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Abstract
Aims/hypothesis Pancreatic beta cells have highly devel-
oped endoplasmic reticulum (ER) due to their role in
insulin secretion. Since ER stress has been associated with
beta cell dysfunction, we studied several features of beta
cell ER in human type 2 diabetes.
Methods Pancreatic samples and/or isolated islets from
non-diabetic controls (ND) and type 2 diabetes patients
were evaluated for insulin secretion, apoptosis (electron
microscopy and ELISA), morphometric ER assessment
(electron microscopy), and expression of ER stress markers
in beta cell prepared by laser capture microdissection and in
isolated islets.

Results Insulin release was lower and beta cell apoptosis
higher in type 2 diabetes than ND islets. ER density volume
was significantly increased in type 2 diabetes beta cells.
Expression of alpha-mannosidase (also known as mannosi-
dase, alpha, class 1A, member 1) and UDP-glucose glyco-
protein glucosyl transferase like 2 (UGCGL2), assessed by
microarray and/or real-time reverse transcriptase polymerase
chain reaction (RT-PCR), differed between ND and type 2
diabetes beta cells. Expression of immunoglobulin heavy
chain binding protein (BiP, also known as heat shock
70 kDa protein 5 [glucose-regulated protein, 78 kDa]
[HSPA5]), X-box binding protein 1 (XBP-1, also known as
XBP1) and C/EBP homologous protein (CHOP, also known
as damage-inducible transcript 3 [DDIT3]) was not higher in
type 2 diabetes beta cell or isolated islets cultured at
5.5 mmol/l glucose (microarray and real-time RT-PCR) than
in ND samples. When islets were cultured for 24 h at
11.1 mmol/l glucose, there was induction of BiP and XBP-1
in type 2 diabetes islets but not in ND islets.
Conclusions/interpretation Beta cell in type 2 diabetes
showed modest signs of ER stress when studied in
pancreatic samples or isolated islets maintained at physio-
logical glucose concentration. However, exposure to in-
creased glucose levels induced ER stress markers in type 2
diabetes islet cells, which therefore may be more suscep-
tible to ER stress induced by metabolic perturbations.
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EM electron microscopy
ER endoplasmic reticulum
LCM laser capture microdissection
MANI1A alpha-mannosidase
UGCGL2 UDP-glucose glycoprotein glucosyl transferase

like 2
UPR unfolded protein response
XBP-1 X-box binding protein 1
XBP-1s spliced X-box binding protein 1
XBP-1t total X-box binding protein 1

Introduction

Diabetes mellitus is a chronic metabolic disease represent-
ing a major cause of morbidity and mortality in contempo-
rary society [1–3]. Type 2 diabetes mellitus is the most
common form of this disease (about 90% of all cases) and it
is characterised by reduced insulin action and insulin
deficiency [1, 4, 5]. Insulin resistance in peripheral tissues
represents a serious and chronic challenge to the capacity of
beta cells to produce and secrete insulin, and normoglycae-
mia is maintained as long as beta cells can compensate for
insulin resistance. This imposes a stress on the beta cells,
which may eventually fail to cope with the increased
demand of insulin production, leading to the onset of
diabetes [5–8]. The mechanisms causing the loss of beta
cell function and mass in type 2 diabetes are still debated
[8–10]. It has been recently proposed that alterations of
endoplasmic reticulum (ER) function in the beta cell
contribute to cell dysfunction and death [10–16]. The ER
is central to several important cellular functions, including
post-translational modifications, folding and assembly of
newly synthesised secretory proteins, and calcium storage
[14–16]. Because beta cells need to synthesise and secrete
large quantities of insulin they have a well developed ER
and a remarkable production of proteins involved in ER
function [14–16]. When ER function is impaired, due for
example to accumulation of mutant folding-incompetent
proteins, calcium depletion, over-production of proteins, or
viral infection, ER stress develops [10, 11, 14, 15].
Similarly, a mutation in insulin that causes its mal-folding
leads to ER stress, beta cell death and diabetes in the Akita
mouse [17]. Stressful conditions may be remedied by the
ER through several adaptive mechanisms known as the
unfolded protein response (UPR) [14–16]. The UPR
includes expansion of ER size, enhanced folding capacity,
reduction of protein synthesis at the transcriptional or
translational level and increased clearance of unfolded
proteins [14–16]. In case these mechanisms fail to clear the
perturbation, the apoptosis programme is triggered [14–16].

Recent results further suggest that ER stress is one of the
molecular mechanisms of pancreatic beta cell damage. In
MIN6 cells, a mouse beta cell-derived cell line, nitric oxide
depletes ER calcium stores and leads to apoptosis through
induction of the ER stress associated apoptosis factor
C/EBP homologous protein (CHOP) [18]. In addition,
NEFAs cause induction of specific ER stress markers such
as X-box binding protein 1 (XBP-1, also known as XBP1),
immunoglobulin heavy chain binding protein (BiP, also
known as heat shock 70 kDa protein 5 [glucose-regulated
protein, 78 kDa] [HSPA5]), activating transcription factor 4
and 6 (ATF4 and ATF6), and CHOP (also known as
damage-inducible transcript 3 [DDIT3]) in INS-1E cells,
while cytokines cause a decrease in ER calcium and severe
ER stress in INS-1E and primary beta cells [10, 11, 13, 19–
21]. In vivo, a mutation in eukaryotic translation initiation
factor 2 alpha kinase 3 (EIF2AK3, also known as PERK)
impairs the development of a normal UPR and causes
neonatal diabetes in Wolcott–Rallison syndrome [22].
Increased beta cell sensitivity to ER stress and apoptosis
are also observed in the Perk-deficient mouse and in mice
homozygous for a eukaryotic translation initiation factor 2a
(Eif2a) serine 51 to alanine substitution [23]. Mice
heterozygous for this amino acid substitution in Eif2a
develop beta cell failure and diabetes when placed on a
high-fat diet [24]. Whether and to what extent ER stress
plays a role in beta cell dysfunction and death in human
type 2 diabetes is largely unknown. In a recently published
report, increased protein levels of BiP and CHOP were
observed in pancreatic sections of type 2 diabetic patients
[25]. In addition, beta cell nuclear CHOP was found to be
expressed at higher level in type 2 diabetic than non-
diabetic pancreatic autopsy samples [26].

The present study examined several features of pancre-
atic beta cell ER in human type 2 diabetes. Morphological,
functional and survival studies were performed on islets
from multiorgan donors with or without type 2 diabetes,
and the expression of ER stress-related mRNAs was
evaluated in beta cell enriched samples obtained by laser
capture microdissection (LCM) and isolated islets. Analy-
ses were also performed after exposure of islets to increased
glucose concentrations, to mimic a ‘diabetic’ environment
in vitro.

Methods

Pancreas procurement and islet isolation Pancreases were
obtained with the approval of the local Ethics Committee
and processed as described [27–29]. Thirty-one glands were
used. Table 1 reports the main characteristics of organ
donors and islet preparations, showing no significant
difference between non-diabetic and type 2 diabetic donors
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with regard to age, BMI, cause of death and pancreas cold
ischemia time. Two diabetic patients were on dietary
treatment, seven were treated with oral glucose-lowering
agents (one sulphonylurea, two metformin, five sulphonyl-
urea plus metformin) and two were on insulin. Isolated islet
purity (estimated by dithizone staining) was higher in the
preparations from non-diabetic donors. For morphological
and morphometric studies, as well as for LCM experiments,
pancreatic samples were obtained immediately before islet
preparation. Islet isolation was performed by enzymatic
digestion and density gradient purification [27–29]. Hand-
picked islets were kept at 37°C in a CO2 incubator for 3–
6 days before the experiments were performed, with no
difference between non-diabetic and diabetic islets in terms
of length of incubation. Culture medium consisted of M199
medium, containing 5.5 mmol/l glucose, 10% (vol./vol.)
bovine serum and antibiotics [27–29]. In a separate series
of experiments, islets were cultured for an additional 24 h
in the presence of 11.1 mmol/l glucose to assess the impact
of increasing glucose concentration on some of the studied
parameters.

Insulin secretion studies Insulin secretion studies were
performed by batch incubation [27–29] in 22 control and
nine type 2 diabetic preparations. Islet samples were kept at
37°C for 45 min in Krebs–Ringer bicarbonate (KRB), 0.5%
(vol./vol.) albumin, pH 7.4, containing 3.3 mmol/l glucose
(washing phase). Then, the medium was replaced with
KRB containing 3.3 mmol/l glucose to assess basal insulin
secretion during 45 min, after which the islets were
challenged with 16.7 mmol/l glucose to assess glucose-
stimulated insulin release. Insulin was quantified using an
immunoradiometric assay (Pantec Forniture Biomediche,
Turin, Italy).

Evaluation of beta cell apoptosis Beta cell apoptosis was
assessed by electron microscopy (EM; see below) in six
non-diabetic and five diabetic pancreases, based on the
typical morphological alterations (chromatin condensation,
bleb formation, budding of apoptotic bodies) [27, 29]. Islet
cell death was also assessed by the Cell Death Detection

ELISAplus assay (Roche Diagnostics, Milan, Italy) in 18
control and eight type 2 diabetic preparations. This assay
evaluates cytoplasmic histone-associated DNA fragments.
The procedure was performed as previously described [28].
Duplicate aliquots of approximately 15 islets of comparable
size were incubated for 30 min with a lysis buffer at room
temperature and then centrifuged at 200×g for 10 min at
4°C. A sample of the supernatant fraction (20 μl) was
placed in streptavidin-coated microtiter wells and incubated
for 120 min with 80 μl of a mixture containing anti-
histone–biotin antibody and anti-DNA-peroxidase antibody.
After washing and 15 min incubation with 100 μl of a
solution containing 2,2′-azinobis-(3-ethylbenzthiazoline-6-
sulfonate) (substrate for peroxidase), absorbance of the
samples was read spectrophotometrically at 405 nm.

EM evaluation Pancreatic samples were fixed with 2.5%
(vol./vol.) glutaraldehyde in 0.1 mmol/l cacodylate buffer,
pH 7.4 for 1 h at 4°C, and then postfixed in 1% (vol./vol.)
cacodylate-buffered osmium tetroxide for 2 h at room
temperature. Samples were dehydrated in a graded series of
ethanol, transferred to propylene oxide and embedded in
Epon-Araldite. Ultrathin sections (60–80 nm thick) were
cut with a diamond knife, placed on formvar/carbon-coated
copper grids (200 mesh), and stained with uranyl acetate
and lead citrate. Morphometric analyses were performed as
previously described [27–29]. Micrographs, obtained at
×10,000, were analysed by overlay with a graticule (11×
11 cm) composed of 169 points. For the study of ER,
volume density was calculated according to the formula:
volume density ¼ Pi=Pt, where Pi is the number of points
within the subcellular component and Pt is the total number
of points, and expressed as ml/100 ml tissue (ml%). Three
to four islets per pancreas were studied, and 24 beta cells
per islet were analysed, leading to 456 and 432 beta cells
evaluated in non-diabetic and type 2 diabetic samples,
respectively.

LCM experiments Pancreases from four type 2 diabetic
donors and four matched controls were studied. LCM was
performed as previously described [30]. Frozen pancreatic

Table 1 Main characteristics of pancreas donors and islet preparations

n Age
(years)

Sex (male/
female)

BMI
(kg/m2)

Cause of
death

Plasma glucose
(mmol/l)

Pancreas cold ischaemia
time (h)

Islet purity
(%)

Non-diabetic
donors

22 61±15 10/12 25.8±3.4 19 CVD, 3 trauma 9.2±1.3 12±3 73±21

Type 2
diabetes

11 64±11 8/3 27.1±3.2 11 CVD 13.9±1.8* 12±4 52±11**

Plasma glucose values were available for 18 non-diabetic and seven diabetic patients. Islet purity was estimated by dithizone staining
CVD cerebrovascular disease
*p<0.01 and **p=0.02 vs non-diabetic donors
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sections were dehydrated, completely air-dried and LCM
was performed using PixCell II LCM System (Arcturus
Engineering, Mountain View, CA, USA). Laser capture was
performed under direct microscopic visualisation of the
beta cells, identified by their autofluorescence in islets with
no or minimal signs of amyloid deposits [30]. The micro-
dissected cells were incubated with guanidine thiocyanate
and polyethylene glycol octylphenol ether-based buffer for
30 min at 42°C and RNA was extracted by modification of
the RNA microisolation protocol [31, 32]. Total RNA was
amplified using the RiboAmp HS RNA Amplification Kit
(Arcturus). After two rounds of amplification, RNA
quantity was determined by evaluating the absorbance at
260 and 280 nm, and quality was assessed by running
samples on Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA). Biotinylated RNA was
generated using the BioArray High Yield RNA Transcript
Labeling Kit (Enzo Diagnostics, Farmingdale, NY, USA).
RNA products were fragmented and hybridised to Gen-
eChip Human X3P Array (Affymetrix, Santa Clara, CA,
USA). The array data were normalised and analysed using
DNA-Chip Analyzer (dChip) software (available from:
http://biosun1.harvard.edu/complab/dchip/, last accessed in
August 2007) that assesses the standard errors for the
expression indexes and calculates confidence intervals for
fold changes. Lower confidence bound (LCB) is a
conservative estimate of the fold change. An LCB cut-off
value of 1.2 is used to assess differentially expressed genes.
The complete array data will be reported elsewhere (L.
Marselli, D.C. Sgroi, J. Thorne, S. Dahiya, S. Torri, A.
Sharma, S. Bonner-Weir, P. Marchetti, G.C. Weir, personal
communication).

Quantitative measurements of specific transcripts were
acquired by real-time RT-PCR. cDNA templates were
synthesised from 1.0 μg of amplified RNA (aRNA) using
TaqMan Reverse Transcription Reagents (Applied Biosys-
tems, Foster City, CA, USA). TaqMan Universal PCR
Master Mix (Applied Biosystems) was used for real-time
PCRs in presence of 0.1 ng cDNA, 1 μmol/l primers and
0.25 nmol/l probe in a total volume of 20 μl. The following
primers were used: for BiP, forward (F) 5′-ACCAATTATC
AGCAAACTCTATGGAA-3 ′ , reverse (R) 5 ′-CAT
CTTTTTCTGCTGTATCCTCTTCA-3′ (74 bp); for alpha-
glucosidase (GAA), F 5′-TTTTTATGCCCCACCGATACA-
3′, R 5′-CACTCCTTTGATCCATTCATCCT-3′ (68 bp); for
alpha-mannosidase (MAN1A1), F 5′-GAGGGCTGG
ACGGCAAGT-3′, R 5′-ATCTCCACCGAAAAGACCC
ATT-3′ (68 bp); for UDP-glucose glycoprotein glucosyl
transferase like 2 (UGCGL2), F 5′-TGATCTGTGCAATAA
TCCCAAAA-3′, R 5′-GCATCATACTCCACCCATTCTG-
3′ (84 bp); for XBP-1, F 5′-TTGTCACCCCTCCAGAA
CATC-3 ′, R 5 ′-CAGGATATCAGACTCTGAATCT
GAAGA-3′ (74 bp); and for RPL32 (used as reference) F

5 ′-CTGGCCATCAGAGTCACCAA-3 ′ , R 5 ′-TGA
GCTGCCTACTCATTTTCTTCA-3′ (65 bp). Primers and
probes were designed using Primer Express software
(Applied Biosystems) and were purchased from MWG-
Biotech. Quantitative PCR was performed on an Applied
Biosystems 7300 Real Time PCR System. The efficiencies
of amplification were evaluated and compared with that of
the reference gene RPL32, resulting in >97% similarity.
Each sample was analysed by three amplifications and
average measurements were taken for analysis. The relative
abundance of mRNA was calculated by the comparative
cycle threshold (CT) method, i.e. the fractional cycle
number at which the amount of amplified target reaches a
fixed threshold. Normalisation of target gene expression
was performed by computing the difference in the CT
values derived from the target and the reference genes CT
value (ΔCT).

Quantitative RT-PCR experiments in isolated islets Total
RNA was extracted using the RNeasy protect mini kit
(Qiagen, Santa Clarita, CA, USA) in Pisa from 14 non-
diabetic and 11 diabetic islet preparations as previously
described [28]. cDNA was synthesised from 2 μg RNA.
mRNA expression was measured by real-time RT-PCR
reaction. Total RNA was quantified by absorbance at A260/
A280 (ratio>1.65) nm in a Perkin-Elmer spectrophotometer
(Waltham, MA, USA). Its integrity was assessed after
electrophoresis through 1.0% (wt/vol.) agarose gels by
ethidium bromide staining. For the determination of ER
stress-related mRNAs, coded cDNA samples were sent to
the Laboratory of Experimental Medicine at the Université
Libre de Bruxelles. After completion of the real time RT-
PCR, the code for the samples was broken. The real time
RT-PCR amplification reaction was performed in 20 μl
containing 3 mmol/l MgCl2, 0.5 μmol/l forward (F) and
reverse (R) primers, 2 μl FastStart SYBR Green mix
(Roche), and 2 μl cDNA. Standards for each gene were
prepared in conventional PCR using the following primers:
CHOP, F 5′-AGGCACTGAGGGTATCATGTT-3′, R 5′-
CTGTTTCCGTTTCCTGGTTC-3′ (480 bp); BiP, F 5′-
TTCTTGTTGGTGGCTCGACT-3 ′, R 5 ′-GTCAGC
ATCTTGGTGGCTTT-3′ (758 bp); spliced XBP-1 (XBP-
1 s ) , F 5 ′ -CCGCAGCAGGTGCAGG-3 ′ , R 5 ′ -
GGGGCTTGGTATATATGTGG-3′ (325 bp); total XBP-1
(XBP-1t), F 5′-CCTTGTAGTTGAGAACCAGG-3′, R 5′-
GGGGCTTGGTATATATGTGG-3′ (824 bp). Purified PCR
products were quantified fluorometrically using SYBR
Green, and their concentration was calculated as copies/
microliter by comparison with a standard curve [11, 33].
The expression level of mRNA under study was corrected
for that of the housekeeping gene β-actin and multiplied by
100 for BiP and XBP-1 and by 1,000 for CHOP. β-Actin
expression in human islets was not modified by culture at
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different glucose concentrations or by exposure to the
diabetic environment in vivo (data not shown). The specific
real-time primers for BiP and CHOP were purchased from
Qiagen (QuantiTect HS HSPA5 and DDIT3, Venlo, the
Netherlands). β-Actin, XBP-1s and XBP-1t primers have
been reported elsewhere [34]. Amplification efficiencies for
the different primers were >97% similar.

Statistical analysis Results are expressed as mean±SD,
unless stated otherwise. Comparison of groups was made
by the two-tailed Student’s t test for unpaired or paired data,
as appropriate (see Results).

Results

Islet insulin secretion and apoptosis We first assessed the
function and survival of islets prepared from diabetic and
non-diabetic organ donors. In response to 3.3 mmol/l glu-
cose, insulin release did not differ significantly between non-
diabetic and type 2 diabetic islets (Fig. 1a). However, when
challenged with 16.7 mmol/l glucose, diabetic islets
released a lower amount of insulin (Fig. 1a). Apoptosis
was determined by EM and by measuring histone-associ-
ated DNA fragments. By EM (performed on pancreatic
samples before islet isolation), 1,405 non-diabetic and
2,303 diabetic islet cells were counted, and the percentage
of apoptotic beta cells was significantly higher in type 2
diabetic islets (Fig. 1b). When apoptotic beta cells were
subdivided according to the presence of signs of early
apoptosis (chromatin condensation along the perimeter of
the nucleus) or advanced apoptosis (such as complete
condensation of nuclear chromatin), the respective percen-
tages were 46 and 54% of beta cells of type 2 diabetic
donors. Representative EM of a normal and an apoptotic
beta cell are given in Fig. 2. When the amount of islet cell
death was determined by an ELISA method in isolated
islets, similar results were obtained (Fig. 1c). These
findings corroborate previous observations [27, 28, 35–38]
and confirm that pancreatic beta cells in human type 2
diabetes have impaired function and increased demise.

EM studies of ER This part of the study was performed by
analysing beta cells without signs of apoptosis, in samples
obtained before islet isolation. The ER was more readily
visible in diabetic than non-diabetic beta cells (Fig. 3a,b).
Concentrically arranged, not dilated cisternae (Fig. 3a,b)
and strongly electron-dense ribosomes bound to the ER
membranes (Fig. 3a,b) were observed. ER volume density
in type 2 diabetic beta cells was the double of control beta
cells (1.7±0.1 vs 0.9±0.06 ml%, p<0.01 (Fig. 3c). These
findings indicate an increased overall size of ER in beta
cells of type 2 diabetic patients.

Gene expression studies in beta cell-enriched samples By
using LCM, beta cell-enriched samples were obtained from
non-diabetic and diabetic pancreatic samples, and micro-
array analysis performed. Whereas the complete description
of the microarray data will be reported elsewhere (L. Marselli,
D.C. Sgroi, J. Thorne, S. Dahiya, S. Torri, A. Sharma, S.
Bonner-Weir, P. Marchetti, G.C. Weir, unpublished results),
for the purpose of the present study we focused on ER-related
genes. None of the 692 genes examined differed between
control and diabetic samples, according to LCB values (not
shown), with the exception of MAN1A1 (LCB value: −1.44,
upregulated in type 2 diabetes) and UGCGL2 (LCB value:
1.51, downregulated in type 2 diabetes). The expression of
these two genes and that of BiP and XBP-1 (key markers of
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Fig. 1 Insulin secretion and apoptosis from non-diabetic (open bars)
and type 2 diabetic (closed bars) islet cells. a Insulin secretion did not
differ in response to 3.3 mmol/l glucose, but it was significantly lower
with islets from type 2 diabetic donors compared with controls in
response to 16.7 mmol/l glucose. b The percentage of apoptotic beta
cells assessed by EM in pancreatic samples was significantly higher in
type 2 diabetic islets. c Apoptosis, assessed by ELISA in isolated
islets, was significantly higher in the diabetic preparations. †p<0.01 vs
release from non-diabetic islets at 3.3 mmol/l glucose (Student’s t test
for paired data); *p<0.05 and **p<0.01 vs non-diabetic islets
(Student’s t test for unpaired data)
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ER stress) were further evaluated by real-time RT-PCR. It
was shown that only the difference for UGCGL2 reached the
threshold of statistical significance (ΔCt: 9.987±0.052 in
controls and 9.091±0.598 in type 2 diabetes, p=0.05),
whereas the other genes did not differ between non-diabetic
and type 2 diabetic samples, with respective ΔCt values of
6.649±0.842 and 5.771±1.715 for BiP (p=0.40), 4.736±
0.314 and 5.258±0.457 for MAN1A1 (p=0.11), 4.887±
0.562 and 4.646±0.534 for XBP-1 (p=0.55). These results
suggest that beta cells obtained from the pancreases of type 2
diabetic patients have only minor differences in ER stress
marker gene expression compared with control beta cells.

Gene expression studies in isolated islets The expression of
selected ER stress markers was studied in isolated islets
cultured for 3–6 days at 5.5 mmol/l glucose. Real-time RT-
PCR results showed that when compared with control islet
preparations (n=14), diabetic islets (n=11) had similar or
even lower expressions of the studied genes. The respective
values (reported as gene over β-actin expression) in non-
diabetic and type 2 diabetic islets were: for CHOP, 7±2 vs
5±2 (NS); for BiP, 21±4 vs 9±2 (p<0.02); for XBP-1s,
46±4 vs 18±3 (p<0.001); for XBP-1t, 89±12 vs 31±6 (p<
0.001). When isolated islets were exposed for 24 h to
11.1 mmol/l (Fig. 4a,b), the studied mRNAs remained
unchanged in islets from non-diabetic donors (Fig. 4a).
However, in type 2 diabetic islets the exposure to high

glucose caused the induction of BiP and XBP-1t, the values
of which, although not statistically different from non-
diabetic samples, were significantly higher than those of
untreated diabetic islets (Fig. 4b). A trend for an increase in
XBP-1s mRNA (p=0.06) in type 2 diabetic islets was also
observed (Fig. 4b). Thus, when compared with non-diabetic
preparations, islets isolated from type 2 diabetic patients and
enabled to recover for 3–6 days in a ‘near-physiological’
environment had unchanged or decreased expression of ER
stress markers; they show, however, increased susceptibility
to ER stress induced by a metabolic perturbation.

Discussion

The ER is responsible for the synthesis, modification and
delivery of proteins to their target sites. These processes
may be impaired under various physiological and patho-
logical conditions, leading to ER stress [12, 14–16]. To
survive under ER stress conditions, cells trigger adaptive,
self-protective mechanisms, which are collectively termed
ER stress response (also named UPR) [14–16]. These
include increasing the size of ER, upregulation of the ER
folding capacity through modulation of chaperones and
foldases, downregulation of the biosynthetic load, and
increased clearance of unfolded proteins through promotion

Fig. 3 a,b EMs showing the ER in non-diabetic (a) and type 2
diabetic (b) beta cells. The ER components (arrows) were scarcely
visible in non-diabetic cells and more apparent in type 2 diabetes
mellitus. Magnification ×10,000. IG, insulin granules; N, nucleus; M,

mitochondria. c ER density volume was significantly higher in type 2
diabetic beta cells (closed bar) compared with non-diabetic beta cells
(open bar). *p<0.05 (Student’s t test for unpaired data)

Fig. 2 EMs showing a normal
beta cell (a) and a beta cell with
signs of advanced apoptosis (b).
Magnification ×10,000. IG, in-
sulin granules; N, nucleus; CC,
chromatin condensation
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of ER associated degradation [12, 14–16]. When these
mechanisms do not remedy the stress situation, apoptosis is
initiated. Since a number of articles have recently reported
that ER stress may be implicated in beta cell dysfunction
and death in diabetes [10–16, 19–26], in the present study
we evaluated features of ER function/dysfunction in human
beta cells from type 2 diabetic organ donors.

First, we confirmed that diabetic beta cells have
functional and survival defects, as previously shown by us
and others [27, 28, 35–38]. Specifically, decreased glucose-
stimulated insulin release and increased apoptosis were
observed (Figs. 1 and 2). It has been previously reported
that this may be associated with reduced insulin content,
lower insulin granule amount, diminished islet insulin
mRNA and increased caspase activation [27, 28, 33].

Then, by ultrastructural analysis we observed that the
density volume of ER in diabetic beta cells is significantly
higher than in non-diabetic cells (Fig. 3). Increased ER size
is considered an early adaptive response to ER stress [14–
16, 39]. This feature has been observed in beta cells during
the development of type 2 diabetes in the New Zealand
Obese mouse [40], and, more recently, also in beta cells of
the Akita mouse, a monogenic diabetes model caused by a
missense mutation of the insulin 2 gene [21], which leads to
accumulation of mutant proinsulin and severe ER stress. In

the Akita mouse beta cells, the volume density of ER was
increased by 1.7-fold [41], which is similar to our findings
in human diabetic beta cells.

Next, we assessed the expression of several genes
encoding for proteins involved in ER function, including
BiP, MAN1A1, UGCGL2, XBP-1 and CHOP. BiP belongs
to the family of molecular chaperones facilitating protein
folding; MAN1A1 and UGCGL2 are carbohydrate-
processing enzymes [12, 14–16]. In particular, MAN1A1
digests and UGCGL2 attaches a single glucose residue
from/to the Man9GlcNAc2 glycan of incompletely folded
or misfolded amino acid sequences [42, 43]. In doing so,
these proteins are involved in quality control of the folding/
unfolding processes [44]. XBP-1 is a transcription factor
that is activated through alternative splicing (XBP-1s)
under ER stress [33], and CHOP contributes to the
induction of ER-stress-mediated apoptosis [45]. For gene
expression experiments, we used isolated islets or beta cell
preparations obtained by LCM. This technique makes it
possible to obtain small quantities of tissue from frozen
sections, enabling collection of beta cell enriched prepara-
tions [31, 32]. RNA was subsequently analysed by micro-
array and real-time RT-PCR [31, 32]. Microarray analysis
of non-diabetic and type 2 diabetic beta cell preparations
showed altered expression of MAN1A1 and UGCGL2, and
the latter was confirmed by RT-PCR. Although no previous
information regarding the expression of UGCGL2 in
diabetes is available, our results suggest that beta cells of
type 2 diabetic patients may have defects in some steps of
the ER glycoprotein quality control system. These defects,
however, seem minor, as we observed no change in the
expression of most ER stress related genes, including BiP,
XBP-1 and CHOP. Accordingly, when islets were isolated
and maintained for a few days at normal glucose concen-
tration, diabetic cells showed similar or even decreased
expression of BiP, XBP-1s, XBP-1t and CHOP. Although
somewhat unexpected, this finding is in line with previous
observations that some ER stress markers, such as ATF4
and ATF3, go below control levels during recovery from
cyclopiazonic acid-induced ER stress in rat beta cells [33].
In addition, the percentage of XBP-1s : XBP-1t ratio was
found to be 39±3% in control beta cells and 12±2% in beta
cells treated for 6 h with CPA and then allowed to recover
for 3 h (n=3, p=0.02) (P. Pirot and D. L. Eizirik,
unpublished data). This, and the observation that following
several different hypoglycaemic treatments XBP-1 and BiP
are downregulated in the liver of chronically hyperglycae-
mic db/db mice, compared with normoglycaemic db/+ mice
[46], raises the intriguing possibility that the late recovery
period from ER stress may be characterised by decreased
expression of UPR markers. The available data, however,
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Fig. 4 ER stress markers in non-diabetic (a) and type 2 diabetic islets
(b). mRNA expression was analysed by real time RT-PCR and
normalised for the expression of the housekeeping gene β-actin. Islets
were cultured for 3–6 days in medium containing 5.5 mmol/l glucose
and then for an additional 24 h at 5.5 mmol/l glucose (open bars) or
11.1 mmol/l glucose (closed bars). The results represent means±SE of
three (a) and five (b) different human islet preparations. *p<0.05,
**p<0.01 for the comparison 5.5 vs 11.1 mmol/l glucose (Student’s
t test for paired data)
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do not allow any firm conclusion on this issue at present,
and additional experiments need to be designed to test this
possibility.

Altogether, therefore, human beta cells from type 2
diabetic donors do indeed show some signs of increased ER
stress, which is however mild enough not to elicit un-
remediable downstream events. Since apoptosis was
detected both in diabetic pancreas samples and isolated
islets, and insulin secretion defects were documented with
isolated islets, factors others than ER stress may play a
prominent role in beta cell dysfunction and death in type 2
diabetes. Alternatively, we may have been unable to detect
major signs of ER stress because of dynamic regulation of
the ER stress response [33], as discussed above. At odds
with the present findings, it has been recently reported that
BiP and CHOP, as assessed by immunostaining of post
mortem pancreatic sections, were present at higher levels in
the islets of type 2 diabetic patients than in those of controls
[25, 26]. The discrepancy may be due to differences in the
experimental protocols. In particular, we used samples
derived from pancreases processed for transplantation, where-
as in previous studies [25, 26] autopsy samples were used
[25, 26], which may be subject to post mortem changes and
alterations in intracellular calcium handling [47].

Interestingly, we observed that in isolated islets exposed
to moderately high glucose concentrations (11.1 mmol/l)
for 24 h BiP, XBP-1 and XBP-1s were induced in diabetic
islets, but not in non-diabetic preparations (Fig. 4). Pro-
longed exposure of beta cells to increased glucose levels
can cause ER stress and oxidative stress (oxidative stress
may worsen ER stress) [10, 48, 49]. We and others have
previously reported that beta cell defences against oxidative
stress are reduced in the case of diabetes [28, 50]. It is
therefore possible that diabetic beta cells have a higher
susceptibility to ER stress induced by metabolic perturba-
tions. This would fit with the scenario in which beta cells in
type 2 diabetes face a condition of ER stress that is
relatively compensated for periods of time, but exacerbates
in case of metabolic decompensation (i.e. high plasma
glucose levels), thus contributing to beta cell damage. If
true, this would provide additional reason to avoid even
transient hyperglycaemia in patients with type 2 diabetes in
order to preserve beta cell functional mass.
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