Universitat
de Barcelona

Islet amylold in type 2 diabetes:

The role of chaperones in endoplasmic reticulum stress
and amyloid formation in pancreatic f3-cell

Lisa Cadavez Trigo

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a 'acceptacié de les segiients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Diposit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual Unicament per a usos privats emmarcats en activitats
d’investigacié i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusi6 i posada a disposicio
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzaci6 o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusion de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual Unicamente para usos
privados enmarcados en actividades de investigacion y docencia. No se autoriza su reproduccion con finalidades de lucro
ni su difusion y puesta a disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza
la presentacion de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta
reserva de derechos afecta tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacion o cita de
partes de la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or
citation of parts of the thesis it's obliged to indicate the name of the author.




DOCTORAL PROGRAM IN BIOMEDICINE

@

UNIVERSITAT DE BARCELONA

B

PhD Thesis

ISLET AMYLOID IN TYPE 2 DIABETES:

The role of chaperones in endoplasmic reticulum stress and amyloid
formation in pancreatic B-cell

Presented by:

Lisa Cadavez Trigo

Candidate for the degree of Doctor in Biomedicine

Under the supervision of:

Dr. Anna Novials Sarda Dr. Joel Montane Mogas

This work was developed at the Diabetes and Obesity Research Laboratory, IDIBAPS-CEK, Barcelona 2014

Universitat Dos campus dexcebléncia internacional g F C T
deBarcelona ~ BiKC i [ g ID u BAPS

Fundagio para a Ciéncia e a Tecnologia






A mi familia,
Antdnio, Maria Luisa y

Raquel






Acknowledgements

Esta tesis no ha venido sélo de un esfuerzo individual, sino de un equipo atento y amable. Por lo
tanto, me gustaria expresar mi mas sincero agradecimiento al grupo de personas cuya contribucion,
el apoyo, el asesoramiento y la amistad han hecho posible realizar este trabajo.

En primer lugar, me gustaria agradecer a mi directora de tesis, Dra. Anna Novials por aceptarme en
su laboratorio y con quien tuve el placer de trabajar. Agradecerle por su apoyo a lo largo de este
proyecto, por su preocupacién, bondad y amistad para conmigo que sin duda contribuyé a mi
bienestar durante este largo periodo en Barcelona.

Quiero agradecer también al Dr. Ramén Gomis durante estos afios, por su estimulo, ayuda,
preocupacion y amabilidad cada vez que necesitaba.

Un agradecimiento muy especial a Joel Montané, no solo por haber sido mi co-director de tesis
pero también por haber sido un gran amigo y compaiero de poyata. Agradecerte por tu siempre
buena actitud y disposicién, perspicacia, entusiasmo y valiosos consejos durante estos dos ultimos
afios del proyecto. Me has ensefiado a ser mas critica a la hora de interpretar y de escribir. Ademas,
tu critica constructiva y tiempo dedicado a la lectura y correccién de mi tesis, han sido
fundamentales para la conclusion final de este trabajo. GRACIES PER TOT!!!

A los IPs del laboratorio con quién he tenido el privilegio de haber trabajado y que me han guiado,
animado e inspirado de muchas maneras diferentes. Primeramente agradecerle a Marce, que fue la
primera persona que tuvo la paciencia de enseflarme, aconsejarme y hacerme crecer los primeros
afos de doctorado. Gracias por esa disponibilidad tan natural que tienes para ayudar y la forma tan
sencilla y clara de ensefiar en cdmo hacer las cosas. Quiero dar las gracias también a Rosa por todos
sus consejos, sugerencias y por haber sido siempre tan accesible en innumerables ocasiones.
Quiero agradecer también a Pablo por la ayuda y los buenos consejos. Un gran cientifico con un
gran sentido de humor. Y finalmente, a Joan Marc y Marc Claret por sus aportaciones y preciosos
comentarios criticos.

Un agradecimiento al grupo técnico del laboratorio. A Yaiza, por ser mi salvacién cuando faltaba
alguna solucién o producto en el momento menos oportuno; a Carlos: sin duda tus manitas con los
ratoncitos no tienen precio, y por fin a Ainhoa por estar siempre alli cuando surgian las dudas.
Bueno aparte de las risas que me he echado con vosotros...qué trio, Mare de Déu!!!l Un gracias
también a Marta Julia, la Lab Manager, y a Kim por su eficiencia a la hora de tener cualquier
documento en falta y la solucidn para los problemas mas burocraticos.

Un especial “Obrigado” a los portugueses del laboratorio. A vosotros, Joana, Rita y Hugo, que sin
duda habéis contribuido para que esta etapa lejos de casa haya sido mas facil de soportar, esto a

gue nosotros llamamos de “Saudade” y que es tan dificil de explicar! También un “Obrigaddo” pero
con acento brasilefio, a Elaine, por el apoyo y por tu amistad...eres una luchadora.

Queria dar las gracias también al resto del grupo, que mas que compafieros de trabajos han sido
grandes amigos y que siempre he podido contar con ellos cuando necesitaba. Asi pues, gracias



Acknowledgements

Marc por tu compaiierismo dentro y fuera del lab, eres un gran amigo. A Ana Lucia y Elena por los
buenos ratos pasado juntas. A Alba M. por las risas y desahogos muchas veces compartidos. A
Rebeca por siempre transbordar buena disposicion por los pasillos y siempre dispuesta a
escucharte y aconsejarte. A Gemma, para mi la veterana del laboratorio siempre disponible para
ayudar y con quien he podido compartir buenos momentos. A Valeria y Alba G. por su alegria
constante y dinamismo que te dejaban siempre con una sonrisa en la cara. A Joan, el mallorquin,
por su humor tan peculiar. A Sandra, Katerina y Miriam que ya no estan pero que me han dejado
buenos recuerdos del laboratorio. Por ultimo, Laura, Silvia, Mariona, Lucia, Liz, y en especial a
Marta Foncu. y Merce O., que aun que hemos coincidido poco tiempo me habéis transmitido muy
buen “feeling”.

A dos personas que han sido muy especiales durante esta etapa: Montse y Gema. Si si, os he
dejado para “al final de tot”... no porque sedis menos importantes, mas bien al revés. No sabéis lo
contenta que estoy por os haber conocido. Montse, mi compaiiera de trincheras JAJAJA! Contigo he
iniciado esta etapa. Hemos compartido mucho y eso significa mucho para mi. Te admiro mucho!
Gracias por las criticas, consejos y confidencias y por encima de todo, por tu sinceridad... Siempre
tendras un lugar muy especial en mi corazén y te deseo todo lo mejor en la vida. Anim!! Gema,
contigo necesitaria una pdagina para agradecerte por todo este tiempo que hemos compartido
juntas, tanto fuera como dentro del Lab... Has sido para mi un gran apoyo y tu bondad no se puede
expresar con palabras. Companera, amiga, consejera, confidente...vamos como una hermana (tu ho
saps!!l). Parece que nos conocemos desde siempre. Esa sensacion me la transmitiste el primer dia
que te conoci. Gracia

Y por fin a mi familia:

Agradecer aos meus pais por TUDO, por fazer possivel eu chegar até aqui e ser quem sou. Obrigada
pelo vosso apoio em todas e cada uma das circunstancias da minha vida, pelo esfor¢o didrio,
compreensdo, porque sempre confiastes em mim (sim, porque afinal é preciso ter que andar
sozinha para aprender os caminhos certos, mesmo que isso implique ter sempre o conforto da
sombra de alguém atras de nds), e por saber que posso contar com vocés. Sem vocés ndo seria
possivel...Nada seria possivel. A minha irm3 Raquel: acho que n3o é necessario muitas palavras para
saberes o quanto foste, és e seras um dos pilares mais importantes para mim. Obrigada por saber
que posso contar contigo, por me ajudares sempre a levantar e empurrar-me para a frente....Por
sempre acreditares em mim.

A tots vosaltres.... MOLTES GRACIES!!!

Lisa









%

Al

%

\‘/

%

Al

%

\‘/

%

%

%

\‘/

%

%

%

\‘/

%

%

%

\‘/

%

N
/N
N
/N
N
/N
N
N
N
N
/N
/\
N
N
N
/N
/\
N
/N
/\
N
/N
/\
N
/N
N
/N
N
/N
/\
N
N
N
/N
/\
N
/N
N
/N
/\
N
/N
/\
N
/N
/\
N
N
/\
N
Iy
A
N
/N
/N
/N
N
/\
N
/N
/\
N
N
/\
N
Iy
A
N
/N
/N
/N
/N

/\
N

)
N






Table of Contents

7o 14 Yo 3 NY] [T F= =T 4 =T 4N i
L] e 1 (001 0e] 1} =11 | £t v
List Of Figures and TabIes ......ccceuuiiiiiieiiiiiiiiiiieieiisireneiessseaeeessennssssssenssiessssnsssssssnssssssssnsssssssnnnns xi
List Of ADDreViations .....ccuiieiieiiieiiiieiiiieiieireeietereteereetreerenssensetaserassreessensssnsssnsesnsssnssssnsssnssnnnes XV
CHAPTER | - INTRODUCTION......cceeuuieeierenneerteenneeereensseserenssseesssnsssesssenssssssssnssssssssnssssssssnsssssssnnnnnnns 1
1. Diabetes mellitus: overview of the pathogenesis ........cc.ccciiiiiiiiiiiiiiiciiiiicrr e, 3
3 T Vo Lo Yo o T Tl o T 1 T o = T UUURR 6
1.1.1. The role Of PANCIEAS .....ueiii i e e e et e e e st e e e e staa e e e eeaseeeeeennaeeaean 6
1.1.2. Morphology of the PANCIEAS .......uviee i e arr e e e e aaae e 6
1.1.3. Structure of the Islets of Langerhans ... 7

1.2. Biosynthesis and secretion of insulin in pancreatic B-cells .............cc.ccoeeiiiiiiniiie e, 8
1.2.0. INSULIN DIOSYNTNESIS .evveiieiiiiiiiicteee et e e e e e ee et e e e e e e e e e eeeanrreeeeeaeeseesnnnnnes 8
1.2.2. Mechanisms of insulin release in B-CellS.......uiuiiiiiiee e 9

1.3. Principles of the pathogenesis of Type 2 Diabetes (T2D) ........c.cceeevivireieccieee e, 10
S T B [ 1 U [T s W ST ] = [ ol S 11
1.3.2. From normal B-cell function to B-cell dysfunction.........ccceeeeieeiiiiiiieeiee e, 15

2. Type 2 diabetes and Islet Amyloid Polypeptide (IAPP).......cccuuuciiiieeiiiiiirecccrrrrenccseeenneeeeeennes 17
2.1. General features of IAPP: synthesis, structure and function ..............cccccccoevvvnininniiiiincnnneen, 18
2.2. Molecular mechanisms of amyloid formation and aggregation ...............cccocevvivveiiieiiinnennnn, 21
2.3 TAPP TOXICIEY ..ooiiiiiiiiiiiiiiiie ettt e e ettt e e e e e e s e bbbt e et e e e e e e abbba e e e e e e s eenaareaaas 22
2.4. Models of human IAPP OVEreXPreSSiON ..........cccceeeeeeieiiiireeeeeeeeeeiiinreeeeeeeesiesnsrreeeeeeessesssssseens 24
2.4.1. The extracellular model: synthetic hIAPP ... 24
2.4.2. TRE N VItrO MOAEI .cceiiiieiireeeeee et e e e e e e e e et rr e e e e e e e e s e sasraaeeeeeens 26
2.4.3. The in vivo model: transgenic animal models with hIAPP overexpression ..................c..... 28

3. The Endoplasmic Reticulum (ER) ..c.cceeuereeniereeniereeniereeniereeneerenseesenseerenseesensesssssessassesenssesssnsesses 31
20 O o 1V T oY= { ot | I SRR 31
3.2. Protein folding and/or misfolding in the ER. The role of chaperones ..............c..ccccevvennennen. 32

vii



Table of Contents

3.3. ER stress and the Unfolded Protein RESPONSE ..........ccccovveeiiiiiiiiiiiiiiiieeeeee et eeeeseannns 35
3.3.1. The IREL Signaling PathWay ....c..coiiviiiiiiiiiiiee e e e e 37
3.3.2. The PERK SigNaling PathWay ....cccoooeeiiiieeiee et 38
3.3.3. The ATF6 signaling PAathWay ..o e e e e 39

3.4. Linkers of stress and apoptosis iN T2D..........cccccuiiiiiiiiiii i e eeee e e e 40

3.5. Pathophysiological ER stress inducers in B-cells ............cocouviiiiriiiiiiiniiiee e 42
3.5.1. The effect of hyperglycemia and free fatty acids........ccceeeeeriieieciiiei e, 42
3.5.2. The effect of GlUCOIIPOLOXICItY ..uviiieeriieieiieie e 44

4. Molecular and chemical chaperones: the emerging role in T2D ......ccccoiveiiiieiiieniiieecninnenennnns 46
5. Rationale of the ThesSis ...t esae e s e sens s s sesnsssssssnnsssssennnes 50

5.1. HYpothesis and @ims...........coooiiiiiiiiiiiii e e e s e e e s ar e e e e enaaeeeeeaee 51
CHAPTER Il - MATERIALS AND IMETHODS.....cccciiiiituniiiiteneiiiienmiisiiemssisiissssssssenssssssssssssssssssssens 53
1. Cell line and pancreatiC islets. ...t e s re s e senesssenssssennanes 55

LA INSLIE CEILIING.... ...ttt e e et e e e e e e e e s arbaaeeeeee s s e abbrreeeeeeeeesennnnraeneens 55
1.1.1. Maintenance and culture of INS1 Cell iN€ ...ouvveiiiiieeee e 55
0 O 11 IR o 1 =SSR S 55

1.2. Animal model: transgenic hIAPP mouse model .............cccccoooociiiiiei e, 56
1.2.1. Islet isolation @and CUIUIE .......ooiiieieeee e e e e e e e e e e e eaaeee s 56

2. Palmitate preparation ...t reeee s s s st e s s sen e s s st asnnsssssaansssssannnes 57
3. Treatment of INS1E cells and mouse islets ......c.coieeiiieeiiiiiiiiiciireccrecc e rene e s enenenens 57
4. INS1E cells and mouse islets RNA eXtraction .........cccuveeeiiiiiieniiiiinneiiiiieeiiiiienes. 57
5. CDNA SYNENESIS.ccuuiiiieuiiiiiiiiiiiiiiiiiiireiiiirisireestrreaeessressssssssesssssssrenssssstsssssssssennssssssnnnes 58
6. Quantitative PCR @nalysiS.......cciuuiiiiiiineiiiiiiniiiniieniiiiieeiiiieneisiiesssiisnsssisssssssssnsssssssnnes 58
7. Determination of cell viability .......ccccceiiiiiimniiiiiiiiiiiiiiiinirrr e aaes 60

7.1, LIVE/DEAD® @SSAY........eoeiiuvieiiteieiiteeeeiteeeeeteeeesteeeesteeeessesessteeesseseesesessseseasseesassessesseseessesseseeessens 60
8. BiP, PDI and GFP adenoviral transduction and cell infection.......c.cceveeieiimireiiiinireceircreeeennnns 60
9. Small interfering RNA transfection (SIRNA) ....c.ccivrieieeierieniereenieteeeeteeeeteneeeeneerensessnssessnssessnnes 60



Table of Contents

10. Glucose stimulated insulin secretion (GSIS) @SSAY .....ccccceeererrrrrereeneerenneereaneereanerensserensserenseesens 61
11, ImMMUNOhISEOChEMISTIY....ciiiiueiiiiiiiiiiiiiiiiiir st rrsae s s s ressssssssenssssssssnsssssnens 61
0 T 11 o =] | 1 =R 61
R Y o 10 LY - 1 1= TR 62
12, Protein tEChNIQUES ...cuuieeiieiiieerierteireeetenetenereeereasteessraseresssenssensesnsesasssessssnsesnsesasesassssnssnnssans 63
12.1. Protein extraction from INS1E cells and islets .............cccccooeiiiei e, 63
12.2. WeStern BIOTEING.........ooooiiiee e e e e e e e e er e e e e e e e e s nnrraeeeeas 63
12.3. BUFfers and r@ag@NtS ............ooeiiiiiiiiiiciie et et st e e e e e e eanaes 65
13. Statistical aNalySis ..c..ciieiiiiiiiiiiiircrrr et e e e a e s s s e s s e naseseneasennnanen 65
CHAPTER [l - RESULTS ... ctttuiiiiiiiniiiiiennniiiiienesisiresssisiissnssissmesssssstmsssssssssssssssssssnsssssssnssssssssnssssss 67

AIM I: To study the role of endogenously produced hIAPP in response to ER stress induction in a

pancreatic B-cell model

1. Induction of ER stress and apoptosis in hKIAPP-INS1E cells .......cccceeeuuerreencrrenerenncerenncerenneerenneenes 71

2. hIAPP-INS1E cells are more sensitive to ER Stress iNAUCErS......ccvuvereirerereirereereiresrereeresseceesanes 74

AIM II: To investigate whether endogenous and chemical chaperones are able to recover ER stress

and improve insulin secretion in hIAPP cells

4. Chaperones ameliorate induced ER stress in hIAPP-INS1E cells ........cccceeeiiiirnnniiiiinnnnsiiinnnnnnnns 81
5. Chaperone treatment improves B-cell function by increasing glucose-stimulated insulin
secretion in basal coNditioNs ...........eeiiiiiiiiiiiiiiiiiii e 85
6. Chaperone treatment improves impaired B-cell function under conditions of high glucose and

[0 111411 =N 87



Table of Contents

AIM llI: To investigate whether endogenous and chemical chaperones are able to recover ER

stress and improve insulin secretion in hIAPP cells

7. BiP and PBA increase insulin secretion in wild-type mouse islets.........ccceeeeirrineiiiiiinnnciiiinennnnnns 93
8. BiP, PDI and PBA increase insulin secretion in hIAPP transgenic mouse islets ........cccccoveuiiinnnnns 97

9. Chemical chaperones increase insulin secretion following HG+PA treatment in hIAPP Tg mouse

] = 929
10. Chaperones treatment prevents amyloid formation in hIAPP Tg mouse islets .........cccceeeeennee 101
CHAPTER IV - DISCUSSION .....cuiieiiiiiiiiiiiiiiiieiteiteiieiieeiiieitattnestsestsesssnsssnsssseersssssssssssssnsennses 105
CHAPTER V - CONCLUSIONS........uutututrttiiiiiiiiinneteeeiissiisssssseesssssssssssssssesssssssssssssssssssssssssssssssssens 117
REFERENCES.......cuuiieiiiiiiiiiiiiiiiiitiiirii e iseeretetaee e teesteassensstaestsestsssssssssnsernsenassrasssasssanssen 121
PUBLICATIONS ...ceeiiiiiiiiiiittnneeeetissssssassseees s ssssssssssss e e s s s sssssssssssssessssssssssssssssssessssssssssssnsssnsesses 137

Cadavez, L., J. Montane, et al. (2014)." PLoS One 9(7): e101797

Montane, J., L. Cadavez, et al. (2014). Diabetes Metab Syndr Obes 7: 25-34.




List of Figures and Tables

FIGURES

Figure 1. Global projections for the diabetes epidemic: 2010-2030 (MilliONS). ceeeeeerrrenecrrrenecrrreneerrreneneeeeennns 5
Figure 2. Structure of the PanCreas. ..ciicccciireeciiiiieieiiieeeeerreeeeesrenesesrennssesrennsssssennssessennsssssennsssssennsssssnnnes 7
Figure 3. Immunofluorescent labeling of rat and human iSlets.....cccueeeeiireeerciireereiireereerreeeeerrenee e e reneneseennns 8
Figure 4. Glucose-stimulated insulin in pancreatic B-Cells. ..iiirrriirreeriiirreeriirreerierreereerreesesreenssesreensssrennes 10
Figure 5. Glucose and insulin responses during a standard liquid Meal. ..cc.ccireeeneiireeeciereeeciereeeceereeeneeeeenens 12

Figure 6. A schematic overview of the contribution of peripheral tissues for the progression of insulin

resistance in the PathologY Of T2D. .icuciieiiieieiteietinieteererennirenneernsserenserensessassesnssesassessnsessnsessassessssesansansnnes 14
Figure 7. The contribution of several tissues for the appearance of hyperglycemia in T2D. ..cceeeeeerencrreencrennes 15
Figure 8. B-cell function decling OVEN tiME. ciuccieeeiireeiireerereniienereesierenerensersaseernsserassessnsessnsessassessssessnsansnnes 16
Figure 9. Islet amyloid deposition in islets from an individual With T2D. ....cciiiieiiiiiieeniiiiieiiiniieniineeeee. 18
Figure 10. Proposed model for normal processing of pro-IAPP in islet B-Cells. ..cciirreeiirrieeiirieeeciirieneiisnenens 19
Figure 11. Species differences in the amino acid sequence of islet amyloid polypeptide.. ccccceveeereerrennnrnneeen. 20
Figure 12. Model for islet amyloid fibril formation and cytotoXiCity. .cceeeeeneiereeeieereeaniiereeanceereeanceerennneesnennns 22
Figure 13. Toxic effect of extracellular hIAPP 0n MINBG CellS. eeeueiirieeniiireeenciereeenceereeaneiereeaneeneensessennsssnennns 25
Figure 14. Impaired processing of human prolAPP is associated with increased cell death in INS1E cells. ..... 27
Figure 15. hIAPP-INS1E cells have impaired insulin secretory capacity due to intracellular oligomers............ 28

Figure 16. Histochemical findings in pancreatic specimens from a 17-month-old transgenic ob/ob mouse that

produced human islet amyloid POlYPEPLIdE. cuuiiieiiiiiiitiitrci ettt reerree st e ree e seasesenssssnnssssnsesensassnnes 31
Figure 17. Cellular sites associated with protein Synthesis....ccccceeeiieeiiiiieeiiirieeiiireerie e reeeeseereenssessennes 33
Figure 18. Regulation of protein folding in the ER. cce..ciieeeiiiieiirreicrreeecsreeeecsreenecsseene s sssnesesssnnsssssennes 34
Figure 19. Branches of the UPR signaling pathway. c..ccieeeeciiieeiiiiiiicrriccrreecsseceecsseenessseenesssennsssssennes 36
Figure 20. The IREL PathWay. cuucciiieeieiiiieicriiiccrienesesseneseseenesieseensssssennsssssennsssssennsssssenssssssenssssssenssasssannns 38
Figure 21. The PERK PathWay. cuccieeeieiieiecirieieicireiecessenneeseenessssesnsssssenasssssennsssssenasssssennsssssennsssssennssssnsnnns 39
Figure 22. The ATFE PAtiWaY. cucciieeeciirenecirreneeirrenesereennssereenssssseensssssesnsssssenssssssennsssssennsssssenssssssensssssnennns 40
Figure 23. Pathways oOf ER stress-induced apoptoSis. ciciieieiiemusieniensieiieniniiesiniieninimesimiesisisesssssenes 42

Xi



List of Figures and Tables

Figure 24. FFA activates ER stress signaling in rat primary B-cells and human islets......ccueeereirreeenccereeencirnenen. 44
Figure 25. Key steps involved in “glucolipotoxXicity’” Of B-CellS..cccerrrurerreeenriireeniirreeeeiereeensisreeeneeerennsessnennns 45
Figure 26. Glucose amplifies palmitate B-cell apoptosis via MTORC1 stimulation....cccceeereeenecrreeenccrnenenccsnenen. 46
Figure 27. TUDCA increases insulin secretion and viability in iSIEts. ....cccccceeiereeencirreeeeiereeeeirreeeseereeeseeseenans 49

Figure 28. Thapsigargin treatment increases ER stress markers in a time-dependent manner in hIAPP-INS1E

o<1 | U 71
Figure 29. Thapsigargin induces severe ER stress and apoptosis in hIAPP-INS1E cells. ...cccceeirreeeniirrennniirnenens 72
Figure 30. Thapsigargin time- and dose-dependent treatment. ...ccceieiieeiiiiieeniiiiieniieiieineeireesssrennes 73

Figure 31. Thapsigargin and high glucose and palmitate treatments potentiate ER stress gene expression in

T o1 IS =Y N 75
Figure 32. Knockdown of CHOP prevents ER stress induction in hIAPP-INS1E cells. ccueiirieeniirieeeniirieenniinnenens 76
Figure 33. Knockdown of CHOP protects hIAPP-INS1E cells from induced apoptosis. ..ccceeeriirieneniirreenniisnenens 77
Figure 34. Increased BiP expression after adenoviral transduction at different MOl.....cccceeueerreeencirreeenccnnenn. 81
Figure 35. Increased BiP and PDI expression after adenoviral transduction does not affect cell viability........ 82

Figure 36. BiP overexpression and decrease of ER stress markers by chemical chaperones in hIAPP-INS1E

01PN 84
Figure 37. Chaperones decrease ER stress markers in hIAPP-INS1E cells. c..cceveeeueirreeenciereenncieneeenceenennncesnenans 85
Figure 38. Chaperones ameliorate insulin secretion in hIAPP-INS1E cells in basal conditions. ...c.cc.ccceeeeueneee.. 86
Figure 39. Insulin content is decrease in PDI-exXpressing Cells. ciiiieiiieiiiieciirenniiiniiiieierenniieenenresernnseseesensnnes 87

Figure 40. Chaperone administration prevents B-cell dysfunction under high-glucose and palmitate

L 1= 1 0T o N 88
Figure 41. Pancreatic islets are transduced with Ad-GFP at 20 MOL. ...ccieeeeiiieeeniiireeecienenesicsnenessesrenesssssenens 93
Figure 42. BiP increases insulin secretion in WT iSIEts. ciiiieiieniiiiieniierieniiireeneiisneensieneenssesseenssssssnnsssssennes 94
Figure 43. PBA increases insulin secretion in WT iSIets. ciuiieiieerierieeiieneeneiieneenenisneenisneensisnennssessennsssssennes 96
Figure 44. BiP, PDI and PBA increase insulin secretion in hIAPP transgenic mouse islets...cc.cceveeercirrenenccrnenn. 97
Figure 45. Chemical chaperones ameliorate B-cell function after high glucose and palmitate treatment..... 100
Figure 46. Decreased of amyloid formation after treatment with chaperones in hIAPP Tg mouse islets. ..... 104

xii



List of Figures and Tables

TABLES

Table 1. Transgenic rodent models for human islet amyloid polypeptide (NIAPP). ..cvveeeeeerreeeccrreencerrennncenees 30
Table 2. List of primer sequences used in gRT-PCR @XPEriMENTS. ..ccveeeueeerrennneereennnsereennsserrennssessennsssssenssssnees 59
Table 3. List of primary and secondary antibodies. .....cceieeeeirieineiiieicirrerceererecesrenensesrennsessennssessennnnennes 64

Table 4. Effect of chaperone treatment in insulin secretion and insulin content in hIAPP-INS1E cells under

HGHPA frEatMENT. ciereieirereirereieerecrreceerecesreceeresessesacessscssssssssssassssasssssssssssssssssssssssssssssssasssssssssssassssassssasnsse 89

Table 5. Effect of different adenoviral transduction doses in insulin secretion and insulin content in WT islets .

Table 6. Effect of chemical chaperone treatment in insulin secretion and insulin content in WT mouse islets96
Table 7. Effect of molecular and chemical chaperones in insulin secretion and insulin content in hlIAPP Tg

T8 E I ] 1] KU 98

Table 8. Effect of molecular and chemical chaperone treatment in insulin secretion and insulin content after

HG+PA treatment in hIAPP TZ MOUSE iSIETS. civruuiiriiruierieiueerreianeereenaneeeeenasiessenasseesennsssssennsssssenssssssennnsannes 101

xiii






List of Abbreviations

ATF3
ATF6
BiP
BSA
Ca*
cDNA
CHoOP
cvmyv
CPE
DMSO
DNA
dNTP
DTT
ECL
elF2a
ELISA
ER
ERAD
FBS
FFA
GLUT4
GRP78
GSIS
HFD
HGP
hlAPP
Hsp
IAPP
IFG
IGF
IGT

Activating transcription factor 3
Activating transcription factor 6

Heavy chain binding protein

Bovine serum albumin

Calcium

Complementary deoxyribonucleic acid
CCAAT/enhancer-binding protein (C/EBP) homologous protein
Cytomegalovirus

Carboxypeptidase E

Dimethyl sulfoxide

Deoxyribonucleic acid
Deoxyribonucleotide triphosphate
Dithiothreitol

Enhanced chemiluminesce

Eukaryotic translation initiation factor 2a
Enzyme-linked immunosorbent assay
Endoplasmic reticulum

Endoplasmic reticulum associated degradation
Fetal bovine serum

Free fatty acid

Glucose transporter four
Glucose-regulated protein 78
Glucose-stimulated insulin secretion
High fat diet

Hepatic glucose production

human Islet Amyloid Polypeptide

Heat shock protein

Islet amyloid polypeptide

Impaired fasting glucose

Insulin-like growth factor

Impaired glucose tolerance

XV



List of Abbreviations

INS1E
IRE1
IJNK
Kare
KRBH
MIN6
mM
MODY
Mol
mRNA
mTOR
NGT
Ob
P/S
PA
PBA
PBS
PC1
PC2
PDI
PERK
PVDF
gRT-PCR
rlAPP
RNA
rpm
RPMI
RT
S1pP
S2pP
SDS-PAGE
Sec61

Rat insulinoma cell line

Inositol requiring enzyme 1

Jun N-terminal kinase

ATP-sensitive K+ channels

Krebs-Ringer bicarbonate buffer

Mouse insulinoma cell line

Millimolar

Maturity onset diabetes of young
Multiplicity of infection

Messenger ribonucleic acid

Mammalian target of rapamycin

Normal glucose tolerance

Obese

Penicillin/streptomycin

Palmitate

4-phenyl butyric acid

Phosphate buffered saline

Proinsulin convertase 1

Proinsulin convertase 2

Protein disulphide isomerase

Pancreatic eukaryotic initiation factor 2a kinase
Polyvinylidene fluoride

Quantitative real-time polymerase chain reaction
Rat Islet Amyloid Polypeptide
Ribonucleic acid

Revolutions per minute

Roswell park Memorial Institute medium
Reverse transcriptase

Site 1 protease

Site 2 protease

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Secretory 61 protein

XVi



List of Abbreviations

SEM Standard error mean

SERCA Sarcoplasmic/endoplasmic reticulum Ca®*
siRNA Short interfering RNA

SRP Signal recognition particle

TiD Type 1 Diabetes

T2D Type 2 Diabetes

TAE Tris-acetate-EDTA

TbsT Tris buffered saline-tween20

TG Triglyceride

ThioS Thioflavin S

Thp Thapsigargin

Tris Tris (hidroximetil) aminometano

TUDCA Taurine-conjugated ursodeoxycholic acid
UPR Unfolded protein response

WT Wild-type

XBP1 X-box binding protein 1

B-cell Beta cell

XVii






%
Al
%
I\
%
Al
%
I\
%
%
%
I\
%
%
%
I\
%
%
%
I\
%
%
%
I\
%
%
%

N
/N
N
/N
N
/N
N
N
N
N
/N
A
N
/N
/N
A
/N
A
/N
A
/N
A
/N
A
/N
A
N
/N
/N
A
/N
A
/N
A
/N
A
/N
Iy
N
A
N
Iy
N
/N
/N
/N
N
A
/N
Iy
N
A
N
Iy
I

Chapter|l. '

INTRODUCTION

|
I,
/N

-~

-~

Al
%
%
%

~
=

Al
%
I\






Introduction

1. DIABETES MELLITUS: OVERVIEW OF THE PATHOGENESIS

Diabetes is a chronic metabolic disease characterized by hyperglycemia resulting from
defects in insulin secretion, insulin action, or both. The chronic hyperglycemia of diabetes is
associated with long-term damage, dysfunction, and failure of different organs, especially the eyes,
kidneys, nerves, heart, and blood vessels. There are four main types of diabetes, namely Type 1
Diabetes (T1D), Type 2 Diabetes (T2D), Gestational Diabetes (GD) and, Maturity-onset diabetes of
young (MODY).

Type 1 Diabetes Mellitus

T1D which appears predominantly in childhood or adolescence, corresponds to ~10% of
the cases of diabetes mellitus, in which patients produce little or no insulin due to an autoimmune
destruction of their own insulin-producing B-cells. T1D is also referred as insulin-dependent

diabetes mellitus and is mortal unless there is insulin treatment [1].

Gestational Diabetes Mellitus

GD is a condition characterized by high blood glucose levels that was not present before
pregnancy and is present in ~4% of all pregnancies. During this period, the insulin levels need to be
much higher than normal however, the pancreas is not able to make enough insulin to drop glucose
on plasma. Several factors are associated with the appearance of GD, being the most common the
overweight or obesity and family history of GD and T2D. In addition, patients that developed GD are

considered more vulnerable of developing T2D [2].

Maturity-onset diabetes of young

Recent studies suggest a genetic component in the development of diabetes. Monogenic
forms (as opposed to T1D and T2D that are polygenic) have been identified, being the most
common commun the MODY, which involves mutations in several different genes, being the most
frequent forms the MODY1, MODY2 and MODY3 due to mutations in the glucokinase (GCK),
hepatocyte nuclear factor-la (HNFla) and hepatocyte nuclear factor-4a (HNF4a) genes,

respectively. MODY is typically diagnosed in children, adolescents or early adulthood and
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corresponds to a primary defect in insulin secretion, associated with dysfunction in the pancreatic

B-cell [3].

Type 2 Diabetes Mellitus

T2D is considered the most common form and responsible for 90% of the overall diabetes
prevalence. Generally it appears later on in life and is formerly called non-insulin dependent
diabetes mellitus. It has been associated with a reduction in B-cell mass [4] and peripheral
resistance to the action of insulin. Previously, T2D was only diagnosed in older individuals; however,
more children and adolescents are being diagnosed with diabetes. This shift in the onset of T2D

correlates with an increasing population of overweight children.

Nowadays, the incidence of T1D is predicted to remain steady; however the number of
T2D cases is expected to dramatically increase. Indeed, T2D has become a very common and fast
growing epidemic disease with a social and economic impact. Today, around 250 million people
worldwide are living with diabetes and by 2030 this total is expected to increase to over 400 million
[5]. This augment will be more evident in developing countries; however the regions with greatest
potential increases are the low- and middle-income countries, where diabetes rates could rise to 2
or 3 times more [6] (Figure 1). Over the past decades, not only diet quality and quantity have
experience profound modifications, but also a reduction in physical activity. For that, the whole
population have conducted to an increase in the frequency of diabetes and its complications with a

significant impact for health systems [7].
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Figure 1. Global projections for the diabetes epidemic: 2010-2030 (millions) (From Medicographia, 2011).

This increase points to a serious problem for society caused by a drop in work productivity,
early retirement and premature death. Although diabetes has become the fourth or fifth leading
cause of death, many governments still remain unaware of the real magnitude and the risks for the
rapidly rising in diabetes in their own countries. Thus, diabetes is certain to be one of the most

challenging health problems in the 21st century [6].

The demanding health problem is often accompanied by a comprehensive list of chronic
complications shared by both T2D and T1D, affecting almost all tissues which including kidney
failure (nephropathy), heart diseases stroke and hypertension, blindness (retinopathy) and nervous
system disease (neuropathy) and amputation. Nevertheless, unlike T1D which is a chronic
autoimmune disorder that selectively destroys the pancreatic B-cells within the islets of Langerhans
leading to a lack of insulin, T2D is classified as an “insulin-independent” disorder and the
pathogenesis of this disease is associated by both insulin resistance and B-cell dysfunction that has

impaired production of insulin.
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1.1. THE ENDOCRINE PANCREAS

1.1.1. The role of pancreas

The human pancreas is a complex organ that lies in the upper abdomen behind the
stomach making part of the digestive system. As a glandular tissue, the pancreas is organized in two

compartments each one with different functions:

The exocrine compartment is responsible for the process of digestion by the acinar and

ductal cells, which produces digestive enzymes and secretions and drain into the duodenum via de

pancreatic duct. The exocrine compartment comprises more than 95% of the pancreatic mass.

The endocrine compartment is involved in maintaining blood glucose levels, through the

production of hormones by the pancreatic islets, which are the main structures of the endocrine

compartment and comprise 5% of the total pancreatic cell mass.

1.1.2. Morphology of the pancreas

The anatomy of the pancreas consists basically in four regions: head, neck, body and tail.
The head is the broadest part of the gland and is in the curvature of the duodenum; the neck, which
lies between the head and the body; the body with a canonical shape is localize behind the liver and
the small intestine and finally the tail, is the narrowest part and is at the left, in contact with the

posterior surface of the stomach and spleen (Figure 2A).
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Figure 2. Structure of the pancreas. (A) General morphology of the pancreas. (B) Schematic image of the structure of

human pancreatic islets. (From ACS Surgery: Principles and practice online)

The endocrine compartment is composed of millions of pancreatic islets, which are

distributed throughout the exocrine tissue as small clusters (Figure 2B). They are localized along

with the ducts of the pancreas, with a higher density in the tail when compared with the head and
body.

1.1.3. The structure of the Islets of Langerhans

The islets of Langerhans were discovered in 1869 by Paul Langerhans and described as

small islands rich in blood cells. There are around 1-2 million islets in humans and all islets consist of

five different types of cells: the B-cells, which are the most abundant, constitute more than 70% of

the islet cells mass and produce insulin and amylin; the a-cells, which make up 20% of the total and

secret glucagon; the &-cells produce somatostatin, and make up 3-10% of the total islet cells; the

PP-cells produce the pancreatic polypeptide, and make up 3-5% of the total islet cells, whereas the

g-cells produce the hormone grelin and account for about 1% of islets cells (Figure 2B)

In the middle of the last decade, diabetes researchers have discovered that the internal

structure of the human pancreatic cells is significantly different than the islets in rodents, being the
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B-cells the most abundant cell type in the islets of all species [8-9]. In humans, all five cell types are
spread through the islet with no particular order of distribution, resulting in the B-cells having direct
contact with the other cells. However, in rodents, B-cells are located in the middle of the islet and
surrounded by a layer of the rest of cell types (Figure 3) [9-10]. Although, B-cells are the most
abundant cell type in islets of all species, the proportion of B-cells is higher in mouse islets when
compared to human cells. Moreover, this particular architecture observed in human islets may
affect the way that all type of cells interact to each other in order to respond to glucose and their

ability to survive [10].

Figure 3. Immunofluorescent labeling of rat and human islets. Pancreatic sections from adult rat (A) and human (B).
Note that in rat islets, a-cells surround B-cells, which is not the case in human islets. a-cell (green), B-cell (red), nuclei
(blue) [9].

1.2. BIOSYNTHESIS AND SECRETION OF INSULIN IN PANCREATIC B-CELLS

1.2.1. Insulin biosynthesis

Insulin, which is produced by the pancreatic B-cells, is the most potent anabolic hormone
with powerful effects on a vast range of physiological process involving mitogenic and metabolic

events. One of the most important function of insulin is based on the regulation of glucose
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homeostasis, requiring for that, a tightly coordination between insulin secretion and action [11].

Insulin is stored in granules and secreted in response to increasing plasma glucose levels.

Insulin is a hormone of 51 aminoacids synthesized as a precursor protein, called
preproinsulin, which is formed by 110 aminoacids and a signal sequence, in the endoplasmic
reticulum (ER) membrane. The co-translational polypeptide is then translocated into the ER lumen
and converted to proinsulin by removal of the signal sequence. Upon glucose stimulation,
proinsulin is then folded and disulfide bonds are formed by an enzyme called protein disulfide
isomerase (PDI) and the connecting peptide (C-peptide) is cleaved by the membrane-associated

endoproteases PC1/3 and PC2 as well as carboxypeptidase E [12].

1.2.2. Mechanisms of insulin release in B-cells

Glucose-stimulated insulin secretion (GSIS) is the principal mechanism of insulin release.
When blood glucose rises, glucose is transported into the B-cell by facilitated diffusion through
glucose transporter-2 (GLUT2) [11]. After a short period of time, glucose is metabolized leading to
an increase production of ATP in the cytosol that in turn deactivates ATP sensitive K™ channels (Karp
channels). The closure of Katp channels is the main responsible for the depolarization of the plasma
membrane, causing an influx of Ca®* through the opening of the voltage-gated Ca** channels. The
increased Ca* levels in the cytoplasm trigger the release of insulin (Figure 4). This process of insulin
secretion is called the “first phase” or triggering pathway, and is followed by a “second phase” or
amplification pathway, which occurs post Katp channels and where is not necessary a large increase
of [Ca*] for insulin exocytosis, but it is sufficient to accelerate the granules mobilization [13].
Accordingly, the first phase of insulin secretion is thought to be maximal 4 minutes after glucose
stimulation and the second phase is characterized by an increasing rate of secretion that plateaus
at approximately 30 minutes [14]. Thus, both phases of insulin secretion are synergistic and

therefore not strictly independent.

In addition to glucose, other substances are known to regulate insulin secretion. Is the case
of aminoacids arginine and leucine, free fatty acids, acetylcholine, glucose-dependent insulinotropic

polypeptide (GIP), glucagon-like peptide-1 (GLP-1), and several other agonists [15].
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Figure 4. Glucose-stimulated insulin in pancreatic B-cells.

1.3. PRINCIPLES OF THE PATHOGENESIS OF TYPE 2 DIABETES

The genetic and molecular basis of the pathogenesis of T2D is not completely elucidated;
however a growing body of evidence has reported that the progression from normal to impair
blood glucose levels regulation in individuals with T2D, is mostly influenced by insulin resistance
and B-cell dysfunction leading to a state of hyperglycemia [16]. Over the past years, a large number

of considerations have been given to these two events:

1) Some groups have suggested insulin resistance as the first abnormality to emerge
followed by B-cell dysfunction, which is characterized as the late event that appears as a

consequence of the prolonged and increased secretory demand of insulin [17].

2) Others studies have proposed the drop in B-cell function as the main requisite to the
transition of normal glucose tolerance to hyperglycemia [18-19]. Furthermore, insulin resistance
alone (in the non-B-cell target tissues of the hormone) cannot cause diabetes without B-cell failure

[20].

10
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This disagreement is due mostly to an isolated evaluation, not considering that glucose
homeostasis is significantly dependent on a synergistically system that includes each state.
Moreover, the preservation of normal glucose homeostasis depends on a precisely interaction
between insulin sensitivity of peripheral tissues (muscle, adipose and liver) and insulin secretion.
Therefore, the development of T2D requires a defect in insulin action and insulin secretion. Both

features will be discussed afterwards.

1.3.1. Insulin resistance

Insulin resistance is defined as the condition where insulin-responsive tissues fail to
respond properly to normal levels of circulating insulin [21]. Insulin resistance has been shown to
be the best predictor of the disease and also the central and underlying feature of T2D. It is known
that insulin resistant individuals have normal or slightly elevated fasting plasma glucose in the
presence of elevated insulin concentrations, and they often exhibit prolonged postprandial

hyperglycemia (Figure 5).

11
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Figure 5. Glucose and insulin responses during a standard liquid meal. Plasma glucose (A) and plasma insulin (B) values
by timepoint during a standard liquid meal tolerance test according to fasting glucose tolerance status. NFG = normal
fasting glucose; IFG = impaired fasting glucose [22].

Insulin resistance affects the action of insulin in several target tissues, but muscle, liver and
adipose tissue seem to play the major roles in insulin-induced glucose clearance. In effect, there is a
reduction on insulin glucose uptake by skeletal muscle and adipose tissue and an impaired
suppression of hepatic glucose production (HGP). The contribution of these tissues to the evolution

of T2D is described below (Figure 6):

Adipose Tissue:

The most commonly associated disorder linked with the onset of insulin resistance is

obesity. As the fat mass of obese individual’s increases, the concentration of inflammatory

12
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mediators, termed adipokines produced by the adipocytes rises influencing insulin secretion and
insulin desensitization [23]. In addition, evidences have demonstrated that an increased mass of fat
cells are able to release high quantities of free fatty acids (FFA) into the circulation. In the case of
obese subjects, fat cells are already overloaded with FFA in the form of triacylglycerols (TG). As a
result, the uptake of excess TG-FFA is diminished, leading to its accumulation in peripheral tissues
such as skeletal muscle, liver and pancreatic B-cells causing an impairment in insulin sensitivity in
those tissues (in the case of B-cells, to an impairment in insulin secretion in response to glucose)

[24-25].

Muscle:

Skeletal muscle is considered the central organ of glucose uptake in the postprandial state
and the main responsible for the development of insulin resistance in T2D, being the impaired
glycogen synthesis one of the earliest metabolic defects [26]. However, other abnormalities in
insulin action on skeletal muscle metabolism are consistently observed in patients with T2D. About
80-90% of patients with T2D are obese, and as mentioned above, obesity itself causes skeletal
muscle insulin resistance via secretion of adipokines, inflammatory mediators, and growth factors.
Another possible mechanism for the development of insulin resistance in muscle has to do with
abnormal activation of the insulin-signal cascade, including decreased of insulin receptor 1 (IRS-1)
protein content, impaired IRS-1 phosphorylation, reduced phosphoinositide 3-kinase (PI3K) activity,
or altered protein expression of the regulatory subunit of PI3K. Additionally, alterations in the
expression or the translocation to the plasma membrane of GLUT4 have been implicated as a

potential pathogenic mechanism [27].

Liver:

Although the liver accounts for only ~¥30% of the whole-body glucose metabolism, hepatic
insulin resistance plays an important role in the pathogenesis of T2D. After an overnight fasting, the
liver of healthy subjects produces glucose in order to supply the needs of the brain, which is mainly
dependent of the total body mass and the grade of peripheral insulin utilization. HGP is suppressed
by insulin, which is secreted after meal ingestion. However, the liver of T2D subjects fails to
recognize the presence of insulin, leading to an overproduction of glucose by the hepatocytes.

Several lines of evidences have revealed new others factors that contribute to the increased rate of

13
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HGP including elevated circulating glucagon levels, decreased activity of glucokinase enzyme and
hepatic sensitivity to glucagon [28]. Besides, the elevated circulating free fatty acids are also
reported to stimulate hepatic gluconeogenesis which is responsible for high glucose production in

diabetic patients [24].

Adipose tissue

R

) ,{“ «/ Increased lipolysis and

« | ) decreased glucose
uptake

Insulin

Resistance Skeletal muscle

Increased : Decreased
HGP glucose uptake

Liver

Figure 6. A schematic overview of the contribution of peripheral tissues for the progression of insulin resistance in
the pathology of T2D.

In summary, insulin resistance affects the action of insulin in major target tissues such as
muscle, adipose and liver. In fact, the normal B-cell reacts to the state of insulin resistance by
increasing the secretion of insulin to the bloodstream, resulting in hyperinsulinemia. This
physiological state is not only a compensatory response to insulin resistance, but also the leader
cause of the defects in insulin action in several tissues, predominantly in the B-cells which,
eventually become exhausted in the course of time and lose their ability to secrete insulin [29]. The
progressive decline of B-cell function precedes the development of hyperglycemia after the
diagnosis of T2D. Moreover, the contributions of other tissues for this condition, and not only those

described above, are also important and cannot be disregarded (Figure 7).

14
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Figure 7. The contribution of several tissues for the appearance of hyperglycemia in T2D.

1.3.2. From normal B-cell function to B-cell dysfunction

The main role of B-cell is to synthesize and secrete insulin in order to maintain circulating
glucose levels within physiological range. In T2D, B-cell dysfunction plays a determinant role, not
only in the pathogenesis of the disease, but also in disease progression over time. Although, B-cell
dysfunction is initiated years before clinical symptoms appear, and long before the onset of pre-
diabetes, it is estimated that at diagnosis, B-cell function is already reduced by 50-60% (Figure 8).
Several studies in T2D patients have shown that B-cell dysfunction occurs primarily with a defective
in the first phase of insulin secretion [30]. In the second phase, insulin secretion is also affected
latter during the progression of the disease, however it could be re-establish in some patients

under the control of glucose concentration in the blood.

15
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Figure 8. B-cell function decline over time. Patients with T2D, have already lost 50% of their B-cells upon diagnosis
(from Diabetes Management in the Primary Care Setting, 1st Edition).

During the last decade, the reduction in B-cell function has been attributed mostly to a
decrease in B-cell mass; however its precise role for the etiology of T2D remains controversial due
to a lack in longitudinal studies. In spite of this, several studies in patients with T2D have shown a
significant reduction ranges from ~20% in some studies to ~65% in others [31-32]. Although, the
reasons underlying this B-cell deficit are not clearly understood, some factors responsible for this
decline have been suggested; for example metabolic abnormalities (glucotoxicity and lipotoxicity)
may induce apoptosis, hormonal changes (inadequate incretin secretion and action), aging and
genetic anomalies [33]. Additionally, a growing body of evidences have shown the contribution of
an inefficient insulin processing [34-35] and the hypersecretion of islet amyloid polypeptide (IAPP)
together with amyloid deposition for the establishment of T2D [36-37]. The contribution of the
majority of factors mentioned above will be further described in the next sections of the

Introduction.

The loss of B-cell mass seems to be present in mostly of T2D patients obtained at autopsy,
however the question whether loss of mass or loss of function underlies the B-cell defects in T2D is
not likely to be conclusively. Theoretically, the insulin secretory defect could result from either
defects of B-cell function or a reduction in B-cell mass. Some lines of evidences indicate that T2D

associates with either no change or < 30% reduction in B-cell mass. Moreover, the secretion defect

16
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is more severe than can be accounted for only by the reduction in B-cell mass. It therefore appears
that insulin secretory defect in T2D does not primarily result from insufficient B-cell mass but rather
from an impairment of insulin secretion that contributes to the progressive deterioration of glucose
homeostasis. However the number of B-cell tend to be less eventually, as long as B-cells are able to
secrete insulin as much as necessary to compensate insulin resistance, the glucose tolerance will

remain normal.

2. TYPE 2 DIABETES AND ISLET AMYLOID POLYPEPTIDE (IAPP)

One of the major causes involved in the process of B-cell deterioration is the presence of
amyloid deposits in the pancreas. The process of amyloid deposition is a remarkable
physiopathological finding in individuals with T2D (Figure 9). The term amyloid emerged from the
Latin word amylum which means starch. For a long time it was thought that these deposits were
starch-like, but later on, it was discovered that they were actually a mass of proteins with a
particular beta sheet structure. From that, pathologies with conformational changes in normally
soluble proteins or peptides that result in the formation of intermolecular hydrogen bonds, beta
sheet conformation and fibril formation are namely amyloidosis. Apart from T2D, these conditions
have been also implicated in different human disorders including such debilitating diseases such as

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease [36].

17
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Figure 9. Islet amyloid deposition in islets from an individual with T2D. Islets stained with Congo Red and viewed
under partially cross-polarized light. Islet amyloid is visible as areas of pink/brown staining and apple green
birefringence (A). A pancreatic islet from an individual with T2D showing islet amyloid deposition by thioflavin S staining
(green) and residual B-cells with insulin immunostaining (red) (B). No amyloid is present in a pancreatic islet from a
nondiabetic individual; insulin immunostaining shows B-cells (red) (C) [38].

The contribution of IAPP in T2D is still controversial; several studies question whether
amyloid deposition is a cause or a consequence of islet decline and whether it occurs intra- or
extracellularly [39]. However, numerous evidences correlate the role for IAPP with the severity of
the disease. The facts indicate that amyloid deposits are seen in ~¥90% of patients with T2D at

autopsy and can possibly correspond to late stages of the pathology [40-41].

2.1. GENERAL FEATURES OF IAPP: SYNTHESIS, SECRETION AND FUNCTION

Islet amyloid polypeptide (IAPP) also known as amylin is a normal product of pancreatic B-
cells. It is stored along with insulin in secretory granules and co-released in response to nutrient
stimuli. This 37- amino acid peptide was identified in 1987, although it had been in 1989 that the
gene was isolated and characterized [42]. Nishi et al., located it in chromosome 12, containing three
exons and two introns, which transcribed an 89- amino acid precursor, termed preprolAPP peptide
with an amino-terminal signal sequence. This signal peptide is then cleaved from the precursor
protein to generate a 67- amino acid propeptide termed prolAPP [43]. This peptide undergoes
further post translational modifications, which include the formation of disulfide bridges between

cysteine residues at position 2 and 7 and also the amidation of the C-terminal tyrosine. Therefore

18
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the normal processing of prolAPP in B-cells begins with the cleavage at its COOH terminus by the
convertase PC1/3 to produce the intermediate prolAPP, which is followed by the cleavage in the
secretory granules by PC2 [44]. The remaining COOH-terminal is removed by the carboxypeptidase
E (CPE) resulting in the mature 37- amino acid IAPP (Figure 10) [37, 44-45]. These prohormone
convertases are as well responsible for proteolytic conversion of proinsulin to insulin, supporting

the idea that the processing of prolAPP might also be impaired in T2D [46].

PC1/3>PC2
N-Term IAPP 1-37 * C-Term
ProlAPP e KR GKR eee——
l CPE
PC2
N-Terminally 1o/ * IAPP 1-37
Extended — KR G
ProlAPP
Intermediate CPE
PAM
IAPP 1-37
Mature IAPP NH,

Figure 10. Proposed model for normal processing of pro-IAPP in islet B-cells. (a) Pro IAPP processing is initiated by
cleavage at its COOH-terminus by either PC1/3 or PC2, although cleavage by PC1/3 is favored at this site. Cleavage of
the NH2-terminally unprocessed prolAPP intermediate by PC2 then results in the production of IAPP (~4 kDa). After
cleavage by PC1/3 or PC2, the remaining dibasic residues are likely removed by CPE and mature IAPP is formed by
removal of Gly at the COOH-terminus and amidation at this site by the peptidyl amidating mono-oxygenase complex
(PAM). (Adapted from Marzban et al, 2004) [45].

The IAPP primary structure is highly conserved between human, non-human primates and
cats [47]. Its sequence appears to show a close homology among species in the carboxy terminal
residues, however the residues 20 to 29 seems to exhibit some variation (Figure 11). IAPP has been
shown to be secreted following stimulation with glucose and other secretagogues and in a high
frequency pulsatile manner, similar to insulin [48]. In healthy humans, plasma levels of endogenous

circulating IAPP are lower in the fasted stated (~4-8 pmol/I) and rise to 15-25 pmol/l after a meal,
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correlating with levels of insulin [49]. However, unlike insulin, IAPP is not eliminated significantly in
the liver but mostly through renal metabolism [50] and the plasma clearance rate has been shown

to be slower than insulin.
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Figure 11. Species differences in the amino acid sequence of islet amyloid polypeptide. Amino acids in monkey, cat,
rat, and mouse IAPP that are identical to the human sequence are denoted (-). The underlined sequence (amino acids
20-29) is thought to be critical for the formation of amyloid fibrils in humans (Adapted from Diabetes Mellitus: A
Fundamental and Clinical Text 3rd Edition)

The function of IAPP has been suggested to be involved with glucose homeostasis. In
general, this hormone inhibits gastric emptying and is important in controlling and delaying the rate
of meal derived glucose. It has also been shown to inhibit glucagon secretion as well as
somatostatin. Indeed, physiological concentrations of IAPP are responsible for the regulation in
food intake and body weight. It has been shown in vivo, that administration of IAPP in rat brain is
related with a reduction in food intake when compared with an IAPP antagonist [51]. Several others
effects have been related including the regulation of renal filtration [52], calcium homeostasis [53]
and vasodilatation [54]. Nevertheless, a critical role positions IAPP as the main responsible for the

pathogenesis of T2D through formation of amyloid deposits and destruction of pancreatic B-cell.
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2.2. MOLECULAR MECHANISMS OF AMYLOID FORMATION AND AGGREGATION

Although there has been considerable progress, the exact mechanism of abnormal
aggregation of IAPP is still largely unknown; however several studies pointed the overproduction or
mutations in IAPP as the main causes for amyloid formation [55]. The role of overproduction of
IAPP is associated with the increased secretory demand for insulin due to insulin resistance and
increasing hyperglycemia. Because IAPP and insulin are co-secreted in B-cell secretory granules, this
increased production and secretion could result in accumulation and aggregation of IAPP. Many
studies have reported that transgenic mice with overexpression of human IAPP develop islet
amyloid deposits [56-57]. However, other studies not only contradicted this hypothesis but claim
that overproduction of IAPP, even at levels several times higher than normally, per se, are not
sufficient for islet amyloid formation [58]. To confirm these findings, Kahn et al demonstrated that
non-diabetic obese and/or insulin resistant individuals with elevated IAPP production do not
developed amyloid deposits. However, in both cases, only in the presence of some factors such as,
genetic predisposition, high fat diet and obesity, IAPP might be critical for the development of

extensive islet amyloid [56-57].

Another possible mechanism for amyloid formation concerns the mutations in the IAPP
gene, by producing forms more fibrillogenic than the normal peptide. Based on several studies, the
S$20G mutation in the IAPP gene appears to be associated with an early onset and more severe form
of T2D, due to a higher frequency in patients with T2D than in control subjects [59]. This discovery
supports the idea that IAPP may play a role in the pathogenesis of T2D. In addition, there are at
least two other mutations associated with T2D, which have been identified in the promoter region
of the IAPP gene [60-61]. Still, others studies have failed to demonstrate any correlation between
abnormalities in IAPP gene and the disease [62-63]. Although it is not possible to explain how the
mutations interfere with the progression of amyloid formation, but it is possible that mutations

may be contributors in some patients with T2D.

In addition, the existence of hydrophobic amino acids in the mid-portion of IAPP could also
be responsible for its propensity to aggregate into B-pleated sheets. The residues at position 20-29
of the polypeptide chain have been determined to be the amyloidogenic region of the peptide.

However, the proline substitutions in the 24-29 regions of rodent IAPP are thought to prevent
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amyloid fibril formation completely [38]. Proline is a known to be B-sheet breaker and a total
inhibition of amyloid formation was seen when substitutions of proline in the human wild-type 20-
29 region were performed [64]. Additionally, several hypothesis indicate that the impaired
processing of prolAPP may result in an elevated secretion of the NH,-terminal IAPP precursor with a
strong affinity for heparan sulfate proteoglycans which could eventually result in a generation of a

nucleus for amyloid formation [55, 65].

2.3. IAPP TOXICITY

Aggregated IAPP has cytotoxic properties and is believed to be of critical importance for
the progression in patients with T2D. Early studies by Howard et al. (1986) and by Clark et al. (1988)
have shown that the formation of islet amyloid is strongly associated with reduction of insulin
secretion and with loss of approximately 50% of the B-cell mass [66-67]. IAPP aggregation has been
suggested to occur in a stepwise manner, with soluble monomeric IAPP forming oligomeric

structures, protofibrils and eventually amyloid fibrils (Figure 12).
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Figure 12. Model for islet amyloid fibril formation and cytotoxicity [38].
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Initially there was general acceptance about the concept that the fibrillar form of IAPP are
the toxic species [68]. Furthermore, studies have shown a strong correlation between islet
amyloidosis and IAPP cytotoxicity and eventually B-cell death. Yankner laboratory (1994) have
demonstrated that toxicity is mediated by IAPP fibrils by direct contact of fibrils with the cell
surface causing DNA fragmentation, chromatin condensation and protuberances in the plasma
membrane leading to islet cell apoptosis [69]. The common feature for IAPP fibrils lies on the
classical cross B-structure, polymorphic and typically unbranched [70]. Additionally, in vitro studies
have provided evidences that synthetic IAPP readily forms amyloid fibrils which allowed studying

the overall morphology and formation [71-72].

Recently, literature has emerged suggesting that amyloid fibrils are less toxic than small
oligomers formed by aggregates of IAPP and the tendency of mature fibrils is to diminish over time.
Studies in amyloid-beta (AB) present in Alzheimer’s disease (AD) have been more extensive than
those in human IAPP (hlAPP) and, taken in account that AD and T2D are linked to pathologies
associated with protein aggregation, is tempting to assume the toxic oligomer hypothesis [73]. Over
the last few years, a large number of data from in vitro studies in IAPP have emerged, however, the
presence or absence of oligomers is still an open question. For that, specific antibodies were design
to detect oligomers from a broad range of amyloid proteins, including IAPP. Recent publications
have documented that A1l antibody was capable to recognize different types of toxic peptides
linked to amyloid diseases, through the binding of native folded proteins that display anti-
aggregation activity. Gurlo and colleagues were able to detect the presence of IAPP oligomers in
insulin vesicles and mitochondrial membranes of hIAPP transgenic mice [74]. More recently, Soty et
al. have demonstrated the formation of intracellular oligomers with an alteration in B-cell function

[75].

According with the structural information available for IAPP fibrils and oligomers, it is clear
that IAPP as an amyloid protein has shown to be toxic through similar mechanisms as other amyloid
proteins. One of the most widely accepted mechanism of toxicity refers to membrane interaction
which leads to cell membrane permeabilization or disruption [36]. Membranes are known to play a
role in the misfolding of amyloid proteins. Its disruption can be affected by the toxic action of
misfolded proteins and can be responsible for the rapid formation of oligomers or fibrils.

Concerning hlAPP oligomers, the membrane leakage occurs via direct interaction and/or formation
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of ion pores and depends on the lipid composition and on the lipid to peptide ratio as well as pH
and ionic strength [76]. In addition, this pore forming capacity has been proposed for all amyloid
proteins. In the case of fibril formation the damage in the membrane may happen through
interaction of fibrils with specific channels located on the cell surface [39, 47]. Moreover, oligomers

of hIAPP have been shown to increase inflammation in B-cells via the inflammasome [77].

Comparably, hIAPP can form proinflammatory oligomers and fibrils that contribute to islet
inflammation by recruiting and activating macrophages in vivo [78]. Furthermore, Endoplasmic
Reticulum (ER) stress has been proposed to be an important contributor to hlAPP induced B-cell
death since exogenously added hIAPP has been confirmed to induce ER stress [74]. Some reports
showed that ER stress-mediated apoptosis is exacerbated in rodent cells expressing amyloidogenic
isoforms of hlIAPP in B-cells, leading to a reduction of B-cell mass in hIAPP transgenic mice and rats
[65, 79]. In addition, Casas et al. demonstrated that extracellular hIAPP aggregation is associated
with ER stress responses in mouse B-cells, by an intracellular signaling that involves downstream
inhibition of the ubiquitin-proteasome pathway, contributing to [-cell apoptosis [80-81].
Nevertheless, in a rat pancreatic B-cell line overexpressing hIAPP, the detection of toxic intracellular
oligomers, which lead to defective insulin and IAPP secretion levels in response to glucose, did not
change the expression of genes involved in ER stress [75]. Although the mechanism responsible for
B-cell cytotoxicity during the process of hIAPP formation is still not well defined, a growing body of
evidence firmly indicates that IAPP fibrils or oligomers have a crucial role in the progressive B-cell

dysfunction in T2D.

2.4. MODELS OF HUMAN IAPP OVEREXPRESSION

2.4.1. The extracellular model: synthetic hIAPP

Several approaches have been applied to study amyloid toxicity in vitro; synthetic peptides,
corresponding to either fragments or the whole protein, have been useful to attempt in defining
the amyloidogenic pathology. Several studies have reported that amyloid peptide is proficient to
induce cytotoxic cell death by external addition of synthetic hIAPP [69, 80, 82-84]. Although, the

precise mechanism by which IAPP aggregates leads to B-cell death is still unknown, it has been
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recognized that this aggregation is a concentration dependent of synthetic hIAPP in vitro. Bailey et
al. suggested a progressive increase in cell toxicity according with the initial peptide concentration,
as well as the time exposed for the process of IAPP fibrilization [71]. In addition, Casas et al.
demonstrated that extracellular hIAPP (1-20 puM/I) aggregation is associated with ER stress
responses in mouse B-cells, by an intracellular signaling that involves downstream inhibition of the
ubiquitin-proteasome pathway, contributing to B-cell apoptosis (Figure 13) [80]. In line with these
studies, evidences have demonstrated that in aqueous solution synthetic hlAPP spontaneously
forms B-sheets and aggregates whereas synthetic rat IAPP does not [85-86] and the aggregation

process seems to be extremely sensitive to amyloid concentrations [87].
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Figure 13. Toxic effect of extracellular hIAPP on MING6 cells. Apoptosis assay on MIN6 cells treated with 1, 10, or 20
mol/l hIAPP compared with control. Cell staining with annexin V FITC and Pl was analyzed by FACS (A). Morphological
analysis of MING6 cells exposed to extracellular hIAPP compared with the control. Upper panels show how hIAPP
aggregates were located close to the cell margins (arrows). The plasma membrane (PM) was irregular and showed
prominent invaginations (asterisks). Lower panels show abnormal morphology of ER (asterisks) in treated MIN6 cells (B)
[80].
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2.4.2. The in vitro model

Although overexpression of human IAPP in transformed cells is known to cause IAPP, the
mechanism by which amyloid oligomers and/or fibrils are formed is not completed understood. For
that reason, many attempts to express this protein in various vectors and hosts have been
designed. Eberhardt and colleagues were able to transfect fibroblast-like cell line (COS-1) cells with
vectors expressing amyloidogenic IAPP; however, those cells containing amyloid fibrils were
degenerated or dead when compared to rat IAPP overexpression [88]. Years later, the same group
with the effort to understand the mechanism by which intracellular hIAPP causes cell death,
demonstrated that in transfected COS-1 cells, the accumulation of hlAPP initiates a cascade of
intracellular signaling events that triggers the apoptotic pathway [89]. However, this cell line was
not expected to prevent such event due to the lack of the cellular machinery needed for the
processing and trafficking of immature IAPP, such as secretory granules or prohormone

convertases.

Recent studies have also reported successful cloning and expression of recombinant hIAPP
in cultured mammalian cells. Several in vitro approaches allowed the successful expression,
purification and characterization of the amyloidogenicity and cytotoxicity of the human mature
IAPP in sufficient amounts using for example, the Lacl-T7 RNA polymerase-based heterologous
expression system for Escherichia coli. This pET E. coli expression system has been shown to remove
potential toxic proteins and, at the same time generate high levels of recombinant proteins [90].
Likewise, other studies were capable to clone the hIAPP full-length peptide into, not only COS-1
cells, but also in rat insulinoma (RIN) and Chinese hamster ovary (CHO) cells [91]. Nevertheless,
when studies were performed in INS1E cells, a B-cell line with all the equipment for the processing
and regulation of IAPP, the expression of hIAPP by adenovirus have not resulted in cell death unless

hIAPP was high enough to cause impaired prolAPP processing (Figure 14) [92].
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Figure 14. Impaired processing of human prolAPP is associated with increased cell death in INS1E cells. (A) INS1E cells
were transduced with Ad-rProlAPP (MOI 10) or Ad-hProlAPP (MOI 4 or 10). (B) Increased number of apoptotic cells
detected after 96h after transduction. Expression of human (but not rat) prolAPP at levels that resulted in impaired
prolAPP processing (MOI 10) was associated with an increased cell death. [92].

Furthermore, our group has established an in vitro model in which INS1E cell line was
stably transfected with human IAPP cDNA under the cytomegalovirus promoter (CMV). Under
hIAPP overexpression, these cells showed intracellular oligomers and a strong alteration of glucose-
stimulated insulin and IAPP secretion (Figure 15). Moreover, inhibition of insulin and IAPP secretion
affected the activity of Karp channels leading to an increased mitochondrial metabolism in order to

counteract the secretory defects of B-cells [75].
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hIAPP

Figure 15. hIAPP-INS1E cells have impaired insulin secretory capacity due to intracellular oligomers. hIAPP mRNA
levels (A) and Insulin secretion after glucose stimulation (B). Immunogold labeling for oligomers in hIAPP-non-
expressing cells (control) (panels a, b, and b’) and hlAPP-expressing cells (hIAPP cells) (panels c, d, and d’). Oligomers
were only detected in hIAPP cells in the ER (arrows in panel d’), in insulin granules (/G) (arrow in panel d), and
associated to the plasma membrane (PM) (arrow in panel c) [75].

2.4.3. The in vivo model: transgenic animal models with hlIAPP overexpression

One of the most active research areas that have contributed substantially to our current
understanding of the molecular basis in a multifactorial disease such as T2D is the creation and
development of diverse animal models. Nowadays, in vivo studies of human pancreas morphology
are not possible by obvious ethical considerations, and the collective human material comes from
either autopsy or surgical resection from pancreatic cancer. It is interesting that apart from
humans, the only species capable to spontaneously develop T2D are non-human primates and cats;
nevertheless, besides the cost of working with such big species, these models not always progress
towards T2D, making the use of these models not optimal for research [93]. Studies performed with
rodent models of diabetes are then greatly useful and advantageous, especially regarding islet
amyloidosis studies. Unlike the human islet amyloid polypeptide, the islet amyloid polypeptide from

rodents is not amyloidogenic due to the proline substitutions in the IAPP 20-29 region. This lack of
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amyloid development in these models makes impossible to assess the role of IAPP aggregation in
the islet pathophysiology. Since only a limited number of species spontaneously form islet amyloid,
several groups have developed transgenic mice strains choosing hIAPP as a model for islet

amyloidogenesis (Table 1).

Nonetheless, some reports showed that the mere hIAPP overproduction did not lead to
amyloid formation/deposition despite elevated plasma concentration of hIAPP. Thus, other factors
beyond overexpression had to be involved in the mechanism of islet amyloid formation since these
mice were normoglycemic and normoinsulinemic [94-96]. Islet amyloid was reported in transgenic
mice fed a diet high in fat. Verchere and colleagues have shown that approximately 80% of male
transgenic mice (>13 months of age) presented amyloid deposits and were always associated with
severe hyperglycemia [56]. In the case of hemizygous transgenic mice for hlIAPP, the treatment with

growth hormone or dexamethasone contained small intra- and extracellular amyloid deposits [97].
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Table 1. Transgenic rodent models for human islet amyloid polypeptide (hIAPP) [93].

Transgene/ References
Species Background Metabolic Phenotype Islet Pathology (See Text)
Mouse h-IAPP(hemizygous)/  Mice do not develop diabsates 1. Small intra- and extracellular Couce et al.
FVB/N unless treated with growth amyloid deposits 1996
hormone and dexamethasone. 2. Evidence of p-cell
degeneration
Mouse h-IAPP{homozygous)/ Mice spontaneously develop 1. Small intra- and extracellular Janson et al.
FVB/N hyperglycemia (—11mM glucose) amyloid deposits 1996
and diabetes by 10-14 wk of 2. Evidence of decreased p-cell
age. mass
Mouse h-1APP{hemizygous)/  Progressive development of 1. Large extracellular amyloid Butler et al.
AVIA diabetes by - 15 wk of age in deposits 2003b;
obese but not in lean transgenics 2. Decreased p-cell mass (-80%) Soeller et al.
3. Increased g-cell apoptosis 1998
(—10 fold)
4. Mo change in p-cell
neogenesis or replication
Mouse h-1APP{hemizygous)/ Mice do not spontaneously develop 1. Mo reported presence of Ahren et al.
C57BL/6J diabetes. Mice exhibit impaired extracellular amyloid deposits 1998; de
insulin secretion in response to 2. Electron microscopy reveals Koning et
oral glucose load. aggregation of amyloid fibrils in al. 1994;
B-cell secretory granules Hoppener et
3. Mo change in p-cell mass al. 1999
Mouse h-IAPP(hemizygous)/  Mice do not spontaneously develop 1. Mo extracellular amyloid Tokuyama et
CE7BL/6J diabetes and display normal deposits al. 1997;
glucose tolerance in vivo. Mice 2. Reported formation of amyloid Yagui et al.
show evidence of impaired fibrils in B-cell secretory 1995
glucose-induced insulin secretion granules
in isolated islets. 3. No change in B-cell mass
Mouse h-IAPP(hemizygous)/  Mice do not spontaneously develop 1. Prasence of extracellular Hull et al.
C57BL/6 x DBA diabetes, however, tend to amyloid deposits 2003; Hull
demonstrate impaired glucose 2. Evidence for decrease in p-cell et al. 2005;
tolerance in response to IPGTT mass (-15%) Wang et al.
due to diminished insulin 2001
secration.
Mouse h-1APP{hemizygous)/ Mice spontaneously develop 1. Presence of extensive Hoppener et
ob/+ diabetes and stay hyperglycemic extracellular amyloid deposits. al. 1999
(—15-20 mM glucose) during their 2. Substantial decrease in g-cell
life span compared with mass
nontransgenic ob/ob mice.
Rat h-IAPP(homozygous)/ Sudden onset of diabetes with the 1. Mo extracellular amyloid Butler et al.
CcD first 2 mo of age deposition. 2004
2. Rapid decline in B-cell mass
Rat h-IAPP(hemizygous)/  Gradual onset of diabetes by 1. Presence of extensive Butler et al.
cD midlife -5-10 mo of age extracellular amyloid deposits. 2004

. Decreased in p-cell mass

(~50-80%)

. Increased p-cell apoptosis

(~10-fold)

. Increased p-cell replication,

with no change in neogenesis

Another strategy used to overexpress hIAPP was to cross-breed hIAPP mice onto a mouse
with obese background (ob/ob) [98-99] (Figure 16) or obese Agouti viable yellow (Avy/Agouti)
[100]. These mice developed amyloid formation and loss of B-cells, which was associated with

progression of diabetes. Moreover, it was found that female transgenic mice do not increased the
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occurrence of amyloid when oophorectomized, suggesting a protective role of ovarian hormones in
islet amyloidosis. In recent years, Butler’s laboratory showed that transgenic B-cell expression of
human prolAPP in rats (HIP rats) that are hemozygous for hIAPP develop diabetes within 5-10
months, together with the presence of extracellular amyloid, decreased B-cell mass and increased
B-cell apoptosis [101]. The loss of approximately 60% in B-cell mass at the onset of diabetes

demonstrated that HIP rat, is similar to the 65% B-cell deficit observed in humans with T2D [31].

With a variety of transgenic hIAPP models it has been possible to clearly highlight that islet
amyloid formation is a complex event associated with a great number of factors considered

important in the pathogenesis of these deposits.
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Figure 16. Histochemical findings in pancreatic specimens from a 17-month-old transgenic ob/ob mouse that
produced human islet amyloid polypeptide. In 80 percent of the islets of Langerhans from the mouse, Congo red
staining revealed extensive, pink amyloid deposits under white-light microscopy (A). Red autofluorescence of amyloid
deposits in the same islets is evident under ultraviolet-light microscopy (B) [99].

3. THE ENDOPLASMIC RETICULUM

3.1. PHYSIOLOGICAL ROLE

In Eukaryotic cells, the Endoplasmic Reticulum (ER) consists in a vast membranous
organelle that forms an interconnected network focused first and foremost on the secretory

pathway. The translation of the vast majority of secreted and transmembrane proteins, are
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performed by ribosomes on the cytosolic surface of the ER, where the newly translated unfolded
polypeptide chains are translocated inside the ER lumen, and where is possible the interaction
between chaperones and folding enzymes in a highly oxidizing and Ca?* store environment. The ER
is considered as the main intracellular reservoir for Ca®* and its concentration is maintained higher
inside than in the cytosol. This regulation is produced by the sarco(endo)plasmic reticulum Ca®
ATPase (SERCA) which pumps Ca’* into the ER lumen and is a key component for cellular signaling,
adaptation and survival. Moreover, the ER plays a central role in free fatty acid esterification and
steroid production and storage [102]. Dynamic interactions and crosstalk between ER and other
organelles has been reported. As an example, the secretory and membrane proteins that are
transported from ER to Golgi in vesicles [103]. Furthermore, a growing number of studies point to
the role of the ER in the sensing and transduction of apoptotic signals [104]. The improved
understanding of the molecular basis for ER processing activities could reveal the role of the ER in

the development of a variety of diseases including T2D.

3.2. PROTEIN FOLDING AND/OR MISFOLDING IN THE ER. THE ROLE OF CHAPERONES

Protein folding begins as the nascent polypeptide chain is co-translationally translocated
through the ER membrane into the ER lumen. This process is possible due to the binding of the
ribosome to the Sec61lp complex, a heterotrimeric protein complex in the ER membrane, which
guarantees that the elongating nascent chain is transferred from the cytosol directly into the ER
lumen [105]. The unique environment of the ER lumen allows for both oxidative protein folding as
well as post-translational modification such as, glycosylation and disulphide bond formation, and
accounts for approximately one third of all proteins in a eukaryotic cell [106]. Although most of
small proteins are thought to fold rapidly, several proteins required long periods before they attain
their final three-dimensional structure. Since ER is mainly associated with protein synthesis, if the
protein is not properly folded/matured, it will remain in the ER and will eventually be degraded

without reaching its normal cellular site of action [107] (Figure 17).
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Figure 17. Cellular sites associated with protein synthesis [108].

This sophisticated supervision carried by the ER is regulated by a sensitive quality control
(QC) system that can discriminate between the proper folded proteins from the misfolded ones.
The QC system operates at several levels and by multiple mechanisms [109] (Figure 18). One of
them is the folding chaperone system consisting on a considerable number of proteins, termed
chaperones, that have the capacity to recognize properties common to non-native proteins such as
exposed hydrophobic areas and in most cases through the expenditure of ATP [110]. The ER
contains three groups of molecular chaperones and folding enzymes: chaperones of the heat shock
protein family, such as BiP, chaperone lectins including, calnexin and calreticulin, and thiol
oxidoreductases of PDI family. Most of these chaperones have an important role in the correctly
folding and assembly of secretory proteins, oligomerization and post-translational modifications
[111]. Recent evidences that chaperones are required to prevent misfolding proteins connect with
the fact that the concentrations of many of these factors are significantly increased during cellular

stress [112].
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The BiP (immunoglobulin heavy-chain-binding protein) also known as GRP78 (78 kDa
glucose-regulated protein), is one of the most abundant ER chaperone and has been extensively
implicated in the mechanism of protein folding. Besides assisting in de novo folding, BiP has various
other functions, including protein trafficking, mediates retention of proteins in the ER, prevention
of protein aggregation, and a role in the translocation of newly synthesized proteins across the ER

membrane [112].

The formation of disulfide bonds is also a critical step in the maturation of the majority of
the proteins that traffic through the ER. The most studied mammalian enzyme responsible for this
process is the protein disulfide isomerase (PDI). PDI is considered as a multifunctional protein that
can act as both an oxidoreductase as well as a chaperone. Regarding its molecular chaperone
activity, PDI avoid the aggregation of misfolded proteins that do not contain any disulfide bond
[113]. The other component of the QC system is the ubiquitin-proteosome system (UPS) in which
irreparably damaged proteins are identified and sorted for degradation. This system is responsible

for the clearance of intracellular misfolded and aggregated proteins.

Tranzport in
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Ubiquitin-
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Figure 18. Regulation of protein folding in the ER [114].
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Folding and/or misfolding are crucial ways of regulating biological activity and targeting
proteins to different cellular locations. Moreover, specific types of cellular activities such as,
translocation through membranes, trafficking, secretion, and regulation of the cell cycle among
others, depend directly on the folding and unfolding events. Many stimuli can disrupt this process
and its failure can give rise to the malfunctioning of living systems leading to the development of an

increasing number of disorders, including Parkinson, Alzheimer, Huntington and T2D [115].

3.3. ER STRESS AND THE UNFOLDED PROTEIN RESPONSE

As mentioned above, proteins are properly folded and assembled with the assistance of
molecular chaperones and folding enzymes. Therefore, an acute increase in the translation of
secretory proteins could represent a major problem for the cell due to a probable production of
unfolded or misfolded proteins. However, this situation may turn out to be more critical if there is
an alteration in the ER homeostasis due to altered glycosylation, energy depletion, ER Ca®'
depletion, oxidative stress, energy deprivation, metabolic challenge and inflammatory stimuli [116].
These physiological and pathological conditions may interfere with protein maturation and

trafficking processes leading to the accumulation of unfolded and/or misfolded proteins.

Over the last decade, a complex homeostatic mechanism known as the unfolded protein
response (UPR) has evolved linking the load of newly synthesized proteins with the capacity of the
ER to mature them. The UPR works as a multifaceted strategy to protect the integrity of the ER and
the associated functionality of the secretory pathway. In mammalian cells, the first response
consists in attenuating the translation of most peptides, followed by an induction of ER chaperone
translation that promotes the correct protein folding [104] and finally the activation of the ER-
associated degradation (ERAD), in which misfolded proteins are re-trotranslocated from the ER
lumen to the cytosol and degraded by the ubiquitin-proteasome [104, 117]. Conversely, if this
mechanism of adaptation and survival fails to relieve ER stress, a continued accumulation of
misfolded proteins takes place within the ER and consequently UPR will generate pro-apoptotic

signals to eliminate the diseased cell [104].
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In mammals, the UPR consists of three main classes of sensors of ER stress: inositol-
requiring enzyme 1 (IRE1), double-stranded RNA-activated 9 protein kinase (PKR)-like ER kinase

(PERK) and activating transcription factor 6 (ATF6) (Figure 19).

stIiced
XBP1 mRNA
e

Transcriptional
activation

Figure 19. Branches of the UPR signaling pathway. The three sensor-transducers of the UPR are inositol-requiring
protein-1 (IRE1), activating transcription factor-6 (ATF6), and protein kinase RNA (PKR)-like ER kinase (PERK). These
sensor-transducers determine the state of unfolded proteins in the ER lumen [118].

Despite the difference, each of these signaling pathways, on the other hand, activate
transcription factors that mediate the induction of several ER stress genes. The IRE1, PERK, and
ATF6 signaling pathways of the UPR that are crucial in cell survival responses are examined in detail

below.
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3.3.1. The IRE1 signaling pathway

Inositol-requiring enzyme 1 (IRE1) is considered the oldest branch of the UPR and was the
first component identified as the ER stress sensor in yeast [119]. IRE1 is a type 1 ER-transmembrane
protein that contains both, a serine/threonine kinase and cytoplasm RNase domains. Considered a
central regulator of ER stress signaling, plays an important function in the regulation of protein
biosynthesis. Two mammalian homologues of yeast IRE1 have been identified: IRE1la, which is
conserved in all eukaryotic cells and expressed ubiquitously [119]; and IRE1B, which is expressed

only in intestinal epithelial cells [120].

Under non-stress conditions, IRE1 remains in an inactive monomeric form. Upon
accumulation of unfolded proteins in the ER lumen, IRE1 is activated, and released by the
chaperone BiP from its regulatory domains leading to dimerization and transphosphorylation [121].
Transphosphorylation of the kinase domain of IRE1 activates its RNase activity, whereby IRE1
initiates precise endonucleolytic cleavage of an mRNA encoding a transcription factor called X-box
binding protein-1 (XBP1). The RNase activity of IRE1 initiates splicing of a 26-base intron from the
XBP1 mRNA leading to an activated version of the transcription factor spliced XBP1 (sXBP1). Once
translocated to the nucleus, sXBP1 initiates several transcriptional programs that up-regulate UPR-
associated genes including many genes responsible for ER associated degradation (ERAD) and

some chaperones [122] (Figure 20).
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Figure 20. The IRE1 pathway. In normal conditions IRE1 is an inactive monomer, whereas IRE1 forms an active oligomer
in response to ER stress. Activated IRE1 converts unspliced XBP1 mRNA to mature mRNA by cytoplasmatic mRNA
splicing. The active transcription factor pXBP1(S) is translated and activates the transcription of ERAD genes through
binding to the enhancer UPRE [123].

3.3.2. The PERK signaling pathway

A reduction in protein translation and in ER workload is the first response to counteract ER
stress. This is mediated by the PERK signaling pathway. Once chaperone protein BiP releases from
its interaction with PERK’s luminal domain, PERK is able to dimerize, promoting
autophosphorylation and activation [120]. Once activated, PERK phosphorylates serine-51 of
eukaryotic initiation factor 2a (elF2a), its only recognized target. When phosphorylated, elF2a is
unable to efficiently initiate translation, leading to a rapidly reduction in the number of proteins
entering the already overwhelmed ER [124]. However, some selected proteins such as the
activating transcription factor 4 (ATF4) mRNA are preferentially translated and modulates the
expression of some other genes such as activating transcription factor 3 (ATF3) and C/EBP
homologous protein (CHOP). CHOP acts by inducing the expression of the growth-arrest and DNA-
damage-inducible protein 34 (GADD34) which acts to dephosphorylate elF2a contributing to

reactivation of protein translation [125] (Figure 21).

38



Introduction

e ER
OO-./\ N i
Sl
ué trarstational unfolded protein
3 attenuation
g PERK FKR
GCMNZ
l l HRI
+ O alF2ux
l CreP
PP1C-GADD34
pSBIPK

® ~rs
|

|

translation factors anti-oxidation factors CHOP

(apoptosis)

Figure 21. The PERK pathway. When PERK detects unfolded proteins in the ER, phosphorylates elF2a, resulting in
translational attenuation and translational induction of ATF4. ATF4 activates the transcription of target genes encoding
translation factors, anti-oxidation factors and the transcription factor CHOP [123].

On the other hand, translation attenuation is thought to be an adaptive response that
helps cells survive ER stress, protecting from ER stress-induced apoptosis [126]. It has been shown
that subsequent translation attenuation is responsible for the activation of the nuclear factor kappa
B (NF-kB) as a result of inhibited enzyme IkB kinase (IKK) translation, leading to cell protective gene
expression changes [127-128]. Therefore, optimal function and survival of diverse secretory cells

depends on translational regulation via PERK/elF2a branch of the UPR.

3.3.3. The ATF6 signaling pathway

A major mediator of transcriptional induction by ER stress is the basic leucine zipper
domain transcription factor ATF6. This protein is regulated not only by interaction with BiP, but also
by intra- and intermolecular disulfide bridges which are thought to keep ATF6 inactive [129-130]. In
response to ER stress, BiP is released from ATF6 and disulfide bonds are reduced, which stimulates

its own translocation to the Golgi, where site-1 protease (S1P) and site-2 proteases (S2P) are
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cleaved and conducted to the nucleus to target transcription chaperones, elements of the ER-
associated degradation pathway (ERAD), and the up-regulation of XBP1 (Figure 22). Under chronic
ER stress, ATF6 attempts to suppress the apoptotic UPR signaling cascade by up-regulation of the
PERK and IRE1 pathways.
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Figure 22. The ATF6 pathway. pATF6 is transported to the Golgi in response to ER stress, where is cleaved by S1P and
S2P proteases, resulting in release of the cytoplasmatic portion pATF6(N) from the ER membrane. pATF6(N)
translocates into the nucleus and activates transcription of ER chaperone genes through binding to the cis-acting
enhancer ERSE [123].

3.4. LINKERS OF STRESS AND APOPTOSIS IN T2D

A growing number of studies implicate ER stress in the loss and death of B-cells during the
evolution of T2D [131-132]. The ER is considered a vital organelle for protein synthesis and

maturation, quality control, and secretion [133-134]; however, these processes require a stable
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environment for balancing ER protein load and ER folding capacity. Nevertheless, it is known that
several physiological, environmental and genetic factors can provoke alterations in ER homeostasis
leading to a state of stress. Indeed, the evidences suggest that a continuously increase in insulin
biosynthesis observed in T2D patients, might overwhelm the folding capacity of the ER leading to a
state of chronic stress. As a consequence and as described above, the three UPR signaling pathways
are triggered in order to mitigate ER stress, maintaining B-cell function and promoting B-cell
survival through mechanisms of attenuation of protein translation, up-regulation of chaperones
and increasing folding capacity. In general, cells have the capacity to adapt to substantial ER stress,
not only by activation of UPR pathway, but also through ERAD pathway, in which damage or
unfolded proteins are selectively targeted and ubiquitinated for degradation by the proteasome to
prevent misfolding-induced toxicity [135]. Though if ER stress is too severe and long-lasting, the
UPR-mediated efforts ultimately fail and the apoptotic pathway is activated in order to protect the
organism by eliminating the damaged cells. Accumulating evidences points to ER as the main

organelle responsible for sensing and transducing apoptotic signals.

At least three parallel pathways are involved in the stress-mediated apoptosis: activation
of CHOP; activation of the IRE1-JNK pathway; and activation of caspase-12 [136-137] (Figure 23).
The first apoptosis pathway is the transcriptional induction of the gene for CHOP also known as
GADD153, and has been recognized as a key mediator of apoptosis in ER stress. Its expression is
barely detected under physiological conditions, but is markedly perceived in response to ER stress.
Additional mechanisms of apoptotic induction have been associated with particular branches of the
ER stress pathway. The second in ER stress is cJUN NH,-terminal kinase (JNK) pathway which is
mediated by formation of the inositol requiring 1 (Irel)-TNF receptor-associated factor 2 (TRAF2)-
apoptosis signal-regulating kinasel (ASK1) complex. Under chronic ER stress, IRE1 becomes
hyperactivated and phosphorylates the pro-apoptotic factor JNK. The third pathway is related with
activation of ER-associated caspase-12. Procaspase-12 is localized in the ER membranes and
undergoes cleavage during ER stress in murine cells, promoting the downstream cleavage of
caspase-3, the last effector caspase of the apoptotic cascade [138-139]. Together, cell survival and

cell death factors represent key opposing forces underlying stress response.
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Figure 23. Pathways of ER stress-induced apoptosis. (1) The pro-apoptotic pathway of CHOP transcription factor which
is mainly induced via PERK/elF2a, (2) IRE1-mediated activation of ASK1/JNK, (3) activation of the ER localized caspase-
12. These three pathways end in caspase cascade activation, the execution phase of ER stress-induced apoptosis
(Adapted from van der Kallen et al., 2009) [140].

3.5. PATHOPHYSIOLOGICAL ER STRESS INDUCERS IN B-CELLS
3.5.1. The effect of hyperglycemia and free fatty acids

Chronic hyperglycemia and chronic elevation of free fatty acids (FFA) associated with
obesity and T2D are the two major factors contributing to B-cell dysfunction and loss of B-cell mass
[141]. Chronic hyperglycemia is a condition in which an excessive amount of glucose circulates in
the blood plasma and is one of the classical manifestations of T2D. It is known that B-cell has the
capacity to adapt to hyperglycemia by expansion of cell mass and by metabolic changes. However,

long-term hyperglycemia is considered detrimental for the development of T2D and is associated
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with alterations in B-cell mass and function [142], leading to cell exhaustion and induced by the
toxic effects of glucose. In addition, it has been proposed that induced ER stress in B-cell is due to
an excessive stimulation of insulin synthesis, leading to an overload of the ER and/or perturbation
of Ca®* homeostasis which is a result of an overstimulation of the ATP-dependent potassium
channels (Katp) [143]. It was demonstrated that chronic exposure of glucose to rat insulinoma cells
and mice islets, induces the activation of IRE1la and the alternative splicing of XBP1 [144]. The
activation of this pathway is associated with moderate stimulation of JNK which could increase the
propensity of the B-cells to apoptosis [145]. PERK pathway is also implicated in conditions of
glucotoxicity. Studies have confirmed that rat islets exposure to high glucose increase the
expression of downstream targets of PERK, such as CHOP and ATF3 [146]. Staining of these markers
was shown in pancreatic sections from patients with T2D. Similarly, in db/db mice, phosphorylation

of elF2a is augmented together with CHOP and ATF4 expression. [147].

FFAs are also another important energy source for the body. They are implicated in
mammalian homeostasis, particularly in the formation of biological membranes and as fuel for
energy production in tissues such as the heart and skeletal muscle. Evidences have shown that
saturated fatty acids such as palmitate are highly toxic to B-cell, in contrast unsaturated fatty acids
such as oleate shown to have protective effect [148]. The contribution of high levels of saturated
FFA are proposed to trigger ER stress signalling in pancreatic B-cells in vitro and in B-cells of T2D
patients [149-150]. A recent study proposed the process of protein palmitoylation that occurs by
addition of 16-carbon saturated palmitic group on cysteine residues. These mutations in proteins
alter signal recognition or folding, inducing ER stress [151]. In addition, palmitate is capable to
activate all the three branches of UPR [152] (Figure 24). Additionally, it has been demonstrating not
only FFA could induce ER stress through enhancing Ca?" influx but also, activate calpain-2 to induce
CHOP expression and B-cell apoptosis [153]. Besides, the depletion of Ca®" by palmitate delays ER-
to-Golgi protein trafficking, disturbing in this manner, the build-up of proteins and promoting an

overload within the ER [154].
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Figure 24. FFA activates ER stress signaling in rat primary B-cells and human islets. (A) FACS-purified rat B-cells were
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cultured for 24 hours in the presence of oleate (gray bars), palmitate (black bars) or oleate plus palmitate (hatched
bars) at glucose concentrations of 10 and 28 mM. (B) Human islets were cultured for 48 hours in the absence (white
bars) or presence of oleate (gray bars) or palmitate (black bars) at glucose concentrations of 6.1 and 28 mM.

3.5.2. The effect of glucolipotoxicity

In the process of glucolipotoxicity, there is a synergistic effect of high glucose and
saturated FFAs in the impairment of B-cell function and survival. Although the exact mechanisms of
glucolipotoxicity are still unclear, several studies point to the presence of hyperglycemia as a main
cause for the toxic actions of FFAs [155]. One of the proposed mechanisms is the decrease of fat
oxidation and consequently the detoxification of fat, while at the same time the conversion of FFAs
into toxic complex lipids. This is known as the Malonyl-CoA hypothesis, in which Malonyl-CoA
inhibits carnitine-palmitoyl-tranferase-1 (CPT-1), the enzyme responsible for transport of FFA into
the mitochondria for B-oxidation, leading to the accumulation of long chain fatty-CoA in the cytosol,
which is proposed to exert deleterious effects such as insulin resistance in muscle, impaired glucose
induced insulin secretion or B-cell apoptosis [141]. Studies also implicate the low activation of AMP-
activated protein kinase (AMPK) in this process. Indeed, AMPK acts as a “fuel sensor” and is capable
to make changes in gene expression leading to enhanced lipogenesis through the transcription

factor sterol-regulatory-element-binding-protein-1c (SREBP1c) [156-157]. This study was supported
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by the finding that the treatment with an AMPK activator, such as Metformin, protected B-cell from
glucolipotoxicity [158]. As mentioned above, insulin secretion is also affected due to alterations in
the pancreatic and duodenal homeobox 1 (Pdx1) and the transcription factor MafA binding to
insulin promoter [159]. Another possible mechanism regarding inhibition of insulin secretion,
implicates the increased expression of the uncoupling protein-2 (UCP2) as the main responsible for

the augmented levels of ROS production [160-161].

A large number of studies have been employed to identify the cellular and molecular basis
of glucolipotoxicity and to show how harmful could be the combination of hyperglycemia and FFA
for B-cells. Recently, considerable evidences have been provided in support of a role for the UPR
and the loss of ER homeostasis when B-cells are exposed to glucolipotoxicity. Tanabe et al.
demonstrated that MING cells and primary islets treated with glucose together with FFA activate ER
stress markers such as ATF3, along with the recruitment of SREBP1 to the nucleus and the
impairment of FFA oxidation. The excess of unmetabolized FFA would lead to a division in ER
membranes conducting to ER stress. In addition, both SREBP1 and ATF3 were able to inhibit IRS2

causing a negative effect on insulin signaling [162] (Figure 25).
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Figure 25. Key steps involved in “glucolipotoxicity’’ of B-cells [162].
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Another study demonstrated that glucose amplifies palmitate-induced ER stress by
increasing IRE1a and CHOP protein levels activating the JNK pathway, leading to increased B-cell
apoptosis via activation of mTORC1 [145] (Figure 26). Although the exact mechanisms are
uncertain, it is clear that the combination of elevated FFA and hyperglycemia, as occurs in insulin

resistant individuals, synergize to produce an eventual destruction of B-cells.
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Figure 26. Glucose amplifies palmitate B-cell apoptosis via mTORC1 stimulation. INS1E cells were incubated at 3.3 and
22.2 mmol/I with 0.5% BSA with and without 0.5 mmol/l and 50 nmol/I rapamycin for 16 h. Apoptosis was assessed
using the Cell Death ELISAPLUS assay (A) and by Western blot for cleaved caspase 3 (B) [145].

4. MOLECULAR AND CHEMICAL CHAPERONES: THE EMERGING ROLE IN T2D

An increasing body of evidence suggests that chaperones exert important protective
effects in the decrease of ER stress, protein aggregation and the pathophysiology of amyloid
deposition [112, 163-164]. Chaperones within the ER are coordinately upregulated at steady levels
during ER stress defense maintaining the ER in unstressed conditions. Moreover, the ER has been
implicated in several pathologies including cancer, neurodegenerative diseases, obesity, and
diabetes, leading us to assume that promoting ER folding capacity through chaperones could be a

novel target in therapeutic approach [165].
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Molecular Chaperones

In recent years, several studies have provided evidences that the use of molecular
chaperones could be a promising strategy for treating ER stress-related human diseases such as
T2D. It has been shown that overexpression of certain particular ER chaperones can protect cells
against cell death caused by disturbances of ER homeostasis [164, 166-168]. Chaperone BiP has
been extensively implicated in the pathogenesis of misfolded diseases, including T2D. Of interest,
transgenic mice overexpressing the molecular chaperone BiP specifically in B-cells are protected
against the injury of obesity-induced T2D, maintaining B-cell function and improving glucose
homeostasis [167]. Overexpression of BiP attenuates fatty acid-induced ER stress and apoptosis in
hepatocytes [168]. These findings suggest that increasing chaperone expression can be an effective
strategy for delaying or even prevent cytotoxicity, holding a great promise as therapeutic agents.
Furthermore, BiP is one of the chaperones responsible for trafficking hIAPP through the ER and
Golgi in human B-cells [169]. Similarly, studies with PDI have demonstrated that changes in the
catalytic activity of oxidoreductase PDI may contribute to the post-translational defects of hepatic
protein secretion in diabetes [170]. Furthermore, experiments conducted in vitro, have shown that
overexpression of BiP and PDI increased the steady-state intracellular proinsulin levels when
exposed to prolonged high glucose [171]. Efforts to understand the impact of chaperones may
provide insights into the formation of misfolded hlAPP, which consequently might be a speculative
approach for preventing amyloid formation, which may lead to inflammation and B-cell apoptosis in

T2D.

During the last decade, there have been some other studies implicating some others ER
chaperones in the improvement of T2D. For example, the systemic overexpression of 150-kDa
oxygen-regulated protein (ORP150) delayed the onset of disease in heterozygous Akita mice and
improved insulin sensitivity [172]. Lastly, recent studies have correlated the role of molecular
chaperones with long-term complications of diabetes such as, diabetic peripheral neuropathy (DPN)
and diabetic retinopathy. In DPN, Urban et al. reported that modulating molecular chaperones
(heat shock proteins 70 and 90) may be effective in improving insulin resistance and indirectly
delaying the progression of DNP in T2D [173]. Concerning diabetic retinopathy, the molecular
chaperone inducer canavanine might contribute to the improvement in the electrical responses of

the diabetic retina [174]. Both studies indicated the potential benefit of molecular chaperones in
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decreasing the chronic consequences of diabetes and suggest that enhanced chaperone levels

would be an effective strategy for delaying or even preventing T2D.

Chemical chaperones

Another therapeutic purpose that has been extensively investigated relies on chemical
chaperones (small molecules with the same function as endogenous proteins without a specific
binding site). The use of these agents is based on their non-selective ability in the stabilization of
protein conformation, improvement of ER folding capacity and assisting in the trafficking of mutant
proteins [175-178]. However, for an effective folding of mutant proteins, the majority of these
chemical chaperones may require high concentrations, making them inappropriate for in vivo
applications. Even so, two chemical chaperones namely 4-phenyl butyric acid (PBA) and taurine-
conjugated ursodeoxycholic acid (TUDCA) were approved by US Food and Drug Administration
(FDA) for use in humans. For instance, PBA as a low-molecular weight fatty acid has been found to
have chaperone-like activities. The use of this agent has been approved for urea-cycle disorder in
humans [179-180] and for the treatment of diseases associated with protein misfolding, such as al-
antitrypsin deficiency and cystic fibrosis [181]. On the other hand, TUDCA which belongs to the
group of hydrophilic endogenous bile acids has been used as a liver-protecting agent. This chemical

chaperone has been shown to have anti-apoptotic properties [182].

Recent reports in animal models, suggest that chemical chaperones can directly activate or
deactivate UPR components and can be potentially useful in treating T2D. Ozcan et al. have shown
that chemical chaperones PBA and TUDCA reduce ER stress and restore glucose homeostasis in a
mouse model of T2D. In this model, the oral chemical chaperone treatment of obese diabetic mice
resulted in the normalization of hyperglycemia and restoration of peripheral insulin sensitivity, thus
acting as a potential anti-diabetic agent [163]. Another study in pig islets treated with TUDCA have
shown an increased in insulin secretion after high glucose stimulation and reduction in ER stress,
suggesting a protective role for islets protection in islets isolation for transplantation [183] (Figure

27).
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Figure 27. TUDCA increases insulin secretion and viability in islets. TUDCA (200 uM) treatment for 24h immediately
after isolation for the analysis of insulin secretion index (A) and ATP content of islets (B). In addition, islets were treated
with 10 uM of diamidino-2-phenylindole (DAPI) for 15 min and the photos of islets were taken under the fluorescence
microscope (20x) (C). Islets undergoing apoptosis were counted and presented as relative percentage (n = 4) (D). Arrow
head indicate apoptotic islets. Blue, incorporated DAPI [183].

Chemical chaperones such as PBA have also been tested in obese human subjects showing
health benefits by ameliorating insulin resistance and pancreatic B-cell dysfunction in obese
subjects [184-185]. These findings offer a new potential approach to improve insulin action and
glucose tolerance in diabetic individuals. Further, over the past decade, advances in molecular
biology and peptide synthesis have made possible to both identify and synthesize specific peptides
capable of inhibiting amyloid aggregation. One of these peptides namely SNNFGA, was shown to
attenuate the cytotoxic effects of IAPP on pancreatic B-cell in culture, suggesting that short
peptides inhibitors could be considered as therapeutic approaches to treat the toxic effects of islet

amyloid deposition in patients with T2D [186].

Nowadays, The ER has been recognizing as an important organelle in deciding cell life and
death. Thus, therapeutic interventions that target molecules of the UPR component and reduce ER

stress will be promising strategies to treat ER stress-related diseases such as T2D. Moreover, the
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ability of endogenous and chemical chaperones to alleviate ER stress in transgenic and obese mice
models strongly supports the ER stress-based mechanistic model of T2D and demonstrates the
feasibility of targeting ER function for therapeutic goals. The improved understanding of the
underlying molecular mechanisms of the UPR in T2D will provide new targets for drug discovery and

therapeutic intervention.

5. RATIONALE OF THE THESIS

Understanding the mechanisms regulating whole-body glucose homeostasis is important in
order to understand what happens in a disease state such as T2D. One of the major causes involved
in the process of B-cell deterioration are the amyloid deposits formed in the pancreas. It was
previously described by our group that extracellular hIAPP aggregation is associated with ER stress
responses in mouse B-cells. Furthermore, we have recently detected toxic intracellular aggregates
in a rat pancreatic B-cell line overexpressing hIAPP, which lead to a defective insulin and IAPP
secretion in response to glucose. ER stress and the resulting UPR play a role in B-cell dysfunction.
The process of hIAPP misfolding and aggregation is one of the factors that may activate the UPR,
perturbing the ER homeostasis. Indeed, many neurodegenerative diseases are associated with
accumulation of misfolded proteins in the ER leading to ER stress and progressive cell loss. Similarly,
increasing protein synthesis during acute or chronic stimulation and chronic FFA exposure has been
reported to induce significant ER stress in B-cells. The combination of glucolipotoxicity and hIAPP
overexpression might cause a burden on the ER, not allowing the proteins to reach its native state.
On the other hand, molecular chaperones have been described to be important for regulation of ER
response to ER stress by stabilizing protein conformation and improving ER capacity. Thus,

chaperone ameliorates ER stress induced by hlAPP.
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5.1. HYPOTHESIS AND AIMS

Hypothesis

In this dissertation, we attempt to improve our knowledge on hIAPP-induced ER stress and
the possible amelioration by chaperone treatment. Our hypothesis is that hIAPP potentiates ER
stress, and chaperone treatment of pancreatic B-cell models can result in the amelioration of
hIAPP-induced ER stress and ultimately diminish amyloid deposits in pancreatic islets. Such findings
would provide for new therapies to prevent the loss of B-cell mass associated with amyloid

formation in T2D.

Aims

This thesis is aimed to investigate the role of chaperones in B-cell function and amyloid
formation under conditions of hIAPP overexpression. In light of this, we have proposed three

specific aims:

Aim |. To study the role of endogenously produced hlAPP in response to ER stress induction in a

pancreatic B-cell model.

Aim Il. To investigate whether endogenous and chemical chaperones are able to recover ER stress

and improve insulin secretion in hlIAPP cells.

Aim Ill.To study whether chaperones are able to ameliorate B-cell function and prevent amyloid

formation in isolated hIAPP transgenic mouse islets.
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Materials and Methods

1. CELL LINE AND PANCREATIC ISLETS

1.1. INS1E CELL LINE

The in vitro model used in this study was the rat pancreatic B-cell line INS1E overexpressing
human and rat IAPP gene and was prepared as described previously (Soty et al., 2011). Briefly,
these cells were stably transfected with hIAPP cDNA (hIAPP-INS1E cells), rat IAPP (rlAPP-INS1E) or
an empty vector (INS1E control) under the cytomegalovirus promoter (CMV). After transfection
using Lipofectamine, 800 pg/ml Geneticin was added to culture medium for two-weeks. Next,
Geneticin-resistance colonies were picked and expanded into stable clones in presence of 200

ug/ml Geneticin.

1.1.1. Maintenance and culture of INS1E cell line

INS1E stable clones were maintained in complete RPMI 1640 (Sigma) supplemented with 1
mM sodium pyruvate (Thermo Scientific), 10 mM HEPES (Thermo Scientific), 10% Fetal Bovine
Serum (FBS), 2 mM L-glutamine, 5 uM B-mercaptoethanol, 200 pug/ml geneticin (Gibco®) and 100
units/ml of penicillin and 100 pg/ml streptomycin at 37°C with 5% CO,. The media was change

every 2 days.

1.1.2. Cell splitting

Once the cells reached 70-80% of confluence in 10 cm tissue culture dishes, cells were
washed in phosphate buffered saline (PBS; Sigma) before incubation in trypsin/EDTA (Gibco BRL)
for 2-3 minutes at 37°C. Cells were resuspended in appropriate media and split for maintenance in

10 cm tissue culture dishes or seeded onto 6 or 12-well-plates, depending on the experiment.
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1.2. ANIMAL MODEL: TRANSGENIC hIAPP MOUSE MODEL

For this study we used transgenic human IAPP (Tg hIAPP+/-) mice or non-transgenic
littermate controls on FVB background. Animal breeders were obtained from Jackson Laboratories
(Bar Harbor, ME, USA). Because islet amyloid occurs more frequently in male than in female hIAPP
transgenic mice, only male mice were used in this study. All protocols for animal use and
euthanasia were reviewed and approved by the Animal Research Committee of the University of

Barcelona.

1.2.1. Islet isolation and culture

10-week-old transgenic mice (wild type or hlAPP Tg) were sacrificed by cervical dislocation
and the abdominal cavity was open to allow the exposure of the pancreas and bile duct. After
clamping the common bile duct as it joins the intestine, the pancreas was inflated with 1.5 mg/ml of
collagenase solution (Roche Diagnostics) diluted in Hanks balanced salt solution (Sigma-Aldrich).
The distended pancreas was removed and incubated at 37°C for 6 minutes 30 seconds, and the
islets were dispersed by gentle shaking. Enzymatic digestion was stopped by the addition of cold
Hanks-BSA solution. After centrifugation (100 x g for 5 minutes at 4°C) islets were resuspended in
10 ml of Hanks-BSA. The slurry was layered on top of a prepared Histopaque gradient (comprised of
a 10 ml lower layer of Histopaque 1119, and 10 ml upper layer of Histopaque 1077 (Sigma-Aldrich).
Following centrifugation of the gradient at 1000 x g for 20 minutes at room temperature (RT), islets
were collected from the top of the 1077 interface, pipetted into a 50 ml tube (Falcon) and refilled
with cold Hanks-BSA to 50 ml and centrifuged at 500 x g for 5 minutes at 4°C. Finally, the
supernatant was discarded and the pellet resuspended in Hanks-BSA solution. Then, islets were
rinsed into a Petri dish, isolated from any contaminating exocrine material visually using a
dissecting microscope, and cultured in RPMI media containing 10% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and at 37°C in a 5% CO, incubator to recover before performing
the experiments. Prior to all experiments, islets were cultured for 24 hours in RPMI media

containing 11 mM glucose.
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2. PALMITATE PREPARATION

Palmitate (Sigma) was solubilized in 10 ml of Absolute Ethanol to make a 50 mM of stock

solution. The solution was filtered, sterilized and stored in aliquots at -20°C until required.

3. TREATMENT OF INS1E CELLS AND MOUSE ISLETS

Palmitate (400 uM) combined with 25 mM glucose was added to the cells and islets by
conjugating with 1% (w/v) of Albumin from Bovine Serum (BSA, Sigma) dissolved in 10% FBS RPMI-
1640. Thapsigargin (Sigma) was diluted in DMSO and used at a final concentration of 0.5 uM.
Sodium phenylbutyrate (4-PBA) (Sigma) was dissolved in PBS and used at 2.5 mM.
Taurousodeoxycholic Acid (TUDCA) (Calbiochem) was diluted in RNAse-free water and used at 200
uUM. All reagents were added to the cells and islets in fresh medium for 8 and/or 24 hours for gene

and protein expression.

4. INS1E CELLS AND MOUSE ISLETS RNA EXTRACTION

At the end of treatment of INS1E clones, the media was discarded and 500 pl of TRIZOL
reagent (Invitrogen) was added in the well. The plates were put in agitation for 2-3 minutes and
TRIZOL recovered in tubes. In the case of RNA extraction from islets, the tubes containing islets
were centrifuged at 1000 rpm for 1 minute and the supernatant discarded. The pellet was
resuspended in 500 pl PBS and centrifuged again at 1000 rpm for 1 minute. The resulting
supernatant was discarded and the pellet resuspended in 1 ml of TRIZOL reagent. Total RNA from
INS1E cells and pancreatic islets was extracted following the manufacturer’s instructions and eluted
in RNAse-free water. The samples were stored at -20°C until required. The concentration of RNA in
the different samples was determined by measurement of the absorbance at 260 nm using a

Nanodrop 1000 spectrophotometer (TermoFisher Scientific, Waltham, Massachusetts, USA).
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5. cDNA SYNTHESIS

To prepare cDNA from RNA, 0.5-1 pg of total RNA from INS1E cells and 0.25-0.5 g of total
RNA from islets was brought up in a total volume of 10 pl with RNAse-free water. cDNA synthesis
was extracted following the Superscript Reverse Transcriptase Ill instructions (Invitrogen). Briefly,
RNA was complexed with 1 puL of dNTPs (10 Mm) (GeneCraft), 1 uL Random Primers and 1 pL of
RNAse-free water. The solution was heated at 65°C for 5 minutes and placed back on ice for at least
1 minute. Next, 4 uL of first strand buffer (5x) (Invitrogen), 1 uL of DDT (0.1 M), 1 uL of RNAse Out
(40U/ul) (Thermo Scientific) and 1 plL of Superscript Reverse Transcriptase Il (200U/ul) was then

added followed by gentle mixing and a quick centrifugation and placed in ice.

6. QUANTITATIVE PCR ANALYSIS

Real-Time PCR (RT-PCR) was carried in duplicates with 2 ug of transcribed cDNA and MESA
Green gPCR MasterMix Plus FOR SYBR (Eurogentec) in a LightCycler® 480 Il sequence detection
system (Roche Applied Science). The final volume reaction was 10 ul, and the primers were always
used at a final concentration of 10 uM. Briefly, cDNA (4 ul/well) was added to a qPCR mixture (10
ul/well). PCR products were verified using dissociation curve analysis using SDS software (Roche
Applied Science). Expression levels were normalized to TATA box-binding protein (Tbp) mRNA and

represented in arbitrary units. Primer sequences are provided below in Table 2.
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Table 2. List of primer sequences used in gRT-PCR experiments.

Primer (5----3") Species GenelD
ATF3 Forward GCTGGAGTCAGTCACCATCA Rat Atf3
ATF3 Reverse ACACTTGGCAGCAGCAA Rat Atf3
CHOP Forward CCAGCAGAGGTCACAAGCAC Rat Ddit3
CHOP Reverse CGCACTGACCACTCTGTTTC Rat Ddit3
Spliced XBP1 Forward GAGTCCGCAGCAGGTG Rat Xbpl
Spliced XBP1 Reverse GCGTCAGAATCCATCCATGGGA Rat Xbp1l
TBP1 Forward GAGATCACCCTGCAGCATCA Rat Thp
TBP1 Reverse GCAGTGCCGCCCAAGTAG Rat Thp
BiP Forward TGCAGCAGGACATCAAGTTC Rat Hspa5
BiP Reverse AAAGAAGACCCCGTTTACAG Rat Hspa5
ATF3 Forward TCGGATGTCCTCTGCGCTGGA Mouse Atf3
ATF3 Reverse CTGACTCTTTCTGCAGGCACTCTGT  Mouse Atf3
CHOP Forward AAGATGAGCGGGTGGCAGCG Mouse Ddit3
CHOP Reverse GCACGTGGACCAGGTTCTGCT Mouse Ddit3
Spliced XBP1 Forward GAACCAGGAGTTAAGAACACG Mouse Xbpl
Spliced XBP1 Reverse AGGCAACAGTGTCAGAGTCC Mouse Xbpl
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7. DETERMINATION OF CELL VIABILITY

7.1. LIVE/DEAD® ASSAY

LIVE/DEAD® Viability/Cytotoxicity Kit (Invitrogen) was performed following manufacturer
instructions. Briefly, adenoviral transduced cells were cultured in the presence of 20 MOI of Ad-BiP.
Cells were washed with PBS and combined LIVE/DEAD assay reagents were applied for 30-45
minutes at RT. Thapsigargin treatment for 24 hours was used as positive control. Images were

captured using an Olympus Bx61 microscope and In Vivo or DP controller software.

8. BiP, PDI AND GFP ADENOVIRAL TRANSDUCTION AND CELL INFECTION

The recombinant adenoviruses encoding for BiP under the CMV promoter were kindly
provided by Dr. V. Petegnief (IDIBAPS, Barcelona). Ad-CMV-PDI/GFP was kindly provided by Dr. A.
Volchuk (University Health Network of Toronto, Canada). Ad-GFP was kindly provided by Dr. R. Gasa

(IDIBAPS, Barcelona).

INS1E cells (5x10°/12-well plate) and isolated pancreatic islets (8-10 per condition) were
transduced with 20 MOI of Ad/CMV-BiP, Ad/CMV-PDI or Ad/CMV-GFP and incubated at 37°C and
5% CO, for 2 hours. INS1E cells or mouse islets were then washed with PBS and incubated in a
transfection medium containing no antibiotics and 1% FBS at 37°C and 5% CO, for 24 hours in
complete RPMI prior to further treatment. After the treatments, the cells were washed once again

with PBS and lysed for either GSIS or Western blot analysis as described below.

9. SMALL INTERFERING RNA TRANSFECTION (siRNA)

Approximately 3x10° hIAPP-INS1E cells were seeded in a 12-well-plate for 24 hours.
Knockdown of CHOP expression in cells was performed using 20 uM of small interfering RNA
(Invitrogen) or 20 nM of scramble siRNA as a control using METAFECTEN®PRO (Biontex). Briefly, per
transfection, 20 nM of siRNA (Invitrogen) or 20 nM of scramble siRNA was diluted in 60 pl of
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transfection reagent medium solution without serum and incubated at RT for 20 minutes. After
incubation, the lipid-complexes solution was added by dropwise to the cells and kept at 37°Cin a
CO, incubator. Six to eight hours later, the lipid solution was changed to complete RPMI. Twenty-
four hours after transfection, cells were treated with either thapsigargin or HG (25 mM) and BSA-

coupled PA (400 uM) for another 24 hours.

10. GLUCOSE-STIMULATED INSULIN SECRETION (GSIS) ASSAY

hIAPP-INS1E cells were seeded in 12-well plates (5x10°) at 11 mM of glucose. After 2 days
cells were transduced overnight with 20 MOI of Ad-GFP, Ad-BiP, Ad-PDI or treated with 200 uM
TUDCA or 2.5 mM PBA. After 24 hours of transduction or chemical chaperone treatment, cells were
cultured at high glucose and palmitate (HG+PA) or kept at basal conditions (11 mM) for another 24
hours. Freshly isolated wild type and hIAPP transgenic mouse islets were transduced overnight with

20 MOI of Ad-BiP, Ad-PDI, Ad-GFP or treated with TUDCA and PBA.

INS1E cells and islets were preincubated in triplicate with Krebs-Ringer bicarbonate buffer
(KRB) containing 140 mM NaCl, 4.5 mM KCl, 2.5 mM CaCl,, 1 mM MgCl, 6H,0, 20 mM HEPES, pH 7.4
and supplemented with 0.1% BSA and 2.8 mM glucose for 30 minutes at 37°C with 5% CO,,
following by stimulation with 2.8 mM or 16.7 mM glucose KRB for 1 hour at 37°C. At the end of the
experiment, the supernatant was recovered and INS1E/islets were lysed in 500 pl of acid-ethanol
solution to measure insulin content. Insulin levels and contents were determined by insulin ELISA

(Mercodia) according to manufacturer's protocol.

11. IMMUNOHISTOCHEMISTRY

11.1. INS1E CELL LINE

hIAPP-INS1E cells were seeded in 24-well plates (~10x10%). After an overnight incubation
cells were treated as indicated above. Following treatments, cells were washed twice with PBS and

fixed in 4% paraformaldehyde for 10 minutes at RT. After two washes in PBS cells were blocked
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with PBS in 0.2% FBS for 1 hour at RT, following the addition of guinea pig anti-insulin (Dako, 1:100)
primary antibody and rabbit anti-caspase 3 antibodies (Cell Signaling, 1:100) and goat anti-rabbit
Alexa Fluor 594 (Molecular Probes, 1:100) as secondary antibody.

11.2. MOUSE ISLETS

Isolated islets were fixed in 4% paraformaldehyde for 45 minutes. After two washes in PBS,
islets were placed in 55°C agarose (Sigma) and spun down at 1000 rpm for 20 seconds. Agarose-
embedded islets were dehydrated using a set of graded ethanol solutions: 50% ethanol, 70%
ethanol, 95% ethanol, 100% ethanol all of them were left for 30 minutes at RT and at the end in
xilol for 1 hour at RT. After removing xilol solution islets were embedded in paraffin. The sections

were cut using a microtome and mounted, and then hydrated in series of graded ethanol solutions:

1) Xylene 2x for 10 minutes each,

2) 100% ethanol 2x times for 10 minutes each,

3) 95% ethanol for 5 minutes,

4) 70% ethanol for 5 minutes,

5) 50% ethanol for 5 minutes. Then the slides were rinsed with deionized water. Sections were
immunostained for insulin as described above. Amyloid staining was performed by ThioS staining.
Briefly, slides were leave for 2 minutes in ThioS bath. Next, slides were dipped for two times in 70%
ethanol for 15-20 minutes each. Slides were then dipped in deionized water for 5 minutes. Finally, a

drop of mounting solution was added before being cover slipped.
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12. PROTEIN TECHNIQUES

12.1. PROTEIN EXTRACTION FROM INS1E CELLS AND ISLETS

INS1E cells were scraped off 10 cm diameter culture plates in 100 ul solution of ice cold lysis
buffer and 10% of proteases inhibitor Cocktail (Sigma) and transferred to a clean microfuge tube
and put on ice for 20 minutes. The whole cell lysate was then centrifuged at 12’000 x g for 15

minutes at 4°C. The supernatant was removed and transferred to a new microfuge tube.

In the case of islets, following experimentation islets were recovered in clean eppendorfs
and centrifuged at 1000 x g for 1 minute and the supernatant discarded. Lysis buffer supplemented
with 10% of protease inhibitor cocktail (Sigma) was added and vortex for 30 seconds and put on ice
for 20 minutes. The whole cell lysate was then centrifuged at 12’000 x g for 15 minutes at 4°C. The
supernatant was removed and transferred to a new microfuge tube. Protein concentration in
lysates was determined by Bio-Rad Protein Assay kits (Bio-Rad), following manufacturer’s

instructions. Samples were stored at -20°C until required.

12.2. WESTERN BLOTTING

Protein lysate samples (20-30 pg) were resolved by 8-10% SDS-PAGE (sodium dodecyl
sulfate polyacrilamide gel electrophoresis) gels and transferred to 0.45-um PVDF membranes
(Perkin Elmer Life Sciences). Membranes were previously soaked in 100% methanol to wet them.
The gel was then blotted for 50 minutes at 100 mV. Membranes were blocked for 2 hours with 5%
skim milk or 5% BSA in wash buffer TBST and incubated overnight at 4°C in primaries antibodies
(Table 3). Membranes were washed 3x with TBST and incubated with horseradish Peroxidase-
conjugated secondary antibodies (GE Healthcare) for 1 hour. Immunoreactive protein bands were

developed with ECL chemiluminescence reagents kit (Pierce) following manufacturer’s instructions.

63



Materials and Methods

Table 3. List of primary and secondary antibodies.

1¢ antibod Dilution Molt?cular pA Dilution
Targes Manutactured source ! (TbsT) weight Antibody (TbsT)
(kDa)
BiP Santa Cruz Goat 1:1000 78 Anti-goat 1:5000
(C-20):1051 5% milk lgG, 5% milk
peroxidase
A5420
p-elF2a Cell Signalling Rabbit 1:1000 38 Anti-rabbit 1:5000
Ser51 5% BSA lgG, 5% BSA
peroxidase
NA934
ATF3 Santa Cruz Rabbit 1:1000 21 Anti-rabbit 1:5000
(C-19):188 5% milk lgG, 5% milk
peroxidase
NA934
CHOP Cell Signalling Mouse 1:1000 28 Anti- 1:5000
L63F7 5% BSA mouse 5% BSA
lgG,
peroxidase
NA931
B-Actin Sigma Rabbit 1:1000 42 Anti-rabbit  1:5000
A2066 5% milk lgG, 5% milk
peroxidase
NA934
Tubulin Sigma Sigma 1:1000 50 Anti- 1:5000
T6074 mouse 5% milk
lgG,
peroxidase
NA931
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12.3. BUFFERS AND REAGENTS

Lysis Buffer Laemmli Sample Buffer (2X)
1 ml Triton X-100% 0.5M Tris pH 6.8

10 mM sodium phosphate 10% w/v SDS

10 mM sodium fluorite 40% v/v Glycerol

50 mM Tris-HClIpH 7.5 10% v/v b-mercaptoethanol
5mM EDTA 20 mg/ml Bromophenol blue
150 mM NacCl

SDS-PAGE Running Buffer (10x) TBS-Tween (TBST-0.05%)

25 mM Tris Destilated water
192 mM Glycine Tween-20
0.1% w/v SDS TBS 20x

Transfer Buffer {1x)

Glycine
Tris
Methanol

13. STATISTICAL ANALYSIS

Statistical analysis between two groups was performed using Student’s two-tailed t test and
differences among more than two groups were carried out by ANOVA followed by Tukey test.
Differences were considered significant when *p < 0.05. Data in bar graphs are represented as

mean = S.E.M.
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AIM |

To study the role of endogenously produced hlAPP in response to ER

stress induction in a pancreatic B-cell model






Results

1. INDUCTION OF ER STRESS AND APOPTOSIS IN hIAPP-INS1E CELLS

Thapsigargin is known to induce ER stress by causing a depletion of calcium levels within the
lumen of the ER. Here we examine the effect of thapsigargin on ER stress response in our cell
models. INS1E cells were cultured at basal conditions and treated with 1 uM of thapsigargin for 8
and 24 hours. As expected, after treatment with thapsigargin, INS1E cells showed increased
expression levels of ER stress genes such as activating transcription factor 3 (ATF3), spliced X-box
binding protein 1 (sXBP1) and CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP)

at 8 hours. The increase was maintained or increased at 24 hours (Figure 28).
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Figure 28. Thapsigargin treatment increases ER stress markers in a time-dependent manner in INS1E cells. INS1E
control cells were cultured at 11 mM glucose and treated with 1 uM of thapsigargin for 8 and 24 hours. mRNA levels of
ER stress markers ATF3, sXBP1 and CHOP were quantified by Real-Time PCR. *p < 0.05, **p < 0.01 and ***p < 0.001 vs
Con cells at time 0. Results are expressed as mean = S.E.M from five independent experiments.
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Previous studies have shown that hIAPP induces apoptosis and ER stress by increasing the
levels of ER stress markers [2-3]. In line with these findings we examined whether hIAPP
overexpression potentiates ER stress in B-cells. In our lab, we created an INSE1 B-cell line model of
hIAPP overexpression, where INS1E cells stably express human IAPP (hIAPP-INS1E) or rat IAPP
(rlAPP-INS1E) as control. Thus, we treated hIAPP-INS1E cells, rIAPP-INS1E cells and INS1E cells with
thapsigargin and determined the effect on ER stress gene expression. Although thapsigargin was
able to induce gene expression on key ER stress genes, as shown in Figure 28, treatment with 1 uM
thapsigargin for 24 hours did not have any effect in protein levels of CHOP or cleaved caspase 3 and
did not affect the expression levels of insulin or IAPP in INS1E control cells (Figure 29, left panel).
However, in hIAPP-INS1E cells, treatment with 1 uM of thapsigargin for 24 hours induced ER stress
and severe apoptosis, as seen by activation of CHOP and cleaved caspase 3 (Figure 29, right panel).
In addition, thapsigargin treatment also resulted in decreased insulin and hIAPP protein levels
(Figure 29, right panel), indicating that the dose corresponding to 1 uM of thapsigargin was
associated with a high toxicity in hIAPP-INS1E cells.
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- + -+
I

caspase 3

Insulin

“ Figure 29. Thapsigargin induces severe ER
- ” IAPP stress and apoptosis in hIAPP-INS1E cells.
_ _ i INS1E and hIAPP cells were exposed to 1
caspase 3, insulin, IAPP and B-actin were

B-actin UM thapsigargin (Thp) for 24 hours.
INS1E hlIAPP-INS1E determined by Western blot.

Expression levels of CHOP, cleaved
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Since 1 uM thapsigargin was associated with severe cell death and toxicity we next aimed to
determine a lower dose in which cells get a milder activation of ER stress. Thus, we performed a
dose/response experiment (0.25, 0.5 and 1 uM) at 8 and 24 hours. hIAPP-INS1E cells showed a high
activation of ER stress marker CHOP and effector cleaved caspase 3 at 24 hours (Figure 30).
Furthermore, hIAPP-INS1E cells lost hlAPP expression, suggesting that 0.5 or 1 uM thapsigargin at
24 hours still proved to be lethal in these cells (Figure 30). Nevertheless, the dose of 0.5 uM of
thapsigargin at 8 hours showed a mild activation of CHOP, absence of cleaved caspase 3 and
unaffected hIAPP expression. Thus, a dose of 0.5 uM for 8 hours was chosen for further

experiments based on optimal ER stress induction in the absence of cell dysfunction or apoptosis.

8h 24h 8h 24h
0025 05 02 05 1 0 025 05 025 05 1 Thp (uM)
| . w cHOP
caspase 3
IAPP

. — B-actin
W — — S G — o — —

INS1E hIAPP-INS1E

Figure 30. Thapsigargin time- and dose-dependent treatment. INS1E and hlIAPP-INS1E control cells were exposed to
0.25, 0.5 and 1 uM of thapsigargin (Thp) for 8 and 24 hours. Protein levels of CHOP, cleaved caspase 3, IAPP and B-actin
were determined by Western blot (n=3). Representative Western blotting images are shown from to 3 independent
experiments.
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2. hIAPP-INS1E CELLS ARE MORE SENSITIVE TO ER STRESS INDUCERS

In order to study whether hlAPP overexpression was associated with alterations in levels of
ER stress markers we examined the expression of ER stress markers in hIAPP-INS1E cells when
compared to controls (rIAPP and INS1E cells) at basal conditions. As expected, hIAPP-INS1E cells
cultured at 11 mM of glucose did not show changes in ER stress genes, such as CHOP, sXBP1 or
ATF3, when compared to rlAPP-INS1E or INS1E control cells (Figure 31A). We have previously
shown that a dose of 0.5 uM of thapsigargin was associated with a mild increase in ER stress. Thus,
when cells were exposed to 0.5 uM thapsigargin for 8 hours, the expression of CHOP and ATF3 was
significantly higher in hIAPP-INS1E when compared to rlIAPP-INS1E or INS1E control cells (Figure

31B), suggesting that hIAPP-INS1E cells were more sensitive to chemical ER stress inducers.

High levels of glucose and fatty acid treatment has been shown to activate ER stress
pathways in B-cells. Thus, we next investigated the effect of physiological ER stress inducers such as
high glucose (HG) and palmitate (PA) on ER stress genes in hIAPP-INS1E cells. After 8 hours culture
of hIAPP-INS1E, rIAPP-INS1E and INS1E cells treated with 25 mM glucose or 400 uM PA separately,
cells did not show changes in gene expression as compared to basal 11 mM glucose (Figure 31 C,D).
Conversely, hIAPP-INS1E cells treated with HG together with PA, significantly increased mRNA levels
of ER stress markers such as CHOP, ATF3 and sXBP1 when compared to rlIAPP and INS1E cells
(Figure 31C). These results indicate that treatment with HG and PA, together with the
overexpression of hlAPP senses the ER and triggers the activation of the UPR pathway, making

hIAPP-INS1E cells more sensitive to ER stress than rIAPP-INS1E or INS1E controls.
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Figure 31. Thapsigargin and high glucose and palmitate treatments potentiate ER stress gene expression in hlAPP-
INS1E cells. ER stress expression markers CHOP, ATF3 and sXBP1 were determined by Real-Time PCR from hIAPP-INS1E,
rIAPP-INS1E and INS1E control cells cultured at A) 11 mM glucose (untreated) B) 11 mM glucose exposed to 0.5 uM of
thapsigargin (Thp) for 8 hours or C) 25 mM glucose (HG) D) 400 uM Palmitate (PA) and E) HG+PA for 24 hours. Results
are normalized to untreated INS1E, rlAPP-INS1E or hIAPP-INS1E cells (dashed line) and expressed as mean + S.E.M from

five independent experiments. *p < 0.05 **p < 0.01 and ***p < 0.001 vs rlAPP and ##p < 0.01, ###p < 0.001 vs INS1E
control.

3. CHOP INHIBITION PROTECTS FROM INDUCED ER STRESS AND APOPTOSIS IN
hIAPP-EXPRESSING INS1E CELLS

We next tested whether CHOP is a key component in the ER stress-apoptosis pathway in our
cell model of hlAPP overexpression under stressful conditions. Thus, interfering RNA siCHOP was
used to knockdown the expression of CHOP and a scrambled siRNA was used as a control. hIAPP-
INS1E cells were transfected for 24 hours with 20 nM of both siRNAs. Twenty-four hours after

transfection cells were treated for 8 hours with 0.5 uM thapsigargin or HG (25 mM) and PA (400
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uM). As expected, treatment with thapsigargin or HG+PA induced the expression of CHOP. In
contrast, the protein levels of the upstream ER stress marker ATF3 were not affected (Figure 32
A,B). Moreover, when hlAPP-expressing cells were transfected with siCHOP, thapsigargin or HG+PA
treatment failed to induce CHOP expression (Figure 32 A,B) confirming successful knockdown of
CHOP, whereas scrambled siRNA showed similar levels of CHOP when compared to treated
controls. These results suggest that ER stress induction by thapsigargin and HG and PA is dependent

on CHOP activation.
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Figure 32. Knockdown of CHOP prevents ER stress induction in hIAPP-INS1E cells. hIAPP-INS1E cells were transfected
with 20 nM of siRNA CHOP or siRNA scramble (siRNA scr) as a control. Twenty-four hours after transfection, cells were
treated with A) 0.5 uM Thp for 8 hours or B) HG (25 mM) and BSA-coupled PA (400 uM; HG+PA) for 24 hours, and
protein expression levels for CHOP, ATF3 and Tubulin were determined. Representative Western blotting images are
represented from 3 to 5 individual experiments.

We next examined whether decreased in CHOP expression was associated with a reduction
in downstream of the apoptotic marker cleaved caspase 3. Thapsigargin or HG+PA treatment
induced activation of caspase 3 when cells were treated with siRNA scramble as compared with

control. In contrast, caspase 3 was completely blunted with deletion of CHOP (Figure 33 A,B),
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suggesting that the effects observed are CHOP mediated, since the knockdown of CHOP alone is

sufficient enough to prevent induced thapsigargin and HG+PA apoptosis.
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Figure 33. Knockdown of CHOP protects hIAPP-INS1E cells from induced apoptosis. Immunostaining (left panel) and
guantification (right panel) of insulin positive B-cells (red), cleaved caspase 3 (green) and nuclei (blue) of hIAPP-INS1E
cells (Con) and hIAPP-INS1E cells transfected with siRNA scr or siRNA CHOP previously treated with A) Thp or B) HG+PA.
Note the absence of cells containing both insulin and cleaved caspase 3 staining in cells transfected with siRNA CHOP as
compared to Thp or HG+PA treated controls. Scale bar is 50 um. Quantification is normalized to number of insulin +
cells and expressed as mean + S.E.M from three independent experiments. **p < 0.01 and ***p < 0.001 vs controls. No
statistical differences were found between controls and Thp siCHOP or HG+PA siCHOP.
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To investigate whether endogenous and chemical chaperones are able to

recover ER stress and improve insulin secretion in hlAPP cells
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4. CHAPERONES AMELIORATE INDUCED ER STRESS IN hIAPP-INS1E CELLS

Molecular and chemical chaperones administration has been used as a strategy to
diminished ER stress among animal models of T2D. According with this, we hypothesized that
overexpression of molecular chaperones in B-cells could ameliorate B-cell stress and function in our
cell model of hIAPP overexpression. Therefore, to increase endogenous chaperone expression, we
used adenoviral vectors encoding for chaperones BiP and PDI. Recombinant adenoviruses are
commonly used to achieve more robust transduction efficiency as pancreatic B-cells are difficult to
transduce with other conventional methods. First, we amplified and purified an adenovirus
encoding for the chaperone BiP (Ad-BiP). Western blot analysis after Ad-BiP transduction showed
increased BiP protein expression with increasing doses (multiplicity of infection or MOI) of

adenovirus ( at 2, 5, 20 and 40 MOI) in hIAPP-INS1E for 24 hours (Figure 34).

Ad/CMV-GFP Ad/CMV-BiP
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Figure 34. Increased BiP expression after adenoviral transduction at different MOI. hIAPP-INS1E cells were transduced
with different doses (MOI) for 24 hours. Representative Western blotting shows BiP protein levels at indicated doses.
Western blotting is representative from 3 independent experiments.

Similarly, we amplified and purified an adenoviral vector coding for PDI coupled to the green
fluorescence protein (Ad-PDI/GFP). Ad-PDI/GFP was similarly tested in hIAPP-INS1E cells by
transducing with Ad-PDI/GFP for 24 hours at different MOIls. The PDI/GFP expression was
determined by fluorescence microscopy, showing a gradually increase of GFP at increasing MOI

(Figure 35A).
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In order to supervise the viability of cells after transduction with adenovirus we performed a
cytotoxicity assay, which discriminates live from dead cells due to a green-fluorescent protein that
indicates intracellular esterase activity (alive cells) and red-fluorescent protein indicating the loss of
plasma membrane integrity (death cells). As a positive control of cell death, non-transduced cells
were treated with 5 UM of thapsigargin. Cell death was observed after 24 hours of treatment with
thapsigargin. At the same time, cells transduced with 20 MOI of Ad-BiP did not show any indicator
of cell death (Figure 35B). Therefore, a MOI of 20 for each adenovirus was chosen for future
experiments, based on maximal BiP or PDI/GFP expression in the absence of cell death or

detectable cell toxicity.

0 MOI 2 MOl 5MOI

20 MOl 40 MOI

B Non-transduced Ad-BiP (20 MOI)

Thp
- - .

Figure 35. Increased BiP and PDI expression after adenoviral transduction does not affect cell viability. A) GFP

expression after adenoviral (Ad-PDI/GFP) transduction in hIAPP-INS1E cells after 24 hours. Note an increase in GFP
expression that correlates with an increase in MOI. B) Live/death viability assay showing no cell death in hIAPP-INS1E
cells transduced for 24 hours with Ad-BiP.
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Once transduction conditions were set up and with the purpose to investigate the role of
chaperones in ER stress under physiological and non-physiological stress conditions, hIAPP-INS1E
cells were transduced with the molecular chaperone BiP or treated with chemical chaperones

TUDCA and PBA and cells were exposed to HG and PA conditions.

We first tested whether BiP could be overexpressed under stressful conditions. hIAPP and
rIAPP cells were transduced with 20 MOI of Ad-BiP and Ad-GFP for 24 hours. Then, hlAPP-
transduced cells were treated with thapsigargin or HG+PA for 8 hours. As shown in Figure 34, BiP
was highly expressed under basal conditions and after treatment with HG and PA (Figure 36A).
Surprisingly, BiP was not overexpressed in either hIAPP and rlAPP cells in the presence of
thapsigargin (Figure 36A), suggesting that thapsigargin blunted adenoviral protein expression. Next,
hIAPP-INS1E cells were cultured in the presence of thapsigargin-containing chaperones TUDCA and
PBA for 24 hours. After exposure to thapsigargin, hIAPP-INS1E cells showed high protein expression
levels of ER stress markers CHOP and ATF3 (Figure 36B), confirming the mRNA expression results
observed in Figure 28. Interestingly, when hIAPP-INS1E cells were treated with chaperones TUDCA
and PBA, CHOP and ATF3 levels were significantly diminished (Figure 36B), although BiP levels were
not recovered. Together, these results suggest that chemical chaperones TUDCA and PBA were able

to reduce the hlAPP-potentiated ER stress associated with thapsigargin.
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Figure 36. BiP overexpression and decrease of ER stress markers by chemical chaperones in hIAPP-INS1E cells. A) BiP
and tubulin levels were determined in hIAPP-INS1E cells previously transduced with Ad-BiP or Ad-GFP for 24 hours.
Representative western blotting results showing protein expression levels of CHOP, ATF3, BiP, and B-actin levels in
hIAPP-INS1E cells cultured with B) 0.5 uM Thp for 8 hours. Representative results from 3 to 5 individual experiments are
shown.

To mimic the plausible protective role of chaperones during HG+PA-induced ER stress,
hIAPP-INS1E cells were incubated with HG and PA and transduced with Ad-BiP or Ad-PDI for 24
hours or treated with TUDCA and PBA. As expected, hIAPP-INS1E cells exposed to HG+PA showed
an increase in ER stress genes such as ATF3 p-elF2a, when compared to untreated controls (Figure
37). Conversely, hIAPP-INS1E cells treated with chaperones (TUDCA, PBA, BiP or PDI) presented a
decrease in ER stress by showing a reduction in ATF3 and p-elF2a protein levels (Figure 37).
Consisting with our previous results, BiP levels were not affected after exposure to HG+PA,
confirming the results observed in Figure 36A. Together these data suggest that chaperones are
able to ameliorate induced-ER stress in hIAPP-expressing B-cells; thus, improving chaperone

capacity could be important in diminishing hlIAPP-induced toxicity.
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5. CHAPERONE TREATMENT IMPROVES B-CELL FUNCTION BY INCREASING
GLUCOSE-STIMULATED INSULIN SECRETION IN BASAL CONDITIONS

Our data suggests that chaperone treatment diminishes ER stress under thapsigargin and HG
and PA conditions. In order to investigate whether chaperone amelioration in ER stress resulted in
improved physiological outcome as measured by insulin secretion, we monitored the effect on
glucose-stimulated insulin secretion in hIAPP-INS1E cells at basal conditions. Thus, we transduced
hIAPP-INS1E cells and INS1E control cells with Ad-BiP, Ad-GFP and Ad-PDI/GFP or treated cells with
chemical chaperones TUDCA and PBA. As shown in Figure 38, insulin release from INS1E cells at 16
mM glucose was increased in untreated or Ad-GFP treated cells as compared to 2.8 mM glucose.
However, overexpression of hlIAPP seems to alter glucose-stimulated insulin secretion when
compared to INS1E control cells. In hIAPP-INS1E cells overexpressing BiP or treated with TUDCA and
PBA, the levels of insulin secretion were higher compared with GFP-expressing or control cells at 16
mM glucose. Interestingly, overexpression of PDI increased the insulin levels to a greater extent
than controls. Nevertheless, BiP and chemical treatment were able to restore and improve glucose-
stimulated insulin secretion, although the insulin secretory response of control INS1E cells was not

achieved.
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Figure 38. Chaperones ameliorate insulin secretion in hIAPP-INS1E cells in basal conditions. hIAPP-INS1E cells were
transduced with Ad-GFP, Ad-BiP, Ad-PDI or treated with TUDCA or PBA for 24 hours. Glucose-stimulated insulin
secretion was performed at low (2.8 mM) and high (16 mM) glucose expressed as % of insulin secretion/insulin content.
INS1E control cells were used as a control (Con). Results are expressed as mean + S.E.M from four independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs INS1E control, ##p < 0.001 vs hlAPP-INS1E Control.

The improvement in insulin secretion in hIAPP-INS1E cells treated with BiP, TUDCA and PBA
does not appear to be associated with a decrease in insulin content, since all groups had similar
levels of insulin in lysates before and after exposure to glucose (Figure 39). However, PDI treatment
of hIAPP-INS1E cells seems to have a detrimental effect on insulin content, suggesting that PDI may

be increasing insulin secretion by degranulation of insulin vesicles (Figure 39).
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Figure 39. Insulin content is decrease in PDI-expressing cells. Total insulin content from hIAPP-INS1E cells transduced
with Ad-GFP, Ad-BiP, Ad-PDI or treated with TUDCA or PBA for 24 hours was determined in lysates. Results are
expressed as mean + S.E.M from four independent experiments. *p < 0.05. No statistical differences were found in
insulin content between Con and Ad-GFP, BiP, TUDCA and PBA.

6. CHAPERONE TREATMENT IMPROVES IMPAIRED B-CELL FUNCTION UNDER
CONDITIONS OF HIGH GLUCOSE AND PALMITATE

In chapter 3.5 we have shown that HG+PA increased ER stress markers which may
contribute to a detrimental effect on insulin secretion. In order to study the role of chaperones in
insulin release under physiological stress conditions, hIAPP-INS1E and INS1E control cells were
exposed to HG+PA for 24 hours in the presence of chaperones BiP, PDI, TUDCA and PBA. Glucose-
stimulated insulin secretion (GSIS) experiments were performed at basal (2.8 mM) and stimulatory
(16 mM) glucose concentrations. Under these experimental conditions, we observed that HG+PA
exposure diminished 2.6-fold and 2-fold glucose-stimulated insulin release from hlIAPP-INS1E cells
at 16 mM glucose when compared to untreated INS1E and hIAPP-INS1E cells respectively.
Surprisingly, treatment with BiP, PDI, TUDCA and PBA in conditions of HG+PA, was able to recover
and normalize the values of insulin secretion in a similar way to untreated hIAPP-INS1E cells,

suggesting that chaperone treatments were able to prevent B-cell dysfunction and maintain a

87



Results

normal insulin secretory response (Figure 40). Insulin content of hIAPP-INS1E cells stimulated at 16
mM and 2.8 mM glucose was similar in all groups (Table 4) suggesting that differences observed in
insulin secretion were due to the secretory capacity and not due to differences in insulin content.
These results demonstrate that improving chaperone capacity can ameliorate B-cell function under

stressful conditions.
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Figure 40. Chaperone administration prevents B-cell dysfunction under high-glucose and palmitate treatment. hIAPP-
INS1E cells were transduced with Ad-BiP, Ad-PDI or treated with TUDCA or PBA for 24 hours. After 24 hours, cells were
treated with 25 mM of glucose and palmitate (HG+PA). Glucose-stimulated insulin secretion was performed at low (2.8
mM) and high (16 mM) glucose using INS1E cells as control as expressed by % of insulin secretion/insulin content.
Insulin levels were determined by ELISA. Results are expressed as mean + S.E.M from three independent experiments.
b < 0.05 vs INS1E control, *p < 0.05, **p < 0.01, ***p< 0.001 vs. hIAPP-INS1E cells treated with HG+PA. No statistical
differences were found between Con and BiP, PDI, TUDCA and PBA.
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Table 4. Effect of chaperone treatment in insulin secretion and insulin content in hIAPP-INS1E cells under

HG+PA treatment.

Insulin secretion (ng/ml per 100000 cells)

Insulin content (ng/ml per 100000

Culture conditions 2mM 16 mM cells)
(16 mm)
Con INS1E 0,50+ 0,10 4,99 + 0,69%# 24,42+ 1,78
Con 0,62+ 0,20 3,27 £ 0,65** 24,56 + 4,38
HG+PA 0,47+ 0,09 1,33+0,31 20,20+ 3,74
w
g HG+PA Ad-BiP 0,31+0,17 2,05 + 0,23% 15,53+ 4,36
% HG+PA Ad-PDI 0,50+ 0,11 2,11+ 0,51* 14,78 + 2,44
=
HG+PA TUDCA 0,35+ 0,07 2,14+ 0,16** 17,16+ 2,28
HG+PA PBA 0,44+ 0,09 2,35+ 0,13%* 21,55+ 2,26

Insulin secretion and content levels at 2 mM and 16 mM glucose from hIAPP-INS1E cells transduced with Ad-BiP and
Ad-PDI or treated with TUDCA and PBA after exposure to HG+PA. *p < 0.05 vs Con INS1E, *p < 0.05, **p < 0.01, °p <
0.001 vs hlAPP-INS1E cells treated with HG+PA measured by ANOVA. A statistical difference of ***p < 0.001 was found
in all values of 2 mM vs 16 mM glucose as measured by student T-test.
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7. BiP AND PBA INCREASE INSULIN SECRETION IN WILD-TYPE MOUSE ISLETS

Our results have shown that chaperone treatment of hIAPP overexpressing B-cells was able
to restore ER stress and insulin secretion in stressful condition, such as treatment with HG and PA.
Once evaluated the chaperone treatment in pancreatic cell cultures lines we next evaluated the
efficiency of the treatment in pancreatic mouse islets. Thus, to check whether adenovirus was able
to transducer insulin-expressing cells, fresh isolated islets were transduced with green-fluorescence
GFP and stained for insulin. Co-localization of GFP (green) with insulin (red) was observed using a

dose of 20 MOI Ad-GFP (Figure 41, lower panel).

GFP Bright field/GFP

Fresh isolated islets

Insulin

Immunohistochemistry

Figure 41. Pancreatic islets transduced with Ad-GFP at 20 MOI. Fluorescence images of Ad-GFP transduced with Ad-
GFP 20 MOI of GFP (upper panel). Insulin staining of islets transduced with Ad-GFP 20 MOI (Lower panel, left column).
Note co-localization of green (Ad-GFP transduced area) with insulin (red) demonstrating that adenovirus is able to
transduce insulin-expressing cells. Representative images of islets are shown.

In order to determine the optimal adenoviral transduction dose, of Ad-BiP and Ad-PDI,
isolated WT islets were transduced for 24 hours with different MOls (10, 20, and 40) of Ad-BiP, Ad-
PDI and Ad-GFP after an overnight incubation at 11 mM of glucose. To measure the insulin
secretory capacity, islets were incubated for 60 minutes at 2 mM glucose, following stimulation at
16 mM glucose for 1 hour. As observed in Figure 42, islets transduced with 10 and 20 MOI of Ad-BiP
enhanced insulin release when compared with WT islets transduced with Ad-GFP and control

stimulated at 16 mM glucose. In contrast, 40 MOI of adenovirus showed a markedly reduction in
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insulin secretion, suggesting a toxic effect leading to islet death. On the other hand, with PDI
overexpression we were unable to detect any significant differences under 10 or 20 MOI of Ad-PDI
when compared with control islets stimulated at 16 mM glucose, though the transduction with 40

MOI showed a strong augment of insulin release.
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Figure 42. BiP increases insulin secretion in WT islets. WT islets were transduced with Ad-GFP, Ad-BiP, Ad-PDI for 24
hours. Glucose-stimulated insulin secretion was performed at low (2 mM) and high (16 mM) glucose. Results are
expressed as % of insulin secretion/ insulin content. Non-transduced islets were used as a control (Con). Results are
expressed as mean = S.E.M from four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs Con.

In addition, we observed that at a high dose (40 MOI) of Ad-BiP, Ad-GFP and Ad-PDI there
was a significant alteration in insulin content when compared with control and lower doses of

adenovirus suggesting that high adenoviral doses may lead to a toxicity effect (Table 5).
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Table 5. Effect of different adenoviral transduction doses in insulin secretion and insulin content in WT

islets.

Insulin secretion (ng/ml per islet)

Insulin content (ng/ml per islet)

Adenovirus (MOI) 2mM 16 mM (16 mM)
0 0,27 +0,03 7,22 + 0,04 89,55+ 1,07
o
g 10 0,27 + 0,02 7,60 + 0,06 78,50 + 1,52
)
< 20 0,09 + 0,01 7,40 0,44 85,27+ 2,52
40 0,16 + 0,02 5,19 + 0,08 127,63 + 4,06*
0 0,15 + 0,04 6,62 + 0,86 96,31+ 9,86
o
oQ 10 0,11+ 0,01 7,14 + 0,41** 85,75+ 6,70
T
<
20 0,16+ 0,04 11,23+ 0,72** 96,67 + 3,03
40 0,11+ 0,03 6,03 + 0,50 133,77 £ 0,74*
0 0,95+ 0,07 8,16 + 0,04 90,85+ 1,67
=)
o 10 0,14 +0,01 6,67 + 0,22 83,85+ 15,88
T
< 20 0,19 + 0,00 5,32 +0,10 66,64 + 2,43
40 0,27 £0,01 5,41+ 0,068 22,91+ 1,79*

Insulin secretion and content levels at 2 mM and 16 mM glucose from Ad-GFP, Ad-BiP and Ad-PDI transduced cells at
indicated MOI. *p < 0.05, **p < 0.01, §p < 0.001 vs 0 MOI measured by ANOVA. A statistical difference of ***p < 0.001

was found in all values of 2 mM vs 16 mM glucose as measured by student T-test.

Once evaluated the effect of molecular chaperones in insulin secretion, we next examined

whether chemical chaperones treatment with TUDCA and PBA affected insulin secretion in WT

islets. As observed in Figure 43, 24 hours after treatment with both chemical chaperones, TUDCA

showed no difference in insulin secretion output when compared with non-treated islets (Con)

stimulated at 16 mM glucose. In contrast, islets treated with PBA had significantly enhanced

glucose-stimulated insulin secretion compared with control.
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Figure 43. PBA increases insulin secretion in WT islets. WT islets were treated with TUDCA and PBA for 24 hours.
Glucose-stimulated insulin secretion was performed at low (2 mM) and high (16 mM). Results are expressed as % of
insulin secretion/ insulin content. Non-transduced islets were used as a control (Con). Results are expressed as mean *
S.E.M from 4 independent experiments. ***p < 0.001 vs Con. No statistical differences were found in secretion
between Con and TUDCA.

We next measured insulin content for both chaperones. The insulin content in islets exposed
to TUDCA or PBA showed no differences compared with control islets, suggesting that the increase

insulin secretion is not a consequence of a reduce in insulin content (Table 6).

Table 6. Effect of chemical chaperone treatment in insulin secretion and insulin content in WT mouse

islets.
Insulin secretion (ng/ml per islet)
Culture conditions 2mM 16 mM Insulin content (ng/ml per islet)
(16 mM)
Con 1,49+ 0,22 8,47 + 3,42 253,23 + 38,29
TUDCA 0,37+0,13 7,72+ 2,25 299,42 + 60,34
PBA 1,32+0.18 13,92 + 0,138 208,13 £ 27,27

Insulin secretion and content levels at 2 mM and 16 mM glucose from islets treated with TUDCA and PBA. §p < 0.001 vs
Con measured by ANOVA. No statistical differences were found in secretion or content between Con and TUDCA. A
statistical difference of ***p < 0.001 was found in all values of 2 mM vs 16 mM glucose as measured by student T-test.
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8. BiP, PDI AND PBA INCREASE INSULIN SECRETION IN hIAPP TRANSGENIC MOUSE
ISLETS

Having established that chaperones are able to increase insulin secretion in WT islets in
basal conditions (11 mM), we next evaluated the effect of chaperones in hIAPP Tg mouse islets. The
hIAPP Tg mouse is a mouse model of hIAPP overexpression specifically in B-cell, which gives us a
good model to study the role of hIAPP in vivo. Thus, we overexpressed Ad-BiP, Ad-PDI and Ad-GFP
by adenoviral transduction or treated islets with TUDCA or PBA for 24 hours. A significant increased
in insulin secretion was observed in islets overexpressing the endogenous chaperone BiP and PDI at
16 mM glucose when compared with Ad-GFP hIAPP Tg islets (Figure 44A). On the other hand, as
observed in Figure 44B, when islets were treated with PBA, insulin secretion was markedly
increased when compared with control islets stimulated with 16 mM glucose. Instead, TUDCA was

not able to improved insulin release in basal conditions.
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Figure 44. BiP, PDI and PBA increase insulin secretion in hIAPP transgenic mouse islets. hIAPP Tg mouse islets were
transduced with 20 MOI of A) Ad-GFP, Ad-BiP and Ad-PDI or B) treated with TUDCA or PBA at 11 mM glucose for 24
hours. Glucose-stimulated insulin secretion was performed at low (2 mM) and high (16 mM) glucose. Insulin levels were
determined by ELISA. Results are expressed as mean = S.E.M from three independent experiments. *p < 0.05, **p <
0.01 vs hIAPP Tg Ad-GFP at or Con 16 mM glucose. No statistical difference was found between Con and TUDCA.
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Insulin content was measured for each condition. We found that treatment with chaperones
did not induce any significant alterations in insulin content levels when stimulated at 16 mM
glucose, suggesting that increase insulin secretion is not a consequence of a reduction in insulin
content (Table 7). Thus, enhancing chaperone capacity by increasing BiP and PDI levels or treating

with PBA ameliorates B-cell function in basal conditions in hIAPP Tg mice.

Table 7. Effect of molecular and chemical chaperones in insulin secretion and insulin content in hIAPP Tg
mouse islets.

Insulin secretion (ng/ml per islet)

Insulin content (ng/ml per islet)

Molecular chaperones 2mM 16 mM (16 mM)
WT 0,76+ 0,10 24,51+ 5,49* 201,59+ 15,33
WT Ad-GFP 0,27+ 0,05 28,13 + 3,26* 201,49+ 35,22
hIAPP Tg Ad-GFP 0,95+ 0,44 14,59 + 2,65 187,12 + 29,35
hIAPP Tg Ad-BiP 1,15+ 0,46 23,17 £ 4,32* 193,91+ 46,99
hIAPP Tg Ad-PDI 2,20+ 0,35 21,45+ 4,12* 159,00 + 26,00

Chemical chaperones

Con 1,40+ 0,47 9,47 2,26 174,10 £ 30,16
TUDCA 0,99+0,13 10,73+ 1,38 183,70 + 23,32
PBA 2,45+0,25 17,20 + 88,75** 153,84+ 37,04

Total insulin content from TUDCA and PBA was determined in lysates. Results are expressed as mean * S.E.M from
three independent experiments. Statistical *p < 0.05, **p < 0.01 vs hlAPP Tg Ad-GFP or Con at 16 mM glucose
measured by ANOVA. No statistical difference was found in insulin content. A statistical difference of ***p < 0.001 was
found in all values of 2 mM vs 16 mM glucose as measured by student T-test.
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9. CHEMICAL CHAPERONES INCREASE INSULIN SECRETION FOLLOWING HG+PA
TREATMENT IN hIAPP Tg MOUSE ISLETS

In order to study whether chaperone effects on ER stress are capable to ameliorate B-cell
function in stressful conditions, we performed insulin secretion assays with the presence of HG+PA
in hIAPP Tg islets treated with Ad-BiP, Ad-PDI, TUDCA and PBA for 24 hours. As expected, we
observed that HG+PA exposure decreased insulin secretion in islets treated with HG+PA when
compared to control islets at 16 mM stimulation glucose. As shown in Figure 45, overexpression of
BiP and PDI by adenoviral transduction in cells exposed to HG+PA, markedly increased the levels of
glucose-stimulated insulin secretion compared with hlAPP control islets cultured with HG+PA.
Similarly, TUCDA and PBA treatment was able to increase insulin secretion when compared with
hIAPP islets cultured with HG+PA and, at the same time restore the levels of insulin secretion
reaching the values obtained in hlAPP control islets at 16 mM glucose. Unexpectedly, despite the
significant increased in insulin secretion levels, overexpression of PDI showed decreased in insulin
content, suggesting that PDI overexpression may have a toxic effect leading to degranulation of
insulin vesicles. On the other hand, Ad-BiP, TUDCA and PBA presented similar levels of insulin in

lysate before and after exposure to glucose (Table 8).
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Figure 45. Chemical chaperones ameliorate B-cell function after high glucose and palmitate treatment. hIAPP Tg islets
were treated with TUDCA or PBA for 24 hours and cultured with HG+PA for 24 hours more. Glucose-stimulated insulin
secretion was performed at low (2 mM) and high (16 mM) glucose using INS1E cells as control. Results are expressed as
% of insulin release/ insulin content. Insulin levels were determined by ELISA. Results are expressed as mean + S.E.M
from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs Con HG+PA at 16 mM glucose.
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Table 8. Effect of molecular and chemical chaperone treatment in insulin secretion and insulin content
after HG+PA treatment in hIAPP Tg mouse islets.

Insulin secretion (ng/ml per islet)

Insulin content (ng/ml per islet)

Culture conditions 2mMm 16 mM (16 mM)
WT 2,33+0,34 22,74+ 1,488 169,56 + 24,56
hIAPP Tg 0,83+0,16 13,26 £ 0,93** 159,63 + 47,48
hIAPP Tg 0,98+ 0,33 3,46+ 1,92 95,42 + 11,08
hIAPP Tg Ad-BiP 1,94+ 0,57 17,83 + 0,59* 182,72 + 60,99
<
§ hIAPP Tg Ad-PDI 2,25+ 0,26 16,23 £ 3,27** 132,19+ 20,14
hIAPP Tg TUDCA 2,65+ 0,30 16,92 + 5,34* 170,41 + 63,08
hIAPP Tg PBA 2,00+ 1,02 16,45 + 3,14* 178,13+ 14,54

Results are expressed as mean = S.E.M from three independent experiments. *p < 0.05, **p < 0.01, §p < 0.001 vs HG+PA
hIAPP Tg measured by ANOVA. No statistical difference was found in insulin content. A statistical difference of ***p <
0.001 was found in all values of 2 MM vs 16 mM glucose as measured by student T-test.

Together, our data suggests that either, molecular and chemical chaperone treatment can
improve B-cell function under pathological conditions, suggesting that the observed effect of

chaperones in ER stress correlates with an increase in insulin secretory capacity.

10. CHAPERONE TREATMENT PREVENTS AMYLOID FORMATION IN hlAPP Tg MOUSE
ISLETS

We next investigated whether the decrease in ER stress and improvement of B-cell function
observed in hIAPP-overexpressing B-cells correlates with a decrease in amyloid formation. While in
vivo amyloid formation requires up to 10 months in hIAPP Tg mice, it can be rapidly induced by
culturing isolated islets at high glucose concentrations (16 mM). Thus, non-transgenic and hIAPP Tg

islets were cultured for 7 days at 16 mM of glucose (HG). Thioflavin S (thioS) staining showed
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amyloid deposits in high glucose-cultured hIAPP Tg islets when compared with WT islets and hIAPP
Tg islets cultured at 11 mM glucose (NG) (Figure 46) demonstrating that islet amyloid can be rapidly

induced by culturing hlAPP Tg islets at HG concentrations ex vivo.

In order to investigate the role of molecular and chemical chaperones in amyloid formation
in this model, hIAPP Tg mouse islets were transduced with 20 MOI of Ad-BiP and Ad-PDI or treated
with chemical chaperones TUDCA and PBA. After 24 hours of transduction, islets were kept at 16
mM of glucose (HG) for 7 days. Remarkably, treatment of hIAPP Tg islets with molecular
chaperones BiP and PDI resulted in a drastically decrease in amyloid formation when compared to
non-treated islets cultured at HG. In addition, to determine whether chemical chaperones had the
same effect as molecular chaperones on islets hIAPP Tg islets were treated with TUDCA and PBA
under the same experiment conditions. Seven days after HG culture, amyloid formation was
considerably inhibited under the treatment with PBA. On the other hand, TUDCA treatment showed

a small (but not significant) reduction in amyloid formation (Figure 46).

102



Results

Merge

Insulin

=

2

= O O

I

a [a)

B
P

TUDCA

v‘
St
Ty

.

.
“>..
b

<

PB

ashow 3] ddVIy

103



Results

Amyloid Severity
*kk
| *
*
3‘73_‘ 3519
= 10 ']
g 30 [ ]
S 254
1]
w 204 -
5 .
@ 154 ° °
H o e °
o 104 ege L
2 5l ®eege YT ¢
E‘ $e o —aeg °
2 ° s .
< 0l-oon cmumtee L) 3 = 5 T S S b .
Non Tg NG HG HG BiP HG PDI HG TUDCA HG PBA

Figure 46. Decreased of amyloid formation after treatment with chaperones in hIAPP Tg mouse islets.
Immunofluorescence staining for insulin (red) and amyloid (green) in isolated WT as controls and hIAPP Tg mouse islets
cultured at 11 mM (NG) and 16 mM (HG) glucose for 7 days and treated with Ad-BiP, Ad-PDI, TUDCA and PBA (higher
panel). Note amyloid deposits in HG treated islets. Amyloid area quantification of same experimental groups and
normalized to insulin positive area (lower panel). Black dots represent individual islets. No statistical differences were
found between HG and HG TUDCA. Results are expressed as mean + S.E.M from two independent experiments. *p <
0.05, ***p < 0.001 vs HG.

In summary, our data suggests that treatment with chaperones not only ameliorates ER
stress and insulin secretion, but also plays an important protective effect in the development of
amyloid formation in a mouse model of amyloid deposition. Our results suggest that chaperone
treatments may be used as a potential therapeutic approach to improve ER stress, B-cell function

and amyloid deposition in T2D.
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Discussion

T2D, as a complex metabolic disease, is characterized by impaired insulin secretion with a
progressive decline in B-cell mass and function. Amyloid deposits which often co-localize with
cellular degeneration [74] have been strongly associated with the progressive loss of pancreatic 8-
cell. In recent years, the role of IAPP in the occurrence of T2D has gained much attention.
Concomitantly, it has been proposed that overexpression of IAPP contributes to amyloid formation
and development of T2D, a view proposed by transgenic and rat studies involving the
overexpression of human IAPP in pancreatic B-cells [93]. In parallel, several studies implicate ER
stress as an important cellular response triggered by IAPP leading to B-cell death [187]. Moreover,
molecular chaperones have been described to be important for the regulation of ER signaling in
response to ER stress and in decrease protein aggregation and amyloid deposition in
neurodegenerative diseases [188-189]. Here we propose a novel approach to counteract hlAPP-
induced ER stress as well as diminish amyloid deposits and, ultimately B-cell dysfunction through
chaperone treatment in models of hIAPP overexpression. In our approach, both INS1E stable clones
and hIAPP transgenic mouse islets were treated with chaperones after exposure to
physiopathological conditions with the purpose to improve B-cell function by reducing ER stress as

well as amyloid formation.

Several findings have revealed that ER stress in B-cell is associated with activation of UPR
pathway, through activation of the three main components such as IRE1, PERK, and ATF6. Previous
studies have shown that experimental manipulation of the UPR system in B-cells generally leads to
attenuated function and cell death. For example, cells lacking IRE1a and XBP1 have defective ERAD
as well as reduced secretory capacity and reduced cell survival [190]. Even more, B-cell specific
XBP1 deficient mice elicited an impairment in B-cell proliferation, proinsulin processing, and insulin
secretion along with a hyperactivation of IRE1 [191]. The loss of PERK expression in humans and
mice has been associated with a failure to properly regulate the UPR response, underlying
dysfunction in the ER stress and UPR pathways, which can result in increased cell death and
diabetes [192]. Although PERK expression in adult B-cells does not appear to be required for
maintaining B-cell function, mutations in PERK result in the elevation of ER stress markers, leading
to a form of permanent neonatal diabetes in humans. Regarding the downstream target genes of
PERK, loss-of-function of ATF3 gene have shown to reduce the effects of nutrients on apoptosis in

INS1E cells [162] and deletion of CHOP reduced oxidative stress, improved glycemic control and
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expanded B-cell mass in mice models with T2D [193]. Recent reports have tried to elucidate the role
of ATF6, the third branch of the UPR, in B-cell function. For example, ATF6 knockdown in insulinoma
cells showed a decrease in ER chaperones and induced cell apoptosis [194]. Similarly, ER stress-
induced activation of ATF6 has been shown to suppress insulin gene expression. However, other
studies have shown that ATF6 is not so relevant for B-cell death, when compared with PERK and

IRE1 pathways [144, 195].

In the present work we used a model of rat pancreatic B-cell line, INS1E that was stably
transfected with the hlIAPP transgene (hIAPP-INS1E cells), the rlIAPP gene (rIAPP-INS1E) or an empty
vector (INS1E control cells). Despite the fact that hIAPP overexpression in this cell model played a
detrimental role in insulin and IAPP secretion in response to glucose, it was described that cell
death or expression of genes involved in ER stress was not affected in hlIAPP-expressing cells when
compared with control cells at basal conditions [75]. Thus, in order to initially characterize the
induction of ER stress in our INS1E cell model we performed a time-dose response, treating cells
with a known inducer of ER stress, thapsigargin. Thapsigargin induces ER stress by blocking the
ability of the cell to pump Ca’' into the ER. Since altered cytosolic Ca* has been implicated in many
diseases including diabetes, this chemical inducer has been shown to be of interest for the
understanding the pathogenesis of T2D. Consistent with previous studies [196-197] we showed that
thapsigargin-induced ER stress was associated with an upregulation of ATF3, sXBP1 and CHOP at
time points 8 and 24 hours after thapsigargin (1 uM) treatment in INS1E control cells. Furthermore,
the exposure of hIAPP-INS1E cells to different concentrations (0.25 - 1 uM) of thapsigargin for 24
hours resulted in apoptosis as shown with increase protein levels of CHOP and caspase 3 and
decrease hIAPP expression, with the maximal effect at 1 uM when compared with lower doses,

suggesting that thapsigargin induced many of the expected dysfunctional regulation in INS1E cells.

In the present study, we confirmed that the pathways involving ER stress response, such as
CHOP, sXBP1 or ATF3 were not affected in stable hIAPP-INS1E cells when cultured at basal
conditions (11 mM glucose). Furthermore we showed that 8 hours treatment with a non-lethal
dose of thapsigargin (0.5 uM) induced a profound ER stress. In addition to chemical stress,
induction we examine the ER stress in response to more physiological conditions, such as exposure

to high glucose (HG) and palmitate (PA). Although the mechanism by which glucolipotoxicity cause
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these alterations is not fully characterized, it has been reported that treatment of pancreatic B-cell
with both HG and PA contributed to a lowering of ER Ca’" levels [152]. Previous studies have shown
that HG and PA are potent inducers of ER stress [150, 198]. Prentki et al. have shown B-cell death
by apoptosis in both rat cell line and human islets caused by a synergistic effect of elevated
concentrations of glucose and saturated FFA [158]. In line with this, with similar results as
thapsigargin treatment, we showed that combination of HG and PA treatment potentiated ER stress
markers such as CHOP, ATF3 and sXBP1 in hlAPP-expressing cells when compared to rlAPP or INS1E
controls. These results suggest that the ER stress response was activated under glucolipotoxicity
conditions, since these effects are not observed under conditions of HG and PA separately. The
reason for this is not known, although it is possible that activation of UPR pathways for a period of
24 hours with HG or PA alone is not sufficient to induce a significant upregulation of gene
expression changes or this might be a feature of this cell line, since INS1E cell cultured in the
presence of PA for 24 hours induced an increase in ER stress markers [199]. Together, these data
supports the view that hIAPP-INS1E cells are more sensitive to exogenous ER stress inducers.
Thapsigargin or HG and PA treatment significantly potentiated the expression of ER stress markers
in hlIAPP-expressing cells, when compared to rlAPP- or non-expressing controls, suggesting that
hIAPP, but not rlAPP, increased sensitivity to ER stress. The potentiated ER stress activation in
hIAPP-INS1E cells can be explained due to the increased aggregation capacity of hlAPP or the
formation of intracellular oligomers, which may further affect ER stress [75, 77, 200]. These results
are in conformity with other studies in cells and mice, where exogenous stressors or B-cell
secretagogues led to ER stress activation [81, 199, 201]. However, the role of hlAPP in ER stress
induction in basal conditions still needs to be elucidated. In accordance with our studies, Hull et al.
demonstrated that overexpression of hlAPP transgenic mice was not associated with significant
increases in the expression of ER stress markers [202]. In contrast, some reports have shown that
rodent overexpression of hIAPP activates ER stress-mediated apoptosis, leading to a reduction in B-
cell mass [187]. These differences can be explained by the different levels of hIAPP expression or
the use of different experimental models, such as transgenic mice, transgenic rats or INS1E stable
cell lines.

We showed that thapsigargin-induced ER stress was associated with persistent protein
upregulation of CHOP in hIAPP-INS1E cells. Similarly, HG and PA-induced ER stress was associated

with upregulation of CHOP, suggesting that thapsigargin or HG and PA-induced ER stress and
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apoptosis were dependent of CHOP. Thus, CHOP seems to be a primary mediator of ER stress-
induced apoptosis in hIAPP-INS1E cells and seems to be activated upon prolonged ER stress
signaling. Several reports showed that treatment with saturated fatty acids cause numerous
alterations that can initiate apoptosis by different mechanisms, including reactive oxygen species,
mitochondrial dysfunction, generation of ceramide or induction of CHOP and caspase 3 pathway
[203-206]. In accordance with our results, deletion of CHOP has been shown to enhance B-cell
function and mass in several models of B-cell stress and T2D. In addition, several studies
demonstrate islets from CHOP knockout mice with fewer apoptotic cells and an increased
expression of UPR genes delaying the onset and severity of the diabetic phenotype [193, 207].
More importantly, we showed that a decrease in CHOP expression preceded the reduction of
cleaved caspase 3, which, on the other hand, was apparent after treatment with thapsigargin or HG
and PA. Overall, these data suggest that CHOP plays a detrimental role in ER stress induction and

that CHOP silencing may be a therapeutic approach to modulate B-cell function and survival in T2D.

Pancreatic B-cells face the challenge of increasing protein synthesis during acute or chronic
stimulation leading to a burden on the ER, the organelle where insulin and IAPP synthesis and
folding takes place. However, the large array of ER chaperones and enzymes within ER allow
efficient folding, assembly and reducing the risks of aggregation. Therapeutic interventions that
reduce ER stress have been studied in order to provide strategies for treating ER stress-related
human diseases such as T2D [206]. Our first goal was to examine the contribution of ER stress in -
cell dysfunction in a model of hIAPP overexpression. It has been previously reported that
overexpression of ER chaperones or the treatment with chemical chaperones could partially
prevent B-cell dysfunction in vitro in INS1E cells [171]. Importantly, our studies strengthen the fact
that activation of ER stress markers was reversed after treatment with chaperones. In thapsigargin
or HG and PA treatment, the addition of chemical chaperones TUDCA and PBA diminished ER stress
markers such as CHOP, ATF3 and p-elF2a, highlighting the importance of such agents in preventing
activation of ER-stress protein markers. These results are in agreement with a previous study in
INS1E cells, in which TUDCA reduced apoptosis due to amelioration of ER stress by attenuation of
CHOP and ATF4 expression [208]. Recently, PBA was reported to attenuate cytokine-induced ER
stress and protecting against PA-induced cell death in INS1E cells [199]. We demonstrated similar

effects after transduction with adenovirus encoding for endogenous chaperones BiP and PDI after
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HG and PA treatment. However in the presence of thapsigargin, overexpression of BiP was not
achievable due to a possible completed depletion of Ca’' store levels by thapsigargin or a potential
interference with thapsigargin and adenoviral transductions BiP and PDI. In accordance with our
results, BiP overexpression has been shown to diminish apoptosis by attenuating the induction of
CHOP in ER stress [136]. Combined, our results show that molecular and chemical chaperones are
effective in reducing ER stress induced by physiopathological conditions, suggesting that chaperone

treatment may be an approach to diminished hlAPP-exhacerbated ER stress.

Overexpression of IAPP has been associated with impaired B-cell function and development
of T2D. Several studies obtained by our laboratory and others reported that IAPP overexpression
contributes to the failure of insulin secretion in response to glucose stimulation [75, 209]. Thus, we
aimed to determine whether chaperone amelioration of ER stress was able to restore GSIS. In
agreement with previous results, hIAPP-INS1E cells showed a defect in insulin secretion when
compared to INS1E control, confirming that this failure in insulin secretory capacity was specific for
hIAPP overexpression in our cell model. Furthermore, the results obtained with GSIS in hIAPP-INS1E
cells showed that treatment with chaperones BiP, TUDCA and PBA were able to ameliorate insulin
secretory response under basal conditions (11 mM glucose). In contrast, PDI showed a marked
increase in insulin secretion, accompanied with a significant decrease in insulin content. These
results are consistent with a previous study showing that BiP can improve glucose-stimulated
insulin secretion in INS1E cells exposed to HG. Furthermore, overexpression of PDI had no effect on
insulin secretion. Although PDI is present in human islets [210] and has been shown to play an
important role in sulphide bond formation and isomeration or protein degradation [211-213], its
overexpression has been associated with induced ER stress resulting from accumulation of
proinsulin in the ER [171], suggesting that PDI overexpression may have a detrimental effect that
disrupts normal insulin processing. Thus, our experiments strongly suggested that treatment with
BiP, TUDCA and PBA could ameliorate insulin secretory capacity in conditions of hIAPP
overexpression.

It is now accepted that elevated HG levels are required to mediate the lipotoxic effects,
including inhibition of glucose-stimulated insulin secretion [158, 214-215]. We could confirm that
treatment of hlAPP-expressing cells with HG and PA for 24 hours significantly inhibited insulin

secretion when compared to INS1E control cells. Since this reduction on insulin secretion was
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mostly due to ER stress activation, we investigated whether molecular and chemical chaperones
could reduce ER stress and improve the insulin output in our cell model. Thus, overexpression of BiP
and PDI and treatment with TUDCA and PBA resulted in effective restoration of insulin secretory
capacity. Our data suggest that improving chaperone capacity, we have been able to counteract the

glucose-stimulated insulin secretion of hIAPP-INS1E cells.

We next focused on the effectiveness of chaperone treatment in isolated mouse islets. An
increasing body of evidence suggests that chaperones play important protective effect in the
decrease of protein aggregation and the pathophysiology of amyloid deposition in
neurodegenerative diseases such as Alzheimer [188-189, 216]. In addition, overexpression of ER
chaperone BiP in several cell systems such as HepG2 liver cells and mouse islets can protect cells
against cell death caused by disturbances of ER homeostasis [164, 166-168]. Of interest, transgenic
mice overexpressing the molecular chaperone BiP in B-cells are protected against the pathogenesis
of obesity-induced T2D, maintaining B-cell function and improving glucose homeostasis [167]. In
the current study, milder doses of Ad-BiP led to a significantly improve in glucose-stimulated insulin
secretion in wild type (WT) islets at basal conditions as expected. In contrast, PDI overexpression
showed no differences in insulin secretion at milder doses of adenovirus but an unexpectedly
increment at high dose. Lately, recent reports indicate the beneficial effects of
chemical/pharmacological chaperones in relieve ER stress and improving protein folding [163, 217].
Ozcan et al. have shown that chemical chaperones, such as PBA and TUDCA, reduce ER stress and
restore glucose homeostasis in a mouse model of T2D [163]. Furthermore, PBA may provide health
benefits by ameliorating insulin resistance and pancreatic B-cell dysfunction in obese subjects [184].
In this model, the oral chemical chaperone treatment of obese diabetic mice resulted in the
normalization of hyperglycemia and restoration of peripheral insulin sensitivity, thus acting as a
potential anti-diabetic agent [163]. Interestingly, our results show an improvement in insulin
secretion after PBA treatment in WT islets under basal conditions. However, unlike PBA, TUDCA
showed no effect in insulin release in WT islets, suggesting that TUDCA effects may only be seen
under ER stress conditions. All together, these data highlight the ability of endogenous and
chemical chaperones to alleviate ER stress in transgenic and obese mice models and strongly
supports the ER stress-based mechanistic model of T2D demonstrating the feasibility of targeting

ER function for therapeutic goals.
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We therefore examined the consequence of hIAPP overexpression using hlAPP transgenic
mouse islets (hIAPP Tg) and tested the effect of chaperones on insulin release at basal conditions.
We found that hlAPP overexpression slightly decreased glucose-stimulated insulin secretion which
is in accordance with our previous data [75] showing that hIAPP-overexpressing islets specifically
induce a defect in insulin secretion. Though, insulin secretory capacity was partially rescued by BiP
and PDI overexpression. The results obtained with chemical chaperones strongly support the same
tendency as observed with WT islets. Despite measurable increase in insulin secretion under PBA
treatment, there was no difference when cells were exposed to TUDCA treatment. Together, these
data suggest that chaperone capacity of the ER may be involved in the mechanism of hlIAPP-

induced dysfunction in pancreatic mouse islets.

In the present study, we have demonstrated that isolated hIAPP Tg mice islets exposure to
HG and PA is associated with a significant reduction in glucose-stimulated insulin secretion that was
not observed in hlIAPP Tg islets at basal conditions. This marked decrease in insulin release
occurring under pathological conditions is in accordance with our previous results in hIAPP-INS1E
cells, in which we observed a reduction in insulin secretion under the same conditions. These
findings emphasize that glucolipotoxicity and the associated islet amyloid together result in
impaired insulin secretion. A plausible explanation for this finding could rely on the imbalance
between the delivery of nascent IAPP to ER and the capacity of the ER to fold, traffic, and process
this amyloidogenic protein. In this current study we have shown a correlation of chaperone
treatment and the resultant amelioration of insulin secretion. Herein, transduction of isolated
hIAPP Tg islets with adenovirus encoding for BiP and PDI along with HG and PA for 24 hours not
only restored but also improved insulin release. This result is in agreement with a previous study
demonstrating that transgenic mice overexpressing BiP specifically in B-cells were protected against
the injury of obesity-induced T2D, maintaining B-cell function and improving glucose homeostasis
[167]. In a similar way, BiP overexpression has been shown to improve insulin sensitivity in ob/ob
mice [218]. A similar result was obtained using the chemical chaperones TUDCA and PBA. These
results are also consistent with those showed by Ozcan et al.,, in which chemical chaperones

improved the in vivo responses to insulin in ob/ob mice.
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The formation of amyloid fibrils is a hallmark of a variety of unrelated diseases. Despite its
central public health importance, the mechanism of amyloid-related pathogenesis is not fully
understood. Amyloid plaques occur in 90% of patients with T2D at autopsy [219], a finding that is
uncommon in pancreata of non-diabetic humans [220]. Concomitantly, it has been proposed that
overexpression of IAPP in pancreatic B-cells contributes to amyloid formation and disease severity
with reduction in B-cell mass and development of hyperglycemia, a view proposed by transgenic
mouse and rat studies [93, 220]. According with the literature, high glucose concentrations [221]
exposure were found to be an important determinant of the extent of amyloid deposition [222].
Consistent with these reports, we have shown a rapid amyloid formation by culturing isolated
hIAPP Tg islets at 16 mM glucose for 7 days, making this model particularly relevant to islet amyloid
formation in humans, since amyloid deposits in both hIAPP Tg rodents and human islets are
histologically analogous [38]. On the other hand, this model shows that hIAPP overexpression by
itself is not sufficient to induce amyloid formation supporting the notion that stressful environment
like hyperglycemia may be associated amyloidogenesis which is correlated with B-cell dysfunction

[202, 223].

Chaperones are the primary regulators of the protein network and are known to facilitate
protein folding, inhibit protein aggregation and promote disaggregation and clearance of misfolded
aggregates inside cells. Efforts to understand the impact of chaperones on the formation of
misfolded hIAPP have been considered a speculative approach to prevent or diminish amyloid
formation. In our present work, we showed for the first time, the role of chaperones in amyloid
formation in isolated pancreatic hIAPP Tg mouse islets. Here, we demonstrated that hIAPP Tg islets
overexpressing ER chaperone BiP and PDI or treated with PBA markedly decrease the amount of
amyloid formation when cultured at HG for 7 days. Few investigations have been performed in
order to inhibit the aggregation of IAPP and for that reason it turns out to be a matter of
considerable interest. Already a number of agents have been suggested as having this inhibitory
effect including small peptides. In one of these few articles, Fraser and co-workers tested a series of
hexapeptides, each overlapping with segment of IAPP [186]. When co-incubation with IAPP several
of the peptides such as, GAILSST appeared to decrease the density of fiber formation. Additionally,
some experimental works as well as computational or theoretical studies reveal that small

molecules bind to- and stabilize a variety of protein fibrils formed by amyloidogenic proteins. In
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fact, the fibrillation process of IAPP and its fragment (20-29) was found to be strongly affected by
the presence of nanoparticles, which retard protein fibrillation as a function of the chemical surface
properties of the nanoparticles. Moreover, recent studies demonstrated that ER chaperone BiP has
direct interaction with amyloidogenic peptides [224] and has been shown to attenuate the
formation of amyloid-like aggregates, suppressing the misfolding of hIAPP [164]. In addition,
previous studies done by Butler et al, have shown that increased overload of hlAPP is correlated
with an increased BiP overexpression due to activation of UPR response in B-cells of hIAPP
transgenic mouse models [187].

Another promising approach is the use of pharmacological agents, such as orally active
chemical chaperones, which can stabilize protein conformation, improve ER folding capacity and
facilitate the trafficking of mutant proteins [163, 178, 184-185, 225-226]. In the current study we
demonstrated that treatment with PBA decreased ER stress and ameliorated insulin secretion in
hIAPP cells and hIAPP Tg mice. In addition, PBA dramatically reduced the level of amyloid severity,
with similar results found in PBA-treated Alzheimer disease transgenic mouse (APPswe/PS1delta9),
which showed a significantly decreased incidence and size of amyloid plaques through the cortex
and hippocampus [227]. On the other hand and despite the fact that TUDCA decreases ER stress in
hIAPP cells and prevents loss of insulin secretion upon treatment with HG and PA, in our mouse
model of hIAPP overexpression, TUDCA slightly reduces amyloid formation, although more
experiments need to be done. Nevertheless, in neurodegenerative disorders oral treatment with

TUDCA has been shown to be effective in reducing B-amyloid deposits in brain of mice [228].

In summary, we showed that chaperones BiP, PDI, TUCDA and PBA decrease ER stress and
improve GSIS in hIAPP cells. Additionally, we demonstrated that chaperones ameliorated glucose-
stimulated insulin secretion in hlAPP Tg islets and we provide for the first time evidences that
chaperones are able to prevent amyloid formation after incubation of islets with HG for 7 days.
Although the role of chaperones in preventing hIAPP aggregation in islets is still poorly investigated
our results support for the first time the investigation of endogenous and chemical chaperones as
potential therapeutic strategies to improve ER stress and insulin secretion as well as limit the
damaging amyloid observed in T2D patients. Finally, genuine understanding of the mechanism that

leads to the formation of amyloid fibrils, its inhibition and the effect on the pathogenesis process
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would be important for the basic understanding of the phenomenon and at the same time for

development of future therapeutic approaches.
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Conclusions

In conclusion, our work enabled a better understanding of how ER stress affects B-cell

function in a context of hIAPP overexpression:

1)

2)

4)

5)

6)

7)

8)

9)

hIAPP-INS1E cells were more sensitive to ER inducers than rlAPP and INS1E control cells.

ER stress induction was dependent on CHOP activation, protecting from induced ER

stress and apoptosis in a cell model of hIAPP overexpression.

Molecular and chemical chaperones were able to ameliorate induced-ER stress in hIAPP-

expressing B-cells.

Chaperone treatment led to an improvement in glucose-stimulated insulin secretion in

hIAPP-INS1E cells in both basal and stressing conditions.

BiP overexpression and PBA treatment potentiated the insulin secretory capacity in WT

mouse islets in basal conditions.

BiP and PDI overexpression and PBA treatment increased insulin secretion in hIAPP Tg

mouse islets in basal conditions.

BiP, PDI, TUDCA and PBA improved insulin secretion under high glucose and palmitate

treatment in hIAPP Tg mouse islets.

Chaperone treatment reduced amyloid severity in hIAPP Tg islets exposure at 16 mM

glucose for 7 days.

Therefore, this study confirmed the role of hlIAPP overexpression in triggering ER stress
response and showed the first new protective mechanism against the development of
amyloid formation through chaperone treatment under physiopathological conditions in

a mouse model of amyloid deposition.

119






%
Al
%
I\
%
Al
%
I\
%
%
%
I\
%
%
%
I\
%
%
%
I\
%
%
%
I\
%
%
%
I\

N
/N
N
/N
N
/N
N
N
N
N
/N
A
N
/N
/N
A
/N
A
/N
A
/N
A
/N
A
/N
A
N
/N
/N
A
/N
A
/N
A
/N
A
/N
Iy
N
A
N
Iy
N
/N
/N
/N
N
A
/N
Iy
N
A
N
Iy
I

|
/N

|
/N
|
/N
I
/N
|
/N
|
/N

REFERENCES '

|
I,
/N

-~

%
%
%
Al
%
%
%

~
=

%
I\
I\
Al
%
I\

- -~






References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Rother, K.1., Diabetes treatment--bridging the divide. N Engl J Med, 2007. 356(15): p. 1499-501.

Gilmartin, A.B., S.H. Ural, and J.T. Repke, Gestational diabetes mellitus. Rev Obstet Gynecol, 2008.
1(3): p. 129-34.

Fajans, S.S. and G.l. Bell, MODY: history, genetics, pathophysiology, and clinical decision making.
Diabetes Care, 2011. 34(8): p. 1878-84.

Malecki, M.T. and T. Klupa, Type 2 diabetes mellitus: from genes to disease. Pharmacol Rep, 2005. 57
Suppl: p. 20-32.

Hossain, P., B. Kawar, and M. El Nahas, Obesity and diabetes in the developing world--a growing
challenge. N Engl J Med, 2007. 356(3): p. 213-5.

Sicree, R., J. Shaw, and P. Zimmet, The global burden - Diabetes and impaired glucose tolerance.
1997, IDF Diabetes Atlas fourth edition: International Diabetes Federation.

Boutayeb, A. and S. Boutayeb, The burden of non communicable diseases in developing countries. Int
J Equity Health, 2005. 4(1): p. 2.

Steiner, D.J., et al., Pancreatic islet plasticity: interspecies comparison of islet architecture and
composition. Islets, 2010. 2(3): p. 135-45.

Scharfmann, R., L. Rachdi, and P. Ravassard, Concise review: in search of unlimited sources of
functional human pancreatic beta cells. Stem Cells Transl Med, 2013. 2(1): p. 61-7.

Cabrera, 0., et al., The unique cytoarchitecture of human pancreatic islets has implications for islet
cell function. Proc Natl Acad Sci U S A, 2006. 103(7): p. 2334-9.

Seino, S., T. Shibasaki, and K. Minami, Dynamics of insulin secretion and the clinical implications for
obesity and diabetes. ) Clin Invest, 2011. 121(6): p. 2118-25.

Marques, R.G., M.J. Fontaine, and J. Rogers, C-peptide: much more than a byproduct of insulin
biosynthesis. Pancreas, 2004. 29(3): p. 231-8.

Fu, Z., E.R. Gilbert, and D. Liu, Regulation of insulin synthesis and secretion and pancreatic Beta-cell
dysfunction in diabetes. Curr Diabetes Rev, 2013. 9(1): p. 25-53.

Straub, S.G. and G.W. Sharp, Hypothesis: one rate-limiting step controls the magnitude of both
phases of glucose-stimulated insulin secretion. Am J Physiol Cell Physiol, 2004. 287(3): p. C565-71.

Wilcox, G., Insulin and insulin resistance. Clin Biochem Rev, 2005. 26(2): p. 19-39.

Kahn, S.E., The relative contributions of insulin resistance and beta-cell dysfunction to the
pathophysiology of Type 2 diabetes. Diabetologia, 2003. 46(1): p. 3-19.

Kruszynska, Y.T. and J.M. Olefsky, Cellular and molecular mechanisms of non-insulin dependent
diabetes mellitus. ) Investig Med, 1996. 44(8): p. 413-28.

Kahn, S.E., Clinical review 135: The importance of beta-cell failure in the development and
progression of type 2 diabetes. J Clin Endocrinol Metab, 2001. 86(9): p. 4047-58.

123



References

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mitrakou, A., et al., Role of reduced suppression of glucose production and diminished early insulin
release in impaired glucose tolerance. N Engl J Med, 1992. 326(1): p. 22-9.

Polonsky, K.S., J. Sturis, and G.l. Bell, Seminars in Medicine of the Beth Israel Hospital, Boston. Non-
insulin-dependent diabetes mellitus - a genetically programmed failure of the beta cell to
compensate for insulin resistance. N Engl J Med, 1996. 334(12): p. 777-83.

Watson, R.T. and J.E. Pessin, GLUT4 translocation: the last 200 nanometers. Cell Signal, 2007. 19(11):
p. 2209-17.

Maki, K.C., et al., Indices of insulin sensitivity and secretion from a standard liquid meal test in
subjects with type 2 diabetes, impaired or normal fasting glucose. Nutr J, 2009. 8: p. 22.

Kwon, H. and J.E. Pessin, Adipokines mediate inflammation and insulin resistance. Front Endocrinol
(Lausanne), 2013. 4: p. 71.

Karpe, F., J.R. Dickmann, and K.N. Frayn, Fatty acids, obesity, and insulin resistance: time for a
reevaluation. Diabetes, 2011. 60(10): p. 2441-9.

Frayn, K.N., Adipose tissue and the insulin resistance syndrome. Proc Nutr Soc, 2001. 60(3): p. 375-
80.

DeFronzo, R.A. and D. Tripathy, Skeletal muscle insulin resistance is the primary defect in type 2
diabetes. Diabetes Care, 2009. 32 Suppl 2: p. S157-63.

Peppa, M., et al., Skeletal muscle insulin resistance in endocrine disease. ) Biomed Biotechnol, 2010.
2010: p. 527850.

Burcelin, R., C. Knauf, and P.D. Cani, Pancreatic alpha-cell dysfunction in diabetes. Diabetes Metab,
2008. 34 Suppl 2: p. S49-55.

Nandi, A., et al., The effect of insulin signaling on female reproductive function independent of
adiposity and hyperglycemia. Endocrinology, 2010. 151(4): p. 1863-71.

Vague, P. and J.P. Moulin, The defective glucose sensitivity of the B cell in non insulin dependent
diabetes. Improvement after twenty hours of normoglycaemia. Metabolism, 1982. 31(2): p. 139-42.

Butler, A.E., et al., Beta-cell deficit and increased beta-cell apoptosis in humans with type 2 diabetes.
Diabetes, 2003. 52(1): p. 102-10.

Rahier, J., et al., Pancreatic beta-cell mass in European subjects with type 2 diabetes. Diabetes Obes
Metab, 2008. 10 Suppl 4: p. 32-42.

Vaag, A, et al., Insulin secretion, insulin action, and hepatic glucose production in identical twins
discordant for non-insulin-dependent diabetes mellitus. J Clin Invest, 1995. 95(2): p. 690-8.

Thamer, C., et al., Relationship between serum adiponectin concentration and intramyocellular lipid
stores in humans. Horm Metab Res, 2002. 34(11-12): p. 646-9.

Stumvoll, M., et al., Evidence against a rate-limiting role of proinsulin processing for maximal insulin

secretion in subjects with impaired glucose tolerance and beta-cell dysfunction. J Clin Endocrinol
Metab, 2001. 86(3): p. 1235-9.

124



References

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Abedini, A. and A.M. Schmidt, Mechanisms of islet amyloidosis toxicity in type 2 diabetes. FEBS Lett,
2013.587(8): p. 1119-27.

Marzban, L., G. Soukhatcheva, and C.B. Verchere, Role of carboxypeptidase E in processing of pro-
islet amyloid polypeptide in {beta}-cells. Endocrinology, 2005. 146(4): p. 1808-17.

Hull, R.L., et al., Islet amyloid: a critical entity in the pathogenesis of type 2 diabetes. J Clin Endocrinol
Metab, 2004. 89(8): p. 3629-43.

Zraika, S., et al., Toxic oligomers and islet beta cell death: guilty by association or convicted by
circumstantial evidence? Diabetologia, 2010. 53(6): p. 1046-56.

Westermark, P., Quantitative studies on amyloid in the islets of Langerhans. Ups J Med Sci, 1972.
77(2): p. 91-4.

Marzban, L., G. Trigo-Gonzalez, and C.B. Verchere, Processing of pro-islet amyloid polypeptide in the
constitutive and regulated secretory pathways of beta cells. Mol Endocrinol, 2005. 19(8): p. 2154-63.

Westermark, P., E. Wilander, and K.H. Johnson, Islet amyloid polypeptide. Lancet, 1987. 2(8559): p.
623.

Badman, M.K., et al., Processing of pro-islet amyloid polypeptide (prolAPP) by the prohormone
convertase PC2. FEBS Lett, 1996. 378(3): p. 227-31.

Sanke, T., et al., An islet amyloid peptide is derived from an 89-amino acid precursor by proteolytic
processing. ) Biol Chem, 1988. 263(33): p. 17243-6.

Marzban, L., et al., Role of beta-cell prohormone convertase (PC)1/3 in processing of pro-islet amyloid
polypeptide. Diabetes, 2004. 53(1): p. 141-8.

Higham, C.E., et al., Processing of synthetic pro-islet amyloid polypeptide (prolAPP) ‘amylin' by
recombinant prohormone convertase enzymes, PC2 and PC3, in vitro. Eur J Biochem, 2000. 267(16):

p. 4998-5004.

Westermark, P., A. Andersson, and G.T. Westermark, Islet amyloid polypeptide, islet amyloid, and
diabetes mellitus. Physiol Rev, 2011. 91(3): p. 795-826.

Juhl, C.B., et al., High-frequency oscillations in circulating amylin concentrations in healthy humans.
Am J Physiol Endocrinol Metab, 2000. 278(3): p. E484-90.

Schmitz, O., B. Brock, and J. Rungby, Amylin agonists: a novel approach in the treatment of diabetes.
Diabetes, 2004. 53 Suppl 3: p. S233-8.

Kautzky-Willer, A., et al., Role of islet amyloid polypeptide secretion in insulin-resistant humans.
Diabetologia, 1994. 37(2): p. 188-94.

Arnelo, U., et al., Effects of long-term infusion of anorexic concentrations of islet amyloid polypeptide
on neurotransmitters and neuropeptides in rat brain. Brain Res, 2000. 887(2): p. 391-8.

Harris, P.J., et al., Amylin stimulates proximal tubular sodium transport and cell proliferation in the
rat kidney. Am J Physiol, 1997. 272(1 Pt 2): p. F13-21.

125



References

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Alam, A.S., et al., Amylin inhibits bone resorption by a direct effect on the motility of rat osteoclasts.
Exp Physiol, 1993. 78(2): p. 183-96.

Chin, S.Y., et al., Vasodilator responses to calcitonin gene-related peptide (CGRP) and amylin in the
rat isolated perfused kidney are mediated via CGRP1 receptors. ) Pharmacol Exp Ther, 1994. 269(3):
p. 989-92.

Marzban, L., K. Park, and C.B. Verchere, Islet amyloid polypeptide and type 2 diabetes. Exp Gerontol,
2003. 38(4): p. 347-51.

Verchere, C.B., et al., Islet amyloid formation associated with hyperglycemia in transgenic mice with
pancreatic beta cell expression of human islet amyloid polypeptide. Proc Natl Acad Sci U S A, 1996.
93(8): p. 3492-6.

Hoppener, J.W., et al., Extensive islet amyloid formation is induced by development of Type Il
diabetes mellitus and contributes to its progression: pathogenesis of diabetes in a mouse model.
Diabetologia, 1999. 42(4): p. 427-34.

Verchere, C.B., et al., Transgenic overproduction of islet amyloid polypeptide (amylin) is not sufficient
for islet amyloid formation. Horm Metab Res, 1997. 29(6): p. 311-6.

Sakagashira, S., et al., S20G mutant amylin exhibits increased in vitro amyloidogenicity and increased
intracellular cytotoxicity compared to wild-type amylin. Am J Pathol, 2000. 157(6): p. 2101-9.

Novials, A., et al., A novel mutation in islet amyloid polypeptide (IAPP) gene promoter is associated
with Type Il diabetes mellitus. Diabetologia, 2001. 44(8): p. 1064-5.

Poa, N.R., G.J. Cooper, and P.F. Edgar, Amylin gene promoter mutations predispose to Type 2
diabetes in New Zealand Maori. Diabetologia, 2003. 46(4): p. 574-8.

Pildal, J., et al., Studies of variability in the islet amyloid polypeptide gene in relation to Type 2
diabetes. Diabet Med, 2003. 20(6): p. 491-4.

Cook, J.T., et al., Non-linkage of the islet amyloid polypeptide gene with type 2 (non-insulin-
dependent) diabetes mellitus. Diabetologia, 1991. 34(2): p. 103-8.

Moriarty, D.F. and D.P. Raleigh, Effects of sequential proline substitutions on amyloid formation by
human amylin20-29. Biochemistry, 1999. 38(6): p. 1811-8.

Montane, J., et al., Metabolic stress, IAPP and islet amyloid. Diabetes Obes Metab, 2012. 14 Suppl 3:
p. 68-77.

Howard, C.F., IJr., Longitudinal studies on the development of diabetes in individual Macaca nigra.
Diabetologia, 1986. 29(5): p. 301-6.

Clark, A., et al., Islet amyloid, increased A-cells, reduced B-cells and exocrine fibrosis: quantitative
changes in the pancreas in type 2 diabetes. Diabetes Res, 1988. 9(4): p. 151-9.

Green, J.D., et al., Human amylin oligomer growth and fibril elongation define two distinct phases in
amyloid formation. ) Biol Chem, 2004. 279(13): p. 12206-12.

126



References

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Lorenzo, A., et al., Pancreatic islet cell toxicity of amylin associated with type-2 diabetes mellitus.
Nature, 1994. 368(6473): p. 756-60.

Sumner Makin, O. and L.C. Serpell, Structural characterisation of islet amyloid polypeptide fibrils. )
Mol Biol, 2004. 335(5): p. 1279-88.

Bailey, J., et al., Reverse engineering an amyloid aggregation pathway with dimensional analysis and
scaling. Phys Biol, 2011. 8(6): p. 066009.

Higham, C.E., et al., Preparation of synthetic human islet amyloid polypeptide (IAPP) in a stable
conformation to enable study of conversion to amyloid-like fibrils. FEBS Lett, 2000. 470(1): p. 55-60.

Walsh, D.M. and D.J. Selkoe, A beta oligomers - a decade of discovery. ) Neurochem, 2007. 101(5): p.
1172-84.

Gurlo, T., et al., Evidence for proteotoxicity in beta cells in type 2 diabetes: toxic islet amyloid
polypeptide oligomers form intracellularly in the secretory pathway. Am J Pathol, 2010. 176(2): p.
861-9.

Soty, M., et al., Involvement of ATP-sensitive potassium (K(ATP)) channels in the loss of beta-cell
function induced by human islet amyloid polypeptide. ) Biol Chem, 2011. 286(47): p. 40857-66.

Cao, P., A. Abedini, and D.P. Raleigh, Aggregation of islet amyloid polypeptide: from physical
chemistry to cell biology. Curr Opin Struct Biol, 2013. 23(1): p. 82-9.

Masters, S.L., et al., Activation of the NLRP3 inflammasome by islet amyloid polypeptide provides a
mechanism for enhanced IL-1beta in type 2 diabetes. Nat Immunol, 2010. 11(10): p. 897-904.

Westwell-Roper, C., et al, IL-1 blockade attenuates islet amyloid polypeptide-induced
proinflammatory cytokine release and pancreatic islet graft dysfunction. J Immunol, 2011. 187(5): p.
2755-65.

Huang, C.J., et al., High expression rates of human islet amyloid polypeptide induce endoplasmic
reticulum stress mediated beta-cell apoptosis, a characteristic of humans with type 2 but not type 1
diabetes. Diabetes, 2007. 56(8): p. 2016-27.

Casas, S., et al., Impairment of the ubiquitin-proteasome pathway is a downstream endoplasmic
reticulum stress response induced by extracellular human islet amyloid polypeptide and contributes
to pancreatic beta-cell apoptosis. Diabetes, 2007. 56(9): p. 2284-94.

Casas, S., et al., Calcium elevation in mouse pancreatic beta cells evoked by extracellular human islet
amyloid polypeptide involves activation of the mechanosensitive ion channel TRPVA4. Diabetologia,
2008. 51(12): p. 2252-62.

MacGibbon, G.A., G.J. Cooper, and M. Dragunow, Acute application of human amylin, unlike beta-
amyloid peptides, kills undifferentiated PC12 cells by apoptosis. Neuroreport, 1997. 8(18): p. 3945-
50.

Saafi, E.L., et al., Ultrastructural evidence that apoptosis is the mechanism by which human amylin
evokes death in RINm5F pancreatic islet beta-cells. Cell Biol Int, 2001. 25(4): p. 339-50.

127



References

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Zhang, S., et al., Increased expression and activation of c-Jun contributes to human amylin-induced
apoptosis in pancreatic islet beta-cells. ] Mol Biol, 2002. 324(2): p. 271-85.

Goldsbury, C., et al., Amyloid fibril formation from full-length and fragments of amylin. J Struct Biol,
2000. 130(2-3): p. 352-62.

Konarkowska, B., et al., The aggregation potential of human amylin determines its cytotoxicity
towards islet beta-cells. FEBS J, 2006. 273(15): p. 3614-24.

Aitken, J.F., et al., Tetracycline treatment retards the onset and slows the progression of diabetes in
human amylin/islet amyloid polypeptide transgenic mice. Diabetes, 2010. 59(1): p. 161-71.

O'Brien, T.D., et al., Human islet amyloid polypeptide expression in COS-1 cells. A model of
intracellular amyloidogenesis. Am J Pathol, 1995. 147(3): p. 609-16.

Hiddinga, H.J. and N.L. Eberhardt, Intracellular amyloidogenesis by human islet amyloid polypeptide
induces apoptosis in COS-1 cells. Am J Pathol, 1999. 154(4): p. 1077-88.

Lopes, D.H., et al., Amyloidogenicity and cytotoxicity of recombinant mature human islet amyloid
polypeptide (rhIAPP). ) Biol Chem, 2004. 279(41): p. 42803-10.

Jyoti, S., et al., Antistressor activity of Ocimum sanctum (Tulsi) against experimentally induced
oxidative stress in rabbits. Methods Find Exp Clin Pharmacol, 2007. 29(6): p. 411-6.

Marzban, L., et al., Impaired NH2-terminal processing of human proislet amyloid polypeptide by the
prohormone convertase PC2 leads to amyloid formation and cell death. Diabetes, 2006. 55(8): p.
2192-201.

Matveyenko, A.V. and P.C. Butler, Islet amyloid polypeptide (IAPP) transgenic rodents as models for
type 2 diabetes. ILAR J, 2006. 47(3): p. 225-33.

de Koning, E.J., et al., Human islet amyloid polypeptide accumulates at similar sites in islets of
transgenic mice and humans. Diabetes, 1994. 43(5): p. 640-4.

D'Alessio, D.A., et al., Pancreatic expression and secretion of human islet amyloid polypeptide in a
transgenic mouse. Diabetes, 1994. 43(12): p. 1457-61.

Fox, N., et al., Human islet amyloid polypeptide transgenic mice as a model of non-insulin-dependent
diabetes mellitus (NIDDM). FEBS Lett, 1993. 323(1-2): p. 40-4.

Couce, M., et al., Treatment with growth hormone and dexamethasone in mice transgenic for human
islet amyloid polypeptide causes islet amyloidosis and beta-cell dysfunction. Diabetes, 1996. 45(8): p.
1094-101.

Hoppener, J.W., et al., Chronic overproduction of islet amyloid polypeptide/amylin in transgenic mice:
lysosomal localization of human islet amyloid polypeptide and lack of marked hyperglycaemia or

hyperinsulinaemia. Diabetologia, 1993. 36(12): p. 1258-65.

Hoppener, J.W., B. Ahren, and C.J. Lips, Islet amyloid and type 2 diabetes mellitus. N Engl J Med,
2000. 343(6): p. 411-9.

128



References

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Soeller, W.C., et al., Islet amyloid-associated diabetes in obese A(vy)/a mice expressing human islet
amyloid polypeptide. Diabetes, 1998. 47(5): p. 743-50.

Butler, A.E., et al., Diabetes due to a progressive defect in beta-cell mass in rats transgenic for human
islet amyloid polypeptide (HIP Rat): a new model for type 2 diabetes. Diabetes, 2004. 53(6): p. 1509-
16.

English, A.R., N. Zurek, and G.K. Voeltz, Peripheral ER structure and function. Curr Opin Cell Biol,
2009. 21(4): p. 596-602.

Murshid, A. and J.F. Presley, ER-to-Golgi transport and cytoskeletal interactions in animal cells. Cell
Mol Life Sci, 2004. 61(2): p. 133-45.

Sundar Rajan, S., et al., Endoplasmic reticulum (ER) stress & diabetes. Indian J Med Res, 2007. 125(3):
p.411-24.

Neuhof, A., et al., Binding of signal recognition particle gives ribosome/nascent chain complexes a
competitive advantage in endoplasmic reticulum membrane interaction. Mol Biol Cell, 1998. 9(1): p.

103-15.

Soto, C., Protein misfolding and disease; protein refolding and therapy. FEBS Lett, 2001. 498(2-3): p.
204-7.

Sommer, T. and D.H. Wolf, Endoplasmic reticulum degradation: reverse protein flow of no return.
FASEB J, 1997. 11(14): p. 1227-33.

Conn, P.M,, et al., G protein-coupled receptor trafficking in health and disease: lessons learned to
prepare for therapeutic mutant rescue in vivo. Pharmacol Rev, 2007. 59(3): p. 225-50.

Eligaard, L. and A. Helenius, ER quality control: towards an understanding at the molecular level. Curr
Opin Cell Biol, 2001. 13(4): p. 431-7.

Bukau, B. and A.L. Horwich, The Hsp70 and Hsp60 chaperone machines. Cell, 1998. 92(3): p. 351-66.
Nishikawa, S., J.L. Brodsky, and K. Nakatsukasa, Roles of molecular chaperones in endoplasmic
reticulum (ER) quality control and ER-associated degradation (ERAD). ) Biochem, 2005. 137(5): p.
551-5.

Broadley, S.A. and F.U. Hartl, The role of molecular chaperones in human misfolding diseases. FEBS
Lett, 2009. 583(16): p. 2647-53.

Hatahet, F. and L.W. Ruddock, Protein disulfide isomerase: a critical evaluation of its function in
disulfide bond formation. Antioxid Redox Signal, 2009. 11(11): p. 2807-50.

Dobson, C.M., Protein folding and disease: a view from the first Horizon Symposium. Nat Rev Drug
Discov, 2003. 2(2): p. 154-60.

Dobson, C.M., Protein folding and its links with human disease. Biochem Soc Symp, 2001(68): p. 1-26.

Cao, S.S. and R.J. Kaufman, Targeting endoplasmic reticulum stress in metabolic disease. Expert Opin
Ther Targets, 2013. 17(4): p. 437-48.

129



References

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Meusser, B., et al., ERAD: the long road to destruction. Nat Cell Biol, 2005. 7(8): p. 766-72.

Pandol, S.J., F.S. Gorelick, and A. Lugea, Environmental and genetic stressors and the unfolded
protein response in exocrine pancreatic function - a hypothesis. Front Physiol, 2011. 2: p. 8.

Tirasophon, W., A.A. Welihinda, and R.J. Kaufman, A stress response pathway from the endoplasmic
reticulum to the nucleus requires a novel bifunctional protein kinase/endoribonuclease (Irelp) in
mammalian cells. Genes Dev, 1998. 12(12): p. 1812-24.

Bertolotti, A., et al., Dynamic interaction of BiP and ER stress transducers in the unfolded-protein
response. Nat Cell Biol, 2000. 2(6): p. 326-32.

Urano, F., A. Bertolotti, and D. Ron, IRE1 and efferent signaling from the endoplasmic reticulum. |
Cell Sci, 2000. 113 Pt 21: p. 3697-702.

Lee, K., et al., IRE1-mediated unconventional mRNA splicing and S2P-mediated ATF6 cleavage merge
to regulate XBP1 in signaling the unfolded protein response. Genes Dev, 2002. 16(4): p. 452-66.

Wakabayashi, S. and H. Yoshida, The essential biology of the endoplasmic reticulum stress response
for structural and computational biologists. Comput Struct Biotechnol J, 2013. 6: p. €201303010.

Hetz, C., E. Chevet, and H.P. Harding, Targeting the unfolded protein response in disease. Nat Rev
Drug Discov, 2013. 12(9): p. 703-19.

Eizirik, D.L., A.K. Cardozo, and M. Cnop, The role for endoplasmic reticulum stress in diabetes
mellitus. Endocr Rev, 2008. 29(1): p. 42-61.

Boyce, M., et al., A selective inhibitor of elF2alpha dephosphorylation protects cells from ER stress.
Science, 2005. 307(5711): p. 935-9.

Deng, J., et al., Translational repression mediates activation of nuclear factor kappa B by
phosphorylated translation initiation factor 2. Mol Cell Biol, 2004. 24(23): p. 10161-8.

Cnop, M., et al.,, Selective inhibition of eukaryotic translation initiation factor 2 alpha
dephosphorylation potentiates fatty acid-induced endoplasmic reticulum stress and causes
pancreatic beta-cell dysfunction and apoptosis. ) Biol Chem, 2007. 282(6): p. 3989-97.

Shen, J., et al., ER stress regulation of ATF6 localization by dissociation of BiP/GRP78 binding and
unmasking of Golgi localization signals. Dev Cell, 2002. 3(1): p. 99-111.

Nadanaka, S., et al., Role of disulfide bridges formed in the luminal domain of ATF6 in sensing
endoplasmic reticulum stress. Mol Cell Biol, 2007. 27(3): p. 1027-43.

Oslowski, C.M., et al., Thioredoxin-interacting protein mediates ER stress-induced beta cell death
through initiation of the inflammasome. Cell Metab, 2012. 16(2): p. 265-73.

Hotamisligil, G.S., Endoplasmic reticulum stress and the inflammatory basis of metabolic disease.
Cell, 2010. 140(6): p. 900-17.

Contreras, J.L., et al., Coupling endoplasmic reticulum stress to cell death program in isolated human
pancreatic islets: effects of gene transfer of Bcl-2. Transpl Int, 2003. 16(7): p. 537-42.

130



References

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Harding, H.P. and D. Ron, Endoplasmic reticulum stress and the development of diabetes: a review.
Diabetes, 2002. 51 Suppl 3: p. S455-61.

Vembar, S.S. and J.L. Brodsky, One step at a time: endoplasmic reticulum-associated degradation.
Nat Rev Mol Cell Biol, 2008. 9(12): p. 944-57.

Oyadomari, S. and M. Mori, Roles of CHOP/GADD153 in endoplasmic reticulum stress. Cell Death
Differ, 2004. 11(4): p. 381-9.

Morishima, N., et al., An endoplasmic reticulum stress-specific caspase cascade in apoptosis.
Cytochrome c-independent activation of caspase-9 by caspase-12. J Biol Chem, 2002. 277(37): p.
34287-94.

Araki, E., S. Oyadomari, and M. Mori, Endoplasmic reticulum stress and diabetes mellitus. Intern
Med, 2003. 42(1): p. 7-14.

Breckenridge, D.G., et al., Regulation of apoptosis by endoplasmic reticulum pathways. Oncogene,
2003. 22(53): p. 8608-18.

van der Kallen, C.J., et al., Endoplasmic reticulum stress-induced apoptosis in the development of
diabetes: is there a role for adipose tissue and liver? Apoptosis, 2009. 14(12): p. 1424-34.

Prentki, M., et al., Malonyl-CoA signaling, lipid partitioning, and glucolipotoxicity: role in beta-cell
adaptation and failure in the etiology of diabetes. Diabetes, 2002. 51 Suppl 3: p. S405-13.

Chang-Chen, K.J., R. Mullur, and E. Bernal-Mizrachi, Beta-cell failure as a complication of diabetes.
Rev Endocr Metab Disord, 2008. 9(4): p. 329-43.

Grill, V. and A. Bjorklund, Overstimulation and beta-cell function. Diabetes, 2001. 50 Suppl 1: p.
$122-4.

Lipson, K.L., et al., Regulation of insulin biosynthesis in pancreatic beta cells by an endoplasmic
reticulum-resident protein kinase IRE1. Cell Metab, 2006. 4(3): p. 245-54.

Bachar, E., et al., Glucose amplifies fatty acid-induced endoplasmic reticulum stress in pancreatic
beta-cells via activation of mTORC1. PLoS One, 2009. 4(3): p. e4954.

Elouil, H., et al., Acute nutrient regulation of the unfolded protein response and integrated stress
response in cultured rat pancreatic islets. Diabetologia, 2007. 50(7): p. 1442-52.

Laybutt, D.R., et al., Endoplasmic reticulum stress contributes to beta cell apoptosis in type 2
diabetes. Diabetologia, 2007. 50(4): p. 752-63.

Maedler, K., et al., Distinct effects of saturated and monounsaturated fatty acids on beta-cell
turnover and function. Diabetes, 2001. 50(1): p. 69-76.

Diakogiannaki, E., H.J. Welters, and N.G. Morgan, Differential regulation of the endoplasmic
reticulum stress response in pancreatic beta-cells exposed to long-chain saturated and

monounsaturated fatty acids. ) Endocrinol, 2008. 197(3): p. 553-63.

Cnop, M., et al., Causes and cures for endoplasmic reticulum stress in lipotoxic beta-cell dysfunction.
Diabetes Obes Metab, 2010. 12 Suppl 2: p. 76-82.

131



References

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Baldwin, A.C., et al., A role for aberrant protein palmitoylation in FFA-induced ER stress and beta-cell
death. Am J Physiol Endocrinol Metab, 2012. 302(11): p. E1390-8.

Cunha, D.A,, et al., Initiation and execution of lipotoxic ER stress in pancreatic beta-cells. ) Cell Sci,
2008. 121(Pt 14): p. 2308-18.

Cui, W., et al., Free fatty acid induces endoplasmic reticulum stress and apoptosis of beta-cells by
Ca2+/calpain-2 pathways. PLoS One, 2013. 8(3): p. €59921.

Preston, A.M., et al., Reduced endoplasmic reticulum (ER)-to-Golgi protein trafficking contributes to
ER stress in lipotoxic mouse beta cells by promoting protein overload. Diabetologia, 2009. 52(11): p.
2369-73.

Karunakaran, U., et al., Guards and culprits in the endoplasmic reticulum: glucolipotoxicity and beta-
cell failure in type Il diabetes. Exp Diabetes Res, 2012. 2012: p. 639762.

Ruderman, N. and M. Prentki, AMP kinase and malonyl-CoA: targets for therapy of the metabolic
syndrome. Nat Rev Drug Discov, 2004. 3(4): p. 340-51.

Salt, I.P., et al., AMP-activated protein kinase is activated by low glucose in cell lines derived from
pancreatic beta cells, and may regulate insulin release. Biochem J, 1998. 335 ( Pt 3): p. 533-9.

El-Assaad, W., et al., Saturated fatty acids synergize with elevated glucose to cause pancreatic beta-
cell death. Endocrinology, 2003. 144(9): p. 4154-63.

Hagman, D.K., et al., Palmitate inhibits insulin gene expression by altering PDX-1 nuclear localization
and reducing MafA expression in isolated rat islets of Langerhans. J Biol Chem, 2005. 280(37): p.
32413-8.

Nedergaard, J., D. Ricquier, and L.P. Kozak, Uncoupling proteins: current status and therapeutic
prospects. EMBO Rep, 2005. 6(10): p. 917-21.

Moore, P.C., et al., Evidence against the involvement of oxidative stress in fatty acid inhibition of
insulin secretion. Diabetes, 2004. 53(10): p. 2610-6.

Tanabe, K., et al., Glucose and fatty acids synergize to promote B-cell apoptosis through activation of
glycogen synthase kinase 3beta independent of JNK activation. PLoS One, 2011. 6(4): p. e18146.

Ozcan, U., et al., Chemical chaperones reduce ER stress and restore glucose homeostasis in a mouse
model of type 2 diabetes. Science, 2006. 313(5790): p. 1137-40.

Chien, V., et al., The chaperone proteins HSP70, HSP40/DnaJ and GRP78/BiP suppress misfolding and
formation of beta-sheet-containing aggregates by human amylin: a potential role for defective
chaperone biology in Type 2 diabetes. Biochem J, 2010. 432(1): p. 113-21.

Engin, F. and G.S. Hotamisligil, Restoring endoplasmic reticulum function by chemical chaperones: an
emerging therapeutic approach for metabolic diseases. Diabetes Obes Metab, 2010. 12 Suppl 2: p.
108-15.

Sun, F.C,, et al., Localization of GRP78 to mitochondria under the unfolded protein response. Biochem
J,2006.396(1): p. 31-9.

132



References

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Teodoro-Morrison, T., et al., GRP78 overproduction in pancreatic beta cells protects against high-fat-
diet-induced diabetes in mice. Diabetologia, 2013. 56(5): p. 1057-67.

Gu, X, et al., Bip overexpression, but not CHOP inhibition, attenuates fatty-acid-induced endoplasmic
reticulum stress and apoptosis in HepG2 liver cells. Life Sci, 2010. 87(23-26): p. 724-32.

XIUJU WU AH, L.H., PETER C. BUTLER., Chaperone Proteins Hsp70 and BiP Fold and Traffic Islet
Amyloid Polypeptide in Humans, Candidates for Increased B-Cell Apoptosis in Type 2 Diabetes, in 71st
Scientific Sessions of American Diabetes Association. 2011: San Diego.

Nardai, G., et al., Diabetic changes in the redox status of the microsomal protein folding machinery.
Biochem Biophys Res Commun, 2005. 334(3): p. 787-95.

Zhang, L., et al., GRP78, but Not Protein-disulfide Isomerase, Partially Reverses Hyperglycemia-
induced Inhibition of Insulin Synthesis and Secretion in Pancreatic {beta}-Cells. J Biol Chem, 2009.
284(8): p. 5289-98.

Ozawa, K., et al.,, The endoplasmic reticulum chaperone improves insulin resistance in type 2
diabetes. Diabetes, 2005. 54(3): p. 657-63.

Urban, M.J.,, et al.,, Modulating molecular chaperones improves sensory fiber recovery and
mitochondrial function in diabetic peripheral neuropathy. Exp Neurol, 2012. 235(1): p. 388-96.

Mihaly, K., et al., Attenuation of diabetic retinopathy by the molecular chaperone-inducer amino acid
analogue canavanine in streptozotocin-diabetic rats. Cell Mol Life Sci, 1998. 54(10): p. 1154-60.

Welch, W.J. and C.R. Brown, Influence of molecular and chemical chaperones on protein folding. Cell
Stress Chaperones, 1996. 1(2): p. 109-15.

Ozcan, L. and |. Tabas, Role of endoplasmic reticulum stress in metabolic disease and other disorders.
Annu Rev Med, 2012. 63: p. 317-28.

Ozcan, U., et al., Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes.
Science, 2004. 306(5695): p. 457-61.

Schneeberger, M., et al., Mitofusin 2 in POMC Neurons Connects ER Stress with Leptin Resistance and
Energy Imbalance. Cell, 2013. 155(1): p. 172-87.

Lichter-Konecki, U., et al., Ammonia control in children with urea cycle disorders (UCDs); phase 2
comparison of sodium phenylbutyrate and glycerol phenylbutyrate. Mol Genet Metab, 2011. 103(4):
p. 323-9.

Leonard, J.V. and A.A. Morris, Urea cycle disorders. Semin Neonatol, 2002. 7(1): p. 27-35.

Lee, B., et al., Phase 2 comparison of a novel ammonia scavenging agent with sodium phenylbutyrate
in patients with urea cycle disorders: safety, pharmacokinetics and ammonia control. Mol Genet
Metab, 2010. 100(3): p. 221-8.

Amaral, J.D., et al., Bile acids: regulation of apoptosis by ursodeoxycholic acid. J Lipid Res, 2009.
50(9): p. 1721-34.

133



References

183.

184.

185.

186.

187.

188.

1809.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Lee, V.Y, et al., Tauroursodeoxycholate (TUDCA), chemical chaperone, enhances function of islets by
reducing ER stress. Biochem Biophys Res Commun, 2010. 397(4): p. 735-9.

Xiao, C., A. Giacca, and G.F. Lewis, Sodium phenylbutyrate, a drug with known capacity to reduce
endoplasmic reticulum stress, partially alleviates lipid-induced insulin resistance and beta-cell
dysfunction in humans. Diabetes, 2011. 60(3): p. 918-24.

Kars, M., et al., Tauroursodeoxycholic Acid may improve liver and muscle but not adipose tissue
insulin sensitivity in obese men and women. Diabetes, 2010. 59(8): p. 1899-905.

Scrocchi, L.A., et al.,, Design of peptide-based inhibitors of human islet amyloid polypeptide
fibrillogenesis. ) Mol Biol, 2002. 318(3): p. 697-706.

Huang, C.J., et al., Induction of endoplasmic reticulum stress-induced beta-cell apoptosis and
accumulation of polyubiquitinated proteins by human islet amyloid polypeptide. Am J Physiol
Endocrinol Metab, 2007. 293(6): p. E1656-62.

Yang, Y., R.S. Turner, and J.R. Gaut, The chaperone BiP/GRP78 binds to amyloid precursor protein and
decreases Abeta40 and Abeta42 secretion. ) Biol Chem, 1998. 273(40): p. 25552-5.

Magrane, J., et al.,, Heat shock protein 70 participates in the neuroprotective response to
intracellularly expressed beta-amyloid in neurons. J Neurosci, 2004. 24(7): p. 1700-6.

Molinari, M., et al., Sequential assistance of molecular chaperones and transient formation of
covalent complexes during protein degradation from the ER. ) Cell Biol, 2002. 158(2): p. 247-57.

Lee, A.H., et al., Dual and opposing roles of the unfolded protein response regulated by IRElalpha
and XBP1 in proinsulin processing and insulin secretion. Proc Natl Acad Sci U S A, 2011. 108(21): p.
8885-90.

Harding, H.P., et al., Diabetes mellitus and exocrine pancreatic dysfunction in perk-/- mice reveals a
role for translational control in secretory cell survival. Mol Cell, 2001. 7(6): p. 1153-63.

Song, B., et al., Chop deletion reduces oxidative stress, improves beta cell function, and promotes cell
survival in multiple mouse models of diabetes. ) Clin Invest, 2008. 118(10): p. 3378-89.

Teodoro, T., et al., Pancreatic beta-cells depend on basal expression of active ATF6alpha-p50 for cell
survival even under nonstress conditions. Am J Physiol Cell Physiol, 2012. 302(7): p. C992-1003.

Cardozo, A.K,, et al., Cytokines downregulate the sarcoendoplasmic reticulum pump Ca2+ ATPase 2b
and deplete endoplasmic reticulum Ca2+, leading to induction of endoplasmic reticulum stress in
pancreatic beta-cells. Diabetes, 2005. 54(2): p. 452-61.

Karaskov, E., et al., Chronic palmitate but not oleate exposure induces endoplasmic reticulum stress,
which may contribute to INS-1 pancreatic beta-cell apoptosis. Endocrinology, 2006. 147(7): p. 3398-
407.

Yusta, B., et al., GLP-1 receptor activation improves beta cell function and survival following induction
of endoplasmic reticulum stress. Cell Metab, 2006. 4(5): p. 391-406.

Hong, J., P.B. Jeppesen, and K. Hermansen, Effects of elevated fatty acid and glucose concentrations
on pancreatic islet function in vitro. Diabetes Obes Metab, 2009. 11(4): p. 397-404.

134



References

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Akerfeldt, M.C., et al., Cytokine-induced beta-cell death is independent of endoplasmic reticulum
stress signaling. Diabetes, 2008. 57(11): p. 3034-44.

Lin, C.Y., et al., Toxic human islet amyloid polypeptide (h-IAPP) oligomers are intracellular, and
vaccination to induce anti-toxic oligomer antibodies does not prevent h-IAPP-induced beta-cell
apoptosis in h-IAPP transgenic mice. Diabetes, 2007. 56(5): p. 1324-32.

Ranta, F., et al., Dexamethasone induces cell death in insulin-secreting cells, an effect reversed by
exendin-4. Diabetes, 2006. 55(5): p. 1380-90.

Hull, R.L., et al., Amyloid formation in human IAPP transgenic mouse islets and pancreas, and human
pancreas, is not associated with endoplasmic reticulum stress. Diabetologia, 2009. 52(6): p. 1102-11.

Srivastava, S. and C. Chan, Hydrogen peroxide and hydroxyl radicals mediate palmitate-induced
cytotoxicity to hepatoma cells: relation to mitochondrial permeability transition. Free Radic Res,
2007. 41(1): p. 38-49.

Maestre, I., et al., Mitochondrial dysfunction is involved in apoptosis induced by serum withdrawal
and fatty acids in the beta-cell line INS-1. Endocrinology, 2003. 144(1): p. 335-45.

Sun, A., et al., Liverbase: a comprehensive view of human liver biology. ) Proteome Res, 2010. 9(1): p.
50-8.

Montane J., C.L.a.N.A,, Stress and the inflammatory process: a major cause of pancreatic cell death in
type 2 diabetes Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy, 2014. 2014(7): p.
24-35,

Oyadomari, S., et al., Targeted disruption of the Chop gene delays endoplasmic reticulum stress-
mediated diabetes. J Clin Invest, 2002. 109(4): p. 525-32.

Zhu, Q., et al., Tauroursodeoxycholate, a chemical chaperone, prevents palmitate-induced apoptosis
in pancreatic beta-cells by reducing ER stress. Exp Clin Endocrinol Diabetes, 2013. 121(1): p. 43-7.

Tokuyama, T., et al., Expression of human islet amyloid polypeptide/amylin impairs insulin secretion
in mouse pancreatic beta cells. Metabolism, 1997. 46(9): p. 1044-51.

Xiuju Wu, L.H., Peter C. Butler Chaperone Proteins Hsp70 and BiP Fold and Traffic Islet Amyloid
Polypeptide in Humans, Candidates for Increased 6-Cell Apoptosis in Type 2 Diabetes, in 71st
Scientific Sessions of American Diabetes Association. 2011: San Diego.

Sitia, R. and S.N. Molteni, Stress, protein (mis)folding, and signaling: the redox connection. Sci STKE,
2004. 2004(239): p. pe27.

Papp, E., et al., Changes of endoplasmic reticulum chaperone complexes, redox state, and impaired
protein disulfide reductase activity in misfolding alphal-antitrypsin transgenic mice. FASEB J, 2006.
20(7): p. 1018-20.

Rajpal, G., et al., Action of protein disulfide isomerase on proinsulin exit from endoplasmic reticulum
of pancreatic beta-cells. J Biol Chem, 2012. 287(1): p. 43-7.

Briaud, I., et al., Lipotoxicity of the pancreatic beta-cell is associated with glucose-dependent
esterification of fatty acids into neutral lipids. Diabetes, 2001. 50(2): p. 315-21.

135



References

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

Jacqueminet, S., et al., Inhibition of insulin gene expression by long-term exposure of pancreatic beta
cells to palmitate is dependent on the presence of a stimulatory glucose concentration. Metabolism,
2000. 49(4): p. 532-6.

Soto, C., Unfolding the role of protein misfolding in neurodegenerative diseases. Nat Rev Neurosci,
2003. 4(1): p. 49-60.

Basseri, S., et al., The chemical chaperone 4-phenylbutyrate inhibits adipogenesis by modulating the
unfolded protein response. J Lipid Res, 2009. 50(12): p. 2486-501.

Kammoun, H.L., et al., GRP78 expression inhibits insulin and ER stress-induced SREBP-1c activation
and reduces hepatic steatosis in mice. J Clin Invest, 2009. 119(5): p. 1201-15.

Clark, A., et al., Islet amyloid polypeptide in diabetic and non-diabetic Pima Indians. Diabetologia,
1990. 33(5): p. 285-9.

Jurgens, C.A., et al., beta-cell loss and beta-cell apoptosis in human type 2 diabetes are related to
islet amyloid deposition. Am J Pathol, 2011. 178(6): p. 2632-40.

Zraika, S., et al., Glucose- and time-dependence of islet amyloid formation in vitro. Biochem Biophys
Res Commun, 2007. 354(1): p. 234-9.

Qi, D., et al., Fatty acids induce amylin expression and secretion by pancreatic beta-cells. Am J Physiol
Endocrinol Metab, 2010. 298(1): p. E99-E107.

Henson, M.S., et al., An in vitro model of early islet amyloid polypeptide (IAPP) fibrillogenesis using
human IAPP-transgenic mouse islets. Amyloid, 2006. 13(4): p. 250-9.

Flower, T.R., et al., Heat shock prevents alpha-synuclein-induced apoptosis in a yeast model of
Parkinson's disease. ) Mol Biol, 2005. 351(5): p. 1081-100.

Ozcan, L., et al., Endoplasmic reticulum stress plays a central role in development of leptin resistance.
Cell Metab, 2009. 9(1): p. 35-51.

Tang, C., et al., Glucose-induced beta cell dysfunction in vivo in rats: link between oxidative stress and
endoplasmic reticulum stress. Diabetologia, 2012. 55(5): p. 1366-79.

Wiley, J.C., C. Pettan-Brewer, and W.C. Ladiges, Phenylbutyric acid reduces amyloid plaques and
rescues cognitive behavior in AD transgenic mice. Aging Cell, 2011. 10(3): p. 418-28.

Nunes, A.F., et al., TUDCA, a bile acid, attenuates amyloid precursor protein processing and amyloid-
beta deposition in APP/PS1 mice. Mol Neurobiol, 2012. 45(3): p. 440-54.

136



%
Al
%
I\
%
Al
%
I\
%
%
%
I\
%
%
%
I\
%
%
%
I\
%
%
%
I\
%
%
%

N
/N
N
/N
N
/N
N
N
N
N
/N
/\
N
N
N
/N
/\
N
/N
/\
N
/N
/\
N
/N
N
/N
N
/N
/\
N
N
N
/N
/\
N
/N
N
/N
/\
N
/N
/\
N
/N
/\
N
N
/\
N
Iy
A
N
/N
/N
/N
N
/\
N
/N
/\
N
N
/\
N
Iy

I,
/N






@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Chaperones Ameliorate Beta Cell Dysfunction Associated
with Human Islet Amyloid Polypeptide Overexpression

CrossMark

click for updates

Lisa Cadavez'??, Joel Montane’?®, Gema Alcarraz-Vizan''?, Montse Visa'?, Laia Vidal-Fabrega', Joan-
Marc Servitja'2, Anna Novials'*

1 Diabetes and Obesity Research Laboratory, Institut d'Investigacions Biomediques August Pi i Sunyer (IDIBAPS), Hospital Clinic de Barcelona, Spain, 2Centro de
Investigacion Biomédica en Red de Diabetes y Enfermedades Metabdlicas Asociadas (CIBERDEM), Barcelona, Spain

Abstract

In type 2 diabetes, beta-cell dysfunction is thought to be due to several causes, one being the formation of toxic protein
aggregates called islet amyloid, formed by accumulations of misfolded human islet amyloid polypeptide (hIAPP). The
process of hIAPP misfolding and aggregation is one of the factors that may activate the unfolded protein response (UPR),
perturbing endoplasmic reticulum (ER) homeostasis. Molecular chaperones have been described to be important in
regulating ER response to ER stress. In the present work, we evaluate the role of chaperones in a stressed cellular model of
hIAPP overexpression. A rat pancreatic beta-cell line expressing hIAPP exposed to thapsigargin or treated with high glucose
and palmitic acid, both of which are known ER stress inducers, showed an increase in ER stress genes when compared to
INSTE cells expressing rat IAPP or INSTE control cells. Treatment with molecular chaperone glucose-regulated protein
78 kDa (GRP78, also known as BiP) or protein disulfite isomerase (PDI), and chemical chaperones taurine-conjugated
ursodeoxycholic acid (TUDCA) or 4-phenylbutyrate (PBA), alleviated ER stress and increased insulin secretion in hIAPP-
expressing cells. Our results suggest that the overexpression of hIAPP induces a stronger response of ER stress markers.
Moreover, endogenous and chemical chaperones are able to ameliorate induced ER stress and increase insulin secretion,
suggesting that improving chaperone capacity can play an important role in improving beta-cell function in type 2 diabetes.
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ER. Folding factors termed chaperones bind unfolded secretory
proteins and prevent them from misfolding and aggregating [11].
Previous studies have shown that beta-cell-specific overexpression
of glucose-regulated protein 78 kDa (GRP78, also known as BiP)
can protect transgenic mice from disturbances in ER homeostasis,
such as glucose intolerance and insulin resistance, induced by

Introduction

One of the major pathological features of the pancreas in type 2
diabetes (T2D) is the presence of islet amyloid deposits, found in
more than 80% of patients at autopsy [1]. These deposits are
implicated in the process of B-cell deterioration and reduction in

beta-cell mass and involve islet amyloid polypeptide (IAPP)
aggregation of monomers into oligomers, fibrils and, ultimately,
mature amyloid deposits [2,3,4,5].

The endoplasmic reticulum (ER) is the site of several important
functions, including the synthesis, folding and maturation of
secreted proteins. The pancreatic beta-cell has an extremely
developed ER enabling the secretion of proteins such as insulin or
IAPP [6,7]. However, the accumulation of misfolded proteins can
alter ER homeostasis [7]. As a consequence, cells activate a
succession of signal transduction cascades termed unfolded protein
response (UPR), which may trigger inflammation and, ultimately,
cell death [7,8,9,10].

To address the problem of misfolded proteins, cells have
developed complex mechanisms that assist correct folding in the
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high-fat diet treatment [12]. In addition, adenoviral BiP overex-
pression is able to reduce ER stress [13] and reverse hyperglyce-
mia- and hyperlipidemia- induced insulin synthesis and secretion
in vitro [14]. Similarly, protein disulfide isomerase (PDI), which
catalyzes the formation and breakage of disulfide bonds, has been
shown to have important benefits as a chaperone [15,16] and to
play a key role in the ER-associated protein degradation process
[17]. Recent reports indicate beneficial effects of chemical or
pharmacological chaperones, such as taurine-conjugated urso-
deoxycholic acid (TUDCA) or 4-phenylbutyrate (PBA), in
relieving ER stress and improving protein folding [18,19,20],
particularly through oral treatment in rodent models of obesity
and T2D [18]. Moreover, increasing evidence in neurodegener-
ative disorders points to a role of chaperones in preventing the
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protein aggregation leading to attenuation in ER stress [21,22,23].
Since this is a common feature also observed in T2D, accumu-
lation of misfolded human IAPP (hIAPP) may be responsible for
the progression of the disease.

Our group and others have previously demonstrated that
extracellular hIAPP aggregation is associated with ER stress
responses in mouse beta-cells [24,25]. Furthermore, we have
detected toxic intracellular aggregates in a rat pancreatic beta-cell
line overexpressing hIAPP, which lead to a defective insulin and
IAPP secretion in response to glucose [26]. Nevertheless, the role
of hIAPP overexpression and ER stress induction has not been
fully clarified.

The main objective of this work is to elucidate the role of
endogenously produced hIAPP in ER stress induction in a rat
pancreatic beta-cell line. In addition, we aim to study whether
chaperones can ameliorate exogenously-induced ER stress in
order to identify new targets for preventing the loss of beta-cell
function in T2D. In the present study, we show that hIAPP
potentiates induced ER stress in hIAPP-expressing beta cells.
Moreover, the overexpression of molecular chaperones, or
treatment with chemical chaperones, is able to ameliorate
induced-ER stress and restore insulin secretion. Our results
suggest that improving chaperone capacity may be important for
diminishing stress in hJAPP-expressing cells, which ultimately can
impact the formation of amyloid deposits in T2D.

Materials and Methods

Cell culture and treatments

A rat pancreatic beta-cell line INSIE overexpressing human
and rat IAPP was previously established by our laboratory [26].
Briefly, these cells were stably transfected with hIAPP c¢cDNA
(hIAPP-INSIE cells), rat IAPP (rIAPP-INS1E) or an empty vector
(INS1E control) under the cytomegalovirus promoter (CMV).
Cells were maintained in complete RPMI 1640 (Sigma) supple-
mented with 1 mM sodium pyruvate (Thermo Scientific), 10 mM
HEPES (Thermo Scientific), 10% Fetal Bovine Serum, 2 mM L-
glutamine, 5 pM beta-mercaptoethanol, 200 pg/ml geneticin
(Gibco) and 100 units/ml of penicillin and 100 pg/ml streptomy-
cin at 37°C with 5% CO,. Palmitic acid (400 uM, Sigma),
combined with 25 mM of glucose, was added to the cells by
conjugating with 1% (w/v) of albumin from bovine serum (BSA,
Sigma). Thapsigargin (Sigma) was diluted in DMSO and used at a
final concentration of 0.5 uM. PBA (Sigma) was dissolved in PBS
and used at 2.5 mM. TUDCA (Calbiochem) was diluted in water
and used at 200 uM.

Adenoviral transduction

The recombinant adenoviruses encoding for BiP and PDI/GFP
under the CMV promoter were produced following earlier
protocols [14,27]. hIAPP-; rIAPP- and control INSIE cells were
transduced with 20 MOI of Ad/CMV-BiP, Ad/CMV-PDI or Ad/
CMV-GFP, and incubated at 37°C and 5% CO2 for 2 hours.
Cells were then washed with PBS and incubated at 37°C and 5%
CO2 for 24 hours in fresh media RPMI 1640 prior to further
treatment.

Cell viability assay

LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen) was per-
formed following the manufacturer’s instructions. Briefly, adeno-
viral transduced cells were cultured in the presence of 20 MOI of
Ad-BiP. Cells were washed with PBS, and combined LIVE/
DEAD assay reagents were applied for 30 min at room
temperature. Images were captured using an Olympus Bx61

PLOS ONE | www.plosone.org

Chaperones Alleviate ER Stress in IAPP-Expressing Beta-Cells

microscope and In Vivo or DP controller software. Thapsigargin
treatment for 24 hours was used as positive control.

Small interfering RNA transfection

Knockdown of CCAAT/enhancer-binding protein (C/EBP)
homologous protein (CHOP) expression in cells was performed
using 20 uM of small interfering RNA (Invitrogen) or 20 uM of
scramble siRNA  (Applied Biosystems) as a control using
Metafecten Pro (Biontex), according to the manufacturer’s
mstructions. At six hours, the medium was changed to complete
RPMI. Twenty-four hours after transfection, cells were treated
with either, thapsigargin or 25 mM glucose and BSA-coupled
palmitic acid (400 uM) for another 24 hours.

RNA isolation and Real-Time gPCR

Total RNA from cells were extracted using TRIZOL reagent
(Invitrogen) following the manufacturer’s instructions. Reverse
transcription was performed with 0.5-1 pg of total RNA using
Superscript III (Invitrogen), following the manufacturer’s instruc-
tions. Real-Time PCR (RT-PCR) was carried in duplicates with
2 pg of transcribed cDNA and MESA Green qPCR MasterMix
Plus FOR SYBR (Eurogentec) in a LightCycler 480 II sequence
detection system (Roche Applied Science). PCR products were
verified through dissociation curve analysis using SDS software
(Roche Applied Science). Expression levels were normalized to
TATA box-binding protein 1 (Thpl) mRNA and represented in
arbitrary units. The sets of primers used in these experiments can
be seen in Table 1.

Western blot analysis

Cultured cells were washed in PBS and lysed in an ice-cold lysis
buffer (50 mmol/l Tris Ph 7.5, 5 mmol/l EDTA, 150 mmol/
NaCl, 1% Triton X-100, 10 mmol/l sodium phosphate,
10 mmol/1 sodium fluoride, 10 mmol/l and 10% of proteases
inhibitors) for 20 min on ice, followed by centrifugation at
12'000xg for 20 min at 4°C. Protein concentration in the
supernatant was determined using Bio-Rad Protein Assay kits
(Bio-Rad), following the manufacturer’s instructions. Protein
samples (20-30 pg) were resolved by SDS-PAGE and transferred
to PVDF membranes (PerkinElmer Life Sciences). Membranes
were blocked for 2 hours with 5% skim milk or 5% BSA and
incubated overnight at 4°C in primary antibodies: BiP/GRP78
(1:1000, Santa Cruz), pellF2a (1:1000, Cell Signaling), ATF3
(1:1000, Santa Cruz), CHOP (1:1000, Cell Signaling) and anti-p-
actin antibody (1:1000). Membranes were washed with TBST and
incubated with horseradish peroxidase-conjugated secondary
antibodies (GE Healthcare) for 2 hours. Immunoreactive protein
bands were developed with an ECL chemiluminescence reagents
kit (Pierce). Changes in protein levels were evaluated by Quantity
One software (Bio-Rad laboratories).

Glucose Stimulated Insulin Secretion (GSIS) Assay
hIAPP-INSIE cells were transduced overnight with 20 MOI of
Ad-GFP, Ad-BiP, Ad-PDI, TUDCA or PBA. Cells were
preincubated in a Krebs-Ringer bicarbonate buffer (KRB)
containing 140 mM NaCl, 4.5 mM KCI, 2.5 mM CaCl2, 1 mM
MgCl12.6H20, 20 mM HEPES, pH 7.4, and supplemented with
0.1% BSA and 2.8 mM glucose for 30 min at 37°C with 5% CO2,
following by stimulation with 2.8 mM or 16.7 mM glucose KRB
for 1 hour at 37°C. Supernatant was recovered and cells were
lysed in 500 pl of acid-ethanol solution to measure insulin content.
Insulin levels and contents were determined by insulin ELISA
(Mercodia), according to the manufacturer’s protocol.
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Immunohistochemistry

hIAPP-INSIE cells were fixed in 4% paraformaldehyde for 10
minutes. After blocking with PBS in 0.2% FBS cells for 1 hour,
cells were immunostained using guinea pig anti-insulin (Dako) and
rabbit anti-caspase 3 antibodies (Cell signaling), and goat anti-
guinea pig Alexa Fluor 594 and goat anti-rabbit Alexa Fluor 594
(Molecular Probes) as secondary antibodies.

Statistical analysis

Statistical analysis between two groups was performed using
Student’s two-tailed t test and differences among more than two
groups were carried out by ANOVA followed by Tukey test.
Differences were considered significant when *p<<0.05. Data in
bar graphs are represented as mean = SEM.

Results

ER stress-induced apoptosis in hIAPP-INS1E cells

To examine whether hIAPP overexpression potentiates ER
stress in beta-cells, our group established a model in which a rat
pancreatic beta-cell line, INS1E, was stably transfected with either
hIAPP (hIAPP-INSIE cells), rIAPP (rIAPP-INSIE) or an empty
vector (INSIE control cells) [26]. After treatment with chemical
ER stress inducer thapsigargin at 1 uM for 8 and 24 hours, INS1E
cells increased expression levels of ER stress genes such as
activating transcription factor 3 (ATF3), spliced X-box binding
protein 1 (sXPB1) and CCAAT/enhancer-binding protein (C/
EBP) homologous protein (CHOP) (Figure 1A). Furthermore,
1 uM thapsigargin treatment for 24 hours did not increase the
protein expression of CHOP or cleaved caspase 3 and did not
affect the expression levels of insulin or IAPP (Figure 1B, left
panel). However, treatment of hIAPP-INSIE cells with 1 uM of
thapsigargin for 8 hours induced ER stress and severe apoptosis,
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Table 1. List of primer sequences used in qRT-PCR experiments.

Primer (5'----3) Species Gene ID
ATF3 Forward GCTGGAGTCAGTCACCATCA Rat Atf3
ATF3 Reverse ACACTTGGCAGCAGCAA Rat Atf3
CHOP Forward CCAGCAGAGGTCACAAGCAC Rat Ddit3
CHOP Reverse CGCACTGACCACTCTGTTTC Rat Ddit3
Spliced XBP1 Forward GAGTCCGCAGCAGGTG Rat Xbp1
Spliced XBP1 Reverse GCGTCAGAATCCATCCATGGGA Rat Xbp1
TBP1 Forward GAGATCACCCTGCAGCATCA Rat Thp
TBP1 Reverse GCAGTGCCGCCCAAGTAG Rat Thp
BiP/GRP78 Forward TGCAGCAGGACATCAAGTTC Rat Hspa5
BiP/GRP78 Reverse AAAGAAGACCCCGTTTACAG Rat Hspa5
ATF3 Forward TCGGATGTCCTCTGCGCTGGA Mouse Atf3
ATF3 Reverse CTGACTCTTTCTGCAGGCACTCTGT Mouse Atf3
CHOP Forward AAGATGAGCGGGTGGCAGCG Mouse Ddit3
CHOP Reverse GCACGTGGACCAGGTTCTGCT Mouse Ddit3
Spliced XBP1 Forward GAACCAGGAGTTAAGAACACG Mouse Xbp1
Spliced XBP1 Reverse AGGCAACAGTGTCAGAGTCC Mouse Xbp1
TBP1 Forward ACCCTTCACCAATGACTCCTATG Mouse Thp
TBP1 Reverse ATGATGACTGCAGCAAATCGC Mouse Thp
BiP/GRP78 Forward TGCAGCAGGACATCAAGTTC Mouse Hspa5
BiP/GRP78 Reverse TACGCCTCAGCAGTCTCCTT Mouse Hspa5
doi:10.1371/journal.pone.0101797.t001

by activation of CHOP and cleaved caspase 3 (Figure 1B, right
panel). In addition, thapsigargin treatment decreased insulin and
hIAPP production (Figure 1B, right panel), indicating that 1 pM of
thapsigargin was associated with high toxicity in hIAPP-INS1E
cells. Thus, to determine the optimal thapsigargin doses in hIAPP-
expressing cells, we performed a dose/response experiment (0.25,
0.5 and 1 pM) at 8 and 24 hours. hIAPP-INSIE cells showed a
high activation of ER stress marker CHOP and effector cleaved
caspase 3 at 24 hours (Figure 1C). Furthermore, hIAPP-INS1E
cells lost hIAPP expression, suggesting that either, 0.5 or 1 uM
thapsigargin at 24 hours proved to be lethal in these cells
(Figure 1C). Nevertheless, the dose of 0.5 uM of thapsigargin at
8 hours showed a mild activation of CHOP, absence of cleaved
caspase 3 and unaffected hIAPP expression. Thus, a dose of
0.5 uM for 8 hours was chosen for further experiments based on
mild ER stress induction in the absence of apoptosis.

hIAPP-INSTE cells are more sensitive to ER stress inducers

At 11 mM of glucose, hIAPP-INSIE cells did not show changes
in ER stress genes, such as CHOP, spliced XBP1 (sXBP1) or
ATF3, when compared to rIAPP-INSIE or INSIE control cells
(Figure 2A). When cells were exposed to 0.5 uM thapsigargin for
8 hours, the expression of CHOP and ATF3 was significantly
higher in hIAPP-INSIE when compared to rIAPP-INSIE or
INSIE control cells (Figure 2B). In order to investigate the effect of
physiological ER stress inducers, hIAPP-INSIE, rIAPP-INSIE
and INSIE cells were cultured at 25 mM glucose for 8 h.
However, hIAPP-INSI1E cells did not show changes in protein or
gene expression as compared to basal 11 mM glucose (data not
shown). Conversely, when hIAPP-INSIE cells were treated with
25 mM of glucose together with 400 pM palmitic acid (PA), ER
stress markers such as CHOP, ATF3 and sXBPI significantly
increased mRNA levels (Figure 2C) when compared to other
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doi:10.1371/journal.pone.0101797.9001

controls. These results indicate that the overexpression of hIAPP is
sensed by the ER and triggers the activation of the UPR pathway,
making hIAPP-INSIE cells more sensitive to ER stress than
rIAPP-INSE or INSIE control.

CHOP inhibition protects from induced ER stress and

apoptosis in hlIAPP-expressing INS1E cells

We tested whether CHOP was required for the high glucose
and palmitic acid-induced ER stress in hIAPP-INSIE cells. Small
interfering RNA siCHOP was used to knockdown the expression
of CHOP in hIAPP-INSIE cells previously treated for 24 hours
with either thapsigargin or high glucose and palmitic acid.
Scrambled siRNA was used as a control. As expected, treatment
with both thapsigargin or high glucose and palmitic acid induced
the expression of CHOP and downstream caspase 3. Upstream
ATF3 protein levels were not affected (Figure 3A,B). In hIAPP-
expressing cells transfected with siCHOP, thapsigargin or the
combination of 25 mM glucose and palmitic acid failed to induce
CHOP expression (Figure 3A,B), confirming successful knock-
down of CHOP, whereas scrambled siRNA showed similar levels
of CHOP when compared to treated controls. Under both
conditions, the decrease in CHOP expression was associated with
a decrease in the apoptotic marker cleaved caspase 3
(Figure 3C,D), suggesting that the effects observed are CHOP
mediated, since the knockdown of CHOP alone is sufficient
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enough to prevent induced thapsigargin and high glucose and
palmitic acid stress and apoptosis.

Chaperones ameliorate induced ER Stress in INSTE hIAPP
cells

In order to increase endogenous chaperone expression, we used
adenoviral vectors encoding for the chaperones BiP and PDI.
Adenoviral BiP transduction in hIAPP-INSIE showed increased
BiP protein expression with increasing MOI of adenovirus
(Figure 4A). Adenoviral PDI/GFP expression was similarly tested
in hIAPP-INSIE cells (Figure 4B). An MOI of 20 for each
adenovirus was chosen for future experiments, based on maximal
BiP or PDI/GFP expression in the absence of cell death or
detectable cell toxicity (Figure 4C). Although BiP was highly
expressed under basal conditions (Figure 4A) and after treatment
with high glucose and palmitic acid (Figure 5A), BiP was not
overexpressed in hIAPP-INSIE cells in the presence of thapsi-
gargin (Figure 5A), suggesting that thapsigargin blunted adenoviral
protein expression.

hIAPP-INSIE cells were cultured in the presence of thapsi-
gargin-containing chemical chaperones TUDCA and PBA for
24 hours. After exposure to thapsigargin, hIAPP-INSIE cells
showed high protein expression levels of ER stress markers CHOP
and ATT3 (Figure 5B), confirming the mRNA expression results
observed in Figure 1B and 1C. When hIAPP-INSIE cells were
treated with chemical chaperones TUDCA and PBA, CHOP and
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ATF3 levels were significantly diminished (Figure 5B), although
BiP levels were not recovered. Together, these results suggest that
chemical chaperones TUDCA and PBA were able to reduce the
hIAPP-potentiated ER stress associated with thapsigargin.

To mimic the plausible protective role of chaperones during
high-glucose and palmitic acid-induced ER stress, hIAPP-INS1E
cells were incubated with 25 mM glucose and palmitic acid and
treated with TUDCA, PBA or previously transduced with Ad-BiP
or Ad-PDI for 24 hours. hIAPP-INSIE cells exposed to high
glucose and palmitic acid showed an increase in ER stress genes
such as ATF3, or phospho Eukaryotic Initiation Factor 2 a (p-
elF20), when compared to untreated controls (Figure 5C).
However, hIAPP-INSIE cells treated with chaperones (TUDCA,
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PBA, BiP or PDI), demonstrated a decrease in ER stress by
showing a decrease in ATF3 and p-elF20 protein levels
(Figure 5C). BiP levels were not affected after exposure to high
glucose and palmitic acid, except when hIAPP cells were
transduced with adenovirus, confirming the results observed in
Figure 5A. Together these data suggest that chaperones are able to
ameliorate induced-ER stress in hIAPP-expresing beta-cells; thus,
improving chaperone capacity could be important in diminishing
hIAPP toxicity.
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Chaperone treatment improves beta-cell function by suggesting that PDI may be increasing insulin secretion by
increasing glucose-stimulated insulin secretion degranulation of insulin vesicles (Figure 6B).

To investigate the effect of chaperones on insulin secretion,
hIAPP-INSIE cells were either left untreated (Cion) or treated for Chaperone treatment improves impaired beta-cell
24 h with Ad-GFP as control, Ad-BiP, Ad-PDI and chemical  function as a result of high glucose and palmitic acid
chaperones TUDCA and PBA. Insulin release from untreated In order to study the role of chaperones in insulin release under
hIAPP-INSIE cells at 16.7 mM glucose was increased in physiological stress conditions, hIAPP-expressing INSIE were
untreated or Ad-GFP treated cells as compared to 2.8 mM  exposed to high glucose and palmitic acid for 24 hours in the

glucose. However, overexpression of hIAPP alters glucose- presence of chaperones. High glucose and palmitic acid exposure
stimulated insulin secretion when compared to INSIE control diminished glucose-stimulated insulin release from hIAPP-INS1E
cells (Figure 6A). Nevertheless, chemical and endogenous chaper- cells at 16.7 mM glucose when compared to untreated hIAPP-
one treatment was able to restore and improve glucose-stimulated INSIE cells (Figure 7). In contrast, BiP, PDI, TUDCA and PBA
insulin secretion, although the insulin secretory response of control treatment was able to prevent beta-cell dysfunction and maintain
INSIE cells was not achieved. insulin secretory response in a similar way to untreated cells.

The improvement in insulin secretion in hIAPP-INSIE cells Insulin content of hIAPP-INSIE cells stimulated at 16 mM and
treated with BiP, TUDCA and PBA does not appear to be 2.8 mM glucose was similar in all groups (data not shown). These
associated with a decrease in insulin content, since all groups had results demonstrate that improving chaperone capacity can

similar levels of insulin in lysates before and after exposure to ameliorate beta-cell function under stressful conditions.
glucose (Figure 6B). However, PDI treatment of hIAPP-INSIE

cells seems to have a detrimental effect on insulin content,
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Discussion

The process of islet amyloid deposition has been recognized as a
remarkable physiopathological finding involved in the failure of
beta-cell function in T2D [2,3]. In the present study, we use a
previously characterized rat beta-cell line overexpressing the
hIAPP transgene that showed intracellular oligomers and a strong
alteration to glucose-stimulated insulin and IAPP secretion [26].
We show that thapsigargin or the combination of high glucose and
palmitic acid treatment potentiated ER-stress markers via CHOP
pathway, and altered the secretory capacity of hIAPP-INSIE cells.
By improving chaperone capacity, we have been able to recover
ER stress markers and counteract the glucose-stimulated insulin
secretion of hIAPP-INSIE cells.

We have previously seen that hIAPP-INSIE cells showed no
change in cell death and no change in ER stress marker CHOP
when compared to rIAPP-INSIE control cells [26]. Here, we
found that the upstream pathways involved in ER stress, such as
sXBP1 or ATF3, were not affected, confirming that hIAPP
overexpression does not lead to ER stress under basal conditions
(11 mM glucose). However, the role of hIAPP in ER-stress
induction still needs to be elucidated. In accordance with our
studies, Hull et al. demonstrated that overexpression of hIAPP
transgenic mice was not associated with significant increases in the
expression of ER stress markers [28]. In contrast, some reports
have shown that rodent overexpression of hIAPP activates ER
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stress-mediated apoptosis, leading to a reduction in beta-cell mass
[29]. These differences can be explained by the different levels of
hIAPP expression or the use of different experimental models,
such as transgenic mouse, transgenic rat or INS1E stable cell lines.

Previous studies have shown that high glucose and palmitic acid
are potent inducers of ER stress [30,31]. For example, exposure of
islets to high glucose concentrations induces a significant increase
in apoptosis [32]. Similarly, increased concentrations of saturated
fatty acids are also toxic to islets [9,33]. Saturated fatty acids
impair glucose-stimulated insulin secretion and have a toxic effect
on B-cells [34,35,36]. Importantly, it has been demonstrated that
lipotoxicity is exacerbated in the presence of concomitantly
elevated glucose levels [35]. Herein, we show that hIAPP-INS1E
cells are more sensitive to exogenous ER stress inducers.
Thapsigargin or high glucose and palmitic acid treatment
significantly potentiated the expression of ER stress markers, such
as CHOP, ATF3 or sXBPI, in hIAPP-expressing cells, when
compared to rIAPP- or non-expressing controls, suggesting that
hIAPP, but not rIAPP, increased sensitivity to ER stress. The
potentiated ER stress activation in hIAPP-INSIE cells can be
explained due to the increased aggregation capacity of hIAPP or
the formation of intracellular oligomers, which may further affect
ER stress [26,37,38].

We showed that thapsigargin-induced ER stress was associated
with persistent protein upregulation of CHOP and ATF3 in
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hIAPP-INSIE cells. Similarly, high glucose and palmitic acid ER
stress induction was associated with p-elF20, ATF3 and CHOP.
CHOP is a primary mediator of ER stress-induced apoptosis and
is activated upon prolonged ER stress signaling. Here, we
demonstrated that either thapsigargin or high glucose and palmitic
acid-induced ER stress and apoptosis were dependent of CHOP.
Several reports showed that treatment with saturated fatty acids
cause numerous alterations that can initiate apoptosis by different
mechanisms, including reactive oxygen species, mitochondrial
dysfunction, generation of ceramide or induction of CHOP and
caspase 3 pathway [9,13,39,40]. In accordance with our results,
deletion of CHOP has been shown to enhance beta-cell function
and mass in several models of beta-cell stress and T2D [41,42].
More importantly, this change preceded the induction of cleaved
caspase 3, which was apparent after treatment of thapsigargin or
high glucose and palmitic acid. Overall, these data suggest that
CHOP plays a detrimental role in ER stress induction and that
CHOP silencing may be a therapeutic approach to modulating
beta-cell function and survival in T2D.

In our studies, activation of ER stress markers was reversed after
treatment with chaperones. In thapsigargin or high glucose and
palmitic acid treatment, the addition of chemical chaperones
TUDCA and PBA was able to prevent activation of ER-stress
protein markers. Similar effects were observed after transduction
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with adenovirus encoding for endogenous chaperones BiP and
PDI after high glucose and palmitic acid treatment. In accordance
with our results, BiP overexpression has been shown to diminish
apoptosis by attenuating the induction of CHOP in ER stress [43].

In line with other reports, we noted that beta-cell overexpres-
sion of hIAPP shows a failure in insulin secretion in response to
glucose stimulation [26,44]. The results obtained in hIAPP-INS1E
cells demonstrate that treatment with chaperones BiP, TUDCA
and PBA ameliorate insulin secretory response under basal
conditions. In contrast, PDI showed a marked increase in insulin
secretion, accompanied with a significant decrease in insulin
content. Although PDI is present in human islets [45] and has
been shown to play an important role in sulphide bond formation
and isomeration or protein degradation [15,16,46], its overex-
pression has been associated with induced ER stress resulting from
accumulation of proinsulin in the ER [14], suggesting that PDI
overexpression may have a detrimental effect that disrupts normal
mnsulin processing.

Treatment with high glucose and palmitic acid diminished
msulin secretion in hIAPP-INSIE cells, confirming a glucolipo-
toxic effect [47]. Interestingly, chaperone treatment was able to
recover glucose-stimulated insulin secretion. Therapeutic inter-
ventions that reduce ER stress have been studied in order to
provide strategies for treating ER stress-related human diseases
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such as T2D [9]. BiP has been shown to be elevated in beta-cells of
hIAPP-transgenic mouse models [29]. This increase of BiP can be
related to the UPR in response to an increased overload of hIAPP.
In addition, BiP has direct interaction with amyloidogenic peptides
[48] and has been shown to attenuate the formation of amyloid-
like aggregates, suppressing the misfolding of hIAPP [23].
Furthermore, transgenic mice overexpressing BiP specifically in
beta-cells were protected against the injury of obesity-induced
T2D, maintaining beta-cell function and improving glucose
homeostasis [12]. In a similar way, BiP overexpression has been
shown to improve insulin sensitivity in ob/ob mice [49]. A
promising approach is the use of pharmacological agents, such as
orally active chemical chaperones, which can stabilize protein
conformation, improve ER folding capacity and facilitate the
trafficking of mutant proteins [18,20,50,51,52,53]. Ozcan et al.
have shown that chemical chaperones, such as PBA and TUDCA,
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reduce ER stress and restore glucose homeostasis in a mouse
model of T2D [18]. In this model, the oral chemical chaperone
treatment of obese diabetic mice resulted in the normalization of
hyperglycemia and restoration of peripheral insulin sensitivity,
thus acting as a potential antidiabetic agent [18]. Furthermore,
PBA may provide health benefits by ameliorating insulin resistance
and pancreatic B-cell dysfunction in obese subjects [53]. The
ability of endogenous and chemical chaperones to alleviate ER
stress in transgenic and obese mice models strongly supports the
ER stress-based mechanistic model of T2D and demonstrates the
feasibility of targeting ER function for therapeutic goals.

In conclusion, our study suggests that ER stress plays a causal
role in beta-cell dysfunction in a context of hIAPP overexpression.
Furthermore, our results suggest that ameliorating chaperone
capacity can be of potential interest for preserving beta-cell
function in T2D.
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Figure 7. Chaperone treatment prevents beta-cell dysfunction under high glucose and palmitic acid treatment. hIAPP-INS1E cells were
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found between Con and BiP, PDI, TUDCA and PBA.
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Abstract: Type 2 diabetes (T2D) is a complex metabolic disorder characterized by hyperg-
lycemia in the context of insulin resistance, which precedes insulin deficiency as a result of
[B-cell failure. Accumulating evidence indicates that B-cell loss in T2D results as a response to
the combination of oxidative stress and endoplasmic reticulum (ER) stress. Failure of the ER’s
adaptive capacity and further activation of the unfolded protein response may trigger macro-
autophagy (hereafter referred as autophagy) as a process of self-protection and inflammation.
Many studies have shown that inflammation plays a very important role in the pathogenesis
of T2D. Inflammatory mechanisms and cytokine production activated by stress via the inflam-
masome may further alter the normal structure of B-cells by inducing pancreatic islet cell
apoptosis. Thus, the combination of oxidative and ER stress, together with autophagy insuf-
ficiency and inflammation, may contribute to 3-cell death or dysfunction in T2D. Therapeutic
approaches aimed at ameliorating stress and inflammation may therefore prove to be promis-
ing targets for the development of new diabetes treatment methods. Here, we discuss different
mechanisms involved in stress and inflammation, and the role of antioxidants, endogenous and
chemical chaperones, and autophagic pathways, which may shift the tendency from ER stress
and apoptosis toward cell survival. Strategies targeting cell survival can be essential for reliev-
ing ER stress and reestablishing homeostasis, which may diminish inflammation and prevent
pancreatic B-cell death associated with T2D.

Keywords: endoplasmic reticulum stress, chaperones, autophagy, inflammation, apoptosis,
unfolded protein response

Introduction

Type 2 diabetes (T2D) is characterized by hyperglycemia in the context of insulin
resistance and B-cell dysfunction.! Over time, islet B-cell function compensates
for the insulin resistance existing in peripheral tissues, resulting in defects in
insulin secretion that impair the regulation of blood glucose levels.!* Moreover,
postmortem studies on B-cell loss in T2D have concluded that there is a marked

reduction in B-cell mass,**

which is probably due to an increase in apoptosis rather
than a decrease in B-cell replication. In addition to the increased B-cell workload
in response to the abnormally high demand induced by insulin resistance, several
factors likely play a role in this process. For example, high levels of glucose and
saturated fatty acids in the blood, increased expression of islet amyloid polypep-
tide (IAPP), which is mainly responsible for amyloid deposits in the pancreas,’®
as well as inflammatory cytokines released from visceral adipose tissue,’ may be

involved as inductors of oxidative stress and endoplasmic reticulum (ER) stress.
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These factors, together with the activation of the local
inflammatory response signal the pathways leading to
B-cell exhaustion and death.

A growing number of studies implicate ER stress in the
loss and death of B-cells during the evolution of T2D.!*!!
The ER is considered a vital organelle for protein synthesis
and maturation, quality control, and secretion;'*!* however,
these processes require a stable environment for balancing ER
protein load and ER folding capacity. A variety of factors can
disturb the proper functioning of the ER, leading to ER stress
and inflammation as well as the induced synthesis of pro-
inflammatory cytokines, including tumor necrosis factor-o.
and interleukin (IL)-6, via inflammasome activation.'' In
addition, the unfolded protein response (UPR) activates other
pathways, such as oxidative stress and autophagy'®!*!> which
eventually lead to cell death or cell survival, depending on
the balance of such factors in the cellular milieu.

In this review, we address the central mechanisms under-
lying ER stress, oxidative stress, autophagy, and inflamma-
tion, as well as the pathways that contribute to pancreatic
B-cell death in the framework of T2D.

The link between stress and
inflammation in pancreatic pB-cells

ER stress and the UPR response

Providing a high-fidelity quality control system, the ER
has developed an elaborate adaptive response known as the
UPR, in which there is a perfect recognition of misfolded
proteins and an efficient removal of these proteins from
the ER lumen in order to protect and alleviate cells from
ER stress. The UPR attempts to reestablish homeostasis
and restore ER function by diminishing protein translation
and activating a series of mechanisms that increase the
biosynthetic capacity of the secretory pathway, such as ER
chaperones. For this, a complex signaling network is initiated
by three ER transmembrane kinases: protein kinase R-like
endoplasmic reticulum kinase (PERK); inositol-requiring
enzyme 1 (IRE1); and activating transcription factor (ATF)6
(Figure 1). Chaperone 78 kDa glucose-regulated protein
(GRP78), also referred to as BiP (immunoglobulin heavy
chain binding protein), is a central regulator of ER stress
due to its controlling of the activation of transmembrane ER
stress sensors (PERK, IRE1, and ATF6) through a binding-
release mechanism.!!

A reduction in protein translation and in ER workload are
the first responses to counteract ER stress. This is mediated
by PERK, which phosphorylates the o subunit of eukaryotic
translation initiation factor 2, reducing global protein synthesis

Cellular cholesterol Inflammatory

cytokines
hIAPP Lipotoxicity
| Glucotoxicity |
|
B-cell
ER stress

| ="
¥ oaaaia\

-

Inflammation

Type 2 diabetes

Figure | The link between B-cell stress and inflammation in type 2 diabetes.
Notes: Cellular cholesterol, human islet amyloid polypeptide, glucotoxicity,
lipotoxicity or inflammatory cytokines induce cellular stress through activation of
ER stress or oxidative stress. In response to ER stress, the three branches of the
unfolded protein response are activated. PERK, ATF6, and IRE| result in activation of
JNKs and/or NF-kB, switching on expression of a variety of different genes involved
in inflammatory pathways, such as cytokines, chemokines, or ILs. On the other
hand, oxidative stress induces an excess production of ROS, which activates several
inflammatory signaling cascades that will contribute to inflammation. Expression of
proinflammatory molecules might attract local inflammatory cells, which may further
exacerbate the local inflammation, causing B-cell apoptosis and type 2 diabetes.
Abbreviations: hIAPP, human islet amyloid polypeptide; ER, endoplasmic reticulum;
ATF, activating transcription factor; PERK, protein kinase R-like endoplasmic
reticulum kinase; IREI, inositol-requiring enzyme |; NF-xB, nuclear factor k-light-
chain-enhancer of activated B cells; JNK, c-Jun N-terminal kinases; ROS, reactive
oxygen species; IL, interleukin; MCP, monocyte chemotactic protein; TNF, tumor
necrosis factor.

and inducing the translation of ATF4 messenger (m)RNA.
This transcription factor activates the translation of ATF3
and CCAAT/enhancer-binding protein (C/EBP) homologous
protein (CHOP). The loss of PERK expression in humans and
mice has been associated with a failure to properly regulate
the UPR response, underlying dysfunction in the ER stress
and UPR pathways, which can result in increased cell death
and diabetes.'® Although PERK expression in adult B-cells
does not appear to be required for maintaining (3-cell func-
tion, mutations in PERK result in the elevation of ER stress
markers, leading to a form of permanent neonatal diabetes
in humans,'’'? suggesting that PERK may play an important
role in controlling ER stress during fetal development.
IRE1, the second pathway of the UPR, is highly expressed
in the pancreas and is considered a central regulator of ER
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stress signaling, playing a crucial function in the regula-
tion of protein biosynthesis.?” A previous study has shown
that IRE1 signaling knockdown in vitro decreases insulin
biosynthesis at the translation and protein-folding level.!
Once activated, IRE1 cleaves the mRNA encoding X-box
binding protein 1 (XBP1), leading to an activated version
of the transcription factor spliced XBP1. Once translocated
to the nucleus, the spliced XBP1 protein initiates several
transcriptional programs that upregulate ER expansion and
biogenesis, increase protein entry into the ER for maturation,
and degrade misfolded proteins.?? Lee et al demonstrated that
B-cell-specific XBP1-deficient mice elicited an impairment in
B-cell proliferation, proinsulin processing, and insulin secre-
tion, along with a hyperactivation of IRE1,? suggesting that
XBP1 is critical in achieving optimal insulin secretion and
glucose control and thus may be considered a key regulator
of the UPR.

The third pathway of the UPR initiates with the activa-
tion of the basic leucine zipper domain protein ATF6. ATF6
activation stimulates its own translocation to the Golgi, where
site-1 protease and site-2 proteases are cleaved and conducted
to the nucleus to target transcription chaperones, elements of
the ER-associated degradation pathway, and the upregulation
of XBP1. Under chronic ER stress, ATF6 attempts to sup-
press the apoptotic UPR signaling cascade by upregulation of
the PERK and IREI pathways. Recent reports have tried to
elucidate the role of ATF6 in 3-cell function. No association
has been found between ATF6 polymorphisms in the general
population and cohorts of type 2 diabetic patients;** however,
ATF6 knockdown in insulinoma cells showed a decrease
in ER chaperones and induced cell apoptosis without any
changes in the PERK and IRE1 pathways.® Similarly, ER
stress-induced activation of ATF6 has been shown to sup-
press insulin gene expression,?® suggesting that ATF6 plays
an important role in B-cell dysfunction.

ER stress and the inflammatory signal

The three branches of UPR response can trigger inflammatory
signals through different branches that converge in signaling
pathways involving c-Jun N-terminal kinases (JNKs) and the
nuclear factor K-light-chain-enhancer of activated B cells
(NF-xB) (Figure 1). The activation of these kinases highlights
the overlap of metabolic and immune pathways, since these
are the same kinases that are activated by innate immune
responses.?’?® JNKs are considered to play an important
role in ER stress in mouse models of diabetes. For instance,
an increase in JNK activity promotes insulin resistance in
peripheral tissues and in pancreatic B-cells without affecting

cell viability.?*° The importance of the JNK pathway in stress
has also been observed in knockout mice, in which suppres-
sion of the JNK pathway protects B-cells against oxidative
stress induction.’!

The pathway of the UPR involving IRE1 can, by differ-
ent mechanisms, trigger an inflammatory signaling pathway
through the activation of JNKs.*? In addition, through mul-
tiple mechanisms, both the IRE1 and PERK pathways can
also lead to the activation of the NF-«xB pathway,'' which also
plays a critical role in the induction of multiple inflammatory
mediators and has been implicated in insulin resistance.!'
ATF6 has also been linked to inflammatory signaling. Genetic
and pharmacological inhibition of ATF6 significantly sup-
presses NF-kB activation, which can transcriptionally regu-
late many other inflammatory genes.** Activation of either
JNKs or NF-kB pathways in pancreatic 3-cells has been
reported to cause increased expression of proinflammatory
molecules, such as IL-8, IL-6, monocyte chemotactic pro-
tein-1, and tumor necrosis factor-o.,* that have a detrimental
effect on cell survival and function.**** Local chemokine
and cytokine release can also contribute to the inflamma-
tory milieu, attracting host macrophages to the pancreatic
B-cells, which further propagate local inflammation.’** In
addition, the NF-«xB pathway has been shown to activate the
NLRP3 inflammasome, a multi-protein, cytosolic molecular
platform that controls the activation of caspase 1, and the
secretion of proinflammatory cytokines interleukin IL-103
and IL-18 in metabolic stress.**? Inflammation induced by
inflammasome-dependent proinflammatory cytokines may
produce insulin resistance or cause the death of pancreatic
B-cells, leading to development of diabetes (Figure 1).4

Oxidative stress and the inflammatory
signal

InT2D, when insulin demand is constantly elevated, reactive
oxygen species (ROS) generation is increased by mitochon-
drial respiration, which saturates the neutralizing capacity of
antioxidants, resulting in oxidative stress. B-cells are more
susceptible to oxidative stress when compared to other cell
types, probably due to their low antioxidant capacity. B-cells
have low levels of antioxidant enzyme expressions, such as
catalase and glutathione peroxidase, making B-cells more
vulnerable to free radical damage when exposed to oxidative
stress.* In addition, B-cells display highly efficient glucose
uptake when exposed to high glucose concentrations, due to
the expression of glucose transporter 2. Thus, it is likely that
oxidative stress plays a major role in B-cell dysfunction in
T2D. Exposure of rat islets to high concentrations of glucose
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resulted in an increased production of intracellular ROS.*
Furthermore, when human islets were incubated with high
glucose concentrations, the levels of intracellular peroxide
were increased within the islets.*® Similarly, elevated mark-
ers of oxidative stress have been found in the plasma and
urine of type 2 diabetic patients, as well as decreased levels
of antioxidant molecule glutathione in their blood cells.* In
B-cells, elevated ROS levels lead to impaired insulin secre-
tion and contribute to insulin resistance in T2D.*** Under
normal conditions, ROS are finely regulated to avoid oxida-
tive damage to cellular processes.* Prolonged ER stress can
also accumulate ROS through a PERK-mediated pathway,
promoting a state of oxidative stress.>® To protect itself from
the highly toxic radicals, the B-cell must metabolize ROS
by using cellular antioxidants, including glutathione per-
oxidase, catalase, thioredoxin, and superoxide dismutase,
among others.>! In addition, glutathione, the primary intra-
cellular antioxidant, has been reported to be low in diabetic
patients.’>%* After treatment with sulfonylurea, a reduction
in oxidative stress was observed, with patients showing a
decrease in lipid peroxidation and an increase in glutathione
circulating levels, with levels almost reaching those found in
a nondiabetic control group.**

Inflammation resulting from oxidative stress is a key
component for many human diseases, such as metabolic
syndrome or T2D.”” ROS production is capable of acting
as a signaling molecule, but also inflicts oxidative damage
by oxidizing fatty acids, DNA, RNA, amino acids, and
cofactors.® ROS have been shown to play an important
role in various cellular processes, including differentiation,
autophagy, metabolic adaptation, and inflammation.> High
ROS levels activate several inflammatory signaling cascades,
leading to the transcription of the NF-kB pathway, monocyte
chemotactic protein-1, cellular adhesion molecules, nitric
oxide, transforming growth factor-B, connective tissue
growth factor, and ILs.?”*%>7 Consequently, expression of
proinflammatory molecules might attract inflammatory cells
such as macrophages to the site and further exacerbate the
local inflammation. ROS production in adipocytes can also
lead to an increased production of proinflammatory cytokines
that can affect B-cells in a paracrine manner.

Stress, inflammation, and the
activation of apoptotic signaling

Linkers of stress and apoptosis

Metabolically stressed human [3-cells display markers of ER
stress and activation of inflammation and apoptosis path-
ways.!¢1159°62 ER stress and oxidative stress are intricately

related and represent possible mediators that link toxic stimuli
with target molecules in the apoptotic cascade. As far as
we know, the apoptotic pathways that may be activated by
ER stress are also activated by oxidative stress and inflam-
matory signals (Figure 1). At least three parallel pathways
are involved in the stress-mediated apoptosis: activation of
CHOP; activation of the IRE1-JNK pathway; and activation
of caspase 12 (Figure 1).6364

CHOP signaling is activated in -cells under conditions of
metabolic stress, and the deletion of CHOP has been demon-
strated to enhance B-cell function and mass in several mouse
models of diabetes.® In this regard, islets from CHOP knock-
out mice have fewer apoptotic cells and show an increased
expression of UPR genes. Furthermore, CHOP deletion
delays the onset and severity of the diabetic phenotype.®3¢
Additional mechanisms of apoptotic induction have been
associated with particular branches of the ER stress pathway.
ATF4 can promote apoptosis by suppression of B-cell lym-
phoma 2. IRE1 promotes JNK signaling through a mitogen-
activated protein kinase 1 pathway.?”-*® IRE1 also promotes
the activation of caspase-12. Procaspase-12 is localized to
ER membranes and undergoes cleavage during ER stress in
murine cells, promoting the downstream cleaving of cas-
pase-3, the last effector caspase of the apoptotic cascade.®**
Pharmacologically induced ER stress has given additional
insight into mechanisms by which ER stress may promote
apoptosis.®’ Such agents cause mitochondrial cytochrome-c
release and loss of mitochondrial transmembrane potential,
causing ER stress-induced apoptosis. Moreover, perturbed
ER Ca* homeostasis may contribute to apoptosis following

induction of ER stress,®

since knockout mice lacking the
ER Ca?* channel Wsfl are particularly susceptible to ER
stress-induced apoptosis.” Overall, when ER stress-induced
apoptosis causes the loss of a large number of B-cells, insulin

secretory capacity is impaired, resulting in T2D (Figure 1).

Triggers of stress, inflammation,

and apoptosis

Multiple physiological and pathological conditions, includ-
ing the accumulation of misfolded proteins, such as insulin
or human IAPP (hIAPP), are responsible for the loss of ER
homeostasis in B-cells (Figure 1).!%"! In some cases, protein
overexpression in cells of transgenic mice can trigger ER
stress and apoptosis due to a high biosynthetic misfolded
load.®®*™>" For example, studies in the Akita mouse have
shown that ER stress, secondary to the misfolding of mutated
insulin, leads to B-cell death and glucose intolerance.” The
loss of B-cell mass in diabetes is exacerbated by islet amyloid
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deposits that correlate with the severity of the disease in
humans. B-cell apoptosis is also observed in human pancre-
atic sections and postmortem islet grafts in correlation with
amyloid deposition levels.”"7*7> Oligomers of human IAPP
have been shown to increase inflammation in 3-cells via the
inflammasome.”® Comparably, hITAPP can form proinflam-
matory oligomers and fibrils that contribute to islet inflam-
mation by recruiting and activating macrophages in vivo.?*7¢
Nevertheless, the role of hIAPP and ER stress still needs to
be elucidated. Some reports show that ER stress-mediated
apoptosis is exacerbated in rodent cells expressing amyloido-
genic isoforms of hIAPP in B-cells, leading to a reduction of
B-cell mass in hIAPP transgenic mice and rats.*’! In addition,
Casas et al demonstrated that extracellular hIAPP aggregation
is associated with ER stress responses in mouse p-cells, by
an intracellular signaling that involves downstream inhibi-
tion of the ubiquitin—proteasome pathway, contributing to
B-cell apoptosis.””® Nevertheless, in a rat pancreatic B-cell
line overexpressing hIAPP, the detection of toxic intracel-
lular oligomers, which lead to defective insulin and IAPP
secretion levels in response to glucose, did not change the
expression of genes involved in ER stress.” These results
agree with other findings with hIAPP transgenic mice, in
which the authors demonstrated that amyloid formation was
not associated with significant increases in the expression of
ER stress markers.®’ The discrepancy in these results may
be explained by differences in the ratio of IAPP and insulin
produced by the different models used, ranging from low to
significantly high levels of IAPP.

The synergistic toxic effect of hyperglycemia and
hyperlipidemia is now well recognized as a contributor
toward B-cell death.®' Exposure of islets to high glucose
concentrations induces a significant increase in apoptosis.®!
Similarly, high glucose concentrations increased IL-1, fol-
lowed by NF-kB activation from nondiabetic islet donors.®
Increased concentrations of saturated fatty acids are also toxic
to islets. Saturated fatty acids impair insulin gene expres-
sion and glucose-induced insulin secretion.®*35 Palmitate
induces ER stress via NF-kB activation, contributing to
islet inflammation.® In addition, fatty acids can have a toxic
effect on B-cells, since treatment of human or mouse islets
with palmitate induces apoptosis.®” Importantly, it has been
demonstrated that lipotoxicity only occurs in the presence
of concomitantly elevated glucose levels.®* Other media-
tors include islet cholesterol accumulation as an important
cause of lipotoxic stress in B-cells. Cellular cholesterol
homeostasis is important for normal B-cell function. Thus,
disruption of cholesterol transport by decreased function of

the Adenosine triphosphate (ATP)-binding cassette (ABC)
transporter Adenosine triphosphate-binding cassette trans-
porter 1 (ABCA1), a cholesterol efflux regulatory protein
responsible for cholesterol transport in B-cells, results in
impaired insulin secretion.®*° In addition, the combined
deficiency of ABCA1 and ABCGH also results in significant
islet inflammation, as indicated by the increased expression
of IL-1 and macrophage infiltration.”!

The role of stress and autophagy

in apoptosis induction

The ER stress pathway is directly involved in the induc-
tion of autophagy. Autophagy is a degradation pathway
responsible for the large turnover of intracellular proteins
and organelles via lysosomal degradation.”? Autophagy is
a highly regulated process that can either be involved in
the turnover of long-lived proteins and whole organelles
in a generalized fashion, or specifically target distinct
organelles.”? Thus, autophagy, together with apoptosis,
is a process through which damaged or aged cells or
organelles can be eliminated.”? Autophagy may be either a
mechanism to avoid apoptosis (by eliminating old or dam-
aged organelles) or a mechanism to induce apoptosis by
autophagic-induced cell death.”® Autophagy and apoptosis
may be triggered by common upstream signals, resulting in
combined autophagy and apoptosis. For example, autophagy
can destroy large proportions of the cytosol or organelles,
causing irreversible cellular collapse.” Autophagy can also
be a response to stress stimuli by triggering apoptosis or
necrotic cell death. Likewise, several signal transduction
pathways related to cellular stress (such as oxidative or ER
stress pathways) can elicit both autophagy and apoptosis.®
Autophagy can also be induced by proteasome inhibition
under conditions of ER stress, demonstrating that autophagy
and apoptosis share many common inducers.”

Several reports have studied the role of autophagy in pan-
creatic B-cells. Diabetic db/db or nondiabetic C57B1/6 mice
fed with a high-fat diet have shown upregulated autophago-
some formation in B-cells.*** Furthermore, genetic abla-
tion of Autophagy-related protein 7 (ATG7) (an essential
gene for autophagosome formation) in B-cells was shown
to have resulted in the degeneration of islets and impaired
glucose tolerance with reduced insulin secretion.”** These
findings were associated with an increased level of apop-
tosis and a decreased proliferation, which contributed to
the loss of B-cell mass. It has been described that increased
expression of hIAPP in transgenic mice and rats leads to
an impaired autophagy pathway, due to the disruption of
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lysosome-dependent degradation.” In addition, inhibition of
lysosomal degradation increases the vulnerability of B-cells
to hIAPP-induced toxicity and, conversely, stimulation of
autophagy protects -cells from hIAPP-induced apoptosis.”’
In humans, the autophagy pathway also declines with age and
is impaired in B-cells in type 2 diabetic patients.”®* These
studies suggest that autophagy is necessary to maintain the
structure, mass, and function of pancreatic B-cells, and its
impairment may participate in the mechanisms that cause
B-cell failure and T2D.

Moving the balance toward
homeostasis and promoting

B-cell survival

Pancreatic B-cells need to increase protein synthesis during
acute or chronic stimulation. This causes a burden on the
ER that may activate autophagy and the UPR response,
which may lead to pancreatic cell death. Together, cell sur-
vival and cell death factors represent key opposing forces
underlying stress response (Figure 2). As previously seen,
many factors can mediate the respective outcome of this
antagonistic process. If a prolonged imbalance persists,
the response system initiates proapoptotic mechanisms
that eventually will lead to pancreatic cell death and dys-
function associated with T2D (Figure 2). Thus, therapeutic
interventions that target molecules of the UPR component
or reduce ER stress, such as increasing cellular antioxi-

dants, chaperone capacity, or autophagy levels, may bring
A

Chaperon®

Autophag\/

\—

Cell
death

Cell
survival

Figure 2 Moving the balance toward prosurvival strategies.

=)

the balance toward homeostasis and provide promising
strategies for treating ER stress-related human diseases
such as T2D (Figure 2).

The inhibition of intracellular free radical formation may
represent one therapeutic strategy for preventing oxidative
stress. Antioxidants act at different levels, inhibiting the
formation of ROS, scavenging free radicals or increasing
their own defense enzyme capabilities. Therapeutic measures
designed to increase intrinsic antioxidant activity within the
islet may also protect it against the oxidative stress associated
with glucose toxicity (Figure 2). The transduction of islets
with adenovirus encoding for the antioxidant enzyme, glu-
tathione peroxidase, has been shown to protect islets against
the intra-islet peroxide levels produced by high glucose
concentrations.'® Furthermore, exogenous antioxidants can
compensate for the lower plasma antioxidant levels often
observed in T2D. Antioxidants such as N-acetylcysteine,
vitamin C, and o.-lipoic acid are effective in reducing diabetic
complications, '*1? indicating that antioxidants may prove an
essential tool in the investigation of oxidative stress-related
diabetic pathologies.

An increasing body of evidence suggests that chaper-
ones exert important protective effects in the decrease of
ER stress, protein aggregation, and the pathophysiology of
amyloid deposition. Overexpression of certain particular ER
chaperones in cell systems can protect cells against cell death
caused by disturbances of ER homeostasis.!®1% Of interest,
transgenic mice overexpressing the molecular chaperone

B
.-_-—‘—-—-_.

Cellular
antioxidants

Chaperone

Capacity

Caspases

Cell
death

Cell
survival

Notes: As a result of chronic stress and inflammation, B-cells may undergo cell death through activation of C/EBP homologous protein (CHOP) and caspases (A). Adaptive
responses to acute stress, such as an increase in chaperone capacity, an increase of cellular antioxidants, or an improved autophagy pathway, may move the balance toward

cell survival, leading the -cell to homeostasis (B).
Abbreviation: C/EBP, CCAAT/enhancer-binding protein.
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GRP78/BiP specifically in B-cells are protected against the
injury of obesity-induced T2D, maintaining B-cell function
and improving glucose homeostasis.!™* Overexpression of
BiP attenuates fatty acid-induced ER stress and apoptosis
in hepatocytes.!® Furthermore, BiP is one of the chaper-
ones responsible for trafficking hIAPP through the ER and
Golgi in human B-cells.!”” Efforts to understand the impact
of chaperones may provide insights into the formation of
misfolded hIAPP, which, consequently, might be a specula-
tive approach for preventing amyloid formation, which may
lead to inflammation and B-cell apoptosis in T2D (Figure 2).
Few investigations have been performed on inhibiting the
aggregation of IAPP. The small interfering RNA-mediated
suppression of human amyloid polypeptide expression
inhibits islet amyloid formation and enhances the survival of
human islets in culture.'”® Similarly, peptide-based amyloid
inhibitors have been seen to enhance the survival of cultured
human islets.!” Thus, inhibitors of TAPP synthesis or aggre-
gation may have therapeutic value in diminishing amyloid
formation in T2D.

Recent reports suggest that pharmacological agents can
directly activate or deactivate UPR components and can
potentially be useful in treating T2D. A promising approach
is the use of pharmacological agents, such as orally active
chemical chaperones, which can stabilize protein confor-
mation, improve ER folding capacity, and facilitate the
trafficking of mutant proteins.!!*!** Ozcan et al have shown
that chemical chaperones, such as 4-phenyl butyric acid and
taurine-conjugated ursodeoxycholic acid, reduce ER stress
and restore glucose homeostasis in a mouse model of T2D.!!4
In this model, the oral chemical chaperone treatment of obese
diabetic mice resulted in the normalization of hyperglycemia
and restoration of peripheral insulin sensitivity, thus acting
as a potential antidiabetic agent.''* Chemical chaperones
have also been tested in obese human subjects;!''>!1¢ 4-phenyl
butyric acid, for instance, may provide health benefits by
ameliorating insulin resistance and pancreatic B-cell dys-
function in obese subjects.!”® The ability of endogenous and
chemical chaperones to alleviate ER stress in transgenic and
obese mice models strongly supports the ER stress-based
mechanistic model of T2D and demonstrates the feasibility
of targeting ER function for therapeutic goals.

Several studies have focused on the prosurvival role of
autophagy. As previously discussed, autophagy is activated in
response to ER stress and helps cellular adaptation to stress,
via clearance of misfolded proteins."” Thus, stimulation of
autophagy may improve ER stress in diabetes. Treatment
with rapamycin, an autophagy inducer, used in diabetic

Akita mice, improved diabetes, increased pancreatic insulin
content, and prevented B-cell apoptosis.''® In contrast, the
same study showed that inhibition of autophagy exacerbated
stress and abolished the anti-ER stress effects of rapamycin.''®
In a similar manner, increasing autophagy by overexpression
of scaffold protein p62, which delivers polyubiquitinated
proteins to autophagy, confers a protective role against
hIAPP-induced apoptosis by sequestrating protein targets
for degradation.”’ Such evidence highlights an important role
for autophagy in protection against toxic oligomer-induced
apoptosis in B-cells. Thus, strategies that target ER stress in
B-cells will promote B-cell survival and function in T2D.

Summary

A great variety of stimuli, such as IAPP, cytokines, cellular
cholesterol, or high glucose and lipids levels in the blood, can
disturb ER homeostasis, leading to oxidative and ER stress,
inflammation, and pancreatic B-cell death. Elucidating the
cellular mechanisms of stress, inflammation, and cell death
has contributed toward our understanding of these processes,
which may lead to new therapeutic agents for treating T2D.
Strategies targeting the balance toward prosurvival have
proven to be essential for the shift from stress to homeosta-
sis, which may prevent pancreatic B-cell death associated
with T2D.
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