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Abstract

Aim/hypothesis Glucocorticoid hormones (GCs) are widely
used to treat a variety of inflammatory and immune dis-
eases. However, their long-term administration is associated
with adverse metabolic effects, including glucose intolerance
and diabetes. Our objective was to elucidate the mechanisms
by which GCs affect beta cell survival with a specific emphasis
on the role of the thioredoxin-interacting protein (TXNIP) in
beta cell apoptosis.

Methods Human and mouse islets, together with MIN6 beta
cells, were exposed to dexamethasone (Dex) and apoptosis
was assessed by measuring the percentage of sub-Gl1 cells, the
appearance of cleaved caspase-3 or by using a TUNEL assay.
Dex-upregulated expression of Txnip mRNA was analysed by
real-time PCR, and GC-modulated production and modifica-
tion of proteins were determined by western blotting.

Results We provide evidence that TXNIP, a negative regula-
tor of the antioxidant thioredoxin (TRX), is strongly induced
in beta cells by GCs and that its induction is dependent on p38
mitogen-activated protein kinase (MAPK) activation. TXNIP
downregulation by RNA interference, overexpression of the
radical scavenger TRX1 or elevation of intracellular cAMP
levels attenuated the Dex-mediated apoptosis. Dex-induced
Txnip expression and beta cell apoptosis are mediated by the
glucocorticoid receptor (GR), as the GR antagonist RU486
fully abolishes these effects.
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Conclusions/interpretation Altogether, our data suggest
TXNIP as a novel mediator of GC-induced apoptosis in
beta cells and further contribute to our understanding of
beta cell death pathways.
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Abbreviations

Akt Protein kinase B

ChREBP Carbohydrate response element binding protein
Dex Dexamethasone

GCs Glucocorticoids

GR Glucocorticoid receptor

MAPK Mitogen-activated protein kinase
PDE Phosphodiesterase

TXNIP Thioredoxin-interacting protein
TRX Thioredoxin

VDUP1  Vitamin D;-upregulated protein 1
VitD3 1 «,25-Dihydroxyvitamin D;
Introduction

Glucocorticoids (GCs) are widely used to treat a variety of
inflammatory and immune diseases [1]. However, they are
also associated with adverse metabolic effects, including
glucose intolerance and diabetes [2, 3]. Cumulative evidence
indicates that a balance exists between insulin resistance and an
effective beta cell mass. Beta cells adequately adapt to changes
in insulin sensitivity by varying insulin secretion, thus main-
taining euglycaemia. However, in susceptible individuals,
when the beta cell mass fails to compensate for insulin
resistance, type 2 diabetes ensues. Indeed, beta cell dysfunc-
tion has been acknowledged as a key defect underlying the
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development of type 2 diabetes [4]. In GC-induced impaired
glucose tolerance, the compensatory increase in plasma
insulin appears to be attenuated by the direct inhibitory effect of
GCs on insulin secretion, as suggested both by in vivo and in
vitro studies [5—8]. Several reports indicate that the effects of
GCs on beta cell function are highly dependent on duration of
exposure, dosage and susceptibility of the population exposed
[9]. Healthy volunteers treated with high-doses of oral prednis-
olone showed acutely impaired insulin secretion [10, 11]. A
few studies have also reported the role of these GCs during
pancreatic development [12]. In normally nourished rat fetuses,
increased beta cell mass was associated with low corti-
costerone levels, while decreased beta cell mass was observed
under conditions of fetal overexposure to GCs [13]. In fact, the
conditional inactivation of the glucocorticoid receptor (GR) in
all pancreatic progenitors (GR-Pdx1-Cre mice) led to a doubling
of beta cell mass [14]. GCs have also been shown to
suppress insulin [15] and Pdx/ [16] gene expression in
beta cells. Taken together, this research shows that GCs
affect both embryonic beta cell development and beta
cell function in the adult through interference with various
signalling pathways, leading to impaired beta cell function
and ultimately to apoptosis [6-9, 17, 18].

The aim of this study was to better understand the mecha-
nisms by which GCs induce apoptosis in beta cells. Still little is
known about the identity of the target genes whose transacti-
vation or transrepression are involved in GC-induced beta cell
apoptosis. In an attempt to further elucidate this process, we
tested the role of the TXNIP gene [19]. TXNIP, also known as
vitamin D;-upregulated protein 1 (VDUP-1) and thioredoxin-
binding protein-2 (TBP-2), is a negative regulator of the
antioxidant thioredoxin (TRX) [20]. Cumulative evidence
suggests a link between TRX and mammalian metabolism
through the actions of TXNIP. Txnip-null mice are hypogly-
caemic, hypoinsulinaemic, and show blunted glucose produc-
tion following a glucagon challenge, consistent with a central
liver glucose-handling defect [21]. Studies in pancreatic beta
cells have shown that TXNIP functions as an effector of
glucotoxicity, where high glucose stimulates [22], and insulin
represses its expression [23]. The glucose-induced increase in
Txnip transcription is mediated by a carbohydrate response
element binding protein (ChREBP) [24]. Beta cell-specific
Txnip deletion (bTKO) was found to enhance beta cell mass
and reduce apoptosis in streptozotocin-treated mice. More-
over, TXNIP deficiency leads to increased protein kinase B
(Akt)/apoptosis regulator BCL-X (Bcl-xL) signalling and
reduced mitochondrial beta cell death, suggesting that these
mechanisms may mediate the beta cell protective effects in
TXNIP-deficient cells [25, 26].

GCs are known to induce apoptosis and reduce prolifera-
tion in a variety of cell types by targeting distinct intracellular
signalling pathways depending on the cell system and on the
responsiveness of the apoptotic machinery [27, 28]. The gene

expression profile of dexamethasone (Dex)-treated WEHI7.2
T cell lymphoma cells revealed that TXNIP mRNA was
significantly upregulated. It was further demonstrated
that TXNIP is involved in mediating glucocorticoid-induced
apoptosis in these cells and in adult T cell leukaemia [29].

In an attempt to identify genes directly affected by GCs and
involved in eliciting the apoptotic process in beta cells, we
present evidence that GCs strongly induce the expression of
the redox regulatory protein TXNIP/VDUP-1 in both human
and mouse islets, as well as in MIN6 beta cells. While over-
expression of Txnip was sufficient to induce apoptosis, its
repression significantly inhibited Dex-induced apoptosis. Both
Dex-induced Txnip expression and apoptosis in beta cells are
mediated through the GR and depend on the activation of the
p38 MAPK pathway. Together, our data suggest TXNIP as one
of the mediators of GC-induced apoptosis in beta cells.

Methods

Reagents 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide; thiazolyl blue (MTT), mifepristone (RU486),
forskolin, IBMX (isobutylmethylxanthine) and 1«,25-dihy-
droxyvitamin D5 (VitD3) were purchased from Sigma-
Aldrich (St Louis, MO, USA); methylprednisolone sodium
succinate was purchased from Pfizer, Belgium. Antibodies
against TXNIP/VDUP-1 were from Zymed (Invitrogen, Grand
Island, NY, USA), antibodies to TRX1, cleaved caspase-3
(Asp175), phospho-p38 MAPK (Thr180/Tyr182), and Akt
and phospho-Akt (Ser473) were from Cell Signaling
Technology (Danvers, MA, USA) and «-tubulin from
Sigma-Aldrich. Sodium phosphate dexamethasone (Dex)
solution was from the Mylan pharmaceutical company, and
the p38 inhibitor SB203580 was purchased from AG Scientific
(San Diego, CA, USA).

Cell culture and islet tissue isolation Mouse MING6 beta
cells, kindly provided by J.-I. Miyazaki (University of
Osaka, Japan), and rat INS1 cells were cultured in DMEM
2g/l and RPMI 1640 medium (Biological Industries,
Kibbutz Beit Haemek, Israel), with 13% and 10% heat
inactivated fetal bovine serum (FBS) respectively and
60 pumol/l beta-mercaptoethanol. Mouse «-TC6.1 glucago-
noma cells were maintained in DMEM 4.5g/1 and 10% FBS.
Culture media were supplemented with 2 mmol/l L-glutamine,
penicillin (100 U/ml) and streptomycin (100 pg/ml). Mouse
islets were isolated from C57Bl/6 mice and cultured as de-
scribed previously [30]. Human islets were obtained from the
European Consortium for Islet Transplantation (ECIT) at the
San Raftaele Hospital (Milan, Italy).

MTT cell viability assay and TUNEL assay The viability of
cells was evaluated using 7x 10* MIN6 cells cultured in 24-
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well plates. On the following day, the cells were incubated
with the indicated treatments. During the last 30 min of
incubation, MTT solution was added at a final concentration
of 0.15 g/l. After removing the medium, 500 pul of dime-
thylsulfoxide was added to each well to dissolve the for-
mazan. The absorbance was read in an ELISA reader at
550 nm. Viability was calculated in comparison with control
cells. Each treatment was performed in triplicate. The
TUNEL assay was performed as previously described [30].

Cell cycle analysis MING cells were seeded in six-well plates
and, the following day, the medium was changed to fresh
medium in the presence or absence of Dex. At the end of
incubation, the floating cells, as well as the trypsinised adherent
cells, were collected. Following centrifugation, the cells were
fixed in ice-cold methanol, rehydrated in PBS, treated with
50 png/ml DNase-free RNase, and incubated in 50 pg/ml
propidium iodide for 30 min prior to cell cycle analysis by
flow cytometry (FACStar, Becton Dickinson, Franklin Lakes,
NJ, USA). Ten thousand events were counted for each sample,
where sub-G1 cells are considered apoptotic cells. In trans-
fection studies with GFP fusion proteins, a separate cell cycle
analysis was done on the GFP positive (‘transfectant’) and the
GFP negative (‘non-transfectant’) cell populations of the same
sample. Analysis was performed using Cellquest Software.

Western blotting Cells were lysed in Laemmli protein sample
buffer, separated on SDS-polyacrylamide gel, and transferred to
0.2 wm nitrocellulose membranes (Schleicher and Schuell,
Dassel, Germany). After blocking in 5% dried skimmed milk,
the membranes were first incubated with the appropriate anti-
bodies, and then with horseradish peroxidase conjugated anti-
rabbit or anti-mouse IgG, followed by analysis with an enhanced
chemiluminescence detection kit (Biological Industries).

SiRNA electroporation MING cells were suspended in 100 ul
of Amaxa nucleofector solution and electroporated with
1 pmol/l Txnip siRNA or control siRNA (Invitrogen) using
Amaxa Nucleoporator (Lonza, Walkersville, MA, USA). The
cells were transferred into fresh medium immediately after
electroporation and cultured for 24 h prior to treatments.

Cell transfection MING cells were seeded in 12-well plates
and, on the following day, cells were transfected in Opti-MEM
medium (GIBCO, Invitrogen) with either human TRX7-Gfp or
mouse 7xnip-Gfp using Lipofectamine 2000 (Invitrogen).
Twenty hours later, fresh medium was added in the presence
or absence of Dex.

Real-time PCR RNA was isolated from cells by using TRIzol
reagent (Invitrogen) and reverse transcribed into cDNA using
the Masterscript kit (5 PRIME, Hamburg, Germany) and
random primers (Applied Biosystems, Carlsbad, CA, USA).
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Real-time PCR was performed using Platinum SYBR Green
gPCR SuperMix-UDG with ROX reference dye (Invitrogen).
The mouse primers used are presented as electronic supple-
mentary material (ESM) Table 1.

Statistical analysis The data are presented as mean+SD.
Student’s ¢ test was used to compare treated samples with
untreated control samples. A p value <0.05 was considered
statistically significant.

Results

GCs induce apoptosis of beta cells MING6 beta cells were
exposed to various concentrations of Dex (1-500 nmol/l) for
24-72 h, and the cell viability was determined by MTT assay.
Figure la shows that Dex significantly decreased beta cell
survival with time and a maximal effect was observed with
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Fig. 1 Dose- and time-dependent effect of GCs on cell viability. a MIN6
cells were exposed for 24 h (white bars), 48 h (black bars) or 72 h (hatched
bars) to increasing concentrations of Dex. b MING6 cells were exposed for
48 h (black bars) and 72 h (hatched bars) to 167 nmol/l methylprednisolone
(Pred). ¢ MING6, d INSI insulinoma cells and e x-TC6.1 glucagonoma
cells were treated for 48 h with 100 nmol/l Dex (+). Cell viability was
evaluated by using the MTT assay. Values are the average of at least three
experiments = SD, ¥***p<0.001 vs unexposed control
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100 nmol/l Dex. This effect was also observed when MING6 cells
were exposed to methylprednisolone (Fig. 1b). To validate whe-
ther the deleterious effect of Dex on cell survival was specific to
beta cells, MING6 and INSI insulinomas, as well as the «TC6.1
glucagonoma cell line, were exposed to 100 nmol/l Dex for 48 h
and cell viability was measured. The results presented in Fig. 1c—
confirm that Dex significantly decreased the viability of MIN6
(30+6 %) and INS1 (25+4 %) beta cells, but had barely any
effect on the viability of «TC6.1 or that of the human PANCI
pancreatic ductal carcinoma cells (data not shown).

To elucidate whether the decrease in cell viability is, at
least in part, due to beta cell apoptosis, we analysed the
DNA content of Dex-treated MING6 cells for 48 or 72 h by
flow cytometry and measured the sub-G1 DNA peak associ-
ated with apoptotic cells carrying hypodiploid DNA content.
The results presented in Fig. 2a demonstrate that Dex
treatment leads to an increase in the percentage of cells under-
going apoptosis. Further evidence for Dex-mediated apoptosis
comes from western blot analysis demonstrating the activation
of caspase-3 in MING cells exposed to the hormone for 16, 48
or 72 h (Fig. 2b). The effects of dexamethasone on islet beta cell
dysfunction depend on the duration and dose of exposure [3, 9,
31]. Since Dex-induced apoptosis of pancreatic islet beta cells is
detected at significant levels following long-term exposure, we
incubated isolated mouse islets with 100 nmol/l Dex for 9 days
and the prevalence of DNA damage in beta cells was evaluated
by labelling DNA breaks, which are a characteristic event
occurring in the late stages of apoptosis. Histological analysis
of apoptotic nuclei co-stained for insulin confirmed that beta
cells are more susceptible to Dex-induced apoptosis (13.5%
apoptotic beta cells/islet 4.8% in untreated islets; Fig. 2c).

Dexamethasone affects TXNIP/VDUP-1 and TRX expression In
an attempt to clarify the mechanisms involved in Dex-induced
beta cell death, we investigated the potential role of TXNIP in

this apoptotic process. TXNIP, initially identified as VDUP-1
[19], was later shown to be upregulated in a mouse lymphoma
cell line [32] by Dex. To study whether Dex could also upregu-
late TXNIP in MING cells, these cells were treated with either
increasing concentrations of Dex or VitD3 for 48 h or with
100 nmol/l Dex for various time periods. VitD3 was used here
as a positive control for TXNIP production. The TXNIP/VDUP-
1 protein levels were analysed by western blot and the results
presented in Fig. 3a—c show an accumulation of TXNIP protein
both with increasing concentrations of Dex (Fig. 3a) or VitD3
(Fig. 3b) and with time (Fig. 3c). The induction of Txnip gene
expression with time was confirmed by real-time PCR analysis
of mRNA levels in MING cells treated with 100 nmol/l Dex for
various time periods (Fig. 3d). TXNIP was also significantly
induced in human and mouse islets by 100 nmol/l Dex (Fig. 3 e,
f). Altogether, our data show a strong activation of Txnip gene
expression by Dex, similar to that obtained with VitD3.

As glucose is known to stimulate 7xnip expression in beta
cells [24], we compared the ability of Dex to induce TXNIP in
mouse islets with that of high glucose (25 mmol/l). A robust
induction was observed with both treatments (Fig. 3f).

Dex-induced Txnip expression and apoptosis are mediated
through the GR To test the direct involvement of the GR in
beta cell death, MING6 cells were exposed to 100 nmol/l of
Dex in the presence or absence of 1 wmol/l RU486, a GR
antagonist. RU486 fully prevented beta cell death as measured
by MTT assay (Fig. 4a) and the level of cleaved caspase-3
(Fig. 4b). Furthermore, RU486 blocked the induction of
TXNIP protein synthesis by Dex (Fig. 4b), indicating that
Dex-stimulated TXNIP production depends on GR activation.
RU486 also significantly inhibited the Dex-mediated reduc-
tion in TRX1 levels observed in MING cells (Fig. 4b). Of note,
the reduction of TRX1 protein by Dex occurred despite no
significant alterations in 77x/ mRNA levels (data not shown).
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Fig. 2 Dex induces apoptosis in MIN6 and mouse islet beta cells. a
MING cells were exposed to 100 nmol/l Dex for 48 h (black bars) or
72 h (hatched bars) and analysed by flow cytometry. The percentage of
the sub-G1 cell population represents apoptotic cells. The data represent
an average =+ SD of three independent samples. Tp<0.0007. b MING6 cells
were treated with 100 nmol/l Dex for the indicated time periods and

processed for western blot analysis using antibodies specific to cleaved
caspase-3 or x-tubulin. ¢ Isolated mouse islets were treated with
100 nmol/l Dex (+) for 9 days and the percentage of apoptotic nuclei
was evaluated using a TUNEL assay in cells co-stained for insulin.
*p<0.05
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Fig. 3 Dex induces TXNIP production in MING6 beta cells, and mouse
and human islets. a and b MING6 cells were exposed to various concen-
trations of Dex or VitD3 as indicated for 48 h prior to western blot
analysis using antibodies to TXNIP or «-tubulin. ¢ Time-dependent
production of TXNIP in MING6 cells exposed to 100 nmol/l Dex (+) for
the indicated time periods. d Real-time PCR analysis of Txnip mRNA
expression in MING6 cells exposed to 100 nmol/l Dex (black bars) for the
indicated time periods. Gapdh mRNA was used as internal standard. The

Altogether, these data indicate that GCs have a potential-
ly negative effect on the redox regulatory mechanisms of
MING cells. On the one hand, Dex induces the expression of
TXNIP which inhibits TRX1 activity [14, 20, 21], and on
the other hand, Dex decreases TRX1 protein levels, thereby
further reducing the redox-regulating ability of the cell. The
GR antagonist RU486 prevented these effects, thus rescuing
beta cells from Dex-induced apoptosis.

TXNIP potentiates and TRXI attenuates apoptosis in MIN6
cells To further determine the contribution of TXNIP in
Dex-induced beta cell apoptosis, an expression vector
encoding the mouse 7xnip gene fused to that of enhanced
green fluorescent protein (7Txnip-Gfp) was transiently
expressed in MING6 cells. Twenty hours post-transfection,
the cells were incubated for an additional 48 h in the pres-
ence or absence of 100 nmol/l Dex. DNA content and
TXNIP-GFP levels were simultaneously analysed by flow
cytometry. The percentage of sub-Gl cells in the GFP
positive subpopulation was compared with that of the GFP
negative cells within the same cell culture. DNA fragmen-
tation (sub-G1 DNA content) indicative of apoptotic cells
was detected in 20.4+3.42% of cells producing TXNIP-
GFP, in comparison with only 8.2+1.39% in the GFP neg-
ative subpopulation (Fig. 5a, p<0.005). These values were
further increased in the presence of Dex.
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average of three separate experiments+SD is presented as fold increase
relative to untreated cells (control, white bars). *p<0.05. ¢ Human islets
were exposed to 100 nmol/l Dex (+) for 4 days prior to western blot
analysis using antibodies to TXNIP or «-tubulin. f Mouse islets were
exposed to 11 mmol/l glucose in the absence (—) or presence (+) of
100 nmol/l Dex or to 25 mmol/l glucose for 3 days as indicated, prior
to western blot analysis using antibodies to TXNIP or o-tubulin

Since TXNIP associates with reduced TRX [20], it could
exert its pro-apoptotic effect at least in part by inhibiting
TRX activity. To test this hypothesis in Dex-induced beta
cell death, MING6 cells were transiently transfected with
TRXI-GFP Following transfection, the cells were incubated
with or without 100 nmol/l Dex. Figure 5b shows that cells
producing TRX1-GFP partially rescued MING6 cells from
Dex-induced apoptosis (11.094£3.9% vs 24.3+4.8%; p<
0.02). These findings indicate that TXNIP alone is sufficient
to induce apoptosis and that overexpression of the radical
scavenger TRX1 can, to a certain degree, protect beta cells
from Dex-induced apoptosis.

Downregulation of endogenous Txnip expression reduces
the sensitivity of MING cells to Dex-mediated apoptosis To
further investigate the involvement of endogenous TXNIP
in Dex-induced apoptosis of beta cells, RNA interference
was used to repress Txnip expression. To this end, MIN6
cells were electroporated with Txnip siRNA or control
siRNA prior to Dex treatment for 48 h. Knockdown of
Txnip attenuated the Dex-induced apoptosis of MING6 cells
as demonstrated by reduced activation of caspase-3 on
western blot (Fig. 5c). In addition, cell viability was deter-
mined by the MTT assay and Fig. 5d shows a mild increase
in the survival of Dex-treated beta cells producing lower
TXNIP levels (64% vs 77% p<0.0007). These results
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Fig. 4 The GR antagonist RU486 prevents TXNIP induction and TRX
downregulation and protects MIN6 cells from Dex-induced apoptosis.
a MING cells were treated with 100 nmol/l Dex and/or with 1 pmol/l
RU486 for 48 h and cell viability assessed by MTT assay. Values
represent the average of at five experiments in quadruplicate+SD,
***¥p<0.001. b Western blot analysis of MIN6 cells treated with
100 nmol/l Dex and/or 1 wmol/l RU486 for 48 h using antibodies
directed against the indicated proteins

support our hypothesis that TXNIP mainly contributes to
Dex-induced beta cell death.

Elevated intracellular cAMP levels prevent the effects of
Dex-induced Txnip expression on beta cell viability Increased
intracellular cAMP levels have previously been shown to
attenuate Dex-induced beta cell death using exendin-4 and
forskolin [18, 33]. This urged us to study the effect of the
phosphodiesterase inhibitor IBMX or the adenylate cyclase
activator forskolin in MING cells. The elevated cAMP levels
significantly reduced Dex-stimulated 7xnip expression both
at the protein (Fig. 6a) and at the RNA levels (Fig. 6 c, d).

Under these conditions, increased cAMP also prevented
the reduction in Akt activation (phospho-Akt, S473) caused
by Dex treatment (Fig. 6b) and also protected MING6 cells
from Dex-reduced cell viability (Fig. 6e, f).

Induction of Txnip in GC-treated cells depends on the p38
MAPK pathway Next, we investigated the signalling mecha-
nisms involved in GC-induced TXNIP expression. MING cells
incubated with Dex showed an increase in p38 MAPK

phosphorylation, which remained at relatively high levels up
to 24 h after stimulation (Fig. 7a). To assess whether p38
MAPK activation regulates Txnip expression, MING6 cells were
pretreated with 20 pmol/l of the p38 inhibitor SB203580 for
60 min or with DMSO prior to Dex treatment for 72 h. The p38
inhibitor reduced the GC-induced TXNIP protein levels by
50% and blocked the activation of caspase-3 by 70%
(Fig. 7b). Moreover, it partially blunted the Dex-reduced
MING cell viability, which increased from 71% to 80%
(»<0.04) and from 48% to 61% (p<0.002) following 48 or
72 h Dex treatment, respectively (Fig. 7c) as determined by the
MTT assay. The weaker effect of p38 inhibition on MTT assay
indicates that Dex-mediated p38 MAPK is specifically
involved in GC-induced Txnip expression and apoptosis,
while slightly relieving the metabolic impairments associated
with GC excess.

Discussion

Glucocorticoids (GCs), which activate GR signalling and
thus modulate gene expression, are widely used to treat
immune-mediated diseases [1]. The role of GCs in beta cell
function has been extensively studied in both humans and
rodents [3]. In healthy men, it was demonstrated that acute
and chronic exposure to prednisolone led to impaired beta
cell function in addition to reducing insulin sensitivity [10, 11].
In transgenic mice specifically overexpressing the GR in beta
cells, GCs inhibited insulin release in vivo, suggesting that the
pancreatic beta cell is a direct target of the diabetogenic effect
of GCs [6]. Interestingly, these animals develop diabetes with
age [34]. In vitro, several studies have shown that rodent-
derived islets decreased glucose-stimulated insulin release
following both acute and prolonged exposure to various GC
analogues [7, 9, 17, 31, 35-38]. In addition to perturbing the
process of insulin secretion, GCs were shown to decrease beta
cell specific gene expression and induce apoptosis [18, 33,
39]. However, it is still unclear which of the genes regulated
by GCs contribute to beta cell death. One of the GR-regulated
genes is TXNIP, which was originally found to be upregulated
by glucose in human islets using transcription profiling
(Shalev et al. [40]; L. Havin and L. Amior, unpublished data).
The effect of glucose on gene expression was shown to be
mediated by ChREBP [24], and increased levels of TXNIP
were associated with glucotoxicity [22-24, 26, 41].

In the present study, we provide new evidence aimed at
elucidating the mechanisms involved in GC-induced apopto-
sis of beta cells. We demonstrate that Dex strongly induces the
expression of TXNIP/VDUP-1 in both MIN6 and INS1 beta
cell lines as well as in normal human and mouse pancreatic
islets. In this study we show that, in mouse islets and in MIN6
cells, Dex appears to be a slightly more potent inducer of
TXNIP than high glucose (25 mM).

@ Springer



Diabetologia (2012) 55:1048—-1057

1054
a
30 =
S .
= 20
Q
3 10
@
0
Dex - +
C
siRNA con Txnip con Txnip
Dex - - + +

TXNIP/VDUP-1 [

Cleaved caspase 3 p|

o-Tubulin | s

Fig. 5 TXNIP potentiates, and TRX1 attenuates apoptosis in MIN6
beta cells. MING cells were transfected with either Txnip-Gfp (a) or
TRXI1-Gfp (b). Twenty hours post-transfection, the cells were incubated
for an additional 48 h in the presence or absence of Dex. Cells were then
collected and for each sample, cell cycle analysis was performed sepa-
rately on TXNIP-GFP-positive cells (black bars) and TXNIP-GFP-
negative cells (white bars), and the percentage of sub-G1 cells determined
by flow cytometry analysis. The data are the average of three to five

The increased GC-mediated Txnip expression with time
was accompanied by a concomitant induction of beta cell
death. Apoptosis was shown to be one of the mechanisms
responsible for the observed reduced beta cell viability, as
determined by cleaved caspase-3 and the increased percentage
of sub-G1 cells. Indeed, overexpression of Txnip in MIN6
cells increased both basal and Dex-induced apoptosis. This is
consistent with previous findings regarding the role of TXNIP
in GC-induced apoptosis in T cells [29, 31] and in beta cells
[22]. TXNIP is known to associate with reduced TRX, one of
the major pro-survival thiol reducing systems in the cells [20]
and could exert its pro-apoptotic effect at least in part by
blocking TRX activity. Our study shows that MIN6 cells
overexpressing the radical scavenger TRX1 partially rescued
MING cells from Dex-induced apoptosis. The role of TRX in
protecting beta cells in both type 1 and type 2 diabetes has
been reported. Indeed, beta cell specific expression of 7rx/ in
NOD mice slows the development of the disease, without
preventing insulitis [42]. In the db/db mouse model of type
2 diabetes, overexpression of 7rx/ significantly suppressed
the progression of hyperglycaemia [43]. TRX1 prevented the
reduction of the pancreatic and duodenal homeobox 1
(PDX1) and V-maf musculoaponeurotic fibrosarcoma onco-
gene homologue A (MafA) transcription factors as well as
islet insulin content in these mice. In contrast to the reciprocal
pattern of expression between Txnip and TrxI mRNA previ-
ously reported [44—46], the Dex-reduced TRX1 protein levels
in GC-treated MING6 cells occurred despite no significant
alterations in 77x/ mRNA (data not shown).
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proteins. d Cell viability was evaluated by using the MTT assay. Values
are the average of four to eight experiments+SD, ***p<(.001

We further demonstrate the contribution of TXNIP in
GC-induced beta cell apoptosis by decreasing its expression
using siRNA. MING6 cells transfected with Txnip siRNA
showed a significant decrease in caspase-3 activation. In
agreement with our results, TXNIP deficiency protected
pancreatic beta cells from glucose toxicity and apoptosis
[22] and rescued mice from streptozotocin-induced diabetes.
Moreover, TXNIP deficiency prevented the development of
type 2 diabetes in 0ob/ob mice through preservation of beta
cell mass and function [25].

Cumulative evidence indicates that activating cAMP sig-
nalling attenuates GC-induced beta cell dysfunction and
prevents apoptosis [11, 18, 47, 48]. Here, we present evidence
that elevated intracellular cAMP levels also rescue MING beta
cells from the negative effects of Dex on cell viability, con-
comitant with a decrease in TXNIP protein levels. We further
show that elevated intracellular cAMP levels prevent the Dex-
induced reduction in phospho-Akt levels. Our findings accord
with previous studies showing that the glucagon-like peptide 1
(GLP-1) analogue exendin-4, which increases cAMP concen-
trations, antagonises Dex-induced apoptosis of INS1 beta cells
[18]. Glucocorticoids were shown to increase phosphodiester-
ase (PDE) activity leading to reduced intracellular cAMP
levels [47]. More recently, this group reported that cAMP
signalling stimulates proteasome degradation of glucose-
induced TXNIP in INS1 beta cells [48]. It is therefore con-
ceivable that elevated intracellular cAMP levels (by either
stimulating PDE activity using the inhibitor IBMX, or adeny-
late cyclase using forskolin, exposing beta cells to GLP-1 or to
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Fig. 6 Increased intracellular cAMP prevents Dex-induced TXNIP
production and beta cell death and restores Akt phosphorylation. a, b
MING cells were exposed to 100 nmol/l Dex (+) for 6, 12 or 24 h in the
presence (+) or absence (—) of 200 umol/l IBMX prior to western blot
analysis using antibodies to TXNIP or «-tubulin (a); to phospho-Akt
(Ser 437) (p-Akt) or total Akt (b). ¢, d Real-time PCR analysis of Txnip
mRNA expression in MING6 cells exposed to 100 nmol/l Dex (hatched and
dotted bars) for 24 h in the presence (+) or absence (—) of 10 umol/l
forskolin (¢) or 200 umol/l IBMX (d). Gapdh mRNA was used as internal
standard. The average of three separate experiments+SD is presented as
fold increase relative to untreated cells. *p<0.05. e, f MING6 cells
were exposed to 100 nmol/l Dex (hatched and dotted bars) for 48 h
in the presence (+) or absence (—) of 10 pumol/l forskolin (e) or
200 pmol/l IBMX (f). Cell viability was evaluated by using the
MTT assay. Values are the average of at least three experiments in
duplicate+SD, 1p<0.03

its analogue exendin-4) reverse the Dex-inhibitory effect on
Akt signalling and induce the degradation of TXNIP, reducing
its pro-apoptotic effect, leading to increased beta cell survival.

Another important finding of our study is that the upre-
gulation of TXNIP by Dex is dependent on p38 MAPK
activation. Prevention of the sustained activation of the
p38 pathway occurring after Dex treatment significantly
reduced both Txnip expression and caspase-3 activation,
and restored, to a certain extent, MING6 cell viability. The
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Fig. 7 Dex-induced p38 activation contributes to TXNIP induction
and beta cell death. a MING cells were exposed to 100 nmol/l Dex (+)
for 4, 8, 12 and 24 h prior to western blot analysis using antibodies to
phospho-p38 (Thr 180/Tyr 182), or x-tubulin. b MING6 cells were
exposed to 100 nmol/l Dex (+) for 72 h in the presence (+) or absence
(—) of the p38 MAPK inhibitor SB203580 and then analysed by
western blot using the indicated antibodies. ¢ MING6 cells were exposed
to 100 nmol/l Dex for 48 h (white bars) or 72 h (black bars) in the
presence (+) or absence (—) of the inhibitor SB203580 and cell viability
was evaluated by MTT assay. Values are the average of at least three
experiments=SD, Tp<0.002

weaker effect of p38 inhibition on the MTT assay indicates
that Dex-mediated p38 MAPK is mainly involved in GC-
induced Txnip expression and apoptosis, while slightly reliev-
ing the metabolic impairments associated with GC excess.
p38 MAPK has also been documented to be involved in
TXNIP upregulation by high glucose in endothelial cells
[49] and in mouse mesangial cells [50].

GCs lead to the activation and nuclear translocation of the
GR, where it regulates gene transcription through transactiva-
tion and transrepression [51]. Some of the genes affected by
GCs have been shown to be involved in GC-induced apopto-
sis of lymphoma cells [27, 28]. Our present data suggest the
involvement of TXNIP as one of the mediators of GC-induced
apoptosis in beta cells and its potential contribution to the
development of steroid diabetes. While both GR and p38
activation are required for TXNIP induction and beta cell

@ Springer
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death, future studies are required to map the pro-apoptotic and
pro-survival pathways modified by Dex and/or TXNIP in islet
beta cells.
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