
Jo
u
rn
a
l
o
f
M
o
le
cu

la
r
E
n
d
o
cr
in
o
lo
g
y

Research
S N WALTERS and others Regulation of UPR in

transplanted islets
51 :2 225–232
Influence of chronic hyperglycemia
on the loss of the unfolded protein
response in transplanted islets
Stacey N Walters1, Jude Luzuriaga1, Jeng Yie Chan1, Shane T Grey1,2

and D Ross Laybutt1,2

1Garvan Institute of Medical Research, 384 Victoria Street, Darlinghurst, Sydney, New South Wales 2010, Australia
2St Vincent’s Clinical School, University of New South Wales, Sydney, New South Wales, Australia
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
DOI: 10.1530/JME-13-0016 Printed in Great Britain

Published by Bioscientifica Ltd.

Downloaded from Bio
Correspondence

should be addressed to

D R Laybutt or S T Grey

Emails

r.laybutt@garvan.org.au or

s.grey@garvan.org.au
Abstract
Chronic hyperglycemia contributes to b-cell dysfunction in diabetes and with islet

transplantation, but the mechanisms remain unclear. Recent studies demonstrate that the

unfolded protein response (UPR) is critical for b-cell function. Here, we assessed the influence

of hyperglycemia on UPR gene expression in transplanted islets. Streptozotocin-induced

diabetic or control nondiabetic mice were transplanted under the kidney capsule with

syngeneic islets either sufficient or not to normalize hyperglycemia. Twenty-one days after

transplantation, islet grafts were excised and RT-PCR was used to assess gene expression.

In islet grafts from diabetic mice, expression levels of many UPR genes of the IRE1/ATF6

pathways, which are important for adaptation to endoplasmic reticulum stress, were

markedly reduced compared with that in islet grafts from control mice. UPR genes of the

PERK pathway were also downregulated. The normalization of glycemia restored the

changes in mRNA expression, suggesting that chronic hyperglycemia contributes to the

downregulation of multiple arms of UPR gene expression. Similar correlations were

observed between blood glucose and mRNA levels of transcription factors involved in the

maintenance of b-cell phenotype and genes implicated in b-cell function, suggesting

convergent regulation of UPR gene expression and b-cell differentiation by hyperglycemia.

However, the normalization of glycemia was not accompanied by restoration of antioxidant

or pro-inflammatory cytokine mRNA levels, which were increased in islet grafts from diabetic

mice. These studies demonstrate that chronic hyperglycemia contributes to the down-

regulation of multiple arms of UPR gene expression in transplanted mouse islets. Failure of

the adaptive UPR may contribute to b-cell dedifferentiation and dysfunction in diabetes.
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Introduction
The deleterious effects of chronic hyperglycemia on

pancreatic b-cells, a concept termed as glucotoxicity,

have been implicated in the alterations in functional

b-cell mass in diabetes and with islet transplantation

(Korsgren et al. 1990, Ogawa et al. 1995, Laybutt et al.
2007a, Poitout & Robertson 2008, Weir et al. 2009,

Bensellam et al. 2012). Much attention has been focused

on the molecular mechanisms and signaling pathways

that may underlie b-cell glucotoxicity (Poitout & Robert-

son 2008, Weir et al. 2009, Bensellam et al. 2012), but they
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remain poorly understood. Endoplasmic reticulum (ER)

stress has emerged over the last few years as an important

mechanism of b-cell failure (Laybutt et al. 2007b, Eizirik

et al. 2008, Scheuner & Kaufman 2008, Back & Kaufman

2012, Marhfour et al. 2012, Negi et al. 2012).

With their heavy engagement in protein synthesis and

secretory activity, b-cells are particularly sensitive to

disruption of ER function and accumulation of misfolded

proteins. ER stress activates an adaptive mechanism

termed the unfolded protein response (UPR). The adaptive

UPR is aimed to alleviate ER stress through the upregula-

tion of ER chaperones and folding enzymes (Eizirik et al.

2008, Scheuner & Kaufman 2008, Back & Kaufman 2012).

Recent studies suggest that the regulation of adaptive UPR

gene expression may play an important role in the b-cell

response to environmental challenge induced by obesity;

although upregulation of adaptive UPR gene expression

characterizes b-cell compensation and protection from

diabetes, a decline in the adaptive UPR is associated with

b-cell failure and progression to diabetes (Quan et al. 2012,

Chan et al. 2013). Therefore, knowledge about the factors

that regulate adaptive UPR gene expression in islets is

critically important to understand the mechanisms

responsible for the switch from b-cell compensation to

failure in diabetes.

While the complex effects of acute/short-term high

glucose on the UPR have been previously described (Wang

et al. 2005, Lipson et al. 2006, Elouil et al. 2007, Seo et al.

2008, Zhang et al. 2009, Bensellam et al. 2012, Tang et al.

2012), the effects of continuous long-term exposure of

b-cells tohyperglycemia remain tobeclarified. In this study,

we used a transplantation model to examine the effects of

in vivo chronic hyperglycemia on UPR gene expression and

b-cell differentiation in transplanted mouse islets.
Materials and methods

Mice and islet transplantation

C57BL/6 mice were supplied by the Garvan Institute

breeding facility and were used both as islet donors and

recipients. Animals were kept under conventional con-

ditions with free access to food and water. Procedures were

approved by the Garvan Institute, St Vincent’s Hospital

Animal Experimentation Ethics Committee following the

guidelines issued by the National Health and Medical

Research Council of Australia. Graft recipients were either

normal or diabetic mice. Mice were rendered diabetic by a

single i.p. dose of streptozotocin (180 mg/kg body weight,

dissolved in citrate buffer; Sigma). Blood samples were
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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taken via tail prick formeasurement of glucose levels (Accu-

Chek glucose monitor; Roche Diagnostics). To assess the

effects of continuous exposure to diabetes on gene

expression in transplanted islets, diabetic mice were

transplanted under the kidney capsule with islets isolated

from one donor mouse per recipient – an insufficient

number to reverse hyperglycemia (diabetic group). To

assess the effects of reversing hyperglycemia after islet

transplantation, diabetic mice were transplanted under the

kidney capsule with islets isolated from three donor mice

per recipient – a sufficient number to reverse hyperglycemia

(diabetic-normalized group). Control nondiabetic mice

were transplanted under the kidney capsule with islets

isolated from either one or three donor mice per recipient.

Islet transplantationwas performed as described previously

(Walters et al. 2009). Mice were bled for measurement of

glucose levels in the fed state on days 0, 1, 3, 7, 10, 15, 17,

and 21. Twenty-one days after transplantation, islet grafts

were excised and RT-PCR was used to assess gene

expression. To assess possible contamination of the

grafts with renal parenchymal tissue, expression of the

kidney-specific organic anion transporter, solute carrier

family 22 (organic anion transporter), member 6 (slc22a6)

(Lopez-Nieto et al. 1997), was measured.
RNA analysis

Total RNA was extracted using RNeasy Mini Kit (Qiagen)

and cDNA was synthesized using the QuantiTect RT Kit

(Qiagen). Real-time PCR was performed using Power SYBR

Green PCR Master Mix (Applied Biosystems) on a 7900HT

Real-Time PCR System (Applied Biosystems). Primer

sequences are provided in Table 1. The value obtained

for each specific product was normalized to a control gene

(cyclophilin A; Kjorholt et al. 2005) and expressed as a fold

change of the value in islet grafts from control nondiabetic

mice transplanted with islets isolated from one donor

mouse per recipient.
Xbp1 splicing

Total RNA was extracted from islets and reverse trans-

cribed as described earlier. Xbp1 cDNA was amplified

by PCR and digested with Pst1 that cuts unprocessed

Xbp1 cDNA into fragments (Calfon et al. 2002). Processed

(activated) Xbp1 cDNA lacks the restriction site and

remains intact. Processed (intact) and unprocessed (cut)

Xbp1were quantified by densitometry. The value obtained

for processed Xbp1 was expressed as a ratio of the total

(processedCunprocessed) Xbp1 mRNA levels for each
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Table 1 Sequences of oligonucleotide primers. Aliases of gene symbols given in parentheses

Gene symbols 5 0-Oligonucleotide 3 0-Oligonucleotide

Atf4 ATCCAGCAAAGCCCCACAAC CAAGCCATCATCCATAGCCG
Bak1 CGCTACGACACAGAGTTCCA GGTAGACGTACAGGGCCAGA
Bax TGCAGAGGATGATTGCTGAC GATCAGCTCGGGCACTTTAG
Beta2 (Neurod1) ACTCCAAGACCCAGAAACTGTC ACTGGTAGGAGTAGGGATGCAC
BiP (Hspa5, Grp78) AGGACAAGAAGGAGGATGTGGG ACCGAAGGGTCATTCCAAGTG
Catalase ATGAAGCAGTGGAAGGAGCAGC CTGTCAAAGTGTGCCATCTCGTC
Chop (Ddit3, Gadd153) TTCACTACTCTTGACCCTGCGTC CACTGACCACTCTGTTTCCGTTTC
Cyclophilin A TGTGCCAGGGTGGTGACTTTAC TGGGAACCGTTTGTGTTTGG
Dnajb9 GCAATGGGAGTCCTTTTGAACAG TCCTGGAAGTGATGCCTTTGTC
Erp72 (Pdia4) AGTCAAGGTGGTGGTGGGAAAG TGGGAGCAAAATAGATGGTAGGG
Fkbp11 ACACGCTCCACATACACTACACGG ATGACTGCTCTTCGCTTCTCTCCC
Gck CATTGAATCAGAGGAGGGCAGC TAGTGGACTGGGAGCATTTGTGGG
Glp1r GGGTCTCTGGCTACATAAGGACAAC AAGGATGGCTGAAGCGATGAC
Glut2 (Slc2a2) CATTCTTTGGTGGGTGGC CCTGAGTGTGTTTGGAGCG
Gpr40 (Ffar1) TATTCCTGGGGTGTGTGTGTGG CCAAGGGCAGAAAGAAGAGCAG
Gpx (Gpx1, CGpx) ACAGTCCACCGTGTATGCCTTC CTCTTCATTCTTGCCATTCTCCTG
Grp94 (Hsp90b1) AAACGGCAACACTTCGGTCAG GCATCCATCTCTTCTCCCTCATC
HO-1 (Hmox1, Hsp32) CCACACAGCACTATGTAAAGCGTC GTTCGGGAAGGTAAAAAAAGCC
Il1b TGTTCTTTGAAGTTGACGGACCC CCACAGCCACAATGAGTGATACTG
Kir6.2 (Kcnj11) TCGTGTCCAAGAAAGGCAACTG GGAAGGCAGATGAAAAGGAGTGG
Mafa CGGGAACGGTGATTGCTTAG GGAGGTTGGGACGCAGAA
mGPDH (Gpd2) AAAGACTGGAGCCCCACACTCTAC ATCCCGTATTTCACCTCTGCTTC
Nkx6.1 GGACCAGAGAGAGCACGC TTCGGGTCCAGAGGTTTG
Orp150 (Hyou1) TACTCCCGTTCCTTGGCTGAAG GGCTGTGGCAGTGTTGTCATTG
Pc (Pcx) GTTCCGTGTCCGAGGTGTAAAG CGCAGAAGGATGTCCCTGAAAC
Pdx1 CGGACATCTCCCCATACG AAAGGGAGCTGGACGCGG
Serca2b (Atp2a2) TGGAGACAACAAAGGCACCG CAGAGCAGGAGCATCATTCACAC
Slc22a6 (NKT) CGGTCTCTGTGCCTTTTTTCG TAGCCCCCTCTTCTTGTTTCCC
Tnfa CCCCTTTACTCTGACCCCTTTATTG AACCTGACCACTCTCCCTTTGC
Trib3 TCTTCAGCAACTGTGAGAGGACG TCCAGACATCAGCCGCTTTG
Xbp1 GCAGCAAGTGGTGGATTTGG AGATGTTCTGGGGAGGTGACAAC
Xbp1s–Xbp1 splicing AAACAGAGTAGCAGCGCAGACTGC GGATCTCTAAAACTAGAGGCTTGGTG
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sample. These ratios are expressed as fold change of the

ratio in islet grafts from control nondiabetic mice

transplanted with islets isolated from one donor mouse

per recipient.
Statistical analysis

All results are presented as meansGS.E.M. Statistical

analyses were performed using Student’s t-test or ANOVA.
Results

Changes in blood glucose levels after

islet transplantation

The time-course changes in blood glucose levels after islet

transplantation are shown in Fig. 1. Hyperglycemia was

apparent in streptozotocin-treated mice on the day of

transplantation. In diabetic mice transplanted with islets

isolated from three donor mice, blood glucose con-

centrations fell to normal levels within 3 days (Fig. 1).
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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By contrast, in diabetic mice transplanted with islets

isolated from one donor mouse, blood glucose levels

remained significantly elevated throughout the time

course (Fig. 1). Blood glucose levels after 3 days averaged

6.7 and 6.9 mmol/l in control mice transplanted with

islets from one or three donors and 11.8 and 5.8 mmol/l in

streptozotocin-treated mice transplanted with islets from

one or three donors (P!0.001).
Changes in UPR gene expression in islet grafts

Twenty-one days after transplantation, mRNA levels were

analyzed in islet grafts retrieved from control (islets from

one or three donors), diabetic (islets from one donor), and

diabetic-normalized (islets from three donors) mice.

Expression levels in islet grafts from control mice with

islets from one or three donors were similar. In com-

parison with control mice (islets from one donor), islet

grafts from diabetic mice exhibited markedly reduced

mRNA levels of many UPR genes important for adaptation

to ER stress (Fig. 2A). The mRNA levels of ER-resident
Published by Bioscientifica Ltd.
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Figure 1

Time-course changes in blood glucose levels in the fed state after islet

transplantation. Control nondiabetic mice were transplanted with islets

isolated from one (nZ5, open squares, solid line) or three (nZ5, closed

squares, dashed line) donor mice per recipient. Diabetic mice were

transplanted with islets isolated from one (nZ5, open circles, solid line) or

three (nZ5, closed circles, dashed line) donor mice per recipient. Blood

glucose levels were measured on days 0, 1, 3, 7, 10, 15, 17, and 21 after

transplantation. All results are meanGS.E.M.; ANOVA, P!0.001; blood

glucose levels in diabetic mice transplanted with islets isolated from

one donor.
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Figure 2

Changes in mRNA expression of UPR genes in transplanted islets. Total RNA

was extracted, reverse transcribed, and analyzed by real-time RT-PCR. Xbp1

splicing was assessed as described previously (Akerfeldt et al. 2008). mRNA

levels were determined in islet grafts from control mice (transplanted with

islets from one (white bars) or three (gray bars) donors), diabetic mice

(black bars), and diabetic-normalized mice (striped bars). mRNA levels were

expressed as fold change of the levels in islet grafts from control mice

(transplanted with islets from one donor). nZ4–5 in each group. All results

are meanGS.E.M.; *P!0.05, **P!0.01, and ***P!0.001 vs islet grafts from

control mice (transplanted with islets from one donor) for each gene.
†P!0.05, ††P!0.01 represents islet grafts from diabetic-normalized vs

diabetic mice for each gene.
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chaperones (BiP (Hspa5), Grp94 (Hsp90b1), and Orp150

(Hyou1)) and protein foldases (Dnajb9, Erp72 (Pdia4), and

Fkbp11) were reduced by 30–60% in islet grafts from

diabetic mice compared with control mice. Strikingly, the

normalization of blood glucose levels completely restored

the abundance of adaptive UPR genes to the expression

levels apparent in control islet grafts (Fig. 2A), suggesting

that chronic hyperglycemia clearly contributes to the

downregulation of adaptive UPR gene expression in

transplanted islets. The expression levels of many adaptive

UPR genes are regulated by the transcription factors Atf6

(Adachi et al. 2008, Teodoro et al. 2012) and IRE1-activated

Xbp1 (Lee et al. 2003, Yoshida et al. 2003). In concert

with the changes in adaptive UPR gene expression, Xbp1

mRNA levels were markedly reduced in islet grafts from

diabetic mice and partially restored in grafts from diabetic-

normalized mice (Fig. 2B). However, Xbp1 splicing

(activation) was similarly reduced in grafts from diabetic

and diabetic-normalized mice (Fig. 2B).

We tested expression of genes activated downstream

of the PERK arm of the UPR. Activation of PERK and the

transcription factor, Atf4, leads to upregulation of pro-

apoptotic genes Chop (Ddit3) and Trib3. The mRNA levels

of Atf4, Chop, and Trib3 were reduced by 40–65% in islet

grafts from diabetic mice compared with control mice

(Fig. 2B). These changes were at least partially restored

in islet grafts from diabetic-normalized mice (Fig. 2B).
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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Thus, thedatademonstrate for thefirst timethatcontinuous

exposure to chronic hyperglycemia downregulates steady

state mRNA levels of genes regulated by multiple arms of

the UPR in transplanted islets. This response encompasses

both adaptive and pro-apoptotic UPR gene expression.
Changes in islet-associated transcription factor

and b-cell function genes in islet grafts

We tested whether the changes in UPR gene expression

were associated with an altered pattern of b-cell differen-

tiation in transplanted islets. In islet grafts from diabetic

mice, mRNA levels of several transcription factors

important for the maintenance of the b-cell differen-

tiation (Pdx1, Beta2 (Neurod1), Nkx6.1 (Nkx6-1), and Mafa)

were reduced by 75–90% compared with those in control

mice (Fig. 3A). This was accompanied by reduced

expression of genes involved in b-cell glucose metabolism

(glucose transporter 2 (Glut2 (Slc2a2)); the enzyme

responsible for the majority of b-cell glucose phospho-

rylation, glucokinase (Gck); the anaplerotic enzyme,

pyruvate carboxylase (Pc (Pcx)); and the rate-limiting
Published by Bioscientifica Ltd.
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Figure 3

Changes in mRNA expression of islet-associated transcription factors and

genes that optimize b-cell function in transplanted islets. Total RNA was

extracted, reverse transcribed, and analyzed by real-time RT-PCR. mRNA

levels were determined in islet grafts from control mice (transplanted with

islets from one (white bars) or three (gray bars) donors), diabetic mice

(black bars), and diabetic-normalized mice (striped bars). mRNA levels were

expressed as fold change of the levels in islet grafts from control mice

(transplanted with islets from one donor). nZ4–5 in each group. All results

are meanGS.E.M.; *P!0.05, **P!0.01, and ***P!0.001 vs islet grafts from

control mice (transplanted with islets from one donor) for each gene.
††P!0.01 and †††P!0.001 represents islet grafts from diabetic-normalized

vs diabetic mice for each gene.
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Figure 4

Changes in mRNA expression of antioxidant and inflammation genes in

transplanted islets. Total RNA was extracted, reverse transcribed, and

analyzed by real-time RT-PCR. mRNA levels were determined in islet grafts

from control mice (transplanted with islets from one (white bars) or three

(gray bars) donors), diabetic mice (black bars), and diabetic-normalized

mice (striped bars). mRNA levels were expressed as fold change of the levels

in islet grafts from control mice (transplanted with islets from one donor).

nZ4–5 in each group. All results are meanGS.E.M.; *P!0.05, **P!0.01, and

***P!0.001 vs islet grafts from control mice (transplanted with islets from

one donor) for each gene.
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enzyme of the glycerol phosphate shuttle, mitochondrial

glycerol phosphate dehydrogenase (mGPDH (Gpd2));

Fig. 3B), ion channels important for the stimulation of

insulin secretion (the pore-forming subunit of the ATP-

sensitive KC channel (Kir6.2 (Kcnj11)) and a sarco/ER Ca2C-

ATPase pump (Serca2b (Atp2a2)); Fig. 3C), the free fatty acid

receptor,G-protein-coupled receptor 40 (Gpr40 (Ffar1)), and

theincretinGLP-1receptor(Glp1r) (Fig.3C).Expressionofall

the tested b-cell differentiation genes was at least partially

restoredinisletgrafts fromdiabetic-normalizedmice(Fig.3).

These data suggest a convergence in the regulation of UPR

and b-cell differentiation gene expression by hyperglycemia

in transplanted islets.
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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Changes in antioxidant and pro-inflammatory

cytokine mRNA in islet grafts

Oxidative stress and inflammation have been implicated

in b-cell failure in diabetes (Laybutt et al. 2002, Poitout &

Robertson 2008, Donath & Shoelson 2011, Gregor &

Hotamisligil 2011). The mRNA levels of oxidative stress-

inducible genes, heme oxygenase-1 (HO-1 (Hmox1)),

glutathione peroxidase (Gpx (Gpx1)), and catalase (Cat)

(Fig. 4A), and the pro-inflammatory cytokines, Il1b (Il1b)

and Tnfa (Tnf) (Fig. 4B), were upregulated in islet grafts

from diabetic mice. However, the increased mRNA levels

were not affected by the lowering of hyperglycemia in

diabetic-normalized mice (Fig. 4A and B), suggesting that

the upregulation of antioxidant and cytokine expression is

independent of glycemia in transplanted islets. Moreover,

expression levels of pro-apoptosis genes, Bak1 and Bax,

were unchanged in islet grafts from diabetic mice

compared with control mice (Fig. 4B).

The results of this study were not due to variable

contamination with kidney tissue in the excised grafts.

mRNA levels of the kidney-specific marker, Slc22a6, were

low compared with those in kidney and not significantly
Published by Bioscientifica Ltd.
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different among the groups (6.3G1.8, 7.8G2.9, 11.6G3.8,

and 9.7G2.3% of kidney in islet grafts from control

(islets from one or three donors), diabetic, and

diabetic-normalized mice respectively).
Discussion

The maintenance of an intact adaptive UPR is essential for

prevention of b-cell failure (Eizirik et al. 2008, Scheuner &

Kaufman 2008, Back & Kaufman 2012). Using a trans-

plantationmodel, we show that chronic exposure of b-cells

to diabetes leads to downregulation ofmultiple arms ofUPR

gene expression. We also observed partial to complete

recovery of UPR gene expression in grafts from mice with

normalized glycemia, suggesting that the severe deterio-

rationwas associatedwith continuous exposure to diabetes.

A striking correlation was identified between downregula-

tion of UPR gene expression and the loss of b-cell

differentiation in islet grafts exposed to continuous

hyperglycemia. Importantly, these gene expression changes

can be further correlated with a loss of glucose-induced

insulin secretion from the graft-bearing kidney (Korsgren et

al. 1990, Ogawa et al. 1995). The deleterious influence of

chronic hyperglycemia on adaptive UPR gene expression

may contribute to the failure of b-cells and transplanted

islets to maintain adequate insulin secretion in diabetes.

Our study provides the first demonstration that in vivo

chronic hyperglycemia strongly reduces genes of the

IRE1/ATF6 and PERK/eIF2a pathways, which encompass

both adaptive and pro-apoptotic UPR gene expressions.

By contrast, acute high-glucose treatment of b-cells in vitro

stimulates IRE1-mediated UPR gene expression that is

thought to enhance insulin biosynthesis (Lipson et al.

2006, Elouil et al. 2007), while exerting complex effects on

the PERK/eIF2a pathway that are mainly inhibitory (Elouil

et al. 2007, Vander Mierde et al. 2007). With treatment

periods of 24–96 h, UPR activation is thought to contrib-

ute to hyperglycemia-mediated inhibition of insulin

synthesis and secretion in vitro (Seo et al. 2008, Zhang

et al. 2009) and in vivo (Tang et al. 2012). In the longer

term, upregulation of protective UPR genes of the IRE1

pathway is associated with the mild hyperglycemia

imposed on human islets transplanted into mouse

recipients, which have slightly higher blood glucose levels

than humans (Kennedy et al. 2010). However, in type 2

diabetes, CHOP protein levels are increased and may

contribute to b-cell apoptosis (Akerfeldt et al. 2008, Cunha

et al. 2008, Song et al. 2008), suggesting failure of the

adaptive UPR. We recently demonstrated that failure of

the adaptive UPR was associated with b-cell dysfunction
http://jme.endocrinology-journals.org � 2013 Society for Endocrinology
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and progression to diabetes in obese db/db mice (Chan

et al. 2013). The influence of chronically elevated blood

glucose to lower adaptive UPR gene expressionmay, in the

setting of obesity, render b-cells susceptible to persistent or

amplified ER stress induced by worsening hyperglycemia

or additional factors such as hyperlipidemia, reactive

oxygen species, hypoxia, inflammation, or enhanced

insulin demand.

A strong correlation is emerging between the status

of the adaptive UPR and b-cell differentiation. The results

of this study demonstrate that the loss of UPR gene

expression with diabetes and its partial recovery with

diabetes normalization parallels the changes in b-cell

differentiation. Convergent regulation is also displayed

with acute high-glucose exposure, which promotes both

adaptive UPR gene expression and the b-cell phenotype

(Lipson et al. 2006, Elouil et al. 2007, Bensellam et al.

2012). Furthermore, several molecular links have been

identified in which islet-associated transcription factors

regulate genes involved in ER function, and ER stress-

inducible transcription factors regulate genes implicated

in b-cell function (Lipson et al. 2006, Seo et al. 2008,

Sachdeva et al. 2009, Allagnat et al. 2010). We propose that

the loss of UPR gene expression under conditions of

chronic hyperglycemia may be an integral part of the

b-cell dedifferentiation process. In diabetes and with islet

transplantation, this process may be an important

mechanism that, in effect, trades function for survival

under stress conditions. Chronic hyperglycemia leads to

downregulation of insulin biosynthesis in transplanted

islets (Laybutt et al. 2007a). The downregulation of

ER-resident chaperones and protein foldases under dia-

betic conditions may occur as a consequence of reduced

insulin synthesis activity. Glucotoxicity also leads to other

stresses of the graft environment, such as oxidative stress,

inflammation, impaired vascularization, and hypoxia,

which may influence outcomes. Moreover, the possibility

that hormones secreted by threefold more islets

influence the restoration of islet graft gene expression in

diabetic-normalized mice has not been excluded.

In conclusion, our study demonstrates for the first

time the remarkable similarity in the altered patterns of

UPR and b-cell differentiation gene expression in trans-

planted islets. Importantly, our study shows that chronic

hyperglycemia contributes to downregulation of adaptive

UPR gene expression, thus suggesting a newmechanism of

b-cell glucotoxicity. The loss of adaptive UPR gene

expression may be a major factor, combined with b-cell

dedifferentiation, in the impaired insulin secretion that

accompanies poor transplant outcomes and progressive
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b-cell failure in diabetes. Thus, our study provides new

insight into the molecular mechanisms by which persist-

ent hyperglycemia produces the toxic spiral of insulin

secretory dysfunction and b-cell demise.
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