
Abstract

Aim/hypothesis. Maturation of the beta cells in the islets
of Langerhans is dependent upon sequential activation
of different transcription factors such as Pdx-1 and
Nkx6.1. This maturation is associated with an acquired
sensitivity to cytokines and may eventually lead to type
1 diabetes. The aims of this study were to characterise
changes in mRNA expression during beta cell matura-
tion as well as after interleukin-1β (IL-1β) exposure.
Methods. Transcriptome analyses were performed on
two phenotypes characterised as a glucagon-producing
pre-beta-cell phenotype (NHI-glu), which matures to
an IL-1β-sensitive insulin-producing beta cell pheno-
type (NHI-ins). Beta cell lines over-expressing Pdx-1
or Nkx6.1, respectively, were used for functional char-
acterisation of acquired IL-1β sensitivity.
Results. During beta cell maturation 98 fully annotat-
ed mRNAs changed expression levels. Of these, 50
were also changed after 24 h of IL-1β exposure. In ad-
dition, 522 and 197 fully annotated mRNAs, not af-

fected by maturation, also changed expression levels
following IL-1β exposure of the beta cell and the pre-
beta-cell phenotype, respectively. Beta cell maturation
was associated with an increased expression of
Nkx6.1, whereas both Pdx-1 and Nkx6.1 expression
were decreased following IL-1β exposure. Over-ex-
pression of Nkx6.1 or Pdx-1 in cell lines resulted in a
significantly increased sensitivity to IL-1β.
Conclusions/interpretation. These results suggest that
the final beta cell maturation accompanied by in-
creased IL-1β sensitivity is, in part, dependent upon
the expression of genes regulated by Pdx-1 and
Nkx6.1. Future classification of the genes regulated by
these transcription factors and changed during beta cell
maturation should elucidate their role in the acquired
sensitivity to IL-1β and may be helpful in identifying
new targets for intervention/prevention strategies.
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Introduction

The pancreatic endocrine cells (alpha, beta, gamma
and PP) all arise from a common stem cell [1] and, de-
pendent upon sequential activation of different tran-
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scription factors, the stem cells mature into single-hor-
mone-expressing cells (reviewed in [2]). In addition,
mature alpha- and beta cells are believed to differenti-
ate from two independent cell lineages [3] and timing
of their differentiation relies on inhibitory signals
from the Notch pathway [4]. The transcription factor
pancreatic duodenum homeobox 1 (Pdx-1) has been
demonstrated to be important both for pancreas devel-
opment [5] and subsequent maturation of the endo-
crine cells [6], whereas later, in mature islets Pdx-1,
expression is restricted to the insulin-producing beta
cells [4]. The homeodomain protein Nkx6.1, another
transcription factor, is essential for the final matura-
tion of the insulin-producing beta cells [7].

The mature insulin-producing beta cell is specifi-
cally sensitive to the toxic effects of cytokines, in par-
ticularly interleukin-1β (IL-1β). Prolonged exposure
to IL-1β has been demonstrated to severely suppress
beta cell function, which in vivo might lead to the de-
velopment of type 1 diabetes [8, 9]. This beta-cell-
specific sensitivity to cytokines is hypothesised to re-
present a trait acquired during beta cell maturation and
is not characteristic of the other three endocrine cell
types. Destruction of the beta cells has been associat-
ed with induction of highly reactive agents like oxy-
gen-derived free radicals and nitric oxide (NO) [10],
increased apoptosis [11], decreased insulin production
and release [12] and decreased mitochondrial function
[12]. Stimulation or over-expression of different de-
fence mechanisms has been demonstrated to protect
beta cells against the toxic effect of cytokines, strepto-
zotocin, NO or reactive oxygen species [13, 14, 15].

In previous analyses of a cell system characterised
as a glucagon-producing pre-beta-cell phenotype
(NHI-glu), which matures to an insulin-producing
beta cell phenotype (NHI-ins) [16, 17], we demonstra-
ted that this maturation process was accompanied by
sensitivity to the toxic effects of IL-1β [18]. This was
substantiated by proteome analyses, demonstrating
changes in protein expression levels affecting path-
ways previously shown to be of importance in IL-1β-
induced beta cell toxicity [19]. We hypothesise that
changes in the mRNA expression profile, leading to
susceptibility to IL-1β damage, are reflected in the
transcriptome changes during beta cell maturation.
Hence, the aims of the present study were to charac-
terise changes in the mRNA expression profile ac-
companying the final maturation of the beta cell phe-
notype, as well as after IL-1β exposure of both pheno-
types, using gene array technology [20]. The data ob-
tained were compared to previous proteome analyses
of IL-1β-exposed Wistar Furth (WF) rat islets [21]
and Bio Breeding (BB) rat islets [22], as well as tran-
scriptome analyses of IL-1β-exposed rat insulinoma
(RIN) cells [23], cytokine-exposed purified beta cells
[24] and INS-1E cells [25].

Interestingly, previous studies of the NHI-cell sys-
tem showed that Pdx-1 was expressed in both the

NHI-ins and the NHI-glu phenotypes, whereas in-
duced expression of Nkx6.1 was associated with mat-
uration into the NHI-ins phenotype [26]. This was
substantiated and extended in our array analyses to
demonstrate that both Pdx-1 and Nkx6.1 were down-
regulated after IL-1β exposure exclusively in the beta
cell phenotype. To elucidate the role of Pdx-1 and
Nkx6.1 in acquired IL-1β-mediated toxicity, function-
al analyses were performed using two different cell
systems: (i) the low Pdx-1 expressing rat insulinoma
INS-1αβ cells transfected either with Pdx-1 or a dom-
inant-negative mutant form of Pdx-1 (DN-Pdx-1)
[27]; and (ii) the glugacon-producing Pdx-1 negative
MSL-G-AN cell line transfected with Nkx6.1 [28].

The data are separated into three parts. The first part
describes the mRNA changes during maturation of the
pre-beta-cell phenotype to the beta cell phenotype and
the effect of IL-1β on their expression levels. These
data are presented and discussed in the manuscript.
The second part focuses on the mRNAs of both pheno-
types influenced by IL-1β exposure but not changed in
expression level as a consequence of beta cell matura-
tion. These data are presented and discussed on the
web (web address). In both parts the relevance of the
mRNAs of changed expression levels for beta cell sur-
vival and IL-1β-induced beta cell destruction are dis-
cussed. The third part constitutes the functional charac-
terisation of the effect of Pdx-1 and Nkx6.1 on the ac-
quired sensitivity to IL-1β during beta cell maturation
and is presented in the manuscript.

Methods

Cell culture. The NHI-cell system [18] is based on the pre-
beta-cell phenotype derived from the glucagon-producing
MSL-G2 culture [29]. Following in vivo passage by transplan-
tation in syngeneic NEDH rats, the pre-beta-cell phenotype
(NHI-glu) matures into insulinomas [16, 30]. Insulinomas re-
established in vitro display an insulin-producing beta cell phe-
notype (NHI-ins) for prolonged periods of time [31], closely
resembling beta cells with respect to their mRNA expression
profile [26].

The two NHI-phenotypes were cultured in RPMI 1640 Glu-
tamax (GibcoBRL Life Technologies, Paisley, Scotland, UK)
supplemented with 10% FCS (GibcoBRL) and 1% penicil-
lin/streptomycin (GibcoBRL) at 37 °C in a 5% CO2 atmo-
sphere. For total RNA isolation used in the GeneChip array
analyses four independent experiments were set up with 3×106

cells/well cultured in 6-well plates with or without 1500 pg/ml
IL-1β for 24 h before lysis in a guanidinium thiocyanate/phe-
nol buffer according to the manufacturer’s instructions (RNA-
zol, Campro Scientific, Veenendaal, The Netherlands). The
chosen concentration of IL-1β was based on our previous stud-
ies [18].

For the functional characterisation, two cell systems were
used. One based on the tetracycline-inducible stably transfec-
ted INS-1rαβ cells, with inducible expression of either Pdx-1
or a dominant-negative mutant form of Pdx-1 (DN-Pdx-1)
[27]. The other cell system is the Pdx-1 and Nkx6.1 negative
MSL-G-AN cells, stably transfected with Nkx6.1 (Nkx6.1 neg-
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ative clone 2 #584 and Nkx6.1 positive clone 3 #589 and clone
9 #624) [28].

For measurement of the MTT-level 30,000 cells/well were
set up in triplicates in 96-well plates (NUNC, Roskilde, Den-
mark) in six independent experiments. Following 24 h of pre-
culture the cells were exposed for 3 days to human recombi-
nant IL-1β (BD PharMingen, San Diego, CA, USA) at concen-
trations of either 20 pg/ml, 40 pg/ml or 160 pg/ml. The selec-
tion of these IL-1β concentrations was based on a titration us-
ing different IL-1β concentrations (0–2500 pg/ml). This was
performed to specify the IL-1β concentration yielding the
highest differences (at least 50% reduction) in the mitochon-
drial activity, as a measure of viability, between the different
cell types.

cRNA preparation and in vitro transcription. For the array
analysis, 10 µg total RNA was used as starting material for the
cDNA preparation. The first and second strand cDNA synthe-
sis was performed using the SuperScript II System (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions except for using an oligo-dT primer containing a T7
RNA polymerase promoter site. Labelled cRNA was prepared
using the BioArray High Yield RNA Transcript Labelling Kit
(Enzo Diagnostics, Farmingdale, NY, USA). Biotin-labelled
CTP and UTP (Enzo) were used in the reaction together with
unlabelled NTPs. Following the IVT reaction, the non-incorpo-
rated nucleotides were removed using RNeasy columns (Qia-
gen, Hilden, Germany).

Array hybridisation and scanning. Prior to array hybridisation,
15 µg of cRNA was fragmented at 94 °C for 35 min in a frag-
mentation buffer containing 40 mmol/l Tris-acetate pH 8.1,
100 mmol/l KOAc and 30 mmol/l MgOAc. The fragmented
cRNA in a 6× SSPE-T hybridisation buffer (1 mol/l NaCl,
10 mmol/l Tris pH 7.6, 0.005% Triton) was then heated to
95 °C for 5 min and subsequently to 45 °C for 5 min before
loading onto the Affymetrix RG_U34A probe array cartridge
(Affymetrix, Santa Clara, CA, USA). The probe array was sub-
sequently incubated for 16 h at 45 °C at constant rotation
(60 rpm). The washing and staining procedure was performed
in the Affymetrix Fluidics Station. The probe array was ex-
posed to ten washes in 6× SSPE-T at 25 °C followed by four
washes in 0.5× SSPE-T at 50 °C. The biotinylated cRNA was
stained with a streptavidin–phycoerythrin conjugate, final con-
centration 2 mg/ml (Molecular Probes, Eugene, OR, USA) in
6× SSPE-T for 30 min at 25 °C followed by ten washes in 6×
SSPE-T at 25 °C. An antibody amplification step followed us-
ing normal goat IgG as blocking reagent, final concentration
0.1 mg/ml (Sigma, St. Louis, MO, USA) and biotinylated anti-
streptavidin antibody (goat), final concentration 3 mg/ml (Vec-
tor Laboratories, Peterborough, UK). This was followed by a
staining step with a streptavidin–phycoerythrin conjugate, final
concentration 2 mg/ml (Molecular Probes) in 6× SSPE-T for
30 min at 25 °C and ten washes in 6× SSPE-T at 25 °C. The
probe arrays were scanned at 560 nm using a confocal laser-
scanning microscope (Hewlett Packard GeneArray Scanner
G2500A). The readings from the quantitative scanning were
analysed by the Affymetrix Gene Expression Analysis Soft-
ware.

MTT assay. As a measurement of viability based on the mito-
chondria activity the CellTiter 96™ Non-Radioactive Cell
Proliferation Assay (Promega, Madison, WI, USA), also
known as the MTT assay was used [32]. In short, the cells
were incubated with 15 µl/well of the MTT solution. After 4 h
of incubation, the reaction was stopped with 100 µl of the or-
ganic Solubilisation/Stop Solution and the absorbance at OD

550 nm was recorded. Due to differences in proliferation rate
between the phenotypes data are given as percent of control.
A linear correlation between MTT-values and viability has
previously been demonstrated by measuring both the release
of lactate dehydrogenase and the incorporation of propidium
iodide [18].

Semi-quantitative RT-PCR reactions. To confirm the array
data, semi-quantitative RT-PCR analysis was performed on a
selection of transcript. Total RNA was isolated after lysing the
semi-confluent cells in a guanidinium thiocyanate/phenol buff-
er according to the manufacturer’s instructions (RNAzol, Cam-
pro Scientific, Veenendaal, The Netherlands). cDNA synthesis
was performed by oligo-dT primed reverse transcription of
1 µg total RNA as described by the manufacturer (Invitrogen
cDNA cycle Kit, CA, USA). Semi-quantitative RT-PCR [26]
was carried out in 22 µl reaction containing buffer (PCR run-
ning buffer, Invitrogen), 500 µmol/l dNTP, 10 µmol/l primer,
50 mmol/l MgCl2, 5 units/µl Taq polymerase (Invitrogen),
3000 Ci/mmol [α-33P] dCTP (Amersham Biosciences, Little
Chalfont, UK) and 2 µl cDNA as template. The following pro-
tocol was used: 95 °C for 5 min, 94 °C in 30 s for denatur-
ation, 58–62 °C for 30 s for annealing and 72 °C in 30 s for ex-
tension in 24 to 32 cycles dependent on the transcript, fol-
lowed by a single extension period at 72 °C for 10 min. To
compensate for variation in cDNA concentrations and PCR ef-
ficiency between tubes, an internal standard (β-tubulin,
G6PDH or TBP) was enclosed in each amplification and used
for normalisation.

The primers used were based upon sequences obtained
from GeneBank:

Pdx-1: 5′-ggacatctccccatacgaag-3′, 5′-cgttgtcccgctactacgtt-3′,
#NM_022852, 454 bp;
Nkx6.1: 5′-acttggcaggaccagagaga-3′, 5′-gggcttgttgtaatcgtcgt-
3′, #AF004431, 209 bp;
G6PDH: 5′-agaaccacctcctgccgatg-3′, 5′-tcccaccgttcattctccac-
3′, #, X07467, 270 bp;
C-myc: 5′-acggccttctcttcttcctc-3′, 5′-gtttgctgtggcctcttgat-3′,
#Y00396, 225 bp;
Ins I/II: 5′-ctgcccaggcttttgtcaa-3′, 5′-gttgcagtagttctccagttggt-3′,
#NM_019129/019130, 269 bp;
β-tubulin: 5′-gagctgttcaagcgcatctc-3′, 5′-atcctggtactgctggtact-
3′, #XM_238004, 156 bp;
GP: 5′-cgcaacgacatttcctggaa-3′, 5′-agccatcaccaagcccagata-3′,
#X07365, 176 bp;
TBP: 5′-acccttcaccaatgactcctatg-3′, 5′-atgatgactgcagcaaatcgc-
3′, #D01034, 190 bp.

The reaction products were separated by 6% Novex TBE Gels
(Invitrogen). Control experiments with amplification of RNA
alone did not reveal any contaminating genomic DNA influ-
encing the results. After drying and exposure of the gel to a
PhosphoImage storage screen, the transcription products were
scanned and quantified on a PhosphorImager using the Image-
Quant software (Molecular Dynamics, UK), and expressed rel-
atively to the internal standard co-amplified in each PCR reac-
tion.

Immunocytochemistry. To establish the level of Nkx6.1 in the
MSL-G-AN cell system immunocytochemical peroxidase
staining of monolayer cells were carried out with the His-
tostain-Plus kit (Zymed Laboratories, San Francisco, CA,
USA). The generation of rabbit antiserum against Nkx6.1 has
previously been described [26]. Anti-Nkx6.1–174 was diluted
1:5000. Pre-immune serum (1:4000) was used as negative con-
trol and no signal was detected (data not shown).

Gene expression profiles during beta cell maturation and after IL-1b exposure reveal important roles 2187



Statistical analysis. The average and standard deviation (SD)
on the GeneChip are calculated based upon four independent
samples from each experimental condition. The average of the
fold change (FC) is based on 16 cross-comparisons between
the two sets of samples (4×4) [20]. FC values above 1 repre-
sents up-regulated transcripts and FC values below −1 repres-
ent down-regulated transcript. A two-sided non-paired t test
was used for statistical analysis of the GeneChip analyses and
the significance level was defined as p<0.01. Thus, only tran-
scripts with a FC value below −1 or above 1 and with a p value
below 0.01 were accepted as significantly changed in expres-
sion. During beta cell maturation some of the transcripts have
changed their expression level either from or to an expression
level around the detection limit of the GeneChip array analysis
(indicated by an ‘^’ behind the FC value in Table 1). This is
the reason why some of the FC values are very high.

Results from the MTT analyses are presented as means ±
SD of six independent experimental setups. A two-sided t test
was used for statistical analysis. When comparing the effect of
doxycycline within one phenotype, paired analyses were per-
formed, and when comparing the effect of IL-1β between the
different phenotypes, non-paired analyses were performed.

In both cases the level of significance was chosen at
p<0.05.

Results

The GeneChip used in these analyses provides ap-
proximately 8800 mRNAs including both full-length
mRNAs and ESTs. Several mRNA changes were
found after beta cell maturation as well as after IL-1β
exposure of both phenotypes. Figure 1 is included to
facilitate the presentation of data. Changes during
maturation from the pre-beta-cell to the beta cell phe-
notype are included in group A and of these, the mR-
NAs also changing expression level in response to IL-
1β are subgrouped into group X (exclusively in the
pre-beta-cell phenotype), group Y (exclusively in the
beta-cell phenotype) and group Z (in both pheno-
types). These data are presented in Table 1 in the
manuscript. mRNAs not influenced by the maturation
process but changing expression levels after IL-1β ex-
posure exclusively in the pre-beta-cell phenotype
(group B), in the beta cell phenotype (group C) or in
both (group Q) are grouped separately and are pre-
sented in Tables B, C and Q respectively (see Elec-
tronic Supplementary Material, where the results are
also discussed).

Transcript profile reflecting beta-cell maturation and
associated IL-1β response (Part I). After beta cell
maturation 98 fully annotated mRNAs and 42 ESTs
were significantly (p<0.01) changed in expression lev-
els when compared to the pre-beta-cell phenotype
(Fig. 1, group A). The mRNAs have been assigned to
functional groups according to their known or putative
functions and the fold change (FC) in the expression
levels are given in Table 1, panel A. Due to the lack of
full annotation, the ESTs identified in the present
study are not further discussed, but a full list is avail-

able online (Table AEST, web address). Of the 98 fully
annotated mRNAs (46 up-regulated and 52 down-reg-
ulated), a total of 50 mRNAs were also affected sig-
nificantly by IL-1β. Of these 14 were exclusively
changed in the pre-beta-cell phenotype (group X), 13
exclusively in the beta cell phenotype (group Y) and
23 in both phenotypes (group Z). The FC values are
listed in Table 1, panel B. Several of these mRNAs
have previously been shown to be influenced by IL-1β
in proteome analyses of WF rat islets (&#164;) [21]
and BB rat islets (#) [22] or to be influenced by IL-1β
or cytokine combinations in array analyses of RIN
cells (*) [23], purified beta cells (§) [24] or INS-1E
cells (&) [25] (indicated in Table 1, column 1). Due to
printing space restrictions only some of these mRNAs
previously shown to changed in proteome and tran-
scriptome analyses as well as mRNAs known to be
relevant for beta-cell maturation or beta-cell destruc-
tion are discussed.

To validate the array-analysis, a subset of five tran-
scripts with variable expression during beta cell matu-
ration and/or in response to IL-1β was selected 
for semi-quantitative RT-PCR analysis (Fig. 2 and Ta-
ble 2). In agreement with the results from the
GeneChip array analysis (Table 1) we observed an in-
creased mRNA expression of c-myc and insulin dur-
ing beta cell maturation. In line with previous analysis
[26] semi-quantitative RT-PCR analysis (Fig. 2) con-
firmed an induced expression of Nkx6.1 in the beta
cell phenotype. In addition, confirmation of induced
glutathione peroxidase (GP; Fig. 2) in the beta cell
phenotype was detected. The IL-1β-induced down-
regulation of Nkx6.1 in the beta cell phenotype detect-
ed in the GeneChip array analysis (Table 1; FC −3.1)
was confirmed in the RT-PCR assay (Table 2; 0.8±0.1
vs 0.3±0.03). In line with the GeneChip array data and
previous publication [26] Pdx-1 was confirmed by RT-
PCR to be expressed at an equal level in both pheno-
types. The expression level was reduced in response
to IL-1β (Table 2) in both phenotypes and the array
data showed a similar reduction in the IL-1β exposed
beta cell phenotype (FC −1.4, Table C, web address).

Transcript profile of both phenotypes influenced by
IL-1β but not by beta-cell maturation (Part II). In ad-
dition to the 50 fully annotated mRNAs affected both
by beta cell maturation and IL-1β exposure, a large
number of mRNAs not affected during beta cell matu-
ration were significantly (p<0.01) changed in expres-
sion level following IL-1β exposure of the two pheno-
types. Thus, 197 fully annotated mRNAs (98 up-regu-
lated, 99 down-regulated and 262 ESTs) were exclu-
sively changed in the pre-beta-cell phenotype (Fig. 1
group B, Table B and Table BEST in Electronic Sup-
plementary Material). In the beta cell phenotype 522
fully annotated mRNAs (251 up-regulated, 271 down-
regulated and 477 ESTs) were exclusively changed
(Fig. 1 group C, Table C and Table CEST in Electronic
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Table 1. Transcript profile reflecting beta cell maturation and associated IL-1β response

mRNAs Data acc. # Panel A Panel B
Beta cell maturation IL-1β exposure 

FC SD SG NHI-ins NHI-glu
FC FC

1. Hormones and growth/transcription factors:
Insulin I E00001 7.0 31.9
Heparin-binding EGF-like growth factor L05489 2.7 13.3
Fibroblast growth factor receptor 1β (&) S54008 −4.6 8.8
Zinc finger protein r-MyT1 (§) U67080 −6.1 11.2
Somatostatin M25890 −170.0^ 357.0
Insulin-like growth factor binding protein-1 (*) M58634 −21.5^ 39.4 X −17.0
Somatostatin-14 gene K02248 −56.9^ 59.7 X −3.4
Homeodomain protein Nkx6.1 (nkx6.1) (&) AF004431 10.0^ 7.6 Y −3.1
C-myc oncogene and flanking regions (*, §, &) Y00396 19.5^ 8.5 Y −2.0
Insulin II (&) J04807 64.5^ 52.0 Z −1.4 4.8
Insulin-like growth factor II X17012 −1.7 55.4 Z −1.3 −11.8
Nerve growth factor (&) M18416 −3.1 26.2 Z −2.5 −2.1
FSH-regulated protein (clone 59) L26292 −3.4 7.2 Z 5.3 2.1

2. Nuclear/cellular transport:
Ras-related mRNA rab4 X06890 −11.3^ 20.3
Chromaffin granule amine transporter (*) M97380 −3.7^ 19.8
Na–K–Cl co-transporter (Nkcc1) AF051561 −3.3 56.8
Degenerin channel MDEG U53211 −4.7^ 6.8
Mitochondrial dicarboxylate carrier AJ223355 2.0 19.2
Rat H+. K+-ATPase M90398 3.0^ 1.7
Phosphatidylcholine transfer protein AF040261 −3.1 42.6 X −1.8
Integral membrane glycoprotein gp210 Y00826 2.1 46.6 X 2.0
Glucose transporter type-2 (GLUT-2) (§) L28135 19.4 6.6 Z −2.6 −2.8
Secretogranin II M93669 −2.9^ 92.0 Z −1.5 −1.7

3. Glycolysis and energy generation:
Hexokinase II D26393 −11.0^ 25.3
Pyruvate kinase X05684 2.8 22.3 −1.5
Pyruvate dehydrogenase phosphatase isoenzyme 1 AF062740 2.9 6.5 Y −1.4
Aldolase B (X 02284) X02291 9.7 7.3 Y −1.3 −1.3
Fructose-1,6-bisphosphatase (&#164;) AJ005046 14.9^ 5.8 Z 3.1 1.7
Creatine kinase (M57664) (§) M57664 −10.3 47.1 Z 3.9 4.7

4. Chemokines, cytokines and related receptors:
Interleukin 18 (IL-18) AJ222813 8.9^ 5.6 Y −1.3

5. Cell cycle, cell adhesion, cytoskeleton and differentiation:
Rat skeletal muscle alpha-actin gene J00692 −7.0^ 19.8
Ssecks 322 (§) U75404 −1.9 23.0
Syndecan S61865 1.8 77.1
Galectin-5 (&) L21711 −3.1 169.4 X −2.5
Cyclin G X70871 −1.9 147.3 X 1.5
Focal adhesion kinase S83358 −3.1 9.9 X 1.6
Inhibitor of DNA-binding Id1.25 L23148 3.3 27.1 X −1.2
Claudin-9 AJ011811 4.2 3.7 Y 1.1
C-CAM4 U23056 7.4^ 4.9 Y 2.4
Lactose-binding lectin (galectin-4) M73553 25.0^ 9.2 Z 3.9 39.8
Heat sle antigen CD24 (§) U49062 −2.5 249.0 Z −8.0 −3.6

6. MHC and immune-mediated mechanisms:
CD200 X01785 −28.3 48.9 X −1.5

7. Signal transduction:
MAP-kinase phosphatase (cpg21) (§) AF013144 −3.0 159.2
Regulator of G-protein signalling 4 (*) U27767 −6.2^ 16.4
Dual specificity phosphatase (MKP-3) X94185 −2.7 121.0
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Table 1. (contined)

mRNAs Data acc. # Panel A Panel B
Beta cell maturation IL-1β exposure 

FC SD SG NHI-ins NHI-glu
FC FC

Suppressor of cytokine signalling-2 (SOCS-2) AF075382 3.2 5.8
Inositol-1,4,5-triphosphate receptor J05510 2.6 36.3
Phospholipase C delta-4 U16655 −11.7^ 12.4 X −7.1
Inositol-1,4,5-triphosphate binding protein (*) D45920 4.0 2.9 Z 2.3 5.0

8. Arginine/nitrogen metabolism and NO formation:
Argininosuccinate synthetase (AS) (§, &) X12459 −16.6^ 28.6 Z 74.0 24.9

9. Apoptosis:
Fibrinogen B beta chain (§, *) U05675 −5.8 44.6

10. Defence/repair:
Glutathione S-transferase M5 (mu) (*) U86635 2.2 126.8
Glutathione peroxidase (§) X07365 34.6^ 4.8 Y −1.3
Gas-5 growth arrest (§, &) U77829 2.8 2.3 Y 1.3
Metallothionein-1 and 2 (§) M11794 −2.2 81.2 Z −4.7 −2.2
Glutathione S-transferase J03752 52.6^ 24.3 Z 1.2 5.0
Glutathione S-transferase Yc (alpha) (X78848) K01932 8.6^ 9.6 Z 4.3 5.2

12. Degradation, proteasome and peptidases:
Membrane-type matrix metalloproteinase X83537 −10.2^ 26.1 X −2.6
Serine proteinase inhibitor-like protein (*) X16273 −13.7^ 29.3 Y 5.0
Matrix metalloproteinase-13 M60616 −3.4 64.2 Z −9.7 −5.8

13. Amino acid (without arginine), ornithine, purine and pyrimidine metabolism:
L-arginine–glycine amidinotransferase U07971 4.5 4.5
Glutamine synthetase (*) M91652 2.4 20.4 Z 2.6 4.3

14. Protein synthesis:
Ribosomal protein L18a X14181 −1.4 240.2

15. Lipids and fatty acid metabolism:
Acyl-CoA synthetase D85189 4.1 8.2
Stearyl-CoA desaturase J02585 3.0 28.3 Y −1.7
Steroid 5 alpha-reductase (§, &) J05035 −3.4 66.9 Z −2.2 −3.0

16. Neurons:
Delta-preprotachykinin X56306 −10.2 72.4
Limbic system-associated membrane protein U31554 −12.2^ 7.4
Beta-tachykinin M15191 −6.0 126.6
Tyrosine hydroxylase M10244 −15.2^ 26.5
Aromatic L-amino acid decarboxylase (§, *) M84648 4.7 14.2
GABA-A receptor delta subunit M35162 1.9 15.5
Peripherin AF031878 8.3^ 10.4
Neuron-specific protein PEP-19 (*) M24852 5.3 2.7
Monoamine oxidase A S45812 2.7 7.2 −1.5
Substance P receptor M64236 4.2 45.7 Y −1.9 −2.6
C1–13 gene product X52817 1.7 123.1 Z −1.9 −2.6
20. Miscellaneous:
Calcitonin receptor C1b L13040 −258^ 48.5
Gastrin M38653 −12.5^ 26.0
Oestrogen receptor S52128 −6.4^ 14.1
Vesl-2 (delta 11) AB007690 −4.7^ 9.3
Thy-1 gene for cell-surface glycoprotein AA874848 −7.6^ 13.2
Angiotensinogen M12112 −2.6 415.0
Sprague-Dawley tissue factor protein (*) U07619 −1.8 23.7
Plasma cell membrane glycoprotein (PC1) AB017596 −3.9 32.1
Cholecystokinin type-A receptor (§) D50608 −3.8^ 2.7
Beta-galactoside-alpha 2,6-sialyltransferase (§) M83143 2.2 11.6
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Table 1. (contined)

mRNAs Data acc. # Panel A Panel B
Beta cell maturation IL-1β exposure 

FC SD SG NHI-ins NHI-glu
FC FC

P2X2–4 receptor AF020757 3.8^ 3.1
Beta-A4 crystallin AF013247 10.8^ 14.9
Arginine N-methyltransferase 3 AF059530 3.7 49.1
WAP four-disulfide (ps20) AF037272 3.3 22.7
Cytochrome P450 M37828 −3.4^ 39.5 X −1.5
XLas protein AF093569 −2.3 38.4 X −2.3
pBUS30 X62950 1.6 16.1 X 3.0
Polyprotein 1-microglobulin S87544 3.7 184.0 Y −1.2
Type I 5 alpha-reductase S81448 −4.9^ 51.9 Z −3.2 −5.3
Putative cell surface antigen U89744 −8.5 64.3 Z 1.8 1.9
Prepro-uroguanylin U75186 4.8 23.6 Z 1.4 3.8

Panel A shows the fold change (FC) values of transcripts that
significantly (p<0.01) changed expression level during matura-
tion from the pre-beta cell (NHI-glu) to the beta cell phenotype
(NHI-ins). Panel B shows the FC values of transcripts that, in
addition, are affected by IL-1β exposure. The transcripts are
listed according to their major known function with their
database accession number (Data acc. #). FC values are given
relative to control values in the two phenotypes. The subgroup
assignment (SG) refers to Figure 1. A negative FC value repre-
sents a down-regulated and a positive value an up-regulated

expression level. An ‘^’ in the FC columns indicates that the
transcript is expressed at a low level around the detection limit
in one of the conditions compared. The results are from four
independent experiments and the standard deviations (SD)
from the NHI-glu phenotypes are shown. Symbols illustrate
that similar changes have previously been reported in (&#164;)
IL-1β exposure of WF rat islets [21], (#) IL-1β exposure of BB
rat islets [22], (*) IL-1β exposure of RIN cells [23], (§) cyto-
kine exposure of purified beta cells [24] or (&) cytokine expo-
sure of INS-1E cells [25]

Fig. 1. Experimental out-line and data-grouping. Schematic il-
lustration of the NHI-beta-cell maturation system from the
NHI-glu pre-beta-cell (white) to the NHI-ins beta cell (grey)
phenotype. Changes during this maturation are found in group
A and illustrated by horizontal lines (Table 1, panel A). Of
these transcripts also affected by IL-1β exposure exclusively in
the pre-beta-cell phenotype (group X), beta cell phenotype
(group Y) or in both phenotypes (group Z) are illustrated by

both horizontal and vertical lines (Table 1, panel B). Transcript
changes not affected during beta cell maturation but only after
IL-1β exposure of the pre-beta-cell phenotype (group B, Table
B, web address), the beta cell phenotype (group C, Table C,
web address) or both phenotypes (group Q, Table Q, web ad-
dress) are illustrated by only vertical lines. This group assign-
ment has been used for each transcript listed in Table 1



Supplementary Material) and 150 fully annotated mR-
NAs were changed in both phenotypes (Fig. 1 group
Q, Table Q in Electronic Supplementary Material).
Due to printing space restrictions data from group B,
C and Q as well as discussion of some of these are re-
stricted to the web (web address).

Functional analyses of Pdx-1 and Nkx6.1 (Part III).
Nkx6.1 was identified as an up-regulated mRNA dur-
ing beta-cell maturation. Furthermore, both Nkx6.1
and Pdx-1 were down-regulated after IL-1β exposure
of the beta cell phenotype but not affected in the pre-
beta-cell phenotype. The effect of induced Pdx-1 or
Nkx6.1 expression on the acquired beta cell sensitivi-
ty to IL-1β was therefore further addressed using a
low Pdx-1 expressing rat insulinoma cell line (IN-
Srαβ) with doxycycline inducible Pdx-1 expression
and the MSL-G-AN cells with a stable Nkx6.1 ex-
pression, respectively. First, a titration was performed
to identify the IL-1β concentration required to reduce
the viability of the Pdx-1 as well as Nkx6.1 express-
ing cells by approximately 50% over 3 days (data not
shown). At these conditions the cells die primarily by
apoptosis rather than necrosis and a potential effect of
Pdx-1 or Nkx6.1 is best detected in the two cell sys-
tems. This effect was obtained in the INSrαβ-cell line
at 20–40 pg/ml IL-1β when Pdx-1 was induced by
doxycycline. A subsequent study using 20 and
40 pg/ml IL-1β in six independent assays confirmed
that induction of Pdx-1 resulted in a significant
(p<0.001) approximately 50% reduction in viability
of the Pdx-1 transfected INS-1 cells (Fig. 3). In con-
trast, no effects of 20 or 40 pg/ml IL-1β on the viabil-
ity was observed in neither the DN-Pdx-1 nor the
Pdx-1 transfected cells in the absence of doxycycline.
Furthermore, in control experiments no effect of IL-
1β was observed in the DN-Pdx-1 transfected cells
after addition of doxycycline, demonstrating that the
effect on the Pdx-1 transfected cells is not mediated
by the doxycycline, but indeed reflects an increased
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Fig. 2. Semi-quantitative RT-PCR analysis of mRNA expres-
sion. Representative autographs from semi-quantitative RT-
PCR analyses of selected transcripts of different expression
level identified from the GeneChip array analysis. The expres-
sion is shown for the NHI-glu (left panel) and NHI-ins (right
panel) in the absence or presence of IL-1β. The levels of Pdx-1
and Nkx6.1 were normalised to the internal standard G6PDH,
c-myc and insulin I/II were normalised to β-tubulin, whereas
GP was normalised to TBP. Quantitative data from 3 to 4 inde-
pendent experiments are available in Table 2

Table 2. Semi-quantitative RT-PCR analysis of mRNA expression

Beta cell maturation: IL-1β exposure:

mRNA NHI-glu NHI-ins p value NHI-glu NHI-ins p value p value
NHI-ins vs IL-1β vs IL-1β vs 
NHI-glu NHI-glu NHI-ins

Nkx6.1 nd 0.8±0.1 <0.001 nd 0.3±0.03 NS <0.001
Pdx-1 0.5±0.07 0.7±0.2 ns 0.3±0.05 0.4±0.05 0.01 0.03
C-myc 0.1±0.02 0.5±0.1 <0.001 0.4±0.3 0.6±0.4 NS NS
Insulin I/II 0.6±0.2 9.7±6.8 <0.05 0.6±0.2 8.4±3.4 NS NS
GP nd 1,102±147 <0.001 50±56 1,135±699 upper case (5 times) NS

The influence of beta cell maturation and IL-1β exposure on
selected transcripts was analysed by semi-quantitative RT-
PCR. The mRNA expression levels of Pdx-1 and Nkx6.1 were
normalised to the internal standard G6PDH, c-myc and insulin

I/II were normalised to β-tubulin, whereas GP was normalised
to TBP. The data are mean ratio±SD from three or four inde-
pendent experiments. nd, not detectable



sensitivity to IL-1β in response to the induced Pdx-1
expression.

The effect of Nkx6.1 expression on acquired IL-1β
sensitivity was addressed using two clones obtained
by stable transfection of a Pdx-1 and Nkx6.1 negative
rat insulinoma cell line (MSL-G-AN) with Nkx6.1
(clone #589 with medium or clone #624 with high
Nkx6.1 expression) (Fig. 4). No Nkx6.1 expression
was detected in either the parent cell line MSL-G-AN

or in the clone #584). Using clone #624 with the high-
est Nkx6.1 expression for the initial titrations, an ap-
proximately 50% reduction in the viability was ob-
tained at 40–160 pg/ml IL-1β. Subsequent analyses
using these concentrations of IL-1β revealed a signifi-
cantly increased sensitivity to IL-1β at 40 and
160 pg/ml in both the Nkx6.1 expressing clones (#589
and #624) as compared to the non-Nkx6.1 expressing
clone (#584) and the parent cell line (MSL-G-AN)
(Fig. 5). Clone #624 was more sensitive to IL-1β
compared to clone #589, which correlates with the
higher expression level of Nkx6.1 in clone #624 com-
pared to clone #589 (Fig. 4).

Discussion

The criterion for a significant change in the expression
level varies between studies. In previous proteome
analyses [19, 21, 22] the level of significance was
chosen at p<0.01, whereas in previously published ar-
ray analyses [23, 24, 25] the level of significance has
been based on fold changes (≥2.5 or ≥3), probably due
to the very low number of independent experiments
reported, not allowing statistical interpretation. The
present array analyses are based on four independent
experiments and classical statistical analysis. The
large inter-assay differences in standard deviations
(2.3 to 415; Table 1) observed emphasise the impor-
tance of using several independent experiments in
GeneChip array analysis of gene expression changes.
Similar large variations were observed in the experi-
ments with IL-1β exposure (data not shown). We
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Fig. 3. Effect of Pdx-1 on IL-1β-induced toxicity. Viability,
measured as MTT activity (percent of control) in INS-1 cells
transfected with Pdx-1 (black bars) or DN-Pdx-1 (white bars)
cultured without or with doxycycline (dox; 500 ng/ml). The
cells were stimulated with IL-1β (20 pg/ml or 40 pg/mg) for 3
days and the data are mean ± SD of triplicate determinations
from six independent experiments. Significant differences (*,
p<0.001) relative to conditions without dox or between the two
phenotypes are indicated

Fig. 4. Nkx6.1 expression in the MSL-G-AN cell system. Im-
munocytochemical peroxidase staining of Nkx6.1 expression
in clones used in the functional analyses presented in Figure 5.
Approximately 50% of the cells in clone #589 (c) and 100% of
the cells in clone #624 (d) express Nkx6.1 shown as distinct
red staining of the cell nuclei. In contrast, no Nkx6.1 expres-
sion was found in MSL-G-AN (a) and clone #584 (b)

Fig. 5. Effect of Nkx6.1 on IL-1β-induced toxicity. Viability,
measured as MTT activity (percent of control) in the MSL-G-
AN cells (white bars), non-Nkx6.1 expressing cells (#584,
black bars) and in the Nkx6.1 positive cells (#589, dark grey
bars and #624, light grey bars). The cells were exposed to IL-
1β (40 pg/ml or 160 pg/ml) for 3 days. Data are means ± SD of
triplicate determinations from six independent experiments.
Significant differences between the clones are indicated (*,
p<0.001; #, p<0.01; &#164;, p<0.05)



therefore decided to evaluate the data based on a sta-
tistically defined level of significance for expression
changes, here chosen as p<0.01. Using this criterion
we found that the expression levels of 98 fully anno-
tated mRNAs were changed during beta cell matura-
tion, of which IL-1β influenced 50. In addition, the
expression of 197 mRNAs had changed in the pre-
beta-cell phenotype and 522 mRNAs in the beta cell
phenotype, respectively, following IL-1β exposure. If
we looked in these groups only at mRNAs that had
changed more than 2.5 fold in expression, the number
of mRNAs that had changed during beta cell matura-
tion was reduced to 83; 30 mRNAs reflected both
maturation and IL-1β exposure, and 33 and 132 exclu-
sively reflected IL-1β exposure of the pre-beta-cell
phenotype or the beta cell phenotype, respectively.

Our semi-quantitative RT-PCR analysis showed a
good correlation with the data obtained in the
GeneChip array analysis in line with a previous publi-
cation [24] suggesting that the GeneChip array tech-
nology is indeed a powerful tool to obtain a global
picture of the transcript expression pattern.

The present study represents, to our knowledge, the
first comparison of the effect of IL-1β on the gene ex-
pression profile between a pre-beta-cell phenotype,
not sensitive to the toxic effect of IL-1β, and the ma-
tured beta cell phenotype, which is highly sensitive to
the deleterious properties of IL-1β. Previous array
analyses have focused on cytokine sensitivity exclu-
sively in isolated beta cells or beta cell lines (RIN or
INS-1E) [23, 24, 25]. All changes reflecting beta cell
maturation and the influence of IL-1β on these tran-
scripts are presented in Table 1. Since space does not
allow a full list of all IL-1β-induced changes in the
two phenotypes, mRNAs presented and discussed in
the manuscript reflect our hypothesis that changes in
the mRNA expression profile that lead to susceptibili-
ty to IL-1β damage are consequences of beta cell mat-
uration. These transcripts are presented in group A
(changes during beta cell maturation) and group X, Y
and Z (expressions influenced by both beta cell matu-
ration and IL-1β exposure). Transcripts independent
of beta cell maturation (group B, C and Q) are pre-
sented and discussed in the web section. They may, in
part, reflect the increased sensitivity to IL-1β of the
beta cell phenotype (group C), or protective effects in-
duced in the pre-beta-cell phenotype in response to
IL-1β (group B), effects that may be lost during beta
cell maturation.

Whereas the change in the mRNA expression pro-
file defining beta cell maturation is expected to be
rather stable, it should be kept in mind that changes in
the mRNA expression profile following IL-1β expo-
sure may vary with IL-1β concentration and exposure
time. Hence, a different IL-1β concentration and/or a
shorter or longer exposure time might influence the
overall mRNA expression profile [25]. Here we look
at late responses (24 h IL-1β exposure) i.e. a condition

that does not allow discrimination between ‘primary’
and ‘secondary’ effects of IL-1β. Nevertheless, our re-
sults provide a detailed picture of IL-1β affected path-
ways and mechanisms involved in the complex pro-
cess of beta cell maturation and destruction by IL-1β.

Comparison of the present array data with our re-
cent proteome analyses of beta cell maturation using
the same cellular cell system surprisingly revealed
only two mRNA and proteins expression changes in
common (creatine kinase and argininosuccinate syn-
thetase) [19]. Several explanations may account for
this, including the different methods of assay/sample
preparation, different detection sensitivity, translatio-
nal regulation, alternative splicing of certain mRNAs,
selective degradation or excretion of proteins, time
discrepancy between gene and protein expression, ex-
pression level and post-translational modification.
Furthermore in the proteome analysis, at least 37% of
the protein-changes during beta cell maturation repre-
sented post-translationally modified forms not reflect-
ed at the transcript level [19]. In addition, some tran-
script proteins may not be present on the GeneChip
and therefore not detected as significantly changed
transcripts. Finally, very low molecular weight and
membrane proteins were not detectable in the pro-
teome analysis. A recent proteome and transcriptome
analysis of IL-1β-treated (6 and 24 h) lung carcinoma
cell line found no similarities between data from the
two types of analyses [33]. Nevertheless, both in the
study of beta cell maturation and lung carcinoma cells
the same pathways were affected in the proteome and
transcriptome analyses. When comparing our array
analysis with previous proteome analyses of IL-1β ex-
posed WF rat islet (&#164; in the tables) [21] and BB
rat islets (# in the tables) [22] only 3.8% and 3.7%, re-
spectively, were in common. In contrast, comparison
with previous array analyses of IL-1β exposed RIN
cells showed 36% (* in the tables) [23], cytokine ex-
posed purified beta cells 40% (§ in the tables) [24]
and cytokine exposed INS-1E cells 21% (& in the ta-
bles) [25] identity, despite differences in the experi-
mental conditions.

Transcript profile reflecting beta cell maturation and
associated IL-1β response (Section I, Table 1): Beta
cell specificity. Maturation from the pre-beta-cell to
the beta cell phenotype was associated with up-regula-
tion of insulin I (FC 7.0), insulin II (FC 64.5) and glu-
cose transporter type 2 (GLUT-2) (FC 19.4) and in-
duced expression of the homeodomain protein Nkx6.1
(FC 10.0) (Panel A, group 1 and 2), all transcripts
known to be expressed in mature beta cells. We previ-
ously demonstrated an increased expression of GLUT-
2 in the beta cell phenotype by semi-quantitative RT-
PCR [18]. Nkx6.1 is important for the development of
mature beta cells in the islets and disruption of the
Nkx6.1 gene leads to loss of beta cell precursors [34].
Exposure to IL-1β resulted in down-regulation of
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Nkx6.1 (FC −3.1) and insulin II (FC −1.4) (Panel B,
group 1) expression exclusively in the beta cell pheno-
type; both were also down-regulated after cytokine
exposure of INS-1E cells [25]. GLUT-2 is involved in
glucose signalling in mature beta cells and high levels
of glucose have been shown to activate the expression
of GLUT-2 [35]. We previously speculated that up-
regulated GLUT-2 expression might be responsible for
the acquired sensitivity to streptozotocin accompany-
ing the maturation of the beta cell phenotype [18]. In
contrast, exposure to IL-1β resulted in a similar down-
regulation of GLUT-2 (FC −2.6, beta cell and FC −2.8,
pre-beta cell; Panel B, group 2) expression in both
phenotypes, which may result in decreased beta cell
function, since decreased glucose-metabolism and in-
sulin secretion has been associated with decreased ex-
pression of GLUT-2 [36]. GLUT-2 was also down-
regulated after cytokine exposure of purified beta cells
[24]. Nevertheless, second-phase glucose-stimulated
insulin secretion has been detected in GLUT-2 knock-
out mice [37]. Furthermore inositol-1,4,5-triphosphate
receptor (FC 2.6) and inositol-1,4,5-triphosphate
binding protein (FC 4.0) (Panel A, group 7) involved
in insulin-release in mature beta cells (reviewed in
[38]) were both up-regulated during maturation into
the beta cell phenotype. Interestingly, inositol 1,4,5-
triphosphate binding protein (FC 2.3, beta cell and FC
5.0, pre-beta cell; Panel B) was up-regulated in both
phenotypes following IL-1β exposure.

The proto-oncogene transcription factor c-myc (FC
19.5; Panel A, group 1) was induced after beta cell
maturation. Increased expression of c-myc has also
been found in islets of partially pancreatectomised rats
with severe hyperglycaemia resulting in reduced beta
cell mass and loss of insulin secretory functions [39].
Furthermore over-expression of c-myc in beta cells of
transgenic mice resulted in increased apoptosis and
decreased insulin gene expression [40]. The ability of
c-myc to mediate cytokine-induced apoptosis appears
to be dependent on phosphorylation of this proto-on-
cogene by mitogen activated protein kinase (MAPK)
or c-Jun NH2-terminal kinase (JNK) [41, 42]. Inter-
estingly, JNK is activated by IL-1β in beta cells and
JNK inhibition has been shown to prevent IL-1β-me-
diated beta cell apoptosis [43]. Despite down-regula-
tion of c-myc (FC −2.0, Panel B) mRNA after IL-1β
exposure of the beta cell phenotype, the beta cell phe-
notype still contains higher levels of the c-myc tran-
scripts compared with the pre-beta cell which only
shows expression at the detection limit. Our semi-
quantitative RT-PCR data confirmed higher levels of
c-myc (NHI-glu 0.1±0.02 vs NHI-ins 0.5±0.1) in the
beta-cell phenotype, however the RT-PCR data did not
confirm the effect of IL-1β detected in the GeneChip
array analysis. Decreased c-myc expression has previ-
ously been described in IL-1β exposed RIN cells [23],
whereas increased expression of c-myc has been found
in cytokine-exposed purified beta cells [24] and INS-

1E cells [25]. These differences might reflect differ-
ences in experimental setup.

Glycolysis and energy generation. Four mRNAs in-
volved in energy generation changed expression levels
during beta cell maturation. Down-regulation of hexo-
kinase (FC −11; Panel A, group 3), one of three en-
zymes that controls glycolysis and up-regulation of
fructose-1,6-bisphosphase (FC 14.9), which stimu-
lates gluconeogenesis, suggests a reduced level of py-
ruvate in the beta cells, which may lead to decreased
energy generation. Decreased energy generation was
also evident from our previous proteome analysis us-
ing this cell system of beta cell maturation [19]. In
contrast, pyruvate kinase (FC 2.8) and aldolase B (FC
9.7) involved in glycolysis were both up-regulated
during beta cell maturation. A reduced level of pyru-
vate in the beta cell phenotype may result from IL-1β
exposure, since the expression levels of pyruvate ki-
nase (FC −1.5) and pyruvate dehydrogenase phospha-
tase isoenzyme 1 (FC −1.4) were decreased and fruc-
tose-1,6-bisphosphate (FC 3.1, Panel B) was in-
creased. Fructose-1,6-bisphosphate (FC 1.7) was also
up-regulated in the pre-beta-cell phenotype and de-
creased expression levels of aldolase B (FC −1.3 beta
cell and FC −1.3 pre-beta cell) were detected in both
phenotypes.

Immune-mediated processes. Interleukin-18 (IL-18;
FC 8.0, Panel A, group 4) was up-regulated during
beta cell maturation. IL-18 mRNA expression has
been associated with insulitis in pancreatic islets of
non-obese diabetic (NOD) mice [44]. Furthermore,
decreased insulin-release and induced NO production
have been demonstrated in rat islets after exposure to
IL-18 in combination with IL-1β [45]. Thus, it is con-
ceivable that an elevated level of IL-18 in the beta-cell
phenotype might potentiate increased IL-1β sensitivi-
ty acquired during beta-cell maturation. In contrast,
IL-18 (FC −1.3; Panel B) was down-regulated follow-
ing IL-1β exposure of the beta cell phenotype, possi-
bly as a feedback regulation to compensate for the
toxic effect of IL-1β and IL-18 together.

Also mechanisms affecting the beta cell interaction
with the immune system were influenced during beta
cell maturation. As an example a membrane glycopro-
tein CD200 (FC −28.3; Panel A, group 6) expressed
on a broad rage of cell types was down-regulated dur-
ing beta cell maturation. CD200 is known to have an
inhibiting effect on activation of macrophages and
myeloid cells through interaction with the CD200 re-
ceptor on these cells (reviewed in [46, 47]). Indeed us-
ing CD200 knock-out mice, an accelerated induction
of the autoimmune diseases experimental allergic en-
cephalomyelitis and collagen-induced arthritis has
been demonstrated. Thus, it has been suggested that a
loss of this inhibitory pathway may increase the sus-
ceptibility to tissue-specific autoimmunity and enable
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an accelerated reactivity of resident tissue macro-
phages [46]. It could be speculated that a reduced ex-
pression of CD200 in beta cells may have implication
on the pathogenesis of T1D.

Signal transduction. MAP kinase phosphatase (cpg21)
(FC −3.0; Panel A, group 7) is involved in the cyto-
kine-signalling cascade where it de-phosphorylates
MAP kinases leading to their inactivation [48]. Down-
regulation of cpg21 during beta cell maturation might
result in an increased MAPK activity and resulting ap-
optosis and NO production in the beta cell phenotype
following IL-1β exposure. Cpg21 was also down-reg-
ulated in cytokine-exposed purified beta cells [24].
Furthermore the suppressor of cytokine signalling-2
(SOCS-2; Panel A, FC 3.2) was up-regulated during
beta cell maturation. Over-expression of SOCS-1 and
SOCS-3 (not present on the GeneChip) has been
shown to protect against cytokine-induced beta cell
destruction [49, 50], whereas the involvement of
SOCS-2 in cytokine-induced beta cell destruction still
needs to be elucidated.

Arginine metabolism and NO formation. Argininosuc-
cinate synthetase (AS; Panel A, group 8) is involved
in the conversion of citrulline to arginine in the urea-
cycle and down-regulation of AS results in citrulli-
naemia [51]. Production of urea in rat islets has been
shown after addition of arginine, due to expression of
several of the urea-cycle enzymes [52]. Therefore the
substantial down-regulation of AS (FC −16.6) during
beta cell maturation might result in increased levels of
citrulline. Down-regulation of AS (ratio 0.2 ~ FC −5)
was also found in proteome analysis of these cells
[19]. Deficiency of AS may also lead to increased
amounts of ammonia and decreased amounts of argi-
nine [53]. An increased expression of glutamine syn-
thetase (FC 2.4, group 13) in the beta cell phenotype
was detected, possibly as a compensation for the in-
creased levels of ammonia, since glutamine synthetase
is involved in the detoxification of ammonia [54].
Furthermore, it could be speculated that the beta cell
phenotype compensates for the low arginine levels by
activating several pathways to increase the levels of
arginine. Arginine may be provided from the extracel-
lular pool by protein degradation [55] or by feedback
repression of arginine–glycine amidinotransferase
(FC 4.5, group 13), which converts arginine to orni-
thine and guanidinoacetate [56]. Creatine feedback
suppresses this reaction [56] and increased levels of
creatine in the beta cell phenotype could result from
the observed down-regulation of creatine kinase (FC
−10.3, Panel A, group 3). In contrast, AS was up-regu-
lated in both phenotypes after IL-1β exposure al-
though highest in the beta-cell phenotype (pre-beta
cell, FC 24.9 and beta cell, FC 74.0; Panel B). An up-
regulated expression of AS was also detected in cyto-
kine-exposed purified beta cells [24] and INS-1E cells

[25] and creatine kinase was also up-regulated in puri-
fied beta cells [24]. IL-1β has been demonstrated to
induce iNOS expression, which converts arginine and
oxygen to citrulline and NO (reviewed in [57]). Re-
cycling of citrulline into arginine and co-induction of
iNOS and AS [58] has been demonstrated in macro-
phages, suggested as a mechanism to regulate NO
production [59]. Furthermore, in IL-1β exposed beta
cells increased arginine levels and activation of the
citrulline–NO cycle with expression of AS have been
demonstrated [60]. This is in line with our finding of
induced AS expression in both phenotypes and with
our previous analyses demonstrating the same level of
IL-1β-induced NO production in both phenotypes
[18]. Exposure of IL-1β in both phenotypes resulted
in increased expression of creatine kinase (FC 3.9,
beta cell and FC 4.7, pre-beta cell; Panel B), which
may be a result of the increased expression of AS in
both phenotypes. Several other transcripts involved in
this pathway were also changed after IL-1β exposure
of the beta cell phenotype, but not influenced by the
maturation process (presented and discussed in Table
C, see Electronic Supplementary Material). The im-
portance of enzymes involved in the regulation of the
urea cycle for the acquired IL-1β-mediated beta cell
destruction needs to be further analysed.

Defence/repair mechanism. A possible increase in de-
fence/repair mechanisms during beta cell maturation
was detected as highly up-regulated expression of glu-
tathione-S-transferase (GST) (FC 52.6) and two sub-
classes of GST (FC 2.2, FC 8.6) as well as of glutathi-
one peroxidase (GP) (FC 34.6) and Gas5 growth ar-
rest (FC 2.8; Panel A, group 10). Increased expression
of GP during beta cell maturation was confirmed by
semi-quantitative RT-PCR (NHI-glu nd vs NHI-ins
1102±147, Table 2), which also explains the high FC
value in Table 1, since GP is up-regulated from an ex-
pression level around the detection limit of the
GeneChip array assay (indicated by an ‘^’ behind the
FC value in Table 1). This was confirmed by our
semi-quantitative RT-PCR analysis (Fig. 2). GST
works together with glutathione in the decomposition
of hydrogen peroxide (H2O2) or other organic hy-
droperoxides (reviewed in [61]). Glutathione has been
demonstrated to protect human insulinoma cells
against the toxic effects of tumor necrosis factor α
(TNF-α) [13], and together with catalase, GP protects
RIN cells against H2O2, reactive oxygen species and
cytokines [14]. Despite this up-regulation of defence
mechanisms in the beta cell phenotype the levels of
antioxidant capacity may still be low, since previous
studies revealed that pancreatic islets contain low lev-
els of antioxidant enzymes compared with other tis-
sues [62, 63] and the absolute levels of antioxidants in
the pre-beta-cell and the beta cell phenotype are not
determined. Nevertheless, this increase in defence is
not sufficient to prevent IL-1β-induced destruction of
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the beta cell phenotype [18]. Exposure to IL-1β result-
ed in a small further up-regulation of two subclasses
of GST in both phenotypes, whereas GP (FC −1.3)
was exclusively down-regulated in the beta cell phe-
notype following IL-1β exposure (Panel B). Down-
regulation of metallothionein-1 and 2 (FC −2.2, Panel
A) may also render the beta cells susceptible to the
toxic effects of IL-1β, since it has been shown that
over-expression of metallothionein in beta cells re-
duces streptozotocin-induced DNA damage and diabe-
tes [15]. Exposure to IL-1β resulted in further down-
regulation of metallothionein-1 and 2 in both pheno-
types although significantly (p<0.001) lowest in the
beta-cell phenotype (FC −4.7 vs FC −2.2; Panel B).

In summary, the changed mRNAs expression pro-
files during beta cell maturation reflected increased
expression of several mRNAs known to be present in
mature native beta cells. In addition, several pathways
that could explain increased sensitivity to the toxic ef-
fects of IL-1β were modulated. The changes in the
transcript profiles following IL-1β exposure of the
two phenotypes discussed here and at the web site
(web address) reflect an increased sensitivity of the
beta cell phenotype to IL-1β, e.g. shown by decreased
expression of transcripts encoding proteins involved
in energy generation, glucose transport and insulin re-
lease. IL-1β effects on the beta cell phenotype were
also associated with NO production, apoptosis and
changes related to activation and interaction with cells
of the immune system, which may further amplify
beta cell destruction.

Functional analyses of Pdx-1 and Nkx6.1 (Part III).
Transcription factors like Pdx-1 and Nkx6.1 are re-
quired for maturation and function of the insulin-pro-
ducing beta cells [4, 7]. Pdx-1 is expressed both in the
pre-beta-cell and in the beta cell phenotype, whereas
activation of Nkx6.1 expression occurs during matura-
tion into the IL-1β-sensitive beta cell phenotype [26].
Our previous analyses demonstrated this maturation to
be associated with IL-1β sensitivity [18]. This sug-
gests that Pdx-1 may be necessary, but not sufficient,
to induce IL-1β sensitivity and that the activation of
Nkx6.1 plays an important role in this process. In our
array analyses, we confirmed up-regulation of Nkx6.1
(FC 10.0) (Table 1, group 1) during beta-cell matura-
tion. Decreased expression levels of both Pdx-1 (FC −
1.4) (Table C, web address) and Nkx6.1 (FC −3.1)
(Table 1, group 1) were found after IL-1β exposure.
To further address the role of Pdx-1 and Nkx6.1 two
other cellular systems of beta cell maturation based on
inducible or stable over-expression of the two tran-
scription factors were used. In previous studies of the
INS-1αβ cells with inducible Pdx-1 expression, a con-
comitant induction of Nkx6.1 was demonstrated to-
gether with a decrease in the glucagon expression lev-
els and an increase in Glut-2 expression and insulin
content [27]. Here we demonstrated that induction of

Pdx-1 expression by addition of doxycycline also ren-
dered the cells sensitive to IL-1β (Fig. 3). In contrast,
doxycycline induction of a DN-Pdx-1 construct did
not induce IL-1β sensitivity. To focus our analysis on
the role of Nkx6.1, a Pdx-1 negative cell system with
over-expression of Nkx6.1 was used [28]. Transfec-
tion with Nkx6.1 induced a beta cell phenotype, asso-
ciated with a small increase in insulin content (mRNA
level and immunostaining) [28]. We demonstrated that
induced Nkx6.1 expression alone in the Pdx-1 nega-
tive cells was able to further increase IL-1β sensitivity
(Fig. 5). Thus, our data suggest that sequential activa-
tion of transcription factors involved in beta-cell mat-
uration makes the beta cells increasingly more sensi-
tive to IL-1β. We hypothesise that Pdx-1 expression
induces IL-1β sensitivity in part by induced Nkx6.1
transcription and subsequent induction of Nkx6.1 de-
pendent genes. Future analyses are required to demon-
strate to what extent Pdx.1 and in particular Nkx6.1
regulated genes are important for the acquired IL-1β
sensitivity of mature beta cells. Combining the data
presented here with future classification of the genes
regulated by these transcription factors might finally
reveal which of the many IL-1β-induced transcripts
that are primarily responsible for the IL-1β-mediated
toxicity characteristic of beta cells.

In summary, the changes in the mRNA expression
profiles during beta cell maturation and IL-1β expo-
sure revealed that several pathways affected as a result
of beta cell maturation were further influenced after
IL-1β exposure. In addition, IL-1β had effects on sev-
eral other pathways in the beta cell phenotype not di-
rectly related to the maturation process. This is in line
with our hypothesis that the increased sensitivity to IL-
1β is a trait acquired during beta cell maturation and
that cytokines induce a race between protective and
deleterious mechanisms in beta cells, and when the
deleterious ones prevail, beta cell destruction in vitro
and perhaps T1D in vivo develops [8]. This view also
finds support in our previous proteome studies of beta
cell maturation, where similar pathways were affected
[19]. After IL-1β exposure of both the beta cell and the
pre-beta-cell phenotype several mRNA expressions
were similarly changed, showing that deleterious and
protective mechanisms were activated in both pheno-
types. Thus, it seems to be the overall balance that de-
termines the fate of the individual phenotype. Further-
more, many of the changes are not quantitatively large
changes, suggesting that the fate of the beta cells is not
determined by expression changes of one or very few
specific mRNAs, but rather is dependent upon the
combined effects of several changes. Activation of
Pdx-1 and particular Nkx6.1 dependent genes during
beta cell maturation may represent regulatory tran-
scriptional networks necessary for IL-1β-induced beta
cell destruction and should be studied further.

Clearly, additional analyses are needed to elucidate
the functional importance of the different transcripts
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and encoded proteins in cytokine-mediated beta cell
destruction or spontaneous T1D. Such knowledge may
provide useful information for the design of preven-
tive and/or curative strategies in T1D.
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