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Abstract

Aims/hypothesis This study was aimed at the elucidation of
the pathogenesis of glucotoxicity, i.e. the mechanism whereby
hyperglycaemia damages pancreatic beta cells. The identifi-
cation of pathways in the process may help identify targets for
beta cell-protective therapy. Carbohydrate response element-
binding protein (ChREBP), a transcription factor that regu-
lates the expression of multiple hyperglycaemia-induced
genes, is produced in abundance in pancreatic beta cells. We
hypothesise that ChREBP plays a pivotal role in mediating
beta cell glucotoxicity.

Methods We assessed the role of ChREBP in glucotoxicity
in 832/13 beta cells, isolated mouse islets and human pan-
creas tissue sections using multiple complementary
approaches under control and high-glucose-challenge
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conditions as well as in adeno-associated virus-induced beta
cell-specific overexpression of Chrebp (also known as
Mixipl) in mice.

Results Under both in vitro and in vivo conditions,
ChREBP activates downstream target genes, including fatty
acid synthase and thioredoxin-interacting protein, leading to
lipid accumulation, increased oxidative stress, reduced in-
sulin gene transcription/secretion and enhanced caspase ac-
tivity and apoptosis, processes that collectively define
glucotoxicity. Immunoreactive ChREBP is enriched in the
nucleuses of beta cells in pancreatic tissue sections from
diabetic individuals compared with non-diabetic individu-
als. Finally, we demonstrate that induced beta cell-specific
Chrebp overexpression is sufficient to phenocopy the
glucotoxicity manifestations of hyperglycaemia in mice
in vivo.

Conclusions/interpretation These data indicate that
ChREBP is a key transcription factor that mediates many
of the hyperglycaemia-induced activations in a gene expres-
sion programme that underlies beta cell glucotoxicity at the
molecular, cellular and whole animal levels.

Keywords Beta cell apoptosis - Beta cell dysfunction -
ChREBP- Glucotoxicity - MLXIPL - TXNIP

Abbreviations

AAV Adeno-associated virus

BCM Baylor College of Medicine

ChoRE Carbohydrate response element

ChREBP Carbohydrate response element-binding protein
CMV Cytomegalovirus

DCFH-DA  2',7'-Dichlorofluorescein diacetate

ds Double-stranded

FASN Fatty acid synthase

GLuc Gaussia luciferase
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iCA Inducible CA-Chrebp-transduced 832/13 cells

LID Low-glucose inhibitory domain

80OHG 8-Hydroxyguanosine

PARP Poly (ADP-ribose) polymerase

pMSCV Murine stem cell virus (MSCV)-based
retroviral plasmid

qRT-PCR Quantitative RT-PCR

SEAP Secreted alkaline phosphatase

siRNA Small interfering RNA

ss Single-stranded
TXNIP Thioredoxin-interacting protein

Introduction

Insulin deficiency, whether absolute or relative, leads to
hyperglycaemia, the hallmark of type 1 and type 2 diabetes.
Over time, hyperglycaemia leads to cellular damage and
organ dysfunction. In the pancreas, chronic hyperglycaemia
produces progressive deleterious effects on beta cells, a
pathological process referred to as glucotoxicity [1-4],
which is manifested by enhanced lipogenesis and intracel-
lular lipid accumulation [5], increased oxidative stress [6, 7],
followed by reduced insulin gene expression and/or secre-
tion [2, 8], and increased apoptosis [7, 9]. A number of
transcription factors, including sterol regulatory element-
binding protein 1c (SREBP-1c¢) [10] and small heterodimer
partner (SHP) [11], have been implicated in glucotoxicity.

Chrebp (also known as Mlxipl) is a glucose-responsive
basic helix—loop—helix leucine zipper transcription factor
that is present in multiple cell types, but its regulatory
function on cell metabolism is thought to be especially
important in the liver [12, 13], in which glucose controls
carbohydrate response element-binding protein (ChREBP)
functions via multiple mechanisms including increased ex-
pression and transactivation activity, phosphorylation-
dependent upregulation of nuclear translocation and DNA
binding [14—17]. ChREBP heterodimerises with max-like
protein x (MIx) and binds to a carbohydrate response ele-
ment (ChoRE) in the promoters of genes for glycolytic and
lipogenic enzymes, such as liver-type pyruvate kinase (L-
PK), acetyl-coA carboxylase (ACC), and fatty acid synthase
(FASN), and activates their transcription. These are the same
genes that are stimulated by prolonged exposure of the beta
cell line to high-glucose concentrations in vitro [5].

As in hepatocytes, Chrebp mRNA is also highly
expressed in pancreatic islets and beta cell lines such as
INS-1 and MING cells; expression of Chrebp in INS-1 cells
is dose-dependently stimulated by high glucose [18, 19]. In
this study, we show that prolonged activation of ChREBP
by high glucose leads to beta cell dysfunction and apoptosis.
Use of multiple complementary approaches using mouse
and human material supports the conclusion that ChREBP
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mediates many of the deleterious effects of high glucose on
pancreatic beta cells in vitro and in vivo.

Methods

Animals C57BL/6 and NONcNZO10/Lt] mice were pur-
chased from Jackson Laboratory, Bar Harbor, ME, USA. All
mice were maintained in the accredited pathogen-free Baylor
College of Medicine (BCM) Transgenic Mice Facility on a
12 h light/dark cycle. All experiments were performed follow-
ing approval of the protocol by the animal care research
committee of BCM.

Plasmid construction We subcloned mouse ChrebpAl1-196
(constitutively active [CA]-Chrebp) [17] into murine stem
cell virus (MSCV)-based retroviral plasmid vector
(pMSCV-puro; Clontech, Mountain View, CA, USA) or
pcDNA3.1 expression vector (Invitrogen). Plasmids for
RU486-inducible expression [20] and secreted alkaline
phosphatase (SEAP) reporter driven by SR-o promoter (a
fusion promoter which is composed of the SV40 early
promoter and the R segment and part of the U5 sequence
of the long terminal repeat derived from human T-cell leu-
kaemia virus type I) were kindly provided by S. Tsai and D.
Spencer (BCM, Houston, TX, USA), respectively. The 17 x
4tk inducible promoter and ChrebpAl1-196 were cloned into
self-inactivating (SIN) retroviral vector with puromycin se-
lection marker. The GLP65 transactivator, containing GAL4
DNA-binding domain, modified human progesterone
receptor ligand-binding domain, and human p65 activation
domain chimera, was cloned into pMSCV-hygro retroviral
vector (Clontech). Rat insulin II (=696, +8) and Txnip (—200,
+25) and mutated Txnip promoters were amplified by PCR
from rat genomic DNA and cloned into pGLuc-Basic (New
England Biolabs, Ipswich, MA, USA). Cytomegalovirus
(CMYV) promoter was transferred from pcDNA3.1 into
pGLuc-Basic.

Cell culture The 832/13 cells (a gift from C. Newgard,
Duke University, Durham, NC, USA) were cultured as
described previously [21].

Retrovirus preparation Bosc23 cells were maintained as
described previously [22]. We transiently transfected these
cells with retroviral construct and pCL-Eco packaging vector.
Retrovirus made with these constructs or empty vector were
infected into target cells in the presence of polybrene. Infected
cells were selected with puromycin or hygromycin.

Lipid accumulation assay Oil Red O staining was performed
as described previously [23].
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Immunofluorescence For immunofluorescence of 832/13
cells and primary islets, we used rabbit anti-ChREBP anti-
body (Cayman Chemical, Ann Arbor, MI, USA), Alexa568-
conjugated goat anti-rabbit antibody (Molecular Probes,
Eugene, OR, USA), guinea pig anti-insulin (Linco, St.
Charles, MO, USA) and rabbit anti-cleaved poly (ADP-
ribose) polymerase (PARP; Cell Signaling Technology)
antibodies. Human pancreatic paraffin tissue sections were
used from Biochain (Hayward, CA, USA). Images were
taken using the LSM 510 META triple laser system (Zeiss,
Thornwood, NY, USA).

Luciferase assay Gaussia luciferase (GLuc) assay (New
England Biolabs) and Phospha-Light (Applied Biosystems,
Carlsbad, CA, USA) kits were used for luciferase and SEAP
assay according to the manufacturers’ instructions. Results
are shown as fold activation over reporter activity with
empty vector or under low glucose concentration if not
otherwise specified.

Quantitative RT-PCR We extracted total RNA using the
Total RNA Isolation Mini Kit (Agilent, Santa Clara, CA,
USA) and treated it with DNase I (Sigma-Aldrich, St Louis,
MO, USA). We then synthesised cDNA using Omniscript
RT kit (Qiagen, Hilden, Germany) or SuperScript III (Invi-
trogen, Carlsbad, CA, USA). We performed PCR using iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) and
monitored by Mx3000P Real-Time PCR System (Strata-
gene, Santa Clara, CA, USA). Expression of housekeeping
genes was analysed by geNorm [24] and the expression of
the two to three most stable genes was used to normalise the
expression of genes of interest. Primer sequences used in
this study are available upon request.

Apoptosis detection We used the APOPercentage Assay
(Biocolor, Carrickfergus, UK) according to the manufac-
turer’s instructions as an alternative method to quantify
apoptosis.

Small interfering RNA transfection Rat Wbscr14 (ChREBP)
and non-targeting ON-TARGETplus SMARTpool small in-
terfering RNA (siRNA; Dharmacon, Lafayette, CO, USA)
were transfected into the cells at 18-24 h after seeding using
DharmaFECT 2 transfection reagent (Dharmacon) accord-
ing to the manufacturer’s instructions. Further analyses were
performed in 24-72 h after transfection as indicated in each
experiment.

2", 7"-Dichlorofluorescein diacetate oxidative stress assay We
quantified the accumulation of cellular reactive oxygen spe-
cies by measuring 2',7'-dichlorofluorescein diacetate (DCFH-
DA) oxidation [22]. Cells were washed with PBS and then
incubated with DCFH-DA in the dark for 30 min. The

fluorescence was measured by a fluorometer using a
SYBR Green filter.

Mouse pancreatic islets isolation Islets were isolated from
mice as previously described [25, 26]. Islets were trypsi-
nised with 0.05% trypsin (wt/vol.) and maintained in RPMI
medium supplemented with 5 mmol/l glucose and 10% FBS
(vol./vol.) overnight. The islets were treated as indicated in
each experiment.

Induction of hyperglycaemia in mice by subcutaneous
glucose injections We treated wild-type mice with 77 or
77 mmol/l NaCl+66.67% glucose (5 g/kg body weight) by
subcutaneous injection. We monitored blood glucose using
a OneTouch Ultra2 glucometer (LifeScan, Milpitas, CA,
USA) and periodically repeated injections to maintain blood
glucose above 19.425 mmol/l for 24 h. Mice were fasted
without water restriction during treatment.

Adeno-associated virus production and administration The
293 Tcells were transfected with adeno-associated virus
(AAV) shuttle vector, pSE18 and pAdAF6 helper plasmid
using calcium phosphate transfection method. We harvested
these cells at 48—72 h after transfection and purified by
deoxycholate digestion and iodixanol gradient. A total of
5x10'* viral genome particles were injected i.p. into 4-
week-old mice.

Oral glucose tolerance test We fasted all mice for 6 h and
administered glucose solution by gavage (2 g/kg body weight)
and collected tail blood at 0, 15, 30, 60, 120 and 180 min. We
performed the hexokinase assay and insulin measurements
(Ultrasensitive Mouse Insulin ELISA; Mercodia, Sweden)
according to the manufacturer’s instructions.

Laser capture microdissection Pancreas sections were em-
bedded in optimal cutting temperature (OCT) compound, fro-
zen on dry ice and stored at —80°C. We next performed
cryosectioning (to 7 um) and stained sections using the Histo-
gene staining kit (Molecular Devices, Sunnyvale, CA, USA) in
an RNase-free environment. Islets were isolated using the
Veritas microdissection system (Molecular Devices).

Statistical analyses All results are expressed as the mean=+
SD. Sample groups were compared using the Student’s ¢
test, with p<0.05 considered statistically significant. Error
bars indicate the SDs of three to four biological replicates.

Results

CA-Chrebp expression phenocopies glucotoxicity in beta
cells To test whether ChREBP activation mediates the
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glucotoxic effects of high glucose, we generated a CA-
ChREBP construct that lacks the low-glucose inhibitory
domain (LID; Fig. 1a). CA-ChREBP localises to the nucleus
and activates target gene expression, independent of glucose
concentration.

The morphology of 832/13 cells, an INS-1-derived insu-
linoma line [27], harbouring a retrovirus expressing CA-
Chrebp (Fig. 1b) is similar to that of uninfected 832/13 cells
but displaying greatly increased lipid droplet accumulation
(Fig. Ic). Quantitative analysis of 832/13 cells showed that
CA-Chrebp transduction induced a ~15-fold increase in
neutral lipids compared with transduction with an empty
vector (Fig. 1d). Concomitantly, CA-ChREBP significantly
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Fig. 1 ChREBP promotes lipid accumulation, downregulates insulin
expression and impairs insulin secretion in 832/13 cells. Unless other-
wise specified, the 832/13 cells were cultured in regular RPMI-1640
medium that contained 11 mmol/l glucose. a Schematic domain struc-
ture of CA-ChREBP and wild-type ChREBP. b Morphology of un-
stained 832/13 cells infected with CA-Chrebp-containing retrovirus or
empty vector. ¢ CA-ChREBP stimulates lipid accumulation in 832/13
cells in 11 mmol/l glucose. We stained 832/13 cells infected with CA-
Chrebp-containing retrovirus or empty vector for neutral lipid (red
dots) by Oil Red O. Histograms (d, e) represent the amount of stained
intracellular lipid compared with 832/13 cells infected with empty
vector. € CA-ChREBP stimulates Fasn transcript expression. We trea-
ted 832/13 cells infected with CA-Chrebp-containing retrovirus or
empty vector for 18 h with 2.5 or 25 mmol/l b-glucose, extracted total
RNA from the cells and performed qRT-PCR using primers specific for
Fasn. The histograms show the means of relative RNA levels normal-
ised to mRNA levels of Hmbs, Alas] and Eeflg. White bars, glucose at
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stimulated the expression of Fasn (Fig. 1e), a lipogenic gene
with a promoter that contains a known ChoRE, in both low-
and high-glucose media, corroborated by the finding that
Chrebp knockdown inhibits glucose-stimulated Fasn ex-
pression and lipid accumulation in beta cells [19]. Though
CA-ChREBP is fully activated under low-glucose condi-
tions, there is an augmentation of the effects seen with high
glucose that may be secondary to both ChREBP-
independent high-glucose effects and to the activation of
endogenous ChREBP by high glucose.

Quantitative RT-PCR analysis showed that CA-ChREBP
suppressed insulin mRNA expression in 832/13 cells
(Fig. 1f). We next examined insulin promoter activity using
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2.5 mmol/l; black bars, glucose at 25 mmol/l. f CA-ChREBP down-
regulates insulin transcript expression in 832/13 cells. We preincubated
832/13 cells in 2.5 mmol/l D-glucose and switched them to 25 mmol/
1 D-glucose. RNA was isolated from samples collected at 2, 8, 16, 24 h,
and insulin 2 transcripts were quantified by qRT-PCR. g CA-ChREBP
downregulates insulin promoter-driven luciferase expression in 832/13
cells. We co-transfected luciferase constructs driven by CMV promoter
or rat insulin 2 promoter (Rip) with CA-Chrebp or empty vector in 832/
13 cells. Luciferase activity was measured at 24 h after transfection and
normalised to SEAP, and expressed as fold activation over the activity
seen in cells transfected with secreted luciferase driven by CMV
promoter construct and empty vector. White bars, empty vector; black
bars CA-Chrebp. h CA-ChREBP impairs insulin secretion. We per-
formed glucose-induced insulin secretion assay in 832/13 cells infected
with CA-Chrebp-containing retrovirus or empty vector. ‘p<0.05 com-
pared with cells treated with empty vector. B, basic; HLH, helix—loop—
helix; LZ, leucine zipper
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a rat insulin promoter-luciferase reporter construct, co-
transfected with CA-Chrebp or empty vector. These co-
transfection experiments indicate that CA-Chrebp co-
expression downregulated insulin promoter-driven lucifer-
ase reporter gene expression (Fig. 1g), but had no effect on
CMYV promoter activity. Therefore, CA-Chrebp expression
is associated with downregulated insulin gene expression.
CA-Chrebp expression also led to inhibition of glucose-
stimulated insulin secretion (Fig. lh), corroborating and
extending the observations of high-glucose-stimulated insu-
lin mRNA level in these cells (Fig. 1f).

As significant numbers of dysmorphic CA-Chrebp-
expressing 832/13 cells were lost during each passage
through cell death, we constructed an RU486-inducible
CA-Chrebp vector (Fig. 2a) to further investigate the role
of ChREBP activation on apoptotic beta cell death. This
system uses a chimeric transactivator consisting of a mutat-
ed progesterone receptor—ligand binding domain fused at
the N-terminus to the DNA binding domain of the yeast
GALA4, and ligated at the C-terminus to part of the activation
domain of the human p65 protein, a component of the
nuclear factor of k light polypeptide gene enhancer in B
cells (NF-kB) complex. In the presence of the antiprogestin
RU486, the chimeric regulator binds to the target gene
(Chrebp) containing the 17-mer Gal4 binding site, resulting
in an efficient ligand-inducible transactivation of the target
gene [20]. Inducible CA-Chrebp-transduced 832/13 cells
(iCA) displayed a low basal background expression due to
a small leakage of the iCA construct (Fig. 2b). In these cells,
addition of RU486 stimulated Chrebp mRNA approximate-
ly eightfold compared with vehicle treatment; it also signif-
icantly activated caspase-3/7 activity in iCA cells whether
they were in low or high glucose, but not in wild-type 832/
13 cells (Fig. 2c). Change in caspase activity was accompa-
nied by a change in the number of apoptotic cells as deter-
mined by APOPercentage dye uptake (Fig. 2d, e). By this
assay, in comparison with vehicle treatment, RU486 in-
creased the number of apoptotic iCA cells by ~12-fold; it
had no effect on non-transduced wild-type cells. Further-
more, addition of N-(2-quinolyl)valyl-aspartyl-(2,6-difluor-
ophenoxy)methylketone (Q-VD-OPH), a broad-spectrum
caspase inhibitor, but not vehicle, to iCA cells protected
these cells against RU486-induced apoptosis (Fig. 2d, e),
suggesting that ChREBP induces apoptosis predominantly
through a caspase-dependent pathway. Furthermore, we
found that siRNA treatment of these cells decreased
ChREBP production by ~60% (see Fig. 3c) and partially
attenuated the high-glucose-induced caspase-3/7 activity
(Fig. 21).

Chronic oxidative stress has been proposed as a major
cause of pancreatic beta cell dysfunction and death, a path-
ogenic mechanism that is magnified by the very low levels
of antioxidant enzyme activity in these cells [27]. We

measured DCFH-DA oxidation [28] in iCA cells to deter-
mine whether ChREBP activation leads to an increase in
cellular reactive oxygen species. Fluorometric measure-
ments showed a doubling of the conversion of DCFH-DA
to fluorescent dichlorofluorescein, indicating an increase in
cellular reactive oxygen species in iCA cells within 18 h of
RU486-induced ChREBP expression (Fig. 2g). On the other
hand, siRNA knockdown of Chrebp led to partial ameliora-
tion of DCFH-DA oxidation stimulated by high glucose
(25 mmol/l) in 832/13 cells (Fig. 2h), further supporting a
direct role of ChREBP in regulating the accumulation of
cellular reactive oxygen species.

Therefore, increased or constitutive Chrebp expression
per se is sufficient to promote lipid accumulation, inhibit
upregulation of insulin mRNA and secretion by high glu-
cose, increase cellular reactive oxygen species, and induce
caspase-dependent apoptosis, all of which are defects found
in pancreatic beta cells exposed to prolonged high glucose
(25 mmol/l).

ChREBP regulates Txnip mRNA and protein expression in
pancreatic beta cells Putative ChoRE sequences were
recently identified in the promoter of Txnmip, a critical
factor for glucose-induced apoptosis in beta cells
[29-31]. Sequence alignment of Txnip ChoRE from
mammals to fish showed the element to be highly
conserved (Fig. 3a), supporting a functionally important
role for glucose-induced Txnip transcription in verte-
brates. Although direct binding of ChREBP to the Txnip
ChoRE sequence and regulation of 7xnip promoter ac-
tivity has been demonstrated [32], functional effects of
this binding have not been reported.

We studied the impact of RU486-inducible CA-Chrebp
expression on Txnip mRNA in 832/13 cells (Fig. 3b). Ad-
dition of RU486 had no effect on the basal Txnip mRNA
expression in wild-type cells, but it increased basal Txnip
mRNA expression in a low-glucose environment through
induced expression of CA-Chrebp in iCA cells (Fig. 3b). To
corroborate the role of ChREBP on Txnip expression,
we transfected 832/13 cells with Chrebp siRNA and
found that siRNA silencing of Chrebp attenuated the
high-glucose-mediated upregulation of Txnip mRNA
(Fig. 3d) as well as protein production (Fig. 3c). There-
fore, results from both activation and silencing of
Chrebp support a key role for this transcription factor
in the expression of Txnip in 832/13 cells.

The presence of two E-box motifs with proper spacing in
ChoRE is critical for determining glucose regulation [33].
We note, however, that ChREBP may not be the only
glucose-responsive ChoRE-binding protein [34]. To dissect
the role of an intact ChoRE in the activation of the Txnip
promoter by ChREBP, we constructed luciferase reporter
constructs driven by the Txnip promoter containing the
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native ChoRE or different mutated ChoREs (Fig. 3e). In
comparing the response of these different constructs with
CA-Chrebp, we found that mutations in one of the two E-
boxes of ChoRE, deletion of a single nucleotide between the
E-boxes, or deletion of the entire ChoRE sequence on the
proximal Txnip promoter, leads to complete loss of activa-
tion by CA-ChREBP. These data suggest that all elements of
ChoRE sequence in the Txnip promoter are essential for
ChREBP activation.
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Hyperglycaemia activates ChREBP in human pancreatic
beta cells To determine if ChREBP plays a similar role in
human beta cells, we examined tissue sections of the pan-
creas of type 2 diabetic individuals and non-diabetic con-
trols. By immunofluorescence, pancreatic beta cells of
diabetic individuals produced increased levels of immuno-
reactive ChREBP and thioredoxin-interacting protein
(TXNIP) (and reduced levels of insulin) compared with
those of non-diabetics. There was also markedly increased
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«Fig. 2 ChREBP induces caspase-dependent apoptosis and oxidative
stress. a Schematic diagram of RU486-inducible CA-Chrebp vectors.
Expression of RU486 regulatable element (GLP65) is driven by CA
(viral long terminal repeat) promoter. GLP65 homodimerises and
binds to inducible promoter (17x4tk) in the presence of RU486,
which leads to activation of CA-Chrebp transcription. b Overexpres-
sion of CA-Chrebp by the RU486-inducible system. We treated iCA
cells for 24 h with RU486 10 nmol/l or vehicle (ethanol), and then
isolated the RNA and performed qRT-PCR using CA-Chrebp-specific
primers. The histograms are the means of relative RNA levels nor-
malised to mRNA levels of Eeflg and expressed as fold activation
over the activity seen in cells exposed to ethanol. White bars, glucose
at 2.5 mmol/l; black bars, glucose at 25 mmol/l. ¢ Activation of iCA
cells leads to increased caspase-3/7 activity. We treated iCA and wild-
type 832/13 cells with ethanol or RU486 10 nmol/l in 2.5 or 25 mmol/l
D-glucose medium. Caspase-3/7 activity was measured after 48 h of
treatment and normalised to wild-type cells exposed to ethanol and
2.5 mmol/l p-glucose. White bars, glucose at 2.5 mmol/l; black bars,
glucose at 25 mmol/l. d, e Overexpression of CA-Chrebp induces
apoptosis. We treated wild-type cells and iCA cells with ethanol
or 10 nmol/l RU486 in the presence of DMSO or Q-VD-OPH
100 pmol/l for 48 h and stained them with APOPercentage dye. Apo-
ptotic cells appear red in the image. Histograms (e) represent the amount
of dye uptake by apoptotic cells compared with wild-type cells treated
with ethanol. White bars, ethanol; black bars, RU486. f Chrebp silencing
decreases glucose-induced caspase-3/7 activity. We transfected 832/13
cells with Chrebp siRNA, which led to ~60% reduction in ChREBP
protein, incubated these cells in 25 mmol/l D-glucose for 48 h, and
measured caspase-3/7 activity. g Activation of ChREBP increases oxi-
dative stress to iCA cells. We treated iCA cells with ethanol or RU486
10 nmol/l for 18 h and incubated them with DCFH-DA to assay for
accumulation of cellular reactive oxygen species. Intensity of fluores-
cence was measured. h Chrebp silencing reduces oxidative stress. We
incubated 832/13 cells transfected with Chrebp siRNA in 25 mmol/l
p-glucose for 48 h, and measured DCFH-DA oxidation. p<0.05 com-
pared with cells treated with 2.5 mmol/l b-glucose or ethanol or control
siRNA. 1", packaging signal; EtOH, ethanol; Hygro®, hygromycin-
resistance gene; LTR, long terminal repeat; Puro®, puromycin-
resistance gene; Ppgy, phosphoglycerate kinase promoter; WT, wild-type

overlap in ChREBP and nuclear (DAPI) staining in sections
from diabetic individuals (Fig. 4a). These observations are
corroborated by confocal microscopy, which revealed in
greater morphological detail an intense overall ChREBP
staining with substantially more ChREBP translocation in
the nuclei of beta cells in diabetic than in non-diabetic
individuals (Fig. 4b). The difference in the distribution of
ChREBP was observed in pancreatic sections from all indi-
viduals examined (three with diabetes and three without),
consistent with a correlation with the diabetic state and not
individual variation.

High glucose activates ChREBP in isolated islets as well as
mouse pancreatic beta cells in vivo To exclude confounding
factors that might have influenced the observations in hu-
man pancreatic beta cells, we isolated pancreatic islets from
non-diabetic mice and incubated them in culture medium
with different concentrations of glucose for 48 h. By immu-
nofluorescence we found that, compared with 5 mmol/l

glucose, exposure to 25 mmol/l glucose led to enhanced
nuclear localisation of ChREBP in insulin-producing cells in
these islets (electronic supplementary material [ESM] Fig. 1).
By quantitative (q)RT-PCR, incubation in high glucose was
found to lead to an approximate threefold increased Txnip
mRNA level compared with low glucose (Fig. 4c). Further-
more, incubation in 25 mmol/l glucose led to an approximate
threefold increase in caspase-3/7 activity compared with
5 mmol/l glucose (Fig. 4d).

Finally, to determine if ChREBP activation is regulated
by hyperglycaemia in pancreatic islets in vivo, we induced
steady hyperglycaemia over a 24 h period in non-diabetic
mice by repeated subcutaneous glucose injections, at the
end of which we collected their pancreases for analysis.
Immunofluorescent staining revealed that pancreatic beta cells
of glucose-injected mice displayed enhanced ChREBP
nuclear localisation compared with controls injected with
77 mmol/l NaCl solution (Fig. 4¢). In addition, RNA isolated
by laser capture microdissection followed by qRT-PCR
showed that high glucose induced the expression of Txnip
mRNA (Fig. 4f). Moreover, by immunofluorescence the
hyperglycaemia also induced the appearance of TXNIP in
the insulin-producing cells of the pancreas of these mice
(Fig. 4g). Therefore, as in 832/13 cells exposed to high
glucose in vitro, hyperglycaemia leads to translocation
of ChREBP into the nucleus, and activation of Txnip
transcription and protein accumulation in pancreatic beta cells
in mice in vivo.

ChREBP is sufficient for recapitulating the downstream
effects of pancreatic beta cell glucotoxicity in mouse
models To mimic the effects of high-glucose-induced
ChREBP activation in pancreatic beta cells in vivo, we used
gene delivery by AAV. AAV-mediated gene transfer pro-
vides robust and stable expression of transgene in multiple
tissues. Double-stranded (ds)AAV serotype 8 has been used
successfully for delivering genes to pancreatic islets in mice
by i.p. injection [35]. However, the packaging limit of
dsAAV is about 2.5 kb, which is too short for the beta
cell-specific Chrebp expression cassette. We optimised con-
ditions for i.p. injection of single-stranded (ss)AAVS using a
viral construct that contains secreted luciferase driven by the
rat insulin promoter (Fig. 5a). We monitored plasma lucif-
erase as an indicator of overall transgene expression in beta
cells and found that i.p. injection of AAVS8 in 3—4-week-old
mice with a high dose of virus provided better results than
injection in newborn mice, with the peak expression at 5—
6 week after injection (data not shown). We next constructed
another AAV vector which contains Rip-driven CA-Chrebp
(Fig. 5a).

We chose the diabetes-prone NONcNZO10/Lt] mouse
strain, which was developed to model human type 2 diabetes
[36]. Male NONcNZO10/LtJ mice develop hyperglycaemia
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Fig. 3 ChREBP regulates Txnip expression. a Alignment of predicted
ChoRE sequences present in Txnip promoters among vertebrates.
Black, absolutely conserved nucleotide in E-boxes; grey, relatively
conserved nucleotide between E-boxes, compared with human. b In-
duction of Chrebp stimulates Txnip transcripts in iCA cells. We pre-
incubated iCA and wild-type cells for 16 h in 2.5 mmol/l D-glucose in
the presence of RU486 10 nmol/l or ethanol, and then incubated them
in 2.5 mmol/l or 25 mmol/l D-glucose for 8 h. We isolated the RNA and
performed qRT-PCR using Txnip-specific primers. The histograms are
the means of relative RNA levels normalised to Hmbs, Alas] and Eeflg
and expressed as fold activation over the activity seen in wild-type cells
exposed to 2.5 mmol/l b-glucose and ethanol. ¢ siRNA-mediated Chrebp
mRNA silencing downregulates TXNIP protein production in 832/13
cells. We transfected 832/13 cells with Chrebp-targeting siRNA or con-
trol siRNA for 48 h and extracted total protein for western blotting using
rabbit anti-ChREBP with goat anti-rabbit HRP-conjugated antibodies or
monoclonal anti-TXNIP with goat anti-mouse horseradish peroxidase-
conjugated antibodies. d Chrebp silencing diminishes glucose-induced

after high-fat feeding to attain a specified body weight during
peripuberty and afterwards. We injected i.p. AAVS8 expressing
either Rip-driven CA-Chrebp or Rip-driven secreted luciferase
into chow-fed NONcNZO10/LtJ] mice and monitored their
fasting blood glucose and body weight. We found that, com-
pared with those injected with AAVS8-luciferase, mice injected
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Relative light units

Txnip mRNA expression. We transfected 832/13 cells with Chrebp-
targeting SiIRNA or control siRNA for 48 h. We isolated the RNA and
performed qRT-PCR using Txnip-specific primers. The histograms are
expressed as fold activation over the activity seen in 832/13 cells trans-
fected with control siRNA and exposed to 2.5 mmol/l p-glucose. e The
effect of ChREBP on the Txnip promoter is localised to the ChoRE by
serial mutagenesis. We co-transfected luciferase reporter driven by wild-
type or mutated proximal rat Txnip promoter sequences with CA-Chrebp.
Luciferase activity was measured at 24 h and normalised to SEAP, and
expressed as fold activation over the activity seen in cells transfected with
proximal rat 7xnip promoter and empty vector. Numbers represent base
pairs upstream of transcription start site provided by Ensembl
(ENSRNOG00000021201). *p<0.05 compared with cells treated with
2.5 mmol/l p-glucose or ethanol. In b and d: white bars, glucose
at 2.5 mmol/l; black bars, glucose at 25 mmol/l. In e: white bars,
empty vector; black bars, CA-Chrebp. EtOH, ethanol; Luc, luciferase;
WT, wild-type

with AAVS8 expressing CA-Chrebp developed progressive
hyperglycaemia (Fig. 5b) with arrested body weight gain over
time (Fig. 5c). Oral glucose tolerance tests demonstrated
abnormally elevated blood glucose excursions (Fig. 5d,e)
associated with reduced serum insulin levels (Fig. 5f) in these
mice. The insulin/glucose ratio, a measure of beta cell
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rescence microscopy. b More nuclear ChREBP is present in diabetic
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and imaged by confocal microscopy to confirm nuclear localisation of
ChREBP (yellow colour in merged picture) in non-diabetic and dia-
betic pancreas. White arrows indicate the presence of nuclear ChREBP
in the beta cells from the pancreatic sections of diabetic patients.
¢ Txnip expression is upregulated in isolated islets. We performed
qRT-PCR to detect Txnip expression in isolated islets treated with 5
or 25 mmol/l p-glucose for 48 h and normalised to Eeflg expression.
d High glucose induces caspase-3/7 activity in isolated islets. We
incubated isolated islets in medium containing 5 or 25 mmol/l D-
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glucose for 72 h and measured caspase-3/7 activity. e Glucose-
induced hyperglycaemia activates ChREBP in vivo. Pancreas paraffin
sections from mice injected with 77 mmol/l NaCl only or glucose in
77 mmol/l NaCl solution for 24 h were stained for nucleus (red),
ChREBP (green) or insulin (blue) and imaged by confocal microscopy.
White arrows indicate the presence of nuclear ChREBP in the beta
cells from the pancreatic sections of mice with glucose-induced hyper-
glycaemia. f Upregulation of Txnip transcripts by glucose-induced
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glucose or 77 mmol/l NaCl by the LCM technique and extracted RNA.
We performed qRT-PCR to quantify Txnip expression, which is nor-
malised by expression of Rnl8s. g TXNIP protein production is also
induced in glucose-injected mice. We stained pancreas paraffin sec-
tions from 77 mmol/l NaCl- or glucose-injected mice for insulin
(purple) or TXNIP (green). “p<0.05 compared with cells treated with
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Fig. 5 Chrebp overexpression in beta cells induces diabetes in mice
and oxidative beta cell damage in vivo. a Schematic diagram of AAV
vectors. CA-Chrebp expression is driven by rat insulin 2 promoter
(Rip) for beta cell-specific expression. Control vector contains GLuc
and enhanced green fluorescent protein (eGFP) cDNA. b,c Beta cell-
specific overexpression of CA-Chrebp induces beta cell damage and
diabetes in diabetic-prone mice. Male NONcNZO10/Lt] mice were
injected i.p. with CA-Chrebp-containing AAV (n=3) or control vector
(n=3). Tail blood glucose (b) and body weight (¢) were measured

function, was reduced by 57% compared with controls
(Fig. 5g). We killed these mice 6 weeks after gene transfer
and collected their pancreases. Localisation of transgene in
pancreatic beta cells was confirmed by immunofluorescence
(Fig. 6b). We found that the control vector-injected animals
had normal islet morphology, whereas the CA-Chrebp-
AAVS8-injected mice displayed markedly disorganised
islet architecture (Fig. 6a). Suppressed endogenous in-
sulin protein and increased Txmip expression were ob-
served in CA-Chrebp overexpressing mouse islets by
immunostaining (Fig. 6c,d). Furthermore, levels of 8-
hydroxyguanosine (80OHG) and cleaved PARP, markers
for oxidative stress and apoptosis [37], respectively,
were markedly increased in these mice (Fig. e,f). These
results indicate that overexpression of CA-Chrebp in
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IRES-eGFP Chrebp

every week. d—g Mice injected with CA-Chrebp-containing AAV
display beta cell dysfunction. Oral glucose tolerance tests were per-
formed at 4 weeks after AAV injection. Tail blood was collected at 0,
15, 30, 60, 120 and 180 min after gavage and measured for glucose (d)
and insulin (f). Area under the curve of glucose (120 min) (e) and
insulin/glucose (60 min) (g) were calculated and reported as percen-
tages compared with control groups. p<0.05 compared with control
group. Diamonds, Rip-GLuc-IRES-eGFP; squares, Rip-CA-Chrebp;
IRES, internal ribosomal entry site; ITR, inverted terminal repeat

vivo in beta cells is sufficient to promote oxidative
stress, beta cell dysfunction and apoptosis, as well as
suppress insulin production, culminating in a diabetic
phenotype.

Discussion

The concept of glucotoxicity, i.e. that long-term hypergly-
caemia damages beta cells, was recognised over 25 years
ago [1]. There is now compelling evidence that glucotox-
icity is responsible, at least in part, for the time-dependent
deterioration of beta cell function [2, 4] and loss of beta cell
mass [38, 39] in patients with type 2 diabetes. Over the
years, a number of biochemical pathways have been
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Fig. 6 CA-Chrebp-containing
AAV reduces insulin expression
and induces oxidative damage
and apoptosis. Mice were killed
and pancreases collected at

6.5 weeks after AAV injection.
Pancreas sections were
processed. a Haematoxylin and
eosin staining of Rip-GLuc-
IRES-eGFP and Rip-CA-
Chrebp. b Immunofluorescent
staining for insulin and
luciferase in control group.
Immunofluorescent staining for
insulin (¢), TXNIP (d), SOHG
(e) and PARP (f)
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implicated in the process [4, 40, 41]. Experiments presented
here suggest that ChREBP, a hyperglycaemia-responsive
gene product that regulates multiple downstream effector
genes, is a mediator of beta cell glucotoxicity via activation
of a transcription programme that culminates in beta cell
dysfunction and apoptosis.

High glucose not only induces ChREBP nuclear translo-
cation, it also upregulates its transactivation activity.
ChREBP requires high glucose for full activation [17];
therefore, wild-type ChREBP overproduction may not ef-
fectively uncover all of its functions, especially under low-
glucose conditions. On the other hand, it is difficult to
differentiate ChREBP function from other high-glucose
effects in wild-type Chrebp-overexpressing cells under
high-glucose conditions. It is thus not unexpected that Wang
et al found that wild-type Chrebp overexpression in INS-1
cells only slightly upregulated downstream target genes and
failed to affect apoptosis [10]. Da Silva Xavier et al reported
that ChREBP directly binds to the Fasn promoter in

b
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MING cells and Chrebp silencing causes reduction of intra-
cellular triacylglycerol and potentiates glucose-stimulated
insulin secretion [19]. Similarly, we found that Chrebp
knockdown reduces cellular triacylglycerol content and a
dominant negative form of ChREBP increases glucose-
induced insulin secretion in 832/13 cells (data not shown).
Using CA-ChREBP, we demonstrated further that ChREBP
induces Fasn transcription and lipid accumulation, while
CA-ChREBP downregulates insulin promoter activity and
inhibits high-glucose-induced stimulation of insulin gene
expression in 832/13 cells. Suppression of insulin gene
transcription is likely an indirect effect of ChREBP by
repression of mRNA expression of Pdx-/ (also known as
Pdx1) and MafA4 [42], key transcription factors for insulin
gene transcription. Increased oxidative stress in these cells
could also underlie this effect of ChREBP, because chronic
oxidative stress has been shown to interfere with the avail-
ability of pancreatic and duodenal homeobox 1 (PDX-1) and
v-maf musculoaponeurotic fibrosarcoma oncogene family,
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protein A (avian) (MAFA) [43, 44]. Interestingly, Noordeen et
al. showed that ChREBP may also contribute to beta cell
dysfunction by repression of Arnt (also known as Hif-1)
mRNA expression in 832/13 cells [45]. Taken together, these
data suggest that activation of ChREBP is sufficient for high-
glucose-induced lipid accumulation and beta cell dysfunction.

CA-Chrebp-overexpressing cells display increased
caspase-dependent apoptosis and oxidative stress. Lipid
overload in pancreatic beta cells could partially explain
these phenomena [46]. Txnip is a direct ChREBP target
gene [47] that may mediate part of these effects of
ChREBP. TXNIP binds to and inhibits the activity of
thioredoxin, a key reactive oxygen species scavenger,
and upregulated Txnip expression increases oxidative stress
[47]. Txnip overexpression has been shown to lead to induc-
tion of cleaved caspase-3 and apoptosis in INS-1 cells [29,
48]. Moreover, high-glucose-induced apoptosis is abolished
in TXNIP-deficient islets [31].

Induced overexpression of CA-Chrebp using an RU486-
inducible construct strongly stimulates 7xnip transcription
and activates apoptosis. However, low-level Txnip expres-
sion resulting from a leaky ChREBP in non-induced cells
does not produce detectable effects on apoptosis. Although
we cannot exclude a minimal effect not detected by the
assay, we believe that a threshold level of downstream
activation may be required to produce significant pheno-
types. We found that Chrebp silencing not only diminishes
Txnip expression, but also reduces caspase-3/7 activity and
DCFH-DA oxidation.

Beta cell overexpression of CA-Chrebp in NONcNZO10/
LtJ mice, using AAV to deliver CA-Chrebp, led to impaired
insulin secretion, progressive hyperglycaemia and weight
loss with reduced insulin expression and secretory response,
as well as evidence of increased oxidative damage and
apoptosis, indicating that CA-Chrebp overexpression is suf-
ficient to recapitulate the major manifestations associated
with glucotoxicity in vivo.

Though the level of activation achieved in our experi-
ments with CA-ChREBP appears to be higher than that
achieved by high glucose alone, the results from these
experiments and our conclusion that ChREBP mediates the
glucotoxicity effects on beta cells are validated by other
experiments we have presented. These findings were cor-
roborated by studies in mice wherein first, exposure of
isolated mouse islets to high and low glucose ex vivo,
and second, induction of hyperglycaemia in vivo reca-
pitulated these changes in the pancreatic beta cells,
supporting a role for ChREBP and its downstream tar-
get, Txnip, in the beta cell response to prolonged high
glucose concentration. Our data also indicate that these
findings may be applicable in humans as immunofluo-
rescence examination of pancreas tissue sections from
patients with type 2 diabetics and from non-diabetic
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Fig. 7 Model of ChREBP-mediated beta cell glucotoxicity

controls revealed that hyperglycaemia induced: (1) in-
creased ChREBP protein in beta cells; (2) nuclear local-
isation of ChREBP; and (3) enhanced Txnip expression
in the beta cells of people with diabetes.

In summary (Fig. 7), this study demonstrates that acti-
vated ChREBP is a mediator of glucotoxicity by upregulat-
ing downstream target genes Fasn and Txnip, leading to
lipid accumulation, increased oxidative stress, stimulated
caspase activity and apoptosis, downregulated insulin gene
transcription and impaired insulin secretion. Experiments in
vitro, ex vivo and in vivo from mouse models and in
diabetic and non-diabetic human pancreatic islet tissue
sections support a pivotal role for ChREBP in beta cell
glucotoxicity.
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