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ABSTRACT 

Aims/Hypothesis: Inadequate chaperone function relative to client protein load in the 

endoplasmic reticulum (ER) triggers an adaptive Unfolded Protein Response (UPR) including 

the Integrated Stress Response (ISR), the latter being also activated by other types of stresses. 

It is well established that pancreatic beta-cells, which synthesize and secrete insulin upon 

nutrient stimulation, are markedly affected by pathological disruption or excessive activation 

of the UPR. However, whether and how physiological nutrient stimulation affects the beta-

cell UPR has been little investigated. 

Methods: We compared the effects of increasing glucose concentrations and of ER Ca2+ 

emptying with thapsigargin on the UPR (xbp1 mRNA splicing and XBP1/ATF6-target gene 

expression) and ISR (eIF2α phosphorylation, ATF4 protein levels and target gene expression) 

in isolated rat islets. 

Results: Thapsigargin strongly increased both UPR and ISR. In comparison, glucose 

moderately increased the UPR between 5 and 30 mmol/l, but exerted complex effects on the 

ISR: a marked reduction between 2 and 10 mmol/l, and a moderate increase parallel to the 

UPR between 10 and 30 mmol/l. These glucose effects occurred within 2h, were mimicked by 

other metabolic substrates, but were independent from changes in Ca2+ influx or insulin 

secretion. Remarkably, attenuating the glucose stimulation of protein synthesis with a low 

concentration of cycloheximide prevented UPR activation but not ISR reduction by high 

glucose. 

Conclusions/Interpretation: Nutrient stimulation acutely activates rat islet UPR in a protein 

synthesis-dependent manner while exerting complex effects on the ISR. These effects may 

contribute to nutrient-induced maintenance of the beta-cell phenotype. 

 

Keywords: beta-cell, ER stress, gene expression, succinic acid, amino acids, α-

ketoisocaproate. 
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ABBREVIATIONS 

ATF, Activating Transcription Factor ; BiP, immunoglobulin heavy chain Binding Protein; 

CHX, cycloheximide; EDEM, ER-Degradation Enhancer Mannosidase α-like 1; eIF2α, 

eukaryotic Initiation Factor 2 subunit α ; ER, Endoplasmic Reticulum; ERAD, ER-Associated 

Degradation; FAM-VAD-fmk, carboxyfluorescein derivative of benzyloxycarbonyl-Val-Ala-

Asp-fluoromethyl ketone; GADD, Growth Arrest and DNA Damage; Gn, n mmol/l glucose; 

GRP, Glucose Regulated Protein; IRE, Inositol requiring; ISR, Integrated Stress Response; 

SAM, Succinic Acid Monomethyl ester; PERK, Pancreatic ER Kinase; SERCA, Sarco-

Endoplasmic Reticulum Ca2+-ATPase; TBP, TATA-box Binding Protein; TG, thapsigargin; 

UPR, Unfolded Protein Response; XBP, X-box Binding Protein. 
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INTRODUCTION 

Folding of proteins destined to the secretory pathway in the endoplasmic reticulum (ER) 

critically depends on adequate production and function of ER chaperones such as BiP 

(HSPA5), GRP94 (HSP90B), calnexin, calreticulin and protein disulfide isomerase [1]. When 

ER chaperone function decreases or ER client protein load increases (following ER Ca2+ 

emptying, ATP depletion, increased protein synthesis...), the Unfolded Protein Response is 

activated. This transiently reduces protein synthesis, improves the cell capacity to fold 

proteins and degrade unfolded proteins, and increases cellular defences against various types 

of stresses [2-4]. This response, which is controlled by the ER stress sensors IRE1 (Inositol 

requiring 1), ATF6 (Activating Transcription Factor 6) and PERK (Pancreatic ER Kinase), is 

made of two branches. The first branch results from the unconventional splicing of X-box 

binding protein 1 (xbp1) pre-mRNA by IRE1 with subsequent increase in active XBP1, and 

from the proteolytic activation of ATF6. Both transcription factors contribute to increase the 

production of ER chaperones such as BiP and GRP94, and of components of the ER-

associated degradation pathway like EDEM (ER degradation-enhancer mannosidase α-like 1) 

[5]. The second branch results from the phosphorylation of the eukaryotic initiation factor 2 α 

subunit (eIF2α) on Ser51 by PERK, followed by general translational pause with selective 

increase in atf4 mRNA translation and subsequent stimulation of expression of ATF4-target 

genes like atf3, gadd153, gadd34 and bip [6]. Because eIF2α-Ser51 can also be 

phosphorylated by other kinases (PKR, GCN2 and HRI) independently from UPR activation, 

events downstream from eIF2α-Ser51 phosphorylation (the shared branch of the UPR as 

defined by Ma et al. [7]) will be referred to as the “Integrated Stress Response (ISR)” 

regardless of the kinase involved [7-9]. 

 

Pancreatic beta-cells, which synthesize and secrete insulin in a glucose concentration-

dependent manner [10], produce high levels of several UPR and ISR components. 



H. Elouil et al.: Acute nutrient regulation of islet UPR and ISR 5 

Surprisingly, both genetic disruption and excessive activation of the UPR and ISR induce 

beta-cell apoptosis and insulin-dependent diabetes ([11-14], recently reviewed in [4]), 

suggesting that beta-cell survival and function critically depend on a continuous physiological 

activation of the UPR to cope with their high rate of proinsulin synthesis. More recently, it 

was also demonstrated that prolonged exposure to palmitate or high glucose concentrations 

triggers an ER stress response in insulin-secreting INS1 cells [15-17], suggesting that ER 

stress may play a role in beta-cell gluco-lipotoxicity in type 2 diabetes. 

 

Glucose is the main physiological regulator of protein synthesis in beta-cells. As such, it can 

be expected to activate the UPR and ISR to compensate for an increase in ER client protein 

load. In support of that hypothesis, it was recently demonstrated that glucose acutely induces 

IRE1α phosphorylation and UPR activation in isolated mouse islets [18]. However, these 

effects were not accompanied by xbp1 mRNA splicing, a hallmark of UPR activation [19]. In 

contrast, it has recently been shown that glucose rapidly decreases eIF2α phosphorylation and 

the ISR in MIN6 cells [20,21]. To investigate whether and to what extent physiological 

nutrient stimulation affects the UPR in normal beta-cells, we tested the effects of increasing 

glucose concentrations and of other metabolic substrates on the UPR and ISR in cultured rat 

islets, and compared these effects to those of the specific inhibitor of Sarco-Endoplasmic 

Reticulum Ca2+-ATPases (SERCAs) thapsigargin (TG), a potent inducer of ER-stress in many 

cell types [3]. 
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MATERIALS AND METHODS 

Materials - Thapsigargin (TG), cycloheximide (CHX), succinic acid monomethyl ester 

(SAM), α-ketoisocaproate (KIC), L-glutamine, and diazoxide were purchased from Sigma (St 

Louis, MO, USA). L-leucine was from Calbiochem (San Diego, CA, USA). 

 

Antibodies – Rabbit polyclonal anti-GADD153 (sc-575), anti-ATF4 (sc-200) and anti-XBP1 

(sc-7160) antibodies were from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Mouse 

anti-BiP antibody (clone 40) was from BD Biosciences (San Diego, CA, USA). Rabbit 

polyclonal anti-ACTIN antibody was from Sigma. Mouse monoclonal anti-total-eIF2α 

antibody was provided by D. Scheuner, University of Michigan. Rabbit anti-phospho-eIF2α 

antibodies were generated as described [20]. 

 

Islet isolation and culture - Islets were isolated from the pancreas of ~200g male Wistar rats 

(local animal facility), as described [22]. They were precultured for 1wk at 37°C, in the 

presence of 5% CO2, in serum-free RPMI-1640 medium (Gibco, Grand Island, NY, USA) 

containing 10 mmol/l glucose (G10), 5 g/l BSA fraction V (Roche, Basel, Switzerland), 100 

IU/ml penicillin, and 100 µg/ml streptomycin. Large islets (diameter > 150 µm) were 

discarded. After preculture, islets were further cultured in medium containing 2-30 mmol/l 

glucose (G2, G5, G10 or G30) and various test substances, and collected for further analysis. 

All experiments were conducted in accord with accepted standards of humane animal care and 

were approved by the local Institutional Committee on Animal Experimentation. 

 

RNA extraction and cDNA synthesis - Islet total RNA was extracted and reversed transcribed 

in cDNA as described [22]. 
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Measurement of xbp1 mRNA splicing - cDNAs corresponding to the unspliced (xbp1u) and 

spliced (xbp1s) forms of xbp1 mRNA (NM_001004210) were amplified simultaneously with 

TATA-box binding protein (tbp) cDNA by duplex radioactive PCR [19,22] (Electronic 

Supplement Table 1). The spliced over total xbp1 mRNA ratio was calculated as an indicator 

of xbp1 mRNA splicing. 

 

Real-time fluorescent PCR - Real-time PCR was performed as described ([23] and Electronic 

Supplement Table 2). Within each PCR, sample threshold cycles were compared to a standard 

curve prepared by serial 4-fold dilutions of an appropriate control cDNA. Relative changes in 

gene mRNA levels were expressed relative to the mRNA levels in control islets and 

normalized for relative changes in tbp mRNA levels. 

 

Western blotting – After rinsing with ice-cold phosphate-buffered saline (PBS), islets were 

precipitated with trichloracetic acid and their proteins solubilized in Laemmli buffer. For 

eIF2α phosphorylation measurements, islet protein extracts were prepared as described [20]. 

Proteins were separated by 8-12% SDS-PAGE and electrophoretically transferred to 

nitrocellulose membranes. The membrane was blocked (5% non-fat dry milk in Tris-buffered 

saline (TBS, pH 7.4) containing 0.05% Tween-20), incubated overnight with the primary 

antibody, washed, incubated 1h with a HRP-conjugated anti-rabbit or anti-mouse antibody, 

and washed before detection of bound antibodies by enhanced chemiluminescence. Band 

intensities were quantified by scanning densitometry and normalized to Rouge Ponceau 

staining intensity. 

 

GADD153 immunohistochemistry - Islets were washed, fixed in 1% formaldehyde and 

embedded in paraffin. Then, GADD153 was detected on 5µm-thick sections using anti-
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GADD153 antibody diluted 1/800 and the same procedure as that described previously for 

heme oxygenase 1 immunodetection [22]. 

 

Measurement of protein biosynthesis – Islet protein synthesis was estimated from the 

incorporation of L-[3,5-3H]-tyrosine (Amersham Biosciences, Buckinghamshire, UK) in total 

islet protein extracts during culture, as previously described [24]. 

 

Insulin secretion measurements - Insulin concentrations in the culture media were determined 

by RIA using rat insulin as a standard [25]. The amount of insulin secreted during the whole 

culture period was expressed in ng.islet-1.h-1. 

 

Data analysis - The results are presented as means ± SEM for the indicated number of 

experiments. In all cases, gene mRNA and protein levels were expressed relative to the level 

measured in the group of islets that had been maintained under the same condition as during 

the last 24h of preculture (most frequently G10). 
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RESULTS 

Most experiments were carried out in islets precultured for 1wk in serum-free RPMI medium 

containing 10 mmol/l glucose (G10) and 5 g/l BSA. These islets, which have recovered from 

the stress of isolation [26], have a well preserved morphology and beta-cell glucose 

responsiveness with low level of beta-cell apoptosis [27], in marked contrast with islets 

cultured for several days in G5 [28]. They express total xbp1, bip and grp94 mRNA at much 

higher levels than tbp, and edem, atf3, gadd153 and gadd34 mRNA at similar or lower levels 

(Electronic Supplement Table 2). 

 

Effects of TG and increasing glucose concentrations on the UPR and the ISR in isolated islets 

– We first tested the effects of an 18h culture in the presence of 10-8-10-6 mol/l TG. As shown 

in Fig. 1, TG dose-dependently increased insulin secretion, xbp1 mRNA splicing and mRNA 

levels of bip, grp94, edem, atf3, gadd153 (chop) and gadd34, without affecting total xbp1 and 

tbp mRNA levels. TG also significantly increased islet XBP1, ATF4, BiP and GADD153 

protein levels (Fig. 2), the latter being detected in most islet cell nuclei (Fig. 2e). The increase 

in xbp1 mRNA splicing was maximal within 2h while gadd153 mRNA levels steadily 

increased during the first 8h of TG treatment (data not shown). Thus, emptying ER Ca2+ with 

TG rapidly and strongly activates both UPR and ISR in rat islet cells. 

 

We next tested the effects of a decrease or increase in glucose concentration. As shown in Fig. 

1, 18h culture in G2-G5 vs. G10 resulted in a significant decrease in insulin secretion and 

xbp1 mRNA splicing, the latter being always significantly higher than zero (P<0.0001 by one 

sample t-test). There were no changes in total xbp1, grp94, edem and tbp mRNA levels, and a 

strong increase in atf3, gadd153, and gadd34 mRNA levels. The latter effect only partly 

resulted from a ~2.3-fold increase in atf3 and gadd153 mRNA half-life in G2 vs. G10 

(Electronic Supplement Fig. 1). Under these conditions, XBP1 protein levels decreased in G5 
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vs. G10 while BiP and GADD153 protein levels increased in both G5 and G2 (Fig. 2). In G2, 

GADD153 increased in most islet cell nuclei (Fig. 2c). Clear increases in bip mRNA and 

ATF4 protein levels were only observed in G2 vs. G10 (Fig. 1f and 2a-b). Thus, lowering 

glucose from G10 to G2-G5 attenuates the UPR while increasing ISR gene mRNA and 

protein levels. 

 

In contrast with the culture in low glucose, 18h culture in G30 vs. G10 induced a significant 

increase in insulin secretion, xbp1 mRNA splicing and XBP1 protein levels without changes 

in total xbp1 and tbp mRNA levels (Fig. 1, right panels and Fig. 2a-b). High glucose also 

induced a small similar increase in bip, grp94, edem, atf3, gadd153 and gadd34 mRNA levels 

(Fig. 1f, h). Under these conditions, culture in G30 vs. G10 significantly increased BiP but 

neither ATF4 nor GADD153 protein levels (Fig. 2b). When the islets were cultured for 1wk 

in G10 or G30 immediately after isolation, the spliced/total xbp1 mRNA ratio was also 

significantly increased (from 0.18 ± 0.03 in G10 to 0.24 ± 0.02 in G30, n=7, P<0.05 by 

unpaired t-test). Thus, increasing glucose from G10 to G30 for 18h up to 1wk moderately 

activates the UPR and increases ISR gene mRNA levels in cultured rat islets. 

 

Altogether, these results suggest that, in contrast with TG that strongly increases both UPR 

and ISR, glucose moderately increases the UPR between G5 and G30 but exerts complex 

effects on the ISR: a marked reduction from G2 to G10, and a moderate increase parallel to 

the UPR from G10 to G30. The effects of glucose on xbp1 mRNA splicing and gadd153 

mRNA levels were similar in medium containing 10% FCS instead of BSA (data not shown). 

 

Time-dependence of the effects of glucose on the UPR – We next tested the kinetics of UPR 

regulation by glucose between G5 and G30. After 18h culture in G5, the rate of insulin 

secretion and the level of xbp1 mRNA splicing were low. Upon stimulation with G30, the 
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increase in insulin secretion rate and xbp1 mRNA splicing were maximal within 2h of 

stimulation (Fig. 3a-b). In comparison, bip and grp94 mRNA levels did not increase before 4-

8h, while edem mRNA levels only rose after 24h in G30 (data not shown). Conversely, in the 

reverse protocol, lowering glucose from G30 to G5 led to a rapid decline in insulin secretion 

and xbp1 mRNA splicing (Fig. 3c-d). 

 

Time-dependence of the effects of glucose on the ISR – We also tested the kinetics of ISR 

regulation by glucose. After culture in G10, lowering glucose to G2 triggered a rapid increase 

in gadd153 mRNA levels (Fig. 4a). Under these conditions, a 2h culture in G2 increased 

eIF2α-Ser51 phosphorylation to a lesser extent than addition of 10-6 mol/l TG in G10, whereas 

culture in G5 and G30 had no effect (Fig. 4b). Of note, eIF2α phosphorylation was never 

below detection limit, even after culture in G10 (the present study and [20]). These results 

confirm that lowering glucose from G10 to G2 acutely induces the ISR. To further document 

the opposite effects of glucose on islet UPR and ISR, we also measured gadd153 mRNA 

levels and eIF2α-Ser51 phosphorylation under conditions leading to a rapid increase in xbp1 

mRNA splicing (see Fig. 3a-b). After 18h culture in G5, stimulation with G30 led to a rapid 

decrease in gadd153 mRNA levels (Fig. 4c). Under these conditions, the ratio of 

phosphorylated/total eIF2α was significantly reduced by 2h culture in G30 vs. G5, and 

increased by 2h treatment with TG (Fig. 4d). The good parallelism between glucose-induced 

early changes in islet eIF2α phosphorylation and gadd153 mRNA levels under these various 

conditions supports the hypothesis that culture in low glucose induces eIF2α phosphorylation 

and downstream activation of the ISR. 

 

Role of mitochondrial metabolism, Ca2+ influx and insulin secretion – Glucose stimulation of 

beta-cells increases glycolysis and mitochondrial metabolism, leading to a rise in cytosolic 

ATP/ADP ratio, subsequent closure of ATP-dependent K+ channels, plasma membrane 
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depolarization and opening of voltage-dependent Ca2+ channels. The resulting increase in 

cytosolic Ca2+ concentration is the triggering signal for exocytosis [10]. Except for changes in 

glycolysis, these stimulus-secretion coupling events can be elicited by various mitochondrial 

substrates in the presence of a non stimulatory glucose concentration [29,30]. As shown in 

Table 1, addition of a combination of 5 mmol/l leucine and 5 mmol/l glutamine (Leu-Gln), 10 

mmol/l succinic acid monomethyl ester (SAM) or 5 mmol/l α-ketoisocaproate (KIC) to G5 

stimulated insulin secretion and xbp1 mRNA splicing while reducing gadd153 mRNA 

expression, SAM and KIC being as effective as G10. Thus, the effects of glucose on islet 

UPR and ISR are reproduced by various metabolic substrates that bypass glycolysis. 

 

To evaluate the role of plasma membrane depolarization, stimulation of Ca2+ influx and 

insulin secretion, we tested the effects of diazoxide, a drug that reduces Ca2+ influx and 

insulin secretion by opening ATP-dependent K+ channels [10]. As expected, addition of 

diazoxide to G10 and G30 significantly reduced insulin secretion. However, it did not alter 

xbp1 mRNA splicing nor gadd153 mRNA levels (Table 1). Similar results were obtained 

when insulin secretion was inhibited by clonidine, an α2-adrenergic agonist that inhibits 

cAMP production [31] and uncouples exocytosis from the rise in cytosolic Ca2+ concentration 

[32](data not shown). Thus, glucose activates the UPR and reduces the ISR independently 

from its effects on beta-cell membrane potential, Ca2+ influx and insulin secretion. 

 

Role of protein synthesis - Acceleration of mitochondrial metabolism by glucose and other 

metabolic substrates rapidly stimulates beta-cell protein synthesis with a preferential effect on 

proinsulin [33,34]. To investigate the role of changes in ER client protein load in the glucose 

regulation of the UPR and ISR, we tested the effect of cycloheximide (CHX), an inhibitor of 

protein synthesis. Under control conditions, islet protein synthesis was markedly increased 

between G2 and G10 and slightly decreased between G10 and G30 (Fig. 5a, open circles). 
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CHX dose-dependently inhibited protein synthesis in G10 with a half-maximal effective 

concentration of ~0.1 µmol/l (data not shown). At that concentration, CHX did not affect islet 

protein synthesis in G2, but reduced it in G5, G10 and G30 (Fig. 5a, closed circles). This 

attenuation of the glucose-stimulation of protein synthesis completely prevented the glucose 

stimulation of xbp1 mRNA splicing, bip, grp94 and edem mRNA expression (Fig. 5c-f), but 

affected neither glucose-induced insulin secretion (Fig. 5b) nor glucose–induced reduction in 

atf3, gadd153 and gadd34 mRNA levels (Fig. 5g-h and data not shown). In contrast, CHX 

failed to reduce the stimulation of xbp1 mRNA splicing triggered by TG in G10 while 

completely preventing the increase in bip mRNA levels (Electronic supplement Fig. 2a-b). 

After 1 day culture in G5, CHX also completely prevented the stimulation of xbp1 mRNA 

splicing triggered by 2h culture in G30 without counteracting the reduction in gadd153 

mRNA levels (Electronic supplement Fig. 2c-d). Thus, reducing the glucose stimulation of 

protein synthesis, hence of ER protein load, abrogates the glucose stimulation of islet UPR 

while leaving unaffected the reduction of the ISR. 
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DISCUSSION 

This study demonstrates that stimulation of isolated rat islets with glucose and other nutrients 

induces a rapid and sustained activation of the Unfolded Protein Response, the maximal 

intensity of which is less than that induced by 10-7 mol/l TG. Thus, like TG, glucose rapidly 

increases xbp1 mRNA splicing (a specific marker of IRE1 and UPR activation [19]) and 

XBP1 protein levels without increasing total xbp1 mRNA levels. This effect is unrelated to 

the stimulation of Ca2+ influx and insulin secretion, but likely results from the stimulation of 

protein synthesis in beta-cells. Thus, glucose-induced UPR activation was unaffected by 

diazoxide or clonidine, but was abrogated by CHX at a concentration that did not suppress 

protein synthesis but only prevented its stimulation by glucose (Fig. 5a). Although the CHX-

mediated reduction in the mRNA levels of UPR-responsive genes (bip, grp94 and edem) may 

result from reduced synthesis of UPR transcription factors, the decrease in xbp1 mRNA 

splicing can unambiguously be attributed to a reduction in IRE1 activity upon inhibition of 

protein synthesis. Thus, CHX fails to inhibit xbp1 mRNA splicing in response to TG 

treatment, indicating that IRE1, when adequately stimulated, is still able to splice xbp1 pre-

mRNA in CHX-treated islets. Our results therefore strongly suggest that activation of the 

UPR by high glucose results from an increase in ER client protein load (Fig. 6b). The 

observation that xbp1 mRNA splicing never reaches zero even after culture at low glucose 

suggests that the basal rate of protein synthesis in G2 is sufficient to slightly activate the UPR 

in cultured rat islets. 

 

Our results slightly contrast with a recent study showing that glucose increases IRE1α 

phosphorylation and UPR gene expression without increasing xbp1 mRNA splicing in 

isolated mouse islets [18]. This discrepancy is unlikely due to species differences, because 

glucose increases xbp1 mRNA splicing in mouse islets under our culture conditions (M. 

Bensellam, unpublished results). It may rather result from the use of freshly isolated vs. 
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precultured islets, since xbp1 mRNA splicing was significantly higher in fresh vs. cultured rat 

islets (spliced/total xbp1 mRNA ratio : 0.55 ± 0.02 in fresh islets vs. 0.20 ± 0.01 in1wk-

precultured islets, n=21-28, P<0.0001 by unpaired t-test). This high level of xbp1 mRNA 

splicing, which may result from the stress of isolation, was observed regardless of the pre-

isolation condition, thereby preventing us from studying the impact of in vivo hyperglycaemia 

on UPR activation. 

 

What could be the physiological role of nutrient-activation of the UPR in islet beta-cells? Its 

rapid onset upon glucose stimulation and fast reduction upon lowering the glucose 

concentration suggest that meal-related fluctuations in plasma nutrient concentration may 

induce synchronous fluctuations of xbp1 mRNA splicing and other early steps of the UPR in 

beta-cells. By adapting the ER chaperone to client protein ratio and the ER-associated 

degradation capacity to physiological variations in protein synthesis, temporal integration of 

these UPR fluctuations could contribute to the plasticity of the beta-cell phenotype [35]. Our 

hypothesis may seem at variance with the observation, by electron microscopy, of normal 

beta-cells in xbp1 knockout mice with a liver-specific rescue of xbp1 expression [36]. 

However, the argument is not sufficient to exclude a role for XBP1 in beta-cell plasticity for 

several reasons. First, because apolipoprotein E mRNA is expressed in rat islets (M. 

Bensellam, unpublished results), expression of xbp1 under the apolipoprotein E promoter may 

have corrected XBP1 deficiency not only in the liver but also in beta-cells. Second, beta-cell 

function was not evaluated in that study, leaving open the possibility that beta-cells were 

defective in these mice despite their normal morphology. Third, it is possible that XBP1 is not 

important in the early post-natal period but becomes so later in life, when beta-cells are more 

responsive to nutrient stimulation. 
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Although we had expected that the ISR would be activated by nutrients in parallel with xbp1 

mRNA splicing as it is after TG treatment, we unexpectedly observed a partial dissociation 

between both responses. Thus, the UPR was low in G2-G5 and concentration-dependently 

activated by G10 and G30, whereas the ISR was high in G2, minimal (though different from 

zero) in G10, and slightly increased in G30, as shown by changes in eIF2α phosphorylation, 

ATF4 protein levels and ATF4-target gene mRNA levels. That low glucose strongly induces 

the ISR in beta-cells was also recently demonstrated in MIN6 cells [21]. As there were no 

detectable increases in eIF2α phosphorylation and ATF4 production in G5 vs. G10, the rise in 

ATF4-target gene mRNA levels in G5 may result from their transcriptional activation by a 

mechanism different from the ISR and from their concomitant stabilisation. Our interpretation 

that the ISR is activated in G5 is, however, supported by the observations that eIF2α 

phosphorylation rapidly decreases upon stimulation from G5 to G30 in rat islets (see Fig. 4d) 

and within the whole physiological range of glucose concentrations in MIN6 cells [20,37]. 

 

Investigating the mechanism of ISR activation in low glucose was not our aim. Our results 

nevertheless clearly demonstrate that it can be prevented or acutely reduced by stimulation 

with glucose (and SAM, KIC and Leu-Gln) independently from the stimulation of Ca2+ influx, 

insulin secretion and protein synthesis. It could result either from the activation of any eIF2α 

kinase, among which PERK and GCN2 are the most likely candidates [11], or by the 

inactivation of protein phosphatase 1, mediated by inhibitor-1 which is highly expressed in 

beta-cells [20]. In other cell types, complete glucose deprivation is known to induce the UPR, 

an effect generally attributed to ER Ca2+ emptying and reduced ER chaperone function at very 

low ATP concentrations [1,3]. However, the situation was clearly different in G2-G5, where 

the islet ATP/ADP ratio is only moderately reduced as compared with G10 [27,38], and xbp1 

mRNA splicing was not increased. 

 



H. Elouil et al.: Acute nutrient regulation of islet UPR and ISR 17 

Although we did not fully investigate the mechanisms behind the asymmetric V-shaped 

glucose-concentration response curve for changes in islet ISR gene expression, our results 

allow us to propose the following model. On the one hand, the ISR is activated in parallel 

with nutrient activation of the classical UPR (pathway 1, Fig. 6b), as shown by the parallel 

increases in xbp1 mRNA splicing and in the expression of UPR and ISR gene mRNA levels 

between G10 and G30. This ISR activation is very low, as neither eIF2α phosphorylation nor 

an increase in ATF4 or GADD153 protein expression could be detected in G30 vs. G10. The 

~1.6-fold increase in ATF4-target gene mRNA levels in G30 vs. G10 is, however, compatible 

with our estimation (based on changes in xbp1 mRNA splicing) that the maximal glucose 

activation of the UPR is less than that produced by 10-7 mol/l TG. On the other hand, low 

glucose concentrations (G2 and G5 vs. G10) rapidly increase ISR gene mRNA levels by 

inducing the ISR and, to some extent, by increasing ATF4-target gene mRNA stability 

(pathway 2, Fig. 6b). The reduction in ISR gene mRNA and protein levels between G5 and 

G10 despite concurrent activation of the UPR therefore indicates that, within that 

physiological range of glucose concentrations, pathway 2 predominates over pathway 1 for 

the regulation of the ISR (Fig. 6b). 

 

What could be the role of the asymmetric V-shaped glucose concentration-dependent changes 

in ISR in islet beta-cells? In the short term, changes in eIF2α phosphorylation may play a role 

in the nutrient-regulation of protein synthesis [12,14,20,37]. This hypothesis is compatible 

with our finding of an inverse correlation between glucose-induced changes in islet ISR gene 

mRNA levels and total protein synthesis after 18h culture. It is strongly supported by the 

observation that inhibiting glucose-induced eIF2α de-phosphorylation markedly reduced the 

acute glucose-stimulation of protein synthesis in MIN6 cells [20]. In the long term, beta-cell 

apoptosis after 2-7 days of culture also displayed a V-shaped glucose concentration-dependent 

curve [27,28,39,40]. Thus, by measuring caspase activation, we confirmed that islet cell 
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apoptosis is minimal after 1wk culture in G10 and significantly increased by G2-G5 and, to a 

lesser extent, by G30 (Electronic Supplement Fig. 2). The rather good correlation between 

rapid ISR activation and slower induction of apoptosis reinforces the hypothesis of a causal 

link between both events under various conditions [13,41]. Thus, although the activation of 

islet ISR and apoptosis by G30 vs. G10 was rather small in comparison to that induced by low 

glucose, the sustained activation of the islet UPR by G30 is compatible with recent studies 

indicating that prolonged exposure to high glucose or high free fatty acid concentrations 

induces an ER stress response that may contribute to the slow deterioration of beta-cell 

function and survival in type 2 diabetes [15-17,42,43]. In this context, it will be of utmost 

importance to clarify the issue as to whether ISR activation contributes to beta-cell apoptosis 

[13,41,44], protects against it [45,46], or is just a marker of beta-cell exposure to pro-

apoptotic stimuli. 

 

In conclusion, our results demonstrate that nutrient stimulation of rat islets moderately 

activates the classical UPR in a protein synthesis-dependent manner and inhibits the strong 

activation of ISR gene expression induced by low glucose concentrations. Both effects lead to 

an asymmetric V-shaped glucose-concentration response curve for changes in islet ISR. The 

kinetics of these effects suggests their possible role in nutrient-induced changes of the beta-

cell phenotype under both physiological and pathological conditions. 
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LEGENDS TO FIGURES 

Figure 1. Effects of thapsigargin (TG) and increasing glucose concentrations on insulin 

secretion during culture (a, b), spliced/total xbp1 mRNA ratio (c, d), and the mRNA levels of 

total xbp1, bip, grp94, edem, atf3, gadd153 (chop) and gadd34 (e-h) in isolated rat islets. 

After 1wk preculture in G10, the islets were cultured 18h in G10 plus increasing TG 

concentrations (a, c, e, g) or in G2, G5, G10 and G30 (b, d, f, h). Gene/tbp mRNA ratios are 

expressed relative to the ratio in islets cultured in G10. Data are means ± SEM for 3 TG and 7 

glucose experiments. * P<0.05 or less vs. islets cultured in G10 (one-way ANOVA + test of 

Newman-Keuls). § P<0.001 by unpaired t-test. f, h, # the P values for comparison of G30 vs. 

G10 mRNA levels by unpaired t-test were 0.008 for bip, 0.007 for grp94, 0.005 for edem, 

0.036 for atf3, 0.003 for gadd153 and 0.007 for gadd34. h, please note the logarithmic Y 

scale. 

 

Figure 2. Effects of increasing glucose concentrations and TG on XBP1, GADD153, ATF4, 

BiP and ACTIN protein levels in cultured rat islets. After 1wk preculture in G10, the islets 

were cultured 18h in the presence of G2, G5, G10, G30 or G10 + 1 µmol/l TG. a-b, XBP1, 

GADD153, ATF4, BiP and ACTIN protein levels were measured by Western Blot as 

described under Methods and expressed relative to the level measured in islets cultured in 

G10. c-e, GADD153 was immunodetected on sections of islets cultured 18h in G2 (c), G10 

(d) or G10 + TG (e). Results are representative (a, c-e) or means ± SEM (b) for 3-4 

experiments. * P<0.05 vs. islets cultured in G10, # P<0.05 for the effect of G30 vs. G5 (one-

way ANOVA + test of Newman-Keuls). b, please note the logarithmic Y scales. 

 

Figure 3. Kinetics of glucose induced-changes in insulin secretion (a, c) and spliced/total 

xbp1 mRNA ratio (b, d) in 1wk precultured islets. a-b, the islets were cultured 18h in G5 

before being cultured in G5 (open symbols) or G30 (closed symbols) for 30min up to 24h. c-
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d, the islets were cultured 18h in G30 before being cultured in G30 (closed symbols) or G5 

(open symbols). The rate of insulin secretion was calculated over the whole culture period of 

each sample. Data are means ± SEM for 3-4 experiments. * P<0.05 or less vs G5 (a-b) or 

G30 (c-d) (one-way ANOVA + test of Dunnett). 

 

Figure 4. Acute effects of glucose on gadd153 mRNA levels (a, c) and eIF2α-Ser51 

phosphorylation (b, d) in 1wk precultured islets. a-b, after preculture in G10, the islets were 

cultured in G10 (closed symbols) or G2 (open symbols) for 30min up to 24h (a), or for 2h in 

G2, G5, G10, G30 or G10 + 1 µmol/l TG (b). c-d, the islets were cultured 18h in G5 before 

being cultured in G5 (open circles) or G30 (closed circles) for 30 min up to 24h, (c) or for 2h 

in G5, G30 or G5 + 1 µmol/l TG (d). Gadd153/tbp mRNA ratios are expressed relative to the 

ratio measured in islets at time 0. The levels of phosphorylated and total eIF2α protein levels 

(eIF2αP and eIF2αtotal respectively) were measured by Western Blot, and the ratio eIF2αP/total 

was expressed relative to the mean ratio in G10 (b) or G5 (d). Results are means ± SEM for 3 

to 4 experiments. * P<0.01 vs islets cultured in G10 (a-b) or G5 (c-d)(one-way ANOVA + 

test of Newman-Keuls). 

 

Figure 5. Effects of cycloheximide (CHX) on glucose-induced changes in total protein 

synthesis (a), insulin secretion during culture (b), spliced/total xbp1 mRNA ratio (c) and bip, 

grp94, edem, gadd153 and atf3 mRNA levels (d-h) in isolated rat islets. After 1wk preculture 

in G10, the islets were cultured 18h in G2, G5, G10 or G30 without (open circles) or with 

CHX 0.1 µmol/l (closed circles). Gene/tbp mRNA ratios are expressed relative to the ratio in 

islets cultured in G10. Data are means ± SEM for 3-4 experiments. * P<0.05 for the effects of 

glucose vs. G10 in the presence or absence of CHX; # P<0.05 for the effect of CHX under the 

same condition. g-h, please note the logarithmic Y scales. 
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Figure 6. Nutrient regulation of the UPR and ISR gene mRNA levels in pancreatic beta-cells. 

a, glucose-induced changes in xbp1 mRNA splicing (UPR) and average changes in atf3, 

gadd153 and gadd34 mRNA levels (ISR) relative to their level after culture in G10 

(normalized data from Fig. 1 d and h). b, proposed model (for explanations, see discussion). 
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Table 1. Effects of mitochondrial metabolic substrates and diazoxide on insulin secretion 

during culture, xbp1 mRNA splicing and gadd153 mRNA expression in cultured rat islets. 

  
Insulin secretion 

(ng.islet-1.h-1) 

Spliced/total xbp1 

mRNA ratio 

Gadd153/tbp mRNA ratio 

(relative to G10) 

G5 0.26 ± 0.04 0.10 ± 0.01 8.46 ± 1.16 

G5 + Leu-Gln 2.07 ± 0.27 a 0.15 ± 0.01 a 2.72 ± 0.19 a 

G5 + SAM 2.33 ± 0.62 a 0.21 ± 0.03 a 1.20 ± 0.17 a 

G5 + KIC 2.64 ± 0.49 a 0.19 ± 0.01 a 1.51 ± 0.13 a 

G10 2.03 ± 0.04 a 0.20 ± 0.01 a 1.00 ± 0.09 a 

G10 + DZ 0.39 ± 0.04 b 0.21 ± 0.01 0.62 ± 0.04 

G30 3.38 ± 0.34 a 0.30 ± 0.01 a 1.86 ± 0.22 a 

G30 + DZ 1.45 ± 0.20 b 0.33 ± 0.03 a 1.47 ± 0.23 

After 1wk preculture in G10, the islets were cultured 18h in G5, G10 or G30 in the eventual 

presence of a combination of 5 mmol/l leucine and 5 mmol/l glutamine (Leu-Gln), 10 mmol/l 

succinic acid monomethyl ester (SAM), 5 mmol/l α-ketoisocaproate (KIC), or 50 µmol/l 

diazoxide (DZ), as indicated. Gadd153/tbp mRNA ratios are expressed relative to the ratio in 

islets cultured in G10. There were no significant changes in tbp and total xbp1 mRNA levels. 

Data are means ± SEM for 3-6 experiments. a P<0.05 vs islets cultured in G5; b P<0.05 for the 

effect of DZ in G10 or G30 (one-way ANOVA + test of Newman-Keuls). 
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Electronic Supplement Table 1. Sequences of oligonucleotide primers and reaction conditions for radioactive multiplex PCR amplification of xbp1s, xbp1u and 

tbp cDNAs. 

Gene 5’-sense primer-3’ 5’-antisense primer-3’ 
Size 

(bp) 

Tbp ACC.CTT.CAC.CAA.TGA.CTC.CTA.TG ATG.ATG.ACT.GCA.GCA.AAT.CGC 198 

Xbp1u ( unspliced) CAA.GGG.GAA.TGG.AGT.AAG.GC GAA.GAG.GCA.ACA.GCG.TCA.GA 140 

Xbp1s (spliced) CAA.GGG.GAA.TGG.AGT.AAG.GC GAA.GAG.GCA.ACA.GCG.TCA.GA 114 

The thermal cycle profile consisted of a 10 min step at 95°C to release AmpliTaq Gold DNA polymerase activity (Applied Biosystem, Foster City, CA, USA) 

followed by 25 cycles of amplification (60 sec denaturation step at 95°C, 60 sec annealing step at 62°C and 60 sec extension step at 72°C) and a final 10 min 

extension step at 72°C. The PCR products were separated by PAGE and the amount of [α-32P]dCTP incorporated in each amplimer was quantified with a Cyclone 

Storage Phosphor System (Packard, Meriden, CT, USA). The ratio xbp1s / (xbp1s + xbp1u) was computed after correction for differences in dCTP incorporation 

between xbp1u and xbp1s amplicons. The intra-assay coefficient of variation was 5.5% for the total xbp1/tbp mRNA ratio and 4.8% for the spliced/total xbp1 

mRNA ratio. The mean ± SD total xbp1/tbp mRNA ratio in islets cultured in G10 was 14.1 ± 2.5 (n=10). 



Electronic Supplementary Table 2. Sequences of oligonucleotide primers, reaction conditions for real-time PCR and characteristics of PCR products. 

Gene 5’-sense primer-3’ 5’-antisense primer-3’ Input a
Annealing 

(°C-sec) 

Extension 

(°C) 

Size 

(bp) 

Tm 

(°C) 

Tbp ACC.CTT.CAC.CAA.TGA.CTC.CTA.TG ACT.TCG.TGC.CAG.AAA.TGC.TGA 2 variable variable 157 84.0 

Cyclophilin AAC.CCC.ACC.GTG.TTC.TTC TGC.CTT.CTT.TCA.CCT.TCC.C 2 62-90 80 400 87.5 

Bip (Hspa5) TCA.GCC.CAC.CGT.AAC.AAT.CA AAG.GTG.ACT.TCA.ATC.TGG.GGT.A 2 62-45 82 132 84.5 

Grp94 (Hsp90b1) GAG.TGT.TCA.TCA.CAG.ACG.ACT.TC GGA.AAC.ATT.GAG.GGG.GAG.ATC  2 62-45 80 98 82.0 

Edem CCT.TGG.ATA.CAC.TCG.CAA.TAA.TGG AAG.ACT.TGG.ACG.GTG.GAA.TCT 2 60-45 80 106 81.0 

Atf3 TGC.TGC.CAA.GTG.TCG.AAA.CA GGT.GCA.GGT.TGA.GCA.TGT.AAA.TCA 4 60-60 - 152 84.0 

Gadd153 (Ddit3) GTC.ACA.AGC.ACC.TCC.CAA.AG CCA.CTC.TGT.TTC.CGT.TTC.CTA.G 2 62-45 80 110 83.0 

Gadd34 (Ppp1r15a) TGG.ACA.CGC.CTT.AGA.AAC.CTA.C GGG.AGA.GGG.AGT.GGT.CA 2 61-45 81 117 86.5 

The thermal cycle profile consisted of a 3min step at 95°C to release DNA polymerase activity followed by 40 cycles of amplification (15 sec denaturation step at 

95°C, 45-60 sec annealing step at 60-62°C, and eventual 15 sec extension step at 79-82°C). Under these conditions, PCR efficiencies ranged from 0.95 to 1.0. The 

size of amplicons measured by agarose gel electrophoresis corresponded to that expected from published sequences. The specificity of amplicons was routinely 

verified by determination of their melting temperature (Tm) at the end of PCR. The mean ± SD (n=10) threshold cycles in islets cultured in G10 using the indicated 

cDNA input per 25 µL reactions (a, ng total RNA equivalent) were : 28.4 ± 0.8 for tbp, 22.8 ± 0.5 for cyclophilin, 21.8 ± 0.9 for bip, 22.7 ± 0.8 for grp94, 26.9 ± 

0.9 for edem, 29.2 ± 0.7 for atf3, 26.6 ± 0.9 for gadd153 and 27.7 ± 0.5 for gadd34. 
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Electronic Supplement Fig. 1. Effect of glucose on gadd153 and atf3 mRNA half-life in cultured 

rat islets. After preculture, the islets were cultured 18h in G2 (closed circles) or G10 (open circles) 

and subsequently treated for 1 to 8h with 5 µg/ml actinomycin D under the same conditions. 

Gadd153 and Atf3 mRNA levels were normalized to cyclophilin rather than tbp mRNA levels 

because the latter has a short half-life [22] whereas the former remained unaffected by 8h treatment 

with actinomycin D. After 18h culture in G2, gadd153, atf3 and cyclophilin mRNA levels were 

respectively 9.5 ± 0.5, 7.0 ± 0.1 and 1.4 ± 0.1 relative to the levels in islets cultured in G10. 

Gadd153 and atf3 over cyclophilin mRNA ratios are expressed in percentage of the ratio measured 

in each type of islets before addition of actinomycin D (time 0). The data were fitted to a one-phase 

exponential decay equation (Y=Span*e(-K*X) + Plateau where Span and Plateau are fixed at 100 and 

0% respectively and half-life=0.69/K) using Graphpad Prism 4.0. The mean [95% confidence 

interval] half-life was ~5.8h [4.9-6.9] in G2 and ~2.6h [1.9-3.7] in G10 for gadd153 mRNA and 

~1.9h [1.5-2.6] in G2 and ~0.8h [0.6-1.1] in G10 for atf3 mRNA (P<0.0001 by F-test comparing 

regression curves in G2 and G10). Gadd153 mRNA was similarly stabilized after cultured in G5 but 

not G30 vs. G10 (data not shown). Assuming that such mRNA stabilization occurred immediately 

upon lowering of the glucose concentration from G10 to G2, we estimated that the increases in 

gadd153 and atf3 mRNA levels measured under these conditions also require a concurrent ~3-4-

fold increase in mRNA production rate. Results are means ± SEM for 3-4 experiments. 
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Electronic Supplement Fig. 2. Effects of cycloheximide (CHX) on glucose-and TG-induced 

changes in xbp1 mRNA splicing (a, c), gadd153 and bip/tbp mRNA ratio (b, d) in isolated rat islets. 

a-b, after 1wk preculture in G10, the islets were cultured 18h in G10 (white column) or G10 + 1 

µmol/l TG in the absence (hatched column) or presence of 10 µmol/l CHX (black column). c-d, the 

islets were cultured 18h in G5 before being cultured for 2h in G5 (white column), G30 (hatched 

column) or G30 with CHX 0.1 µmol/l (black column). Gene mRNA levels are expressed relative to 

the levels in islets cultured in G10 (b) or G5 (d). Data are means ± SEM for 3-4 experiments. * 

P<0.05 for the effects of TG vs. G10 (a-b) or G30 vs. G5 (c-d) in the presence or absence of CHX; 

# P<0.05 for the effect of CHX under the same condition. 
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Electronic Supplement Fig. 3. Glucose-induced changes in islet caspase activation. After 1 wk 

culture in G2, G5, G10 or G30, islet cell apoptosis was measured with the ApoFluorTM Green 

Caspase Activity Detection kit (MP Biomedicals, Irvine, CA, USA) following manufacturer 

instructions. At the end of culture, the islets were incubated for 1h in RPMI medium containing G10 

and a 1/150 dilution of FAM-VAD-fluoromethylketone dissolved in dimethylsulfoxide (DMSO). 

This cell-permeable fluorochrome-labeled caspase inhibitor covalently binds to the catalytic site of 

active caspases (caspase-1 to –9). The islets were then rinsed thrice with RPMI medium to allow 

diffusion of unbound FAM-VAD-fmk out of the islets. Fluorescence microscopy images of labeled 

islets were acquired with an Olympus IX70 inverted fluorescence microscope (20× objective) 

coupled to a CCD camera (T.I.L.L. photonics, Martinsried, Germany) using excitation/emission 

wavelengths of 490/520 nm. The islets were protected from light throughout the procedure. Caspase 

activation was expressed relative to its level after culture in G10. Data are means ± SEM for 5 

experiments. * P<0.05 vs. G10 (one-way ANOVA + test of Newman-Keuls). 

 


