose tissue expansion by altering both de novo
adipocyte differentiation and size. Treatment of 3T3-L1 adipocytes

and Akr1b7−/−
mice with cloprostenol suggested that decreased

adipocyte size resulted from inhibition of lipogenic gene expres-

sion. Hence, Akr1b7 is a major regulator of white adipose tissue

development through at least two PGF2α-dependent mechanisms:

inhibition of adipogenesis and lipogenesis (Volat et al., 2012).

Akr1b8/AKR1B10
Although we showed that Akr1b8 is devoid of PGH2 9-,11-

endoperoxide reductase activity (Kabututu et al., 2009), QTL

mapping allowed identification of Akr1b8 as a possible regula-

tor of adiposity in mouse (Derry et al., 2010). Akr1b8−/−
male

mice had a tendency to be fatter than their wild-type littermates,

under both standard and high fat diets. This was particularly obvi-

ous for the gonadal fat pad. Under high fat diet, Akr1b8−/−
mice

also displayed higher serum cholesterol than their wild-type lit-

termates. The mechanisms involving Akr1b8 in the regulation

of white adipose tissue homeostasis remain completely unknown

and are not necessarily resulting from expression of the gene in

the adipose tissue. Indeed, we were unable to detect significant

Akr1b8 protein expression in various adipose depots in mouse

(Volat et al., 2012). Although we cannot exclude that Akr1b8 could

be expressed in variable amounts depending on the mouse genetic

background and the location of fat pads, it should be consid-

ered that the effect of Akr1b8 ablation could be indirect. Thus

the involvement of Akr1b8 in adipose tissue homeostasis should

be carefully examined with respect to its expression sites and

enzymatic activities.

AKR1B10 expression in the adipose tissue has not yet been

determined. Because AKR1B10 and Akr1b8 are not only detoxify-

ing enzymes but also affect de novo fatty acids synthesis in cancer

cells, it would be interesting to determine if and which of the

FIGURE 7 | Role of Akr1b7 in adipose tissue homeostasis. In
preadipocytes, arachidonic acid (AA) is metabolized into PGH2 by COX and is
further converted into PGF2α by the PGFS activity of Akr1b7. PGF2α is
supposed to mediate an autocrine activation of FP receptors on

preadipocytes that inhibits their differentiation into adipocytes. In addition,
PGF2α inhibits lipogenesis in mature adipocytes. Accordingly, altered
production of PGF2α in Akr1b7−/− mice leads to an expansion of adipose
tissue due to both hyperplasia and hypertrophy of adipocytes.
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enzymatic activities of AKR1B10 could be involved in adipose tis-
sue homeostasis (Ma et al., 2008; Wang et al., 2009; Joshi et al.,
2010).

Akr1b3/AKR1B1
Akr1b3 is expressed in undifferentiated 3T3-L1 preadipocytes and
during the early phase of their differentiation. Akr1b3 can syn-
thesize PGF2α in 3T3-L1 cells, which inhibits their differentiation
through stimulation of the FP receptor (Fujimori et al., 2010).

In addition to their PGF2α synthase activity, Akr1b3 and
AKR1B1 also catalyze the isomerization of PGH2 to PGD2 (Nagata
et al., 2011). The impact of PGD2 on white adipose tissue home-
ostasis is still very disputed. Indeed, lipocalin-type prostaglandin
D synthase (L-PGDS−/−) mice show hypertrophy of adipocytes
(Ragolia et al., 2005). In contrast, the knock-down of L-PGDS
decreases lipid accumulation in 3T3-L1 cells (Fujimori et al.,
2007). In agreement with these observations, transgenic mice over-
expressing (human hematopoietic-type prostaglandin D synthase
(H-PGDS) overproduce PGD2 and show signs of obesity and pro-
nounced adipogenesis on a high fat diet (Fujitani et al., 2010).
These investigations suggest that PGD2 promotes adipogenesis
in vivo.

Because of its involvement in the synthesis of PGF2α and PGD2,
the involvement of Akr1b3 in white adipose tissue physiology may
result from a balance between both enzymatic activities. However
the relevance of these data has not yet been studied in vivo. Indeed,
no defect in adipose tissue homeostasis have been reported in
Akr1b3−/− mice and the prostaglandin contents of their fat depots
have not been analyzed (Aida et al., 2000; Ho et al., 2000).

Although the murine AR Akr1b3 could potentially participate
in the homeostatic maintenance of adipose tissue, there is no avail-
able information about its human ortholog AKR1B1. Previous
studies using transgenic mice with constitutive overexpression of
AKR1B1 did not report any effect on adipose tissue (Yamaoka et al.,
1995). On the basis of its enzymatic properties (PGF2α and PGD2
synthesis and reduction of 4-HNE), AKR1B1 could be considered
as a potential actor of adipose tissue physiology (Kabututu et al.,

2009; Nagata et al., 2011; Shen et al., 2011). However its expression
pattern in human fat depots remains to be determined.

CONCLUSIVE REMARKS

Understanding physiological functions of AKR1B/Akr1b enzymes
is a really challenging task. In that regard, review of the litera-
ture highlights the marked contrast between the abundance of
enzymatic data and the small number of reports dedicated to func-
tional studies in a physiological context. The main reason for this
discrepancy is likely to be rooted in the functional redundancy
resulting from the obvious structure conservation of the mem-
bers of this enzyme family. Moreover, Akr1b genes being tandemly
arranged on a same chromosome, classical genetic approaches to
study multigene families that consist in combining KO models for
each isoforms to obtain double or triple mutant mice are almost
impossible to setup. Thus, alternative approaches to genetically
disrupt Akr1b in various combinations and locations are manda-
tory to advance our understanding of their functions. Nuclease
targeted invalidation or RNA interference approaches combined
to existing KO models could present as valuable options.

Gain/loss-of-function models available for the Akr1b7 isoform
revealed its implication in metabolic function and adipose tissue
homeostasis. Beside the widely accepted idea that Akr1b are detox-
ification enzymes, several teams have now provided functional
demonstration that some isoforms are endowed with the capacity
to produce directly (prostaglandins) or indirectly (fatty acids) sig-
nal molecules. We think that further exploration of the functions
of AKR1B/Akr1b enzymes must now take this dual potentiality
into account.
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Depressed Levels of Prostaglandin F2a in Mice Lacking
Akr1b7 Increase Basal Adiposity and Predispose to
Diet-Induced Obesity
Fanny E. Volat,1 Jean-Christophe Pointud,1 Emilie Pastel,1 Béatrice Morio,2 Benoit Sion,3

Ghislaine Hamard,4 Michel Guichardant,5 Romain Colas,5 Anne-Marie Lefrançois-Martinez,1 and
Antoine Martinez1

Negative regulators of white adipose tissue (WAT) expansion are
poorly documented in vivo. Prostaglandin F2a (PGF2a) is a potent
antiadipogenic factor in cultured preadipocytes, but evidence for its
involvement in physiological context is lacking. We previously
reported that Akr1b7, an aldo-keto reductase enriched in adipose
stromal vascular fraction but absent from mature adipocytes, has
antiadipogenic properties possibly supported by PGF2a synthase ac-
tivity. To test whether lack of Akr1b7 could influence WAT homeo-
stasis in vivo, we generated Akr1b72/2 mice in 129/Sv background.
Akr1b72/2 mice displayed excessive basal adiposity resulting from
adipocyte hyperplasia/hypertrophy and exhibited greater sensitivity
to diet-induced obesity. Following adipose enlargement and irrespec-
tive of the diet, they developed liver steatosis and progressive insulin
resistance. Akr1b7 loss was associated with decreased PGF2a WAT
contents. Cloprostenol (PGF2a agonist) administration to Akr1b72/2

mice normalized WAT expansion by affecting both de novo adipo-
cyte differentiation and size. Treatment of 3T3-L1 adipocytes and
Akr1b72/2 mice with cloprostenol suggested that decreased adi-
pocyte size resulted from inhibition of lipogenic gene expression.
Hence, Akr1b7 is a major regulator of WAT development through
at least two PGF2a-dependent mechanisms: inhibition of adipogen-
esis and lipogenesis. These findings provide molecular rationale to
explore the status of aldo-keto reductases in dysregulations of
adipose tissue homeostasis.

Obesity is the result of genetic predisposition and
environmental factors that confer an imbalance
between energy intake and energy expenditure
(1). Resulting energy excess is stored as

triglycerides in white adipose tissue (WAT). Adult obesity
is typically characterized by adipocyte hypertrophy when

triglyceride synthesis exceeds breakdown (lipolysis). How-
ever, a concomitant adipocyte hyperplasia may also occur
as a result of increased recruitment and differentiation of
precursor cells (adipogenesis) (2,3).

In addition to its role in energy storage, WAT is also
a highly active metabolic and endocrine organ that regu-
lates energy homeostasis by secreting a variety of adipo-
kines (4). These factors may act at local (auto/paracrine)
or systemic (endocrine) levels and enable WAT to modu-
late its own metabolic activities or that of other tissues. So,
excess or deficiency of adipose tissue may generate met-
abolic disorders such as liver steatosis, insulin resistance,
type 2 diabetes, and cardiovascular diseases.

The use of well-characterized preadipocyte cell lines,
3T3-L1 or 3T3-F442A, allowed us to draw a network of
transcription factors regulating differentiation of fibroblast-
like preadipocytes to lipid-loaded adipocytes (5,6). Per-
oxisome proliferator-activated receptor g and CCAAT/
enhancer-binding proteins emerged as master regulators of
the transcriptional cascade that drives adipogenesis (7,8).
Expression and activity of these transcriptional factors are
controlled by various upstream stimuli (hormonal, para-
crine, or nutritional), leading to the regulation of adipocyte-
specific genes. Therefore, study of the balance between
negative and positive regulators of adipogenesis is essen-
tial for understanding the early mechanisms involved in
the establishment of obesity.

Prostaglandins (PG) are lipid paracrine mediators that
were shown to play opposite and sometimes conflicting
actions on cultured adipocytes. Therefore, until the recent
development of genetically engineered mice models, their
physiological importance in adipose tissue homeostasis
remained unclear. PGE2 and PGD2/PGJ2 were shown to
promote adiposity in mice through inhibition of lipolysis and
induction of adipogenesis, respectively (9–11). By contrast,
PGF2a is a potent inhibitor of adipocyte differentiation in
vitro (12–14). PGF2a, via its PGF (FP) receptor, activates
downstream signaling pathways involving mitogen-activated
protein kinase and/or calcineurin. This leads to inhibition
of expression or activity of the proadipogenic transcription
factors peroxisome proliferator-activated receptor g and
CCAAT/enhancer-binding protein a (12,15,16). Although the
molecular action of PGF2a has been well-described in cell
cultures, its role in adipose tissue homeostasis in vivo has
not been elucidated so far as the PGF synthases (PGFS)
responsible for its production were only recently identified.

Indeed, we showed that some aldo-keto reductase 1B
(AKR1B) members exhibited PGFS activity in vitro. Hu-
man AKR1B1 and murine Akr1b3 and Akr1b7 catalyze
the synthesis of PGF2a from its precursor PGH2 through
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their 9,11-endoperoxide reductase activity (17). Although
a recent study indicated that the PGFS activity of Akr1b3
can influence adipogenesis in 3T3-L1 cells (18), no defect
in adipose tissue homeostasis was reported in Akr1b3-
deficient mice (19). Contrasting with the ubiquitous
Akr1b3 protein, Akr1b7 isoform is expressed in a re-
stricted set of tissues (i.e., adrenal glands, reproductive
organs, and intestine) (20–23) and was found more re-
cently in the adipose tissue (24). Interestingly, in fat
depots, Akr1b7 expression is limited to the preadipocyte-
enriched stromal fraction and downregulated during the
differentiation into adipocytes (24). Consistently, over-
expression of Akr1b7 in 3T3-L1 preadipocytes inhibits
their differentiation, whereas Akr1b7 knockdown accel-
erates the adipogenic program. All of these data show
that Akr1b7 exerts an antiadipogenic action in cell cul-
ture, although the mechanisms involved and the potential
role of its PGFS activity remain to be established. We
recently demonstrated that Akr1b7 is able to regulate the
stress-induced response of adrenal gland by generating
a PGF2a signal in vivo (25). Hence, we hypothesized that
the enrichment of Akr1b7 in the adipose stromal fraction
could have a key role in preventing adiposity in vivo by
controlling PGF2a content. To firmly demonstrate the
antiadipogenic action of Akr1b7 and the possible in-
volvement of PGF2a in this process, we generated
Akr1b72/2 mice and characterized their phenotype under
standard or obesogenic diet conditions. We report that ab-
lation of Akr1b7 increases adiposity under regular diet and
decreases metabolic rate. This predisposes mice to develop
severe obesity under a high-fat diet (HFD). These pheno-
types result from deregulation of both adipogenesis and li-
pogenesis through a PGF2a-dependent mechanism.

RESEARCH DESIGN AND METHODS
Generation of Akr1b7-null mice. Akr1b7 genomic vector was created using
PCR-amplified fragments from a phage l genomic clone containing the whole
Akr1b7 gene. The targeted construct was generated by inserting hygromycine
resistance cassette flanked by two loxP sites and a third loxP to flank exons
4–6 (Fig. 1A). The 11-kb targeting fragment was linearized and electroporated
into 129/Sv embryonic stem cells. Hygromycine-resistant clones were
screened for homologous recombination by Southern blot of HindIII-digested
DNA with the 59 untranslated region probe of the Akr1b7 gene. Chimeric
males, obtained by microinjecting positive clones into C57BL/6J blastocysts,
were crossed with 129/Sv wild-type (WT) females to screen for germline
transmission. Homozygous animals for Akr1b7flox-hygro allele were crossed
with mice of the MeuCre40 transgenic line (26) to obtain recombination be-
tween loxP1 and loxP3 sites. Mosaic animals containing the Akr1b7-null allele
lacking exons 4–6 were detected by Southern blotting. They were crossed with
129/Sv WT animals to generate Akr1b7+/2 mice. Details on vector construction
or genotyping are available on request. Akr1b72/2 mice were born viable at
Mendelian frequency and showed no defects in reproductive functions as
reported for a previous model of Akr1b7 knockout (KO) mice (27).
Mice, diet, and treatments. All animal studies were approved by the
Auvergne Ethics committee and conducted in agreement with international
standards for animal welfare. WT andmutant littermate (KO) males were fed ad
libitum a standard diet (Harlan Diet) or a high-fat diet (HFD) (63% kcal fat, 19%
kcal carbohydrate, and 18% protein) (U8954, Safe) for either 12 or 5 weeks,
respectively. Food intake was measured daily over a 6-day period. For phe-
notypic rescue studies, Akr1b7-null mice were intraperitoneally injected daily
with vehicle PBS or cloprostenol (0.1 mg/g/day; Sigma-Aldrich) throughout the
duration of HFD protocols. Mice were killed by decapitation, and truncal
blood was collected.
Ambulatory activity. Ambulatory activity of 3-, 9-, and 18-month-old mice was
recorded with the Activiwheel software (IntelliBio). Mice were housed in-
dividually in cages containing an activity wheel (IntelliBio). The recordings of
locomotor activity were performed at least on six mice of each genotype. Two
recordings of 24 h were performed per mouse.
Indirect calorimetry. Respiratory gas exchanges were measured continu-
ously using whole-body calorimetric chambers (TSE Systems, Bad Homburg

v.d.h., Germany). Energy expenditure was calculated using Weir’s equation
(28). Respiratory quotient was calculated from the ratio between CO2 pro-
duction and O2 consumption.
Culture of 3T3-L1 cells. 3T3-L1 preadipocytes were induced to differentiate
as previously described (24).
Gene expression. RNAs were isolated from mouse tissues or 3T3-L1 cells
using TRIzol reagent (Invitrogen), and cDNAs were synthesized with M-MLV
reverse transcriptase (Promega). Gene expression was assessed by real-time
quantitative PCR (RTqPCR) using TaqMan probes and PCR Mastermix (Applied
Biosystems) or SYBR green and standard primers (Supplementary Table 1).
Each reaction was performed in triplicate, quantification was performed by
the DDCt method, and relative gene expression was normalized to peptidyl-
prolyl isomerase B levels (ppib). The following TaqMan probes were used:
Scd1 Mm01197142_m1; Fasn Mm01253292_m1; Acaca Mm01304257_m1;
Akr1b3 Mm01135578_g1; and Ppib Mm00478295_m1.
Plasma and intratissular metabolites. Blood samples were collected after
an overnight fasting. Insulin/leptin and adiponectin/resistin (Thermo Fisher
Scientific) levels were measured by ELISA kits (BioVendor, Assaypro; both
Thermo Fisher Scientific). Plasma concentration of cholesterol, triglycerides
(Thermo Fisher Scientific), glycerol, and free fatty acids (Randox) were de-
termined using commercial kits. For intratissular lipids assays, lipids were
extracted from livers as previously described (29).
Histology and in vivo bromodeoxyuridine labeling studies. WAT were
fixed in 4% paraformaldehyde and embedded in paraffin. Sections (7 mm) were
stained with hematoxylin/eosin and images captured for determination of cell
surface with ImageJ software (National Institutes of Health). Livers were fixed
in 4% paraformaldehyde and cryoprotected in sucrose overnight before 280°C
OCT freezing. The 10-mm cryosections were performed at 216°C before Oil
Red O staining.

Bromodeoxyuridine (BrdU) was administered to 16-week-old mice by in-
traperitoneal injection (50 mg/kg) every second day of the last 3 weeks of the 5-
week HFD protocol. BrdU labeling was detected on WAT paraffin sections.
Deparaffinized sections were incubated 25 min at 95°C in unmasking solution
(sodium citrate buffer 10 mmol/L, pH 6, Tween 0.05%) before incubation with
1:50 dilution of mouse anti-BrdU antibody (Roche) revealed by goat anti-
mouse Alexa 555 at 1:1000 (Molecular Probes). Sections were then incubated
with Hoechst (Sigma-Aldrich), mounted in PBS-glycerol, and photographed on
Zeiss LSM 510 Meta Confocal microscope (Carl Zeiss).
Immunoblotting. Proteins (20–40 mg) were loaded on SDS-PAGE, transferred
onto nitrocellulose, and detected with the following antibodies: rabbit anti-
Akr1b7 (L4; 1:5,000), rabbit anti-Akr1b3 (L5; 1:2,000), rabbit anti-Akr1b8 (L7;
1:2,000) (25), rabbit anti-Akt (Cell Signaling Technology; 1:1,000), rabbit anti–
p-Akt ser473 (Epitomics; 1:3,000), rabbit anti-FP receptor (Cayman Chemical;
1:500), mouse anti–Srebp-1 (Thermo Scientific; 1:200), rabbit anti–b-actin
(Sigma-Aldrich; 1:5,000), or mouse anti–b-tubulin (Sigma-Aldrich; 1:1,000).
Glucose and insulin tolerance tests. These tests were performed on 14- and
5-h fasted mice, respectively. Blood glucose concentration was measured from
the tail vein at 0, 15, 30, 60, 90, and 120 min after intraperitoneal injection of
glucose (2 g/kg body weight) or insulin (0.75 units/kg body weight) (Novo
Nordisk).
Insulin signaling. Mice were placed in conditions of insulin tolerance test.
WAT, liver, and muscle were collected 10 min after insulin injection. Insulin-
stimulated phosphorylation of Akt on Ser473 was analyzed by immunoblotting.
Signals were quantified with Quantity One software (Bio-Rad).
Quantification of PGs in WAT. Quantification of PGF2a, PGE2, and PGD2

was performed on WAT from 5-week-old mice. Deuterated standards (10 ng of
d4-PGF2a, d4-PGE2, and d4-PGD2 from Cayman Chemical) were added to
homogenized tissue samples. Extraction and derivatization to obtain products
of interest were performed as previously described (25). Quantification was
performed after analysis of unlabeled and deuterated PGs by gas chroma-
tography–mass spectrometry (Agilent Technologies).
Statistical analysis. Results are expressed as means 6 SD. Statistical sig-
nificance of differences between experimental groups was assessed using
tests specified in figure legends.

RESULTS

Generation of Akr1b72/2 mice. The strategy to generate
Akr1b72/2 mice is depicted in Fig. 1A–C. In WT mice,
Akr1b7 was strongly detected in the adrenal gland and to
a lesser extent in WAT. In contrast, it was undetectable in
brown adipose tissue (BAT), muscle, or liver (Fig. 1D).
Absence of Akr1b7 signal in KO tissues confirmed complete
inactivation of the Akr1b7 gene. Mouse also expresses two
other members of Akr1b family, Akr1b3 and Akr1b8,
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but their expression pattern in adipose tissue has never
been characterized. Using specific antibodies (25), we
showed that Akr1b3 was expressed in all tissues tested,
whereas Akr1b8 was absent from all adipose depots and
muscle but abundant in adrenal and liver. Importantly, ac-
cumulation of both Akr1b3 and Akr1b8 isoforms was not
upregulated in Akr1b72/2 tissues.
Akr1b7 ablation results in increased adipogenesis
and lipogenesis. Under standard diet, Akr1b72/2 mice
gained weight faster than WT mice starting at 7 to 8 weeks.
This difference was exacerbated with time (Fig. 2A). Six-
month-old Akr1b72/2 mice exhibited a significant excess
of major WAT depots, such as gonadal, peri-adrenal, and
inguinal WAT (Fig. 2B) and an increased liver mass. In
contrast, weight of other organs including heart, kidney,
and testis was not affected. Therefore, lack of Akr1b7 led
to a significant overweight, correlated with expansion of
WAT. This was confirmed by higher plasma leptin levels in
KO mice (Table 1). In contrast, there was no alteration of
adiponectin or resistin levels (Table 1).

Measurement of cross-sectional areas of adipocytes re-
vealed clear adipocyte hypertrophy in all Akr1b72/2 white
adipose depots compared with WT (Fig. 2C). In agreement
with this observation, mRNA levels of the lipogenic genes
Scd1 and Fasnwere found increased in mutant gonadal WAT
(Fig. 2D), suggesting enhancement of the lipogenic capacity,
although no change was recorded for expression of Srebp-1c
and genes related to triglyceride synthesis. In addition, the
DNA content of the fat depots was significantly higher in
Akr1b72/2 than in WT mice, demonstrating increased cellu-
larity (Fig. 2E). Altogether, these results suggest that under
standard diet, deletion of Akr1b7 leads to expansion of adi-
pose tissue, which may be the result of improvement of both
lipid storage, leading to adipocyte hypertrophy and adipo-
genesis, which leads to adipocyte hyperplasia.

The increased adiposity of Akr1b72/2 mice relative to
their WT counterparts was not attributable to differences in
food consumption and ambulatory activity. Indirect calo-
rimetry revealed that Akr1b72/2 mice exhibited decreased
energy expenditure (1.5106 0.055 vs. 1.3586 0.025 kJ/24 h/g)

FIG. 1. Generation of Akr1b7 KO mice. A: Genomic organization of the Akr1b7 WT allele (top). Akr1b7 exons are represented by black boxes.
The 59 probe used for the genotyping analyses is indicated by a gray bar. Genomic organization of the Akr1b7 recombined allele (or triloxP
conditional allele Akr1b7flox-hygro) after homologous recombination of the targeting construct (middle). Genomic organization of the Akr1b7-
null allele obtained after breeding of Akr1b7flox-hygro homozygous females with MeuCre40 males (26) (bottom). Homologous recombination of
the targeting construct and Cre-mediated recombination events between loxP1 and loxP3 sites, generating an Akr1b7-null allele, were screened
by Southern blotting. B: Southern blot analysis of the homologous recombination of the targeting construct. The 59 probe revealed an 11-kb
HindIII (H in A) fragment corresponding to the WT allele and a 9.3-kb HindIII fragment corresponding to the recombined allele (Akr1b7flox-hygro).
Lanes 2 and 3: WT mice (+/+). Lanes 1 and 4: heterozygous floxed mice (lox/+). C: Southern blot analysis for the Akr1b7-null allele. After Cre-
mediated loxP recombination, mosaic animals containing the Akr1b7-null allele were crossed with WT animals to generate Akr1b7+/2 mice. The
59 probe revealed a 7.7-kb HindIII fragment corresponding to the null allele. Lanes 2 and 3: WT mice (+/+). Lanes 1 and 4: Akr1b7+/2 mice (+/2).
D: Western blot analysis of Akr1b isoforms expression in different tissues from Akr1b7+/+ (WT) and Akr1b72/2 (KO) mice. gon., gonadal; peri-ad.,
periadrenal.
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and respiratory exchange ratio (0.91 6 0.02 vs. 0.86 6 0.02)
(Supplementary Fig. 1). These data indicate that Akr1b72/2

mice have a lower metabolic rate and a switch to relatively
more fat oxidation.

Lack of Akr1b7 predisposes to diet-induced obesity.
To test whether lack of Akr1b7 gene could predispose
to diet-induced obesity, we fed 5-week-old WT and KO
mice with an HFD for 12 weeks and monitored growth.

FIG. 2. Akr1b7 ablation leads to an excess of adipose tissue. A: Body weight of WT and Akr1b72/2 mice (KO) fed with a standard diet (n = 10–12/
genotype). *P < 0.05, **P < 0.01, ***P < 0.001 using two-way ANOVA and Bonferroni posttest. B: Relative weight of major adipose tissue depots
and other organs as a percentage of body weight from 6-month-old KO and WT mice (n = 6 to 7/group). C: Representative pictures showing mi-
croscopic hematoxylin/eosin-stained sections of gonadal adipose tissue (top panel) and area of adipocytes measured from paraffin sections of
major adipose depots from 6-month-old KO and WT mice (bottom panel) (n = 4/group). D: Scd1 is upregulated in WAT of Akr1b7 null mice. Scd1,
Fasn, Acc1, and Srebp-1c (lipogenesis) and Dgat1, Dgat2, and Gpat (triglyceride synthesis) gene expression were analyzed by RTqPCR on mRNAs
from WAT of 6-month-old Akr1b7 KO and WT mice. Bars represent the mean relative quantification (KO versus WT) of at least seven individual
mice 6 SD. E: Total DNA content in perigonadal and inguinal white fat pads from 6-month-old KO and WT mice (n = 7/group). gon., gonadal; ing,
inguinal; peri-ad., periadrenal. *P< 0.05, **P< 0.01, ***P< 0.005, §P = 0.07 using Student t test. (A high-quality color representation of this figure
is available in the online issue.)
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In contrast with WT HFD mice, Akr1b72/2 HFD mice
gained weight rapidly and became obese. This was as-
sociated with a fivefold increase in plasma leptin levels
and reduced food intake (Fig. 3). The exacerbated obese
phenotype observed in Akr1b72/2 mice fed with an HFD
compared with regular diet was accompanied by a marked
increase in plasma levels of triglycerides, glycerol, and
free fatty acids, which remained unchanged under a
standard diet (Tables 1 and 2). We concluded that lack
of Akr1b7 predisposed mice to develop severe obesity
on an HFD.
Akr1b72/2 mice display liver steatosis and progressive
insulin resistance. Oil Red O staining and triglycerides
assays revealed that Akr1b72/2 liver accumulated a large
amount of lipid droplets and contained twice as many tri-
glycerides than WT (Supplementary Fig. 2A), confirming
that Akr1b72/2 mice fed with a standard diet developed
liver steatosis from 6 months of age.

To determine the respective roles of WAT lipolysis and
liver lipogenesis in steatosis, plasmatic pools of lipids were
measured, and mRNAs of genes involved in lipid and glu-
cose metabolism were quantified in the liver. Compared with
WT mice, Akr1b72/2 mice showed unchanged fasted
plasma levels of free fatty acids and glycerol (Table 1),
suggesting that lack of Akr1b7 did not increase basal WAT
lipolysis. In contrast, the significant increase in Scd1

expression in the liver of KO mice was correlated to the
presence of steatosis (Supplementary Fig. 2B). However,
this link remains unclear because expression of upstream
lipogenic genes and triglyceride synthesis genes was un-
changed. Finally, mRNA expression of genes related to
b-oxidation and gluconeogenesis was unaltered in mutant
mice.

Excess of adipose tissue and liver steatosis are fre-
quently associated with altered glucose homeostasis and
insulin resistance. Although fasting plasma glucose tended
to be more elevated in 6-month-old Akr1b72/2 than in WT
mice (Fig. 4A, right), both exhibited similar responses to
the glucose tolerance test (Fig. 4A, left). However,
Akr1b72/2 mice showed an attenuated response to insulin
during the insulin tolerance test (Fig. 4B, left). The absence
of significant fasted hyperglycemia in Akr1b72/2 mice
along with basal hyperinsulinemia (Fig. 4B, right) suggest
a resistance to the insulin-mediated action on hepatic
glucose output.

To examine time-dependent changes in insulin sensitiv-
ity, we quantified Akt phosphorylation on Ser473 in re-
sponse to insulin surge in peripheral tissues of 3-, 6-, and
9-month-old mutant and WT mice. Insulin-induced Akt
phosphorylation remained unchanged in muscle, liver, or
WAT of 3-month-old Akr1b72/2 mice (Fig. 4C) in agree-
ment with their normal response to the insulin tolerance

TABLE 1
Plasma parameters of 24-week-old WT and Akr1b7-null mice

Variables
Standard diet

P value*WT n Akr1b72/2 n

Blood metabolites
Triglycerides (g/L) 1.04 6 0.1 14 1.07 6 0.2 14 0.65
Cholesterol (g/L) 1.22 6 0.2 14 1.18 6 0.3 14 0.65
Free fatty acid (mmol/L) 0.93 6 0.2 14 0.97 6 0.3 14 0.73
Glycerol (mmol/L) 346 6 62 14 365 6 70 14 0.46
Glucocorticoid (ng/mL) 31.4 6 17 5 37.1 6 14 5 0.6

Adipokines
Leptin (ng/mL) 6.70 6 2.1 6 10.34 6 2.3 6 0.04†
Adiponectin (ng/mL) 9.94 6 2.3 6 11.11 6 2.9 6 0.46
Resistin (ng/mL) 1.08 6 0.1 6 1.15 6 0.2 6 0.51

*P values are the results of nonpaired Student t test. †P # 0.05.

FIG. 3. Akr1b72/2 mice are more sensitive to diet-induced obesity. A: Body weight gain of WT and Akr1b72/2 mice fed with HFD. *P < 0.05, **P <
0.01, ***P < 0.001 using two-way ANOVA and Bonferroni posttest. B: Plasma leptin levels of 17-week-old WT and Akr1b72/2 mice fed with HFD.
C: Food intake measured at 16 weeks of age every day over a 6-day period during HFD. n = 6 to 7/group for each experiment. *P < 0.05 using
Student t test.
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test (not shown). In contrast, insulin-dependent Ser473
phosphorylation was reduced by 42% in liver from mutant
mice of 6 months of age, whereas both muscle and WAT
retained normal insulin response. Finally, Akt phosphory-
lation was reduced by at least 40% in all three tissues from
9-month-old mutant mice (Fig. 4C). Thus, whole-body in-
sulin resistance observed in mutant mice of 6 months of
age is at least linked to a defect in insulin-induced Akt
phosphorylation in liver. In these mice, unaffected insulin
responsiveness in other peripheral tissues implies normal
muscle (and WAT) glucose disposal and likely explains the
unaffected postchallenge glucose levels (Fig. 4A). Impor-
tantly, progressive insulin resistance of Akr1b72/2 mice
occurs from the age of 6 months secondarily to estab-
lishment of the overweight phenotype.

Expansion of Akr1b72/2 adipose tissue is linked to
decreased PGF2a levels. Our observations suggest that
Akr1b7 is acting on adipose tissue by regulating both adi-
pocyte differentiation and lipogenesis. We previously
showed that Akr1b7 is endowed with a PGFS activity both
in vitro and in living cells (17,25). When we compared the
levels of various PGs in adipose tissue from Akr1b72/2 and
WT mice (Fig. 5A), we found that PGF2a contents were
specifically reduced by 45% in Akr1b7-deficient adipose
tissue, whereas PGE2 and PGD2 were unaltered. Impor-
tantly, these changes occurred without any alteration in
Akr1b3 gene expression (Fig. 5B), which has been reported
to affect adipocyte differentiation in vitro (18). We next
examined expression of the receptors for PGF2a (FPA and
FPB) in various mouse tissues and found that adipose
depots were major sites of FP protein expression (Fig. 5C).

To confirm that the alteration of adipose tissue homeo-
stasis resulted from decreased PGF2a production, 4-week-
old Akr1b72/2 mice were treated daily for 3 months with
cloprostenol, a synthetic PGF2a. Plasma leptin levels of
Akr1b72/2 mice were significantly decreased by clopros-
tenol (Fig. 6A), reflecting a reduction of WAT mass. In-
deed, compared with Akr1b72/2 control mice, mice
injected with cloprostenol showed a significant reduction
in adipocyte areas and lower Scd1 gene expression in
gonadal WAT (Fig. 6B and C). Hence, in good agreement
with the PGFS activity of Akr1b7, cloprostenol treatment
was able to correct increased adiposity observed in
Akr1b7-deficient mice.

Our in vivo data (Figs. 2C–E and 6A–C) showed that lack
of Akr1b7, by lowering PGF2alevels, led to hypertrophy of
adipocytes in which high levels of FP receptors were
detected (Fig. 5C). To test a direct impact of PGF2a on

lipogenesis, we treated 3T3-L1 adipocytes with various con-
centrations of cloprostenol. Cloprostenol reduced mRNA
levels of Scd1 and Fasn genes in a dose-dependent manner,
whereas neither Srebp-1c transcripts nor mature protein
levels were affected (Fig. 6D). This result demonstrated that
in addition to inhibiting adipocyte differentiation, PGF2a
could also repress lipogenic genes in mature adipocytes in an
Srebp-1c–independent manner.

To test the possibility that expansion of WAT in
Akr1b72/2 mice could also be the result of an improved
recruitment of new adipocytes, mice were exposed to HFD
for 5 weeks in the presence or absence of cloprostenol and
treated with BrdU for the last 3 weeks. In agreement with
the sensitivity of Akr1b7-deficient WAT to expand in re-
sponse to long-term HFD (Fig. 3), a 5-week exposure to
HFD was sufficient to impart a 7.7-fold increase of gonadal
WAT mass in Akr1b72/2 mice compared with the 1.7-fold
increase observed in WT mice (Fig. 6E). Concomitant
cloprostenol treatment eventually reduced the expansion
of mutant WAT mass to values similar to those of mutant
mice fed with a standard diet. Quantification of new adi-
pocyte production during HFD exposure revealed a 3.5-
fold increase in BrdU-positive adipocyte-associated nuclei
in gonadal WAT from Akr1b72/2 compared with WT mice
(Fig. 6F). Cloprostenol treatment of Akr1b72/2 mice re-
duced production of new adipocytes during HFD-induced
adipose tissue expansion to values similar to those of WT
mice fed with HFD. Altogether, these data supported in
vivo evidence that the PGFS activity of Akr1b7 regulates
adipose tissue expansion by repressing both adipocyte
hypertrophy and adipocyte recruitment.

DISCUSSION

Akr1b7 has antiadipogenic and antilipogenic activities.
We investigated the physiological function of Akr1b7, a
protein enriched in stromal vascular fraction of WAT,
by generating a KO mouse model. Our results showed for
the first time the direct contribution of a protein pro-
ducing the antiadipogenic paracrine factor PGF2a in the
regulation of adipose tissue expansion. Indeed, even un-
der standard diet, Akr1b72/2 mice exhibited an increased
number and size of white adipose cells. This increased
adiposity was correlated with a specific decrease in
PGF2a concentrations in WAT. The ability of chronic
administration of a PGF2a agonist to reverse the adipose
phenotype of Akr1b72/2 mice shows that antiadipogenic
activity of Akr1b7 is essentially resulting from its PGFS
activity.

TABLE 2
Plasma parameters of 17-week-old WT and Akr1b7-null mice fed with a high-fat diet for 12 weeks

Variables
High-fat diet

P value*WT n Akr1b72/2 n

Blood metabolites
Triglycerides (g/L) 0.83 6 0.12 7 1.2 6 0.24 6 0.01†
Cholesterol (g/L) 1.45 6 0.33 7 1.41 6 0.24 6 0.79
Free fatty acid (mmol/L) 0.63 6 0.11 7 0.75 6 0.10 6 0.06
Glycerol (µmol/L) 276 6 58 7 427 6 94 6 0.009†

Adipokines
Leptin (ng/mL) 4.22 6 3.37 7 21.6 6 12.8 6 0.03‡
Adiponectin (ng/mL) 9.31 6 2.56 6 15.12 6 2.33 6 0.02‡
Resistin (ng/mL) 2.09 6 1.0 6 1.50 6 0.61 6 0.25

*P values are the results of nonpaired Student t test. †P # 0.01, ‡P # 0.05.

ADIPOSE TISSUE IN Akr1b7 KNOCKOUT MICE

6 DIABETES diabetes.diabetesjournals.org





FIG. 4. Lack of Akr1b7 leads to insulin resistance. A and B: Left, glucose tolerance test (GTT) and insulin tolerance test (ITT). Six-month-old WT
and Akr1b7 null mice (n = 7/group) were either fasted for 16 h before receiving an intraperitoneal injection of 2 g/kg glucose or 5 h before receiving
an intraperitoneal injection of 0.75 units/kg insulin. Blood glucose concentration was measured at the indicated time points. Right, fasting plasma
glucose and insulin levels of the WT and Akr1b7 KO mice fasted overnight. C: Right, Western blot analysis of phospho-Akt (P-Akt) at Ser473 and
total Akt levels in WAT, liver, and muscle of 3- (top), 6- (middle), and 9-month-old (bottom) WT and Akr1b7 KO mice after insulin injection. Left,
quantifications of insulin-induced Akt Ser473 phosphorylation reported to total Akt levels in WT and Akr1b7 KO mice normalized with b-actin
signal. *P < 0.05, **P < 0.005 using Student t test.
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This is the first demonstration that PGF2a is indeed an
antiadipogenic molecule in vivo. Moreover, we showed that
the antiadipogenic function of PGF2awas not only resulting
from inhibition of the recruitment of preadipocytes but also
from inhibition of adipocyte lipogenesis in Akr1b72/2 mice.
This direct effect of PGF2a on lipogenesis was confirmed in
3T3-L1 adipocytes.

Akr1b72/2 mice showed exacerbated sensitivity to
obesity in a 129/Sv genetic background. This phenotype is
associated with metabolic disorders such as hepato-
steatosis and insulin resistance even under standard diet.
Therefore, Akr1b72/2 mouse is a powerful model to study
obesity and its complications.
The phenotype of Akr1b72/2 mice is linked to Akr1b7
function in adipose tissue. In the adrenal cortex,
Akr1b7 expression was shown to limit glucocorticoids re-
lease under stress conditions through an internal-feedback

loop (25). Glucocorticoids are powerful regulators of adi-
pose tissue homeostasis (30). Nevertheless, we showed that
basal plasma corticosterone levels were not affected in
Akr1b72/2 mice (Table 1). This excludes an adrenal con-
tribution to the adipose phenotype.

In the intestine, Akr1b7 expression is regulated by sev-
eral nuclear receptors and is mainly implicated in de-
toxification processes by metabolizing bile acids or lipid
peroxidation products (23,31,32). This function could in-
fluence nutrient intake and disrupt energy balance. How-
ever, we did not find any alterations of food consumption,
fecal production, or fat content (Supplementary Fig. 1) and
intestine histology (not shown) in Akr1b72/2 mice. There-
fore, it seems unlikely that lack of Akr1b7 in the intestine
could account for increased adiposity in Akr1b72/2 mice.

Akr1b14 mRNA, the rat ortholog of Akr1b7, is un-
detectable in the liver until induction by growth hormone

FIG. 5. Decreased levels of PGF2a in Akr1b72/2 adipose tissue. A: PG contents measured by mass spectrometry of adipose tissue from 5-week-old
WT and Akr1b7 KO mice. B: Relative mRNA levels of Akr1b3 in WAT of WT and KO mice (n = 6/group). C: Western blot analysis of FP receptor
isoforms expression in different tissues from WT mice. gon., gonadal; ing., inguinal; peri-ad., periadrenal. *P < 0.05 using Student t test.
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FIG. 6. Phenotypic rescue by injection of PGF2a agonist. A–C: Akr1b7-null mice were daily injected with 0.1 mg/g body weight of cloprostenol,
a PGF2a agonist, or with vehicle from 4–16 weeks of age (n = 7–9/group). A: Fasted plasma leptin levels from vehicle WT and KO mice and from KO
mice treated with cloprostenol (KO + clopro.); statistical significance was assessed by Mann–Whitney test. B: Representation of adipocyte pro-
portion according to their size. Adipocyte area was measured on paraffin sections from Akr1b7 KO mice treated with vehicle (KO) or with clo-
prostenol (KO + clopro.). C: Expression of lipogenic genes Scd1 and Fasn in adipose tissue from Akr1b7 KOmice treated with vehicle (KO) or with
cloprostenol (KO + cloprostenol) analyzed by RTqPCR. D: RTqPCR of lipogenic genes Scd1, Fasn, Acc1, and Srebp-1c (left) and Western blot
analysis of Srebp-1 precursor and mature cleaved forms in 3T3-L1 adipocytes (right). Differentiated adipocytes were treated 24 h with various
concentrations of cloprostenol or with vehicle. E and F: Cloprostenol effect on adipose tissue expansion induced by 5-week HFD in Akr1b7 KO
mice. E: Weight of gonadal WAT from WT mice, KO mice, and KO mice treated with cloprostenol (KO+clopro) after standard diet (SD) or HFD.
F: Detection of new adipocyte production in vivo by BrdU labeling. Confocal immunofluorescence analysis was performed on paraffin section taken
from WT and KO animals exposed to BrdU over the last 3 weeks of the 5-week HFD with or without cloprostenol treatment. Nuclei were stained
using Hoechst, and autofluorescence from the green channel was used to detect tissue structures. Quantification of BrdU-positive adipocyte-
associated nuclei was carried out from n = >900 nuclei/group (n = 4/group). *P < 0.05, **P < 0.01 using Student t test. (A high-quality digital
representation of this figure is available in the online issue.)
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or oxidative stress (33,34). In mouse, Akr1b7 expression is
hardly detected in the liver under basal conditions (21) but
is inducible by farnesoid X receptor/pregnane X receptor
agonists (31,32). Recently, it was shown that forced over-
expression of Akr1b7 in the liver using adenoviral vector
significantly lowered hepatic lipid contents in genetically
obese mice, suggesting a protective effect against hepato-
steatosis (35). Hence, we cannot completely exclude that
hepatosteatosis observed in Akr1b72/2 mice could also
result from the chronic lack of a very faint hepatic ex-
pression of the enzyme. However, several arguments
suggest that this metabolic complication is rather the con-
sequence of altered adipose tissue physiology in Akr1b7-
null mice. First, using our antibody designed to discriminate
Akr1b isoforms (25,36), we never managed to detect Akr1b7
in WT mouse liver (Fig. 1D). Second, we demonstrated that
hepatosteatosis and insulin resistance were established
from the age of 6 months, far after the increase of adipo-
sity in Akr1b72/2 mice. Finally, it is well-established that
excessive development of adipose tissue can lead to
hepatosteatosis and insulin resistance through several
interconnected pathways (37). Thus, the overall pheno-
type of Akr1b72/2 mice can mainly be attributed to
Akr1b7 function in the adipose tissue.
Akr1b7-null mice phenotype does not rely on defects
in detoxification of lipid peroxidation by-products.
Besides its PGF2a synthase activity, Akr1b7 has other
reported enzymatic activities with possible impacts on adi-
pose tissue, such as reduction of 4-hydroxynonenal (4-HNE)
(17,25,38). Increased 4-HNE levels in response to oxida-
tive stress promote and perpetuate the obese state (39)
and can be involved in the development of insulin re-
sistance (40,41). Oxidative stress in human and murine
adipose tissue as well as in 3T3-L1 adipocytes affects the
secretion of adipokines such as adiponectin and proin-
flammatory cytokines (1,41,42). However, Akr1b72/2

mice showed no change in adiponectin levels (Table 1)
and no significant increase of macrophage infiltration
before the age of 6 months (Supplementary Fig. 3). This
indicates that excess adiposity of Akr1b72/2 mice pre-
ceded elevation of inflammatory status. Moreover, we
observed similar amounts of 4-HNE–protein adducts in
liver, muscle, and adipose tissue from WT and mutant
mice (Supplementary Fig. 4). These results indicate that
increased adiposity and insulin resistance in mutant
mice is not linked to alteration of intracellular 4-HNE
detoxification.
Akr1b7-dependent production of PGF2a regulates
adipose tissue homeostasis. For decades, PGF2a has
been implicated in the inhibition of adipogenesis (12–14),
but its function on adipocyte differentiation was never
established in vivo or tested on already differentiated tis-
sues. We demonstrate in this study that a decrease in intra-
adipose tissue PGF2a levels following Akr1b7 ablation
leads to increased adiposity. This phenotype results from
alleviation of the repression exerted on both adipocyte
precursors recruitment and on lipid storage in mature
adipocytes and can be reverted by exogenous PGF2a
injections. Using 3T3-L1 adipocytes, we confirmed that
PGF2a inhibited expression of lipogenic enzymes. This
unsuspected result is consistent with the high expression
of the FP receptor in cultured adipocytes (18) and in vivo
(Fig. 5C). The mechanism leading to PGF2a-mediated in-
hibition of lipogenic genes remains to be explored. We
showed in this paper that it occurs independently of Srebp-
1c, in agreement with previous findings indicating that

Srebp-1c does not transactivate lipogenic genes in adipo-
cytes (43).
Akr1b family members: novel actors in adipose tissue
homeostasis? In mouse, aldose reductases Akr1b3 and
Akr1b7 are so far the only members of the Akr1b family
that are expressed in adipose tissue (Fig. 1D). A recent
study indicated that PGFS activity of Akr1b3 could in-
fluence adipogenesis. Indeed, siRNA-mediated Akr1b3
knockdown decreased the concentrations of PGF2a in 3T3-
L1 medium, which resulted in enhanced adipogenesis (18).
The presence of Akr1b3 could thus account for mainte-
nance of a low level of PGF2a in the adipose tissue of
Akr1b72/2 mice (Fig. 5A). However, this isoform was not
able to compensate for the lack of Akr1b7. Moreover, no
defect in adipose tissue homeostasis was reported in
Akr1b32/2 mice but careful in vivo investigations will be
needed to definitively conclude (19).

Among human members of the AKR family, AKR1B1 and
AKR1C3 exhibited a PG synthase activity in vitro. AKR1C3
is expressed in human adipocytes and was for a long time
considered as the only PGFS in humans (44,45). However,
AKR1B1 was recently shown to have a higher PGFS ac-
tivity than AKR1C3 in vitro (17) and to be highly active in
human endometrium (46). The role of AKR1B1 has been
extensively studied in the pathogenesis of diabetes com-
plications (47), but its role in the physiology of adipose
tissue is an almost virgin field of investigation. One could
hypothesize that AKR1B1 could act as an antiadipogenic
factor through local PGF2a production.

In conclusion, our mouse model provides functional
evidence for novel mechanisms linking prostanoid me-
tabolism with adipose tissue homeostasis. It also opens up
new perspectives on the potential contribution of AKR1B
isoforms to physiological control of adipose tissue ex-
pansion and pathogenesis of obesity in patients.
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