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ABSTRACT 

Glucocorticoids (GCs), such as prednisolone, are widely prescribed anti-inflammatory 
drugs, but their use may induce glucose intolerance and diabetes. GC-induced beta-
cell dysfunction contributes to these diabetogenic effects through mechanisms that 
remain to be elucidated. In this study, we hypothesized that activation of the unfolded 
protein response (UPR) following endoplasmic reticulum (ER) stress could be one of the 
underlying mechanisms involved in GC-induced beta-cell dysfunction. We report here that 
prednisolone did not affect basal insulin release, but time-dependently inhibited glucose-
stimulated insulin secretion in INS-1E cells. Prednisolone treatment also decreased both 
PDX1 and insulin expression, leading to a marked reduction in cellular insulin content. 
These prednisolone-induced detrimental effects were found to be prevented by prior 
treatment with the glucocorticoid receptor (GR) antagonist RU486 and associated with 
activation of two of the three branches of the UPR. Indeed, prednisolone induced a GR-
mediated activation of both ATF6 (activating transcription factor 6) and IRE1 (inositol-
requiring kinase 1)/XBP1 (X-box-binding protein 1) pathways, but was found to reduce 
the phosphorylation of PERK (protein kinase RNA-like ER kinase) and its downstream 
substrate eIF2α (eukaryotic initiation factor 2α). These modulations of ER stress pathways 
were accompanied by upregulation of calpain 10 and increased cleaved caspase 3, 
indicating that long-term exposure to prednisolone ultimately promotes apoptosis. Taken 
together, our data suggest that the inhibition of insulin biosynthesis by prednisolone in the 
insulin-secreting INS-1E cells results, at least in part, from a GR-mediated impairment in ER 
homeostasis, which may lead to apoptotic cell death.



3

Chapter 3

57

INTRoDUCTIoN

Glucocorticoids (GCs), such as prednisolone, are potent and widely prescribed anti-
inflammatory drugs. However, their use is frequently associated with the development of 
adverse metabolic effects, and may lead to the development of steroid diabetes in up to 20-
50% of patients [1, 2]. GC-induced hyperglycemia has been classically attributed to progressive 
development of insulin resistance in peripheral tissues [1, 2], but recent studies also point 
toward involvement of beta-cell dysfunction [3]. A clinical study performed in healthy 
males recently showed that both acute and chronic treatment with prednisolone attenuated 
pancreatic insulin secretion during standardized meal tests by impairing multiple aspects 
of beta-cell function [3]. In vitro studies have also shown that GCs lower glucose-stimulated 
insulin secretion (GSIS) in beta-cell lines and isolated pancreatic islets by various putative 
mechanisms involving either downregulation of GLUT2, inhibition of phospholipase C/ 
protein kinase C signaling, modulation of the voltage-gated K(+) channels activity, alterations 
in intracellular Ca2+ homeostasis and/or decreased calcium efficacy on the insulin secretory 
process (see [2] for recent review). In addition, GCs may also reduce pancreatic beta-cell mass 
and affect insulin biosynthesis, at least in part by inducing apoptotic cell death [4-6].

Defects in endoplasmic reticulum (ER) homeostasis have been proposed to underlie beta-cell 
dysfunction and impairment in insulin secretion in patients with type 2 diabetes, Wollcot-
Rallison and Wolfram syndrome [7-9]. Three proteins associated with the ER-membrane, 
activating transcription factor 6 (ATF6), inositol-requiring enzyme 1α (IRE1α), and PKR-
like eukaryotic initiation factor 2α kinase (PERK) monitor the activity of ER [8]. In absence 
of stress, these sensors of ER homeostasis are held in an inactive state through interaction 
with the ER-chaperone immunoglobulin binding protein (BIP) [8]. Conditions that affect ER 
homeostasis in beta cells, such as increased unfolded/misfolded proteins, Ca2+ depletion or 
enhanced insulin biosynthesis, result in release of BIP from the sensor proteins and activation 
of the unfolded protein response (UPR) [7, 8]. 

Activation of ATF6, the first branch of the UPR, requires its translocation from the ER to 
the Golgi apparatus where ATF6 is cleaved into an active nuclear transcription factor that 
can regulate the expression of ER genes, such as X-box binding protein-1 (XBP1) [8]. The 
second pathway involved in the UPR leads to activation of the endoribonuclease IRE1α and 
subsequent cleavage of XBP1 mRNA into XBP1s, an alternative spliced form. XBS1s alone, or 
in conjunction with ATF6, regulates the synthesis of ER chaperones, and proteins involved in 
both ER biogenesis and ER-associated protein degradation (ERAD) [7, 8]. Finally, activation of 
PERK, which constitutes the third branch of the UPR, occurs through autophosphorylation of 
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its kinase domain and results in phosphorylation of its substrate eukaryotic initiation factor 2α 
(eIF2α). This leads to inhibition of global protein synthesis in addition to increased synthesis 
of ATF4 through alternative translation [10]. ATF4 does not only regulate the expression of 
ER-chaperones in order to restore ER homeostasis, but can also increase the expression of 
genes involved in apoptosis, like C/EBP-homologous protein (CHOP) and tribbles homolog 
3 (TRIB3) [8]. Mutations that functionally impair the activity of the PERK/eIF2α-pathway 
cause neonatal diabetes in humans (Wollcot-Rallison syndrome) and mouse models [11-13], 
further illustrating the importance of this pathway for beta cell function. 

Given the critical role of the UPR in beta-cell homeostasis, the aim of this study was to 
determine whether ER stress could be one of the underlying mechanisms involved in 
prednisolone-induced beta-cell dysfunction.

MATERIAL AND METHoDS

Cell culture: Rat insulinoma-derived insulin-secreting INS-1E cells (kind gift from Pr. P. 
Maechler, [14]) were cultured in a humidified atmosphere containing 5% CO2 in RPMI 1640 
medium (Invitrogen, Breda, The Netherlands) supplemented with 10 mM HEPES, pH7.4, 
5% (v/v) heat-inactivated fetal calf serum, 2 mM glutamine, 1 mM sodium pyruvate, 50 mM 
2-mercaptoethanol, 100 units/ml penicillin, and 100 mg/ml streptomycin (Invitrogen, Breda, 
The Netherlands) as described previously [15]. For experiments, INS-1E cells were seeded 
at 2x105 cells/1 ml in Falcon 24-well plates (insulin secretion), or 9x105 cells/2 ml in Falcon 
6-well plates (western blotting, gene expression), and used 4 days later, with one medium 
change on day 3. When indicated, prednisolone, the glucocorticoid receptor antagonist RU486 
(mifepristone) and/or their vehicle (DMSO, 0.5% v/v) were added to the medium. 

Insulin secretion: Insulin secretion in response to glucose was performed as described 
earlier [15]. Briefly, cells were incubated with prednisolone or vehicle (0.5% DMSO) for 
various time points. Then, the cells were maintained for 2 h in glucose-free culture medium 
containing prednisolone or vehicle (0.5% DMSO), followed by two washes and a 30 min at 
37oC incubation in glucose-free Krebs–Ringer bicarbonate HEPES buffer (KRBH: 135 mM 
NaCl, 3.6 mM KCl, 5 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgCl2, 1.5 mM CaCl2, 0.1% 
BSA and 10 mM HEPES, pH 7.4) in the presence or absence of DMSO or prednisolone. 
Next, cells were washed with glucose-free KRBH and incubated for 30 min in KRBH with 
or without prednisolone and secretagogues, as indicated. Then, plates were placed on ice 
and the supernatants were collected for determination of insulin secretion. Cellular insulin 
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content was measured in acid–ethanol extracts [15]. Insulin concentrations were measured 
in supernatants and acid–ethanol extracts using a rat/mouse ELISA kit (Millipore, Nuclilab, 
Ede, The Netherlands).

Protein analysis: INS-1E cells were incubated with vehicle or prednisolone as indicated. 
Then, cells were washed twice with phosphate buffered saline (PBS) and lysed in a buffer 
containing 10% (w/v) glycerol, 3% (w/v) SDS and 100 mM Tris–HCl (pH 6.8). Lysates were 
immediately boiled for 5 min and centrifugated (13,200 rpm; 2 min). Protein content of the 
supernatant was determined using a bicinchoninic acid protein assay kit (Pierce, Rockford, 
USA). Proteins were separated by SDS-PAGE followed by transfer to a polyvinylidene 
difluoride (PVDF) membrane. Membranes were blocked for 1 h at room temperature in TBST 
buffer (10 mM Tris–HCl (pH 7.4), 150 mM NaCl, and 0.1% (v/v) Tween 20 containing 5% 
(w/v) fat free milk) and incubated overnight with primary antibodies (see Supplementary 
Table 1). The membranes were then washed in TBST buffer and incubated with horseradish 
peroxidase-conjugated secondary antibodies for 1 h at room temperature. After washing, 
blots were developed using enhanced chemiluminescence and quantified by densitometry 
analysis using Image j software (NIH, Bethesda, USA).

Gene expression studies: INS-1E cells were lysed in RLT-buffer (Qiagen, Hilden, Germany) 
for isolation of total RNA using the RNeasy system including on-column DNAse I treatment 
(Qiagen, Hilden, Germany). For PCR analysis, total RNA (1.5 µg) was reverse transcribed using 
a Superscript first strand synthesis kit (Invitrogen, Breda, The Netherlands) and quantitative 
real-time PCR was performed with SYBR Green on a StepOne Plus Real-time PCR system 
(Applied Biosystems, Foster City, CA, USA). All the primers sets used were designed for 
spanning an exon (if any) and have an efficiency of ~100+/-5% (Supplementary Table 2). Every 
sample was analyzed in duplicate and mRNA expression was normalized to hypoxanthine-
guanine phosphoribosyltransferase (HPRT) mRNA content, and expressed as arbitrary 
units. For whole genome expression profiling, total RNA (200 ng) was amplified, labeled and 
fragmented using the GeneChip 3’ IVT Express Kit (Affymetrix, Santa Clara, CA) according 
to the manufacturer’s instructions. Fragmented amplified RNA (10 µg) was applied to the 
Rat Genome 230 2.0 Array and hybridized for 16 hours at 45°C in a GeneChip Hybridization 
Oven 640 (Affymetrix). Following hybridization, the arrays were washed and stained with a 
GeneChip Fluidics Station 450 (Affymetrix) using the Affymetrix Hybridization Wash Stain 
(HWS) kit. The arrays were laser scanned with a GeneChip Scanner 3000 7G (Affymetrix, 
Santa Clara, CA). Data was saved as raw image file and quantified using Affymetrix GeneChip 
Command Console v 1.0 (Affymetrix).
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Data analysis: All data are presented as means ± SEM. Statistical analysis was performed in 
SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). Differences among groups were determined 
using independent t-tests or by ANOVA followed by Bonferroni correction for multiple 
comparisons. P<0.05 was considered as statistically significant. For whole genome expression 
profiling analysis, raw data were normalized using GCRMA and analyzed for identification of 
regulated genes with packages from the BioConductor library in R (www.r-project.org). For 
identifying differentially expressed genes after treatment with prednisolone, the following 
selection criteria were used: fold change >2 and p-value<0.05 after correction for multiple 
testing using the Benjamini-Hochberg correction.

RESULTS

Prednisolone reduces insulin secretion and content in INS-1E cells: Treatment of the 
insulin-secreting INS-1E cells with prednisolone did not affect basal insulin secretion, but led 
to a dose- (data not shown) and time-dependent inhibition of the glucose-stimulated insulin 
secretion (GSIS, Fig. 1a-b), and a 35% reduction in cellular insulin content after 20h (Fig. 1c). 
Treatment with the GR antagonist RU486 prevented the detrimental effects of prednisolone 
on both GSIS and insulin content (Fig. 1b-c). 

Figure 1. Effects of prednisolone on insulin secretion and content in INS-1E cells. INS-1E cells were 
incubated with 700 nM prednisolone or vehicle (0.5% v/v DMSO) for the indicated time (A) or 20h in the 
presence or absence of 1 µM of the GR-antagonist RU486 (B-C). A-B. Glucose-stimulated insulin secretion 
(GSIS) was determined following incubation with either 2.5 (open circles or bars) or 20 mM glucose 
(black circles or bars) for 30 min. C. Insulin content was determined in cell lysates after stimulation with 
2.5 mM glucose. The results are expressed as means ± SEM (n=4-5). *, p<0.05 vs 2.5 mM glucose; $, p<0.05 
vs vehicle.

Prednisolone lowers PDX1 and insulin expression in INS-1E cells: The expression of 
PDX1, a key regulator of insulin biosynthesis in the beta cell, was lowered by prednisolone 
as compared to vehicle-treated INS-1E cells (Fig. 2a/b). The reduction in PDX1 expression 
appeared 4 h after prednisolone addition and reached a maximum at 12 h (Fig. 2b). In line 
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Figure 2. Effects of prednisolone on PDX1 and insulin expression in INS-1E cells. INS-1E cells were 
incubated with vehicle (0.5% v/v DMSO) or 700 nM prednisolone for the indicated times. A. Representative 
immunoblots for PDX1 and insulin protein expression are shown. Insulin receptor β-subunit (IRβ) 
expression was used as loading control. B-C. Densitometric quantification of immunoblots was performed 
and the results expressed in % of those from vehicle (DMSO)-treated cells at the same time-point. D-F. 
PDX1, insulin 1 and 2 mRNA expressions were determined using real time PCR, normalized for HPRT 
expression using the ∆Ct-method and expressed in arbitrary units. All the results are expressed as means 
± SEM (n=4). *, p<0.05 vs t0.

Figure 3. Effects of RU486 on prednisolone-induced changes in PDX1 and insulin expression in 
INS-1E cells. INS-1E cells were incubated with 700 nM prednisolone or vehicle (0.5% v/v DMSO) for 20h 
in the presence (black bars) or absence (open bars) of 1 µM of the GR-antagonist RU486 as indicated. A. 
Representative immunoblots for PDX1, insulin and IRβ protein expression are shown. B-C. Densitometric 
quantifications of immunoblots were performed and the results expressed in arbitrary unit. D-F. PDX1, 
insulin 1 and 2 mRNA expressions were determined using real time PCR, normalized for HPRT expression 
using the ∆Ct-method and expressed in arbitrary units. All the results are expressed as means ± SEM 
(n=4). *, p<0.05 vs vehicle.
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with the reduction in insulin content measured by ELISA, the insulin protein level was also 
significantly reduced 12 h following prednisolone addition when compared to vehicle-treated 
cells (Fig. 2a/c). The reductions in PDX1 and insulin protein expression induced by 
prednisolone were preceded by rapid decline in PDX1, insulin 1 and insulin 2 mRNA levels, 
which already became significant 1 h after addition of the drug (Fig. 2d-f). All these 
prednisolone-induced decrease in PDX1 and insulin mRNA and protein levels were prevented 
by prior treatment with RU486 (Fig. 3).

Figure 4. Effects of prednisolone and RU486 on ATF6-mediated XBP1 mRNA expression in INS-
1E cells. INS-1E cells were incubated with vehicle (0.5% v/v DMSO) or 700 nM prednisolone for the 
indicated times (A) or for 20h in the presence (black bars) or absence (open bars) of 1 µM of RU486 as 
indicated (B). A-B. XBP1 mRNA expression was determined using real time PCR, normalized for HPRT 
expression using the ∆Ct-method and expressed in arbitrary units. All the results are expressed as means 
± SEM (n=4). *, p<0.05 vs t0 or vehicle.

Prednisolone differently affects endoplasmic reticulum stress pathways in INS-1E cells: 
To investigate whether the detrimental effects of prednisolone on insulin biosynthesis could 
be ascribed to the induction of ER-stress in INS-1E cells, markers of the three main branches 
of this pathway were determined. Activation of the ATF6 branch of the ER-stress pathway 
involves cleavage of p90-ATF6 into the active transcription factor p50-ATF6 [16]. Because 
we failed to detect p50-ATF6 by western blot, we determined the mRNA expression of 
XBP1, one of the major ATF6-regulated genes. As shown in Fig. 4, mRNA levels of XBP1 were 
significantly enhanced 12h after exposure to prednisolone, an effect blunted by pre-treatment 
with RU486. The second well-characterized arm of the ER-stress pathway involved IRE1α 
activation and subsequent XBP1 mRNA splicing [16]. Interestingly, IRE1α protein expression 
was significantly increased by prednisolone as compared to vehicle-treated cells (Fig. 5a) and 
associated with enhanced XBP1s mRNA and protein levels (Fig. 5b-c). Pre-treatment with 
RU486 prevented the induction of IRE1α and XBP1s by prednisolone in INS-1E cells (Fig. 
5d-g). Surprisingly, prednisolone was found to lower the activity of the third branch of the ER-
stress pathway. Indeed, phosphorylation of PERK and its substrate eIF2α were significantly 
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Figure 5. Effects of prednisolone and RU486 on IRE1α/XBP1s pathway in INS-1E cells. INS-1E 
cells were incubated with vehicle (0.5% v/v DMSO) or 700 nM prednisolone for the indicated times 
(A,C,E) or for 20h in the presence (black bars) or absence (open bars) of 1 µM of RU486 (B,D,F). A,E. 
Time-dependent effects of prednisolone were determined on IRE1α and XBP1s by immunoblots and 
densitometric quantifications. The results are expressed in % of those from vehicle (DMSO)-treated 
cells at the same time-point. C. Time-dependent effect of prednisolone on XBP1s mRNA expression was 
determined using real time PCR, normalized for HPRT expression using the ∆Ct-method and expressed in 
arbitrary unit. G. Representative immunoblots for IRE1α, XBP1s and IRβ protein expression are shown. 
B,F. Densitometric quantifications of IRE1α and XBP1s immunoblots were performed and the results 
expressed in arbitrary units. D. XBP1s mRNA expression was determined and expressed in arbitrary 
units. All the results are expressed as means ± SEM (n=4). *, p<0.05 vs vehicle.
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reduced 8-12 h following the addition of prednisolone (Fig. 6a-b). This prednisolone-induced 
dephosphorylation of PERK and eIF2α was prevented by pre-treatment with RU486 (Fig. 6c-
e). The prednisolone-induced inactivation of the PERK/eIF2α pathway was accompanied by 
decrease in mRNA levels of CHOP and TRIB3 downstream target genes (data not shown). 

Figure 6. Effects of prednisolone and RU486 on PERK/eIF2α pathway in INS-1E cells. INS-1E cells 
were incubated with vehicle (0.5% v/v DMSO) or 700 nM prednisolone for the indicated times (A,C) or for 
20h in the presence (black bars) or absence (open bars) of 1 µM of RU486 (B,D,E). A,C. Time-dependent 
effects of prednisolone were determined on pPERK-Thr980, peIF2α-Ser51 and IRβ by immunoblots and 
densitometric quantifications. The results are expressed in % of those from vehicle (DMSO)-treated 
cells at the same time-point. E. Representative immunoblots for pPERK-Thr980, peIF2α-Ser51 and IRβ 
protein expression are shown. B,D. Densitometric quantifications of pPERK-Thr980 and peIF2α-Ser51 
immunoblots were performed and the results expressed in arbitrary units. All the results are expressed 
as means ± SEM (n=4). *, p<0.05 vs vehicle.
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Prednisolone increases expression of distal markers of ER-stress pathways and induces 
apoptosis: Prednisolone did not affect mRNA or protein expression of the ER-chaperone BIP 
(data not shown). However, using microarray profiling analysis, we found that prednisolone 
induced a time-dependent upregulation of the ER-associated protein degradation (ERAD) 
components EDEM1 and MAN1A1 (Fig. 7a-b). Furthermore, we also observed a significant 
increase in calpain 10 mRNA expression within 4 h after the addition of prednisolone to INS-
1E cells (Fig. 7c). This protease is involved in the ER-stress-induced apoptosis via delayed 
activation of the caspases 3 and 12 [17]. Accordingly, a significant GR-mediated increase in 
cleaved caspase-3 was found in INS-1E cells treated for 20h with prednisolone (Fig. 7d-e). 

Figure 7. Effects of prednisolone on distal markers of ER stress and apoptosis in INS-1E cells. INS-
1E cells were incubated with vehicle (0.5% v/v DMSO) or 700 nM prednisolone for the indicated times 
(A-D) or for 20h in the presence (black bars) or absence (open bars) of 1 µM of RU486 (E-F). A-C. Time-
dependent effect of prednisolone on EDEM1, MAN1A1 and calpain 10 mRNA expression was determined 
using Affymetrix profiling. D. Time-dependent effect of prednisolone was determined on cleaved caspase 
3 by immunoblots and densitometric quantification was performed. The results are expressed in % of 
those from vehicle (DMSO)-treated cells at the same time-point. E. Representative immunoblots for 
cleaved caspase 3 and IRβ protein expression are shown. F. Densitometric quantification of cleaved 
caspase 3 immunoblots was performed and the results expressed in arbitrary units. All the results are 
expressed as means ± SEM (n=4). *, p<0.05 vs vehicle.

DISCUSSIoN

In the present study we report that chronic exposure to prednisolone abrogates GSIS, reduces 
insulin biosynthesis and induces markers of apoptosis in the insulin-secreting INS-1E 
cells. Interestingly, our in vitro results provide for the first time evidence that these effects 
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of prednisolone on beta-cell dysfunction are tightly associated with atypical GR-mediated 
modulation of the ER stress-induced UPR, as illustrated by concomitant activation of ATF6 
and IRE1α and inactivation of PERK/eIF2α signaling pathways. 

In response to perturbations of ER homeostasis in beta cells, a coordinated program is 
activated leading to upregulation of genes enhancing the ER protein processing capacity, 
such as protein folding, trafficking, and degradation [7-9]. ATF6-dependent transcriptional 
induction is regulated by ER stress-induced trafficking of ATF6 from the ER to the Golgi where 
the protein is cleaved by proteases to release a cytosolic active fragment. Although we were 
not able to detect an effect of prednisolone on ATF6 cleavage, the GR-mediated upregulation 
of the well-characterized ATF6 downstream target gene XBP1 suggests that this pathway 
is activated. Of note, prednisolone had no significant effect on XBP1 protein expression 
(data not shown), suggesting that the XBP1 mRNA is rapidly cleaved into XBP1s by IRE1α. 
Interestingly, nutrient or chemical ER stress-mediated activation of ATF6 has been shown 
to impair insulin expression and secretion in INS-1E cells, at least in part via suppression of 
PDX1 expression [18]. In addition to mitigating ER stress by increasing the transcription of 
key proteins involved in the regulation of ER folding capacity, IRE1α also lowers ER protein 
load by degrading mRNA of ER-targeted proteins [19]. In beta cells, IRE1α was shown to 
be directly involved in the degradation of insulin mRNA in response to ER stress [20-22]. 
Furthermore, accumulation of the transcription factor XBP1s has also been linked to beta-
cell dysfunction by reducing both insulin and PDX1 expression, and promoting apoptotic 
beta-cell death [23]. An additional explanation for the rapid decrease in insulin mRNA level 
induced by prednisolone could be the presence of a GC responsive element in the promoter 
region of the gene, which acts as a negative regulatory site [24, 25]. However, although this 
could contribute to the rapid downregulation of insulin expression, it can not explain the 
similar rapid decline in PDX1 mRNA observed. Interestingly, in our experimental conditions, 
the prednisolone-induced reduction of PDX1 and insulin mRNA levels preceded the onset of 
the ER-stress response. Therefore, it is possible that the ER-stress response is triggered by 
an increased demand for insulin synthesis caused by the initial decline in insulin and PDX1 
mRNA levels. Furthermore, PDX1 deficiency also enhances beta-cell susceptibility to ER 
stress-associated apoptosis [26].  

Another cellular strategy to alleviate ER stress is the reduction in protein influx by reducing 
protein translation, a process which is classically mediated by activation of PERK and 
subsequent phosphorylation of its downstream target eIF2α [7-9]. One of our most puzzling 
results is that prednisolone, by contrast to its activating effect on ATF6 and IRE1α pathways, 
decreases the phosphorylation of PERK and eIF2α, suggesting a GR-mediated increase in the 



3

Chapter 3

67

activity of protein phosphatase(s) involved in the dephosphorylation of these key proteins. 
Although we did not find any change in protein phosphate 1 expression (data not shown), 
which has been implicated in the dephosphorylation of eIF2α [7-9], we cannot exclude more 
subtle enzymatic regulation in response to prednisolone and/or involvement of upstream 
phosphatases targeting PERK. It should however be mentioned that the exact mechanism(s) 
by which the PERK/eIF2α pathway is regulated during ER stress is still not entirely clear. 
For example, similar counter-intuitive observations were recently made in activated B cells 
where phosphorylation of the PERK/eIF2α pathway was reduced during ER stress and did 
not correlate with cellular protein synthesis rate [27]. In addition, loss of PERK function has 
also been reported not to affect protein synthesis but rather to impair ER-to-Golgi protein 
trafficking and proteasomal degradation [28]. 

In relation to signaling pathways attenuating protein translation, crosstalk between GR and the 
nutritional sensor mammalian of rapamycin (mTOR) has been recently highlighted in muscle, 
identifying Regulated in Development and DNA damage responses 1 (REDD1), an upstream 
negative regulator of mTOR, as a direct GR-targeted gene [29]. Interestingly, in our conditions, 
prednisolone induced significant upregulation of REDD1 and concomitantly reduced mTORC1 
activity in INS-1E cells (MML/DMO, unpublished data), suggesting that modulation of this 
pathway could contribute to the GR-mediated reduction in insulin biosynthesis by decreasing 
global protein synthesis. Further experiments are still required to clarify this point. 

One of the limitations of our findings could eventually be the concentration of prednisolone 
used in the present study (700 nM), which is ~3-4 fold higher than the plasma therapeutic level 
reported in humans treated with the drug [30]. However, significant effects of prednisolone 
on insulin secretion/biosynthesis and ER stress signaling pathways are already present 
at lower concentrations (data not shown). To note, similar time- and dose-dependent GR-
mediated effects were also observed in INS-1E cells treated with dexamethasone, another GC 
compound (MML/ DMO, unpublished data).

In a recent clinical study, we have reported that treatment with the glucagon-like peptide-1 
(GLP-1) receptor agonist exenatide (exendin-4) prevented prednisolone-induced beta-cell 
dysfunction in healthy men [31]. Although the underlying molecular mechanism(s) remain(s) 
to be elucidated, it is striking that exendin-4 was previously shown to decrease genetically- 
or pharmacologically-induced ER stress and to improve beta-cell function and survival in 
mice, isolated islets and INS-1E cells [32, 33]. In addition, exendin-4 prevented GC-induced 
apoptosis in INS-1E cells [6]. Taken together, it is therefore tempting to suggest that the 
beneficial effect of exenatide evidenced on beta cell functions in humans could be ascribed, 
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at least in part, to a reduction in prednisolone-induced pancreatic ER stress [31]. Further in 

vitro studies are required to investigate whether exendin-4 is able to prevent prednisolone-
induced ER stress and beta-cell dysfunction.

In conclusion, we report here that prednisolone increases ER stress in INS-1E cells, promoting 
activation of selective UPR signaling pathways which leads to decreased insulin expression. 
Taken together, our data suggest that the inhibition of GSIS could be ascribed, at least in 
part, to a prednisolone-induced decrease in insulin biosynthesis resulting from GR-mediated 
impairment in ER homeostasis and apoptotic cell death.

Funding: This work was supported by Dutch TI Pharma grants (project T1-106, to ML, DHR, 
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Westphalia (DMO), and the EU European Cooperation in the field of Scientific and Technical 
Research (COST) Action BM0602 (DMO).



3

Chapter 3

69

REFERENCES

1. Clore jN, Thurby-Hay L. Glucocorticoid-induced hyperglycemia. Endocr Pract. 2009;15(5):469-74.

2. van Raalte DH, Ouwens DM, Diamant M. Novel insights into glucocorticoid-mediated diabetogenic 
effects: towards expansion of therapeutic options? Eur j Clin Invest. 2009;39(2):81-93.

3. van Raalte DH, Nofrate V, Bunck MC, van Iersel T, Elassaiss Schaap j, Nassander UK, Heine Rj, Mari 
A, Dokter WH, Diamant M. Acute and 2-week exposure to prednisolone impair different aspects of 
beta-cell function in healthy men. Eur j Endocrinol. 2010;162(4):729-35.

4. jeong IK, Oh SH, Kim Bj, Chung jH, Min YK, Lee MS, Lee MK, Kim KW. The effects of dexamethasone 
on insulin release and biosynthesis are dependent on the dose and duration of treatment. Diabetes 
Res Clin Pract. 2001;51(3):163-71.

5. Philippe j, Missotten M. Dexamethasone inhibits insulin biosynthesis by destabilizing insulin 
messenger ribonucleic acid in hamster insulinoma cells. Endocrinology. 1990;127(4):1640-5.

6. Ranta F, Avram D, Berchtold S, Dufer M, Drews G, Lang F, Ullrich S. Dexamethasone induces cell death 
in insulin-secreting cells, an effect reversed by exendin-4. Diabetes. 2006;55(5):1380-90.

7. Eizirik DL, Cardozo AK, Cnop M. The role for endoplasmic reticulum stress in diabetes mellitus. 
Endocr Rev. 2008;29(1):42-61.

8. Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. Cell. 
2010;140(6):900-17.

9. Scheuner D, Kaufman Rj. The unfolded protein response: a pathway that links insulin demand with 
beta-cell failure and diabetes. Endocr Rev. 2008;29(3):317-33.

10. Harding HP, Zhang Y, Ron D. Protein translation and folding are coupled by an endoplasmic-
reticulum-resident kinase. Nature. 1999;397(6716):271-4.

11. Delepine M, Nicolino M, Barrett T, Golamaully M, Lathrop GM, julier C. EIF2AK3, encoding translation 
initiation factor 2-alpha kinase 3, is mutated in patients with Wolcott-Rallison syndrome. Nat Genet. 
2000;25(4):406-9.

12. Scheuner D, Song B, McEwen E, Liu C, Laybutt R, Gillespie P, Saunders T, Bonner-Weir S, Kaufman Rj. 
Translational control is required for the unfolded protein response and in vivo glucose homeostasis. 
Mol Cell. 2001;7(6):1165-76.

13. Zhang W, Feng D, Li Y, Iida K, McGrath B, Cavener DR. PERK EIF2AK3 control of pancreatic beta 
cell differentiation and proliferation is required for postnatal glucose homeostasis. Cell Metab. 
2006;4(6):491-7.

14. Merglen A, Theander S, Rubi B, Chaffard G, Wollheim CB, Maechler P. Glucose sensitivity and 
metabolism-secretion coupling studied during two-year continuous culture in INS-1E insulinoma 
cells. Endocrinology. 2004;145(2):667-78.



Ch
ap

te
r 3

Gl
uc

oc
or

tic
oi

ds
 in

du
ce

 b
et

a-
ce

ll 
ER

 st
re

ss

70

15. de Leeuw van Weenen jE, Parlevliet ET, Maechler P, Havekes LM, Romijn jA, Ouwens DM, Pijl H, 
Guigas B. The dopamine receptor D2 agonist bromocriptine inhibits glucose-stimulated insulin 
secretion by direct activation of the alpha2-adrenergic receptors in beta cells. Biochem Pharmacol. 
2010;79(12):1827-36.

16. Chen X, Shen j, Prywes R. The luminal domain of ATF6 senses endoplasmic reticulum (ER) stress 
and causes translocation of ATF6 from the ER to the Golgi. j Biol Chem. 2002;277(15):13045-52.

17. Nakagawa T, Yuan j. Cross-talk between two cysteine protease families. Activation of caspase-12 by 
calpain in apoptosis. j Cell Biol. 2000;150(4):887-94.

18. Seo HY, Kim YD, Lee KM, Min AK, Kim MK, Kim HS, Won KC, Park jY, Lee KU, Choi HS, Park KG, Lee 
IK. Endoplasmic reticulum stress-induced activation of activating transcription factor 6 decreases 
insulin gene expression via up-regulation of orphan nuclear receptor small heterodimer partner. 
Endocrinology. 2008;149(8):3832-41.

19. Hollien j, Weissman jS. Decay of endoplasmic reticulum-localized mRNAs during the unfolded 
protein response. Science. 2006;313(5783):104-7.

20. Lipson KL, Fonseca SG, Ishigaki S, Nguyen LX, Foss E, Bortell R, Rossini AA, Urano F. Regulation of 
insulin biosynthesis in pancreatic beta cells by an endoplasmic reticulum-resident protein kinase 
IRE1. Cell Metab. 2006;4(3):245-54.

21. Lipson KL, Ghosh R, Urano F. The role of IRE1alpha in the degradation of insulin mRNA in pancreatic 
beta-cells. PLoS One. 2008;3(2):e1648.

22. Pirot P, Naamane N, Libert F, Magnusson NE, Orntoft TF, Cardozo AK, Eizirik DL. Global profiling 
of genes modified by endoplasmic reticulum stress in pancreatic beta cells reveals the early 
degradation of insulin mRNAs. Diabetologia. 2007;50(5):1006-14.

23. Nader N, Ng SS, Lambrou GI, Pervanidou P, Wang Y, Chrousos GP, Kino T. AMPK regulates metabolic 
actions of glucocorticoids by phosphorylating the glucocorticoid receptor through p38 MAPK. Mol 
Endocrinol. 2010;24(9):1748-64.

24. Goodman PA, Medina-Martinez O, Fernandez-Mejia C. Identification of the human insulin 
negative regulatory element as a negative glucocorticoid response element. Mol Cell Endocrinol. 
1996;120(2):139-46.

25. Lee jK, Tsai SY. Multiple hormone response elements can confer glucocorticoid regulation on the 
human insulin receptor gene. Mol Endocrinol. 1994;8(5):625-34.

26. Sachdeva MM, Claiborn KC, Khoo C, Yang j, Groff DN, Mirmira RG, Stoffers DA. Pdx1 (MODY4) regulates 
pancreatic beta cell susceptibility to ER stress. Proc Natl Acad Sci U S A. 2009;106(45):19090-5.

27. Goldfinger M, Shmuel M, Benhamron S, Tirosh B. Protein synthesis in plasma cells is regulated 
by crosstalk between endoplasmic reticulum stress and mTOR signaling. Eur j Immunol. 
2011;41(2):491-502.

28. Gupta S, McGrath B, Cavener DR. PERK (EIF2AK3) regulates proinsulin trafficking and quality 
control in the secretory pathway. Diabetes. 2010;59(8):1937-47.



3

Chapter 3

71

29. Shimizu N, Yoshikawa N, Ito N, Maruyama T, Suzuki Y, Takeda S, Nakae j, Tagata Y, Nishitani S, 
Takehana K, Sano M, Fukuda K, Suematsu M, Morimoto C, Tanaka H. Crosstalk between Glucocorticoid 
Receptor and Nutritional Sensor mTOR in Skeletal Muscle. Cell Metab. 2011;13(2):170-82.

30. Xu j, Winkler j, Derendorf H. A pharmacokinetic/pharmacodynamic approach to predict total 
prednisolone concentrations in human plasma. j Pharmacokinet Pharmacodyn. 2007;34(3):355-72.

31. van Raalte DH, van Genugten RE, Linssen MM, Ouwens DM, Diamant M. Glucagon-Like Peptide-1 
Receptor Agonist Treatment Prevents Glucocorticoid-Induced Glucose Intolerance and Islet-Cell 
Dysfunction in Humans. Diabetes Care. 2011.

32. Cunha DA, Ladriere L, Ortis F, Igoillo-Esteve M, Gurzov EN, Lupi R, Marchetti P, Eizirik DL, Cnop M. 
Glucagon-like peptide-1 agonists protect pancreatic beta-cells from lipotoxic endoplasmic reticulum 
stress through upregulation of BiP and junB. Diabetes. 2009;58(12):2851-62.

33. Yusta B, Baggio LL, Estall jL, Koehler jA, Holland DP, Li H, Pipeleers D, Ling Z, Drucker Dj. GLP-1 
receptor activation improves beta cell function and survival following induction of endoplasmic 
reticulum stress. Cell Metab. 2006;4(5):391-406.



Ch
ap

te
r 3

Gl
uc

oc
or

tic
oi

ds
 in

du
ce

 b
et

a-
ce

ll 
ER

 st
re

ss

72

SUPPLEMENTARy FILES

Supplementary Table 1. List of Antibodies

Primary antibody Supplier Reference Dilution

cleaved caspase 3 R&D systems Mab835 1:1000

Insulin Santa Cruz Biotechnology sc-9168 1:1000

Insulin receptor β-subunit Santa Cruz Biotechnology sc-711 1:1000

IRE1α Cell Signaling Technology 3294 1:1000

PDX1 Santa Cruz Biotechnology sc-14664 1:1000

peIF2α-S51 Cell Signaling Technology 9721 1:1000

pPERK-T980 Santa Cruz Biotechnology 32577 1:1000

XBP1s Biolegend 619502 1:1000

XBP1t Abcam ab37151 1:1000

Supplementary Table 2. Primer sequences

Gene Accession no Forward primer Reverse primer

HPRT NM012583 5’-ggtccttttcaccagcaagct-3’ 5’-tgacactggcaaaacaatgca-3’

Insulin 1 NM019129 5’-gcagaagcgtggcattgtg-3’ 5’-ggtggactcsagttgcagtagttctc-3’

Insulin 2 NM019130 5’-gctggccctgctcatcct-3’ 5’-ccaccaagtgagaaccacaaag-3’

PDX1 NM022852 5’-ggtatagccagcgagatgct-3’ 5’-tcagttgggagcctgattct-3’

XBP1s NM001004210 5’-gagtccgcagcaggtg-3’ 5’-gcgtcagaatccatggga-3’

XBP1t NM001004210 5’-gagcagcaagtggtggattt-3’ 5’-tctcaatcacaagcccatga-3’








