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Abstract

The cytokine interleukin-1b (IL-1b) is cytotoxic to rat pancreatic b-cells and has
been implicated in the pathogenesis of insulin-dependent diabetes mellitus. IL-
1b causes expression of inducible nitric oxide synthase (iNOS) and production of
nitric oxide (NO). NO may be the mediator of the cytotoxic effect of IL-1b inrat
islets and b-cell lines. Glucose has been shown to modulate the effects of IL-1b
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on accumulated insulin release and potentiate NO production in rat islets, but
the biochemical mechanism is unknown. IL-1b activates the mitogen-activated
protein kinases (MAPK) extracellular signal-regulated kinase 1and 2 (ERK1/2),
p38 and c-jun NH2-terminal kinase (JNK) inrat islets and b-cells. Glucose may

modulate MAPK activity although contrasting data have been published. The aim

of this study was to investigate whether glucose potentiated IL-1b-induced p38
and ERK1/2 activity in rat islets. It was shown that glucose alone increased the

phosphorylation of the MAPK substrates Elk-1and activating transcription factor

2 (ATF2). D-glucose potentiated the p38 activity induced by a low concentration
of IL-1b, whereas no effect was seen at high concentrations of IL-1b. Inhibition of
p38 activity prevented IL-1b-induced nitrite production in the presence of D-
glucose. We conclude that IL-1b-induced NO production in the presence of
glucose is signalled by the p38 pathway.

Full text

INTRODUCTION

The cytokine IL-1beta is cytotoxic to rat pancreatic beta-cells, and together with
tumor necrosis factor-alpha (TNF-alpha) and interferon-gamma (IFN-gamma)
also to human beta-cells in vitro [1], and has been implicated in the
pathogenesis of insulin-dependent diabetes mellitus. IL-1beta causes
expression of INOS and production of NO. NO may be a mediator of the cytotoxic
effect of IL-1beta inrat islets and beta-cell lines [2]. Glucose has been shown to
modulate the effects of IL-1beta on accumulated insulin release and to
potentiate NO production in rat islets [3-5], but the biochemical mechanism is
unknown.

MAPKSs are serine/threonine protein kinases involved in transmission of
extracellular signals to the cytosol and nucleus [6]. The MAPK family includes
ERK1/2, p38 and JNK/stress activated protein kinases (SAPK) [7, 8], and the
balance between the activation of these kinases determines cellular
proliferation, differentiation and apoptosis [9]. We have previously
demonstrated that IL-1beta activates the MAPK ERK1/2, JNK and p38 in islets and
beta-cells, and that inhibition of ERK1/2 and p38 blocked islet INOS expression
and NO synthesis [10]. Glucose can also modulate MAPK activity in the absence
of cytokines, although contrasting data have been reported in different
experimental systems [11-15]. Since glucose and IL-1beta both induce MAPK
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(p38 and ERK1/2) activation in beta-cells, glucose modulates the effect of IL-
1beta on beta-cells, and p38 and ERK1/2 are necessary for IL-1beta-induced iINOS
expression and NO synthesis, we were prompted to investigate whether glucose
potentiated IL-1beta-induced p38 and ERK1/2 activity in rat pancreatic islets of
Langerhans. We report that IL-1-induced NO production in the presence of
glucose is signalled through the p38 pathway.

MATERIALS AND METHODS

Reagents

All reagents were from Sigma (St. Louis, MO, USA) unless otherwise specified.
Pancreatic islet isolation and culture

Islets from 5-8 day old Wistar Furth rats (Charles River, Sultzfeldt, Germany)
were isolated by handpicking after collagenase A (Boehringer Mannheim,
Mannheim, Germany) digestion of the pancreata [16]. Islets were cultured in 5-
ml dishes for 4-7 days at 37° C in humidified, atmospheric air in complete RPMI-1-
640 medium containing 11 mM D-glucose and supplemented with 109% FCS, 100
U/ml penicillin, 100 mug/ml streptomycin, 20 mM HEPES buffer, 2 mM L-
glutamine, 0.038% NaHCOs (all from Life Technologies, Paisley, Scotland), prior
to experiments.

Islet experiments

Hundred fifty randomly picked islets were precultured in 300 mul RPMI (Life
Technologies, Paisley, Scotland) + 0.5% HS with D- or L-glucose (3.3-17 mM) for
4 hours prior to exposure to IL-1beta (4-60 U/ml recombinant human IL-1beta
400 U/ng, Novo Nordisk, Bagsvaerd, Denmark) and D- or L-glucose (3.3-17 mM).
Preculturing islets for 4 hours has been shown earlier to reduce the basal
phosphorylation of the SAPK substrates ATF2 and Hsp25 caused by handling of
the islets [17], and this preculture period allows the islets to adjust to changes in
the glucose concentration. In experiments with p38 inhibitor (p38i) SB203580
(Calbiochem, La Jolla, CA, USA), 10 muM p38i was added to the preculture
medium as well as the culture media. DMSO (final concentration 0.04% (v/v))
was added to all conditions, as a control for the DMSO used to dissolve the p38i.
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Islets for whole cell lysate kinase and immunoprecipitation assays were exposed
to IL-1beta and glucose in a volume of 300 mul for 20 min, the medium was
removed and the islets were lysed on ice for 45 min in 25 mul lysis buffer (20 mM
TrispH 7.0, 0.27 M sucrose, 1TmM EDTA, 1TmM EGTA, 1 mM NazVO,, 50 mM NaF, 1%
Triton X-100, 5 mM sodium pyrophosphate, 10 mM beta-glycerophosphate, 1mM
dithiothretiol (DTT), 1 mM benzamidine and 4 mug/ml leupeptin). The
supernatants were stored at - 80° C.

Islets for nitrite and insulin measurements were exposed to cytokines and
glucose for 24 hours in 300 mul and samples of media were collected for nitrite
and insulin analysis.

The concentrations of IL-1beta and time points used were chosen according to
previous dose and time-response studies [10, 17].

Protein concentration in lysates

The BioRad protein assay (BioRad, Richmond, CA, USA) was performed
according to the manufacturers description using the Dye Reagent concentrate.

Whole cell lysate assay

Whole cell lysate and immunoprecipitation assay, were performed as previously
described [10]. In brief, for the whole cell lysate assay, 3-5 mul whole islet lysate
(the volume of whole islet lysate was adjusted to contain the same amount of
protein), was added to 17 mul of reaction buffer (2 mug GST-Elk-1 (a gift from
Klaus Seedorf Hagedorn Research Institute, Gentofte, Denmark), 2 mug GST-
ATF-2 (1-109) (a gift from Roger J. Davis, Howard Hughes Medical Institute,
University of Massachusetts Medical School, Worcester, MA, USA), 1 mug of
Hsp25 (Stressgen, Victoria, Canada), 25 mM Tris pH 7.5, 0.1 MM EGTA, 0.1 mM
NazVO,, 1 muM of cAMP-dependent protein kinase inhibitor peptide, 10 mM Mg-
acetate and 3 mul of ATP mixture (3 muCi [gamma-3?P]ATP (Amersham
Pharmacia Biotech, Buckinghamshire, United Kingdom) and 1 mM ATP)). The
phosphotransferase reaction was carried out for 30 min and terminated onice,
adding 25 mul of ice-cold SDS sample buffer (125 mM Tris pH 6.8, 4% SDS, 0.1 M
DTT, 10% glycerol and 0.02% bromphenol blue) followed by boiling for 5 min.
SDS-polyacrylamide gel electrophoresis (PAGE) using 4% stacking gels and 12%
separation gels was performed (all from BioRad, Richmond, CA, USA). The gels
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were fixed in a mixture of 10% acetic acid and 40% methanol. The gels were
dried, and phosphorylated proteins were visualized by autoradiography using
Phospholmager (Molecular Dynamics, Sunnyvale, CA, USA) and quantified using
Image Quant software (Molecular Dynamics, Sunnyvale, CA, USA).

For the immunoprecipitation assay 50 mul whole cell lysate (the volume of whole
islet lysate was adjusted to contain the same amount of protein) was diluted to
a final volume of 500 mul in washing buffer (20 mM Tris pH 7.0, 0.27 M sucrose, 1
MM EDTA, TmM EGTA, 1 mM NazVO,, 50 mM NaF, 0.1% Triton X-100, 5 mM sodium
pyrophosphate, 10 mM beta-glycerophosphate, TmM DTT, 1 mM benzamidine
and 4 mug/ml leupeptin) and immunoprecipitated by incubation for 2 hours at 4°
C with 2 mul anti ERK1/2 (New England Biolabs, Hitchin Hertfordshire, United
Kingdom) or 2 mul of anti-MAPKAPK2 (Upstate Biotechnology, Lake Placid, NY,
USA) followed by incubation at 4° C for 2 hours with 10 mul of Sepharose-Protein
A beads (Pharmacia Biotech AB, Uppsala, Sweden). The beads were washed four
times in washing buffer and three times in kinase buffer (20 mM HEPES pH 7.5, 20
mM beta-glycerophosphate, 10 mM MgCly, TmM DTT and 50 muM NazVO,).
Kinase reactions were carried out for 30 min at 30° C in 35 mul of kinase buffer
containing 10 muCi [gamma-32P]ATP (Amersham Pharmacia Biotech,
Buckinghamshire, United-Kingdom), and 5 mug of GST-ATF-2 (a gift from Roger
J. Davis, Howard Hughes Medical Institute, University of Massachusetts Medical
School, Worcester, MA, USA) or 5 mug of Hsp25 (Stressgen, Victoria, Canada).
The reactions were terminated on ice, adding 30 mul of ice-cold SDS sample
buffer and boiling for 5 min. The samples were then analysed for kinase activity
as described above.

Nitrite and insulin measurements

Islet NO production was measured as nitrite accumulation in media after
incubation by the Griess reaction [18]. Hundred fifty mul of medium were mixed
with an equal volume of Griess reagent (one part 0.1% naphthylene diamine
dihydrochloride and one part 1% sulfanilamide in 5% HzPO, (Merck, Darmstadt,
Germany)), and incubated for 10 min at room temperature. Absorbance was
measured on an immuno-reader (Nippon Inter Med., Tokyo, Japan). The
detection limit of the assay was 1 muM equal to 2 pmol/islet in our conditions. All
values below the detection limit were assigned a value of 2 pmol/islet.
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Accumulated insulin release in the media was measured by a solid-phase
competitive enzyme-linked immunosorbent assay, as described previously [19].

Statistical analysis

Results are presented as means + SEM. Results were analysed by one- and two-
way analysis of variation (ANOVA). Significant differences were evaluated using
Student’s t-test. Additionally, Cuzick’s test for trends across ordered groups
[20] and Wilcoxon’s matched-pair test was used as the non-parametric
statistical test.

RESULTS
Glucose-induced potentiation of IL-1 action on beta-cell function

To compare the priming and acute effects of glucose on IL-1-induced alterations
ininsulin release and NO synthesis, we measured the insulin release and nitrite
productioninislets treated with IL-1beta and glucose after a 4 hours preculture
period with either low or higher concentrations of glucose (Table 1). The time
course and dose effects of IL-1beta and glucose on insulin release and NO
production in islets have been extensively studied [3-5, 21, 22]. Briefly, a short
exposure to low concentrations of D-glucose and/or IL-1beta has a stimulating
effect, while an increase in any of those factors led to inhibition of insulin
release.

Inislets preculturedin 3.3, 5.5, 11 or 17 mM D-glucose and exposed to IL-1beta at
the same concentration of glucose, there was a stimulatory, although not
significant effect of IL-1at low concentrations of glucose (3.3 and 5.5 mM), while
at 11 and 177 mM IL-1beta had a highly significant inhibitory effect on the
accumulated insulin release (t-test, p < 0.0001and p < 0.00004 respectively).
Two-way ANOVA analysis showed a statistically significant interaction between
the concentrations of glucose and IL-1Tbeta (p < 0.0001).

Inislets precultured in 3.3 MM D-glucose and exposed to IL-1betaat 3.3, 5.5, 11 or
17 mM D-glucose, there was a stimulatory effect of IL-1beta on the accumulated
insulin release at 3.3 and 5.5 mM D-glucose (t-test, p < 0.04 and p < 0.04
respectively). At the high concentrations of D-glucose, IL-1beta had a highly
significant inhibitory effect on the accumulated insulin release (t-test, p <
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0.0007and p < 0.00004 respectively). There was a statistically significant
interaction between the concentrations of glucose and IL-1beta (two-way
ANOVA, p < 0.001).

Increasing the D-glucose concentration in the absence of IL-1beta did not
induce nitrite production above the detection limit of the assay. Inislets
preculturedin 3.3, 5.5, 11 or 17 mM D-glucose there was a significant increase in
the IL-1beta-induced accumulated nitrite at 5.5 mM D-glucose compared with
3.3 mM (t-test, p < 0.05), but there was no effect of increasing the D-glucose
concentration above 5.5 mM D-glucose. Inislets preculturedin 3.3 mM D-
glucose, the IL-1beta-induced accumulated nitrite production was increased
when the D-glucose concentration in the experiment was increased from 3.3 to
11mM (p < 0.05), but no effect was seen from further increasing the glucose
concentration. Control experiments with L-glucose, a non-metabolizable
glucose enantiomer, showed that the potentiating effect of glucose on IL-1beta
induced nitrite production was dependent on the metabolism of glucose and not
due to an osmotic effect of glucose (Table 2). IL-1beta-induced NO production
was only about half of that observed inislets cultured in D-glucose-containing
medium, supporting the notion that glucose metabolismis linked to INOS
activity.

Immunoprecipitation of ERK1/2 and MAPKAPK2

We first examined the activity of ERK1/2 and MAPKAPK?2 (downstream from p38)
inislets preculturedin 3.3, 5.5, 11 or 17 mM D-glucose and thereafter exposed to
60 U/ml IL-1beta for 20 min at the same glucose concentration, by
immunoprecipitation (Figure 1). In an earlier time response study, a 20 min IL-
Tbeta exposure led to maximal phosphorylation of the substrates [10]. ERK1/2
but not MAPKAPK2 was constitutively activated in the islets, but there was no
clear effect of increasing medium glucose on either MAPKAPK2 or ERK1/2
activity. Therefore, the same lysates were analyzed by the whole cell lysate
kinase assay, which detects the net phosphorylation of the substrate, i.e. the
combined activity of phosphatases as well as kinases in the lysate.

D-glucose increases the phosphorylation of EIk-1and ATF2

To determine whether glucose alone increased the MAPK activity in islets, we
measured the phosphorylation of the MAPK substrates Elk-1, ATF2 and Hsp25 in
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whole cell lysates of islets exposed to D-glucose under the different
experimental conditions (Figure 2 and Table 3). Inislets, a specific inhibitor of
MEK blocked the phosphorylation of Elk-1, suggesting that Elk-1is a specific
substrate of ERK1/2 inislets [10]. Inhibition of p38 blocked ATF2 and Hsp25
phosphorylation, indicating that both substrates are phosphorylated by p38.
Hsp25 is phosphorylated by MAPKAPK2, which is a specific substrate of p38.
Combining the two inhibitors blocked the phosphorylation of Elk-1and ATF2,
suggesting that JNK in islets does not phosphorylate these substrates.

Increasing the glucose concentration in the experimental medium from 3.3 to 17
mM inislets preculturedin 3.3, 5.5, 11 or 17 mM D-glucose, led to an increase in
the phosphorylation of Elk-1and ATF2 (Table 3) (Cuzick's test, p < 0.00006 and p
< 0.009 respectively). Inislets precultured in 3.3 mM D-glucose, only the
phosphorylation of Elk-1 was increased by increasing the D-glucose
concentration in the experiment from 3.3 to 177 mM (Cuzick’s test, p < 0.001).

Control experiments with L-glucose showed no effect on the phosphorylation of
the three substrates (Table 4).

D-glucose does not potentiate phosphorylation of MAPK substrates induced

by a high concentration of IL-Tbeta

To determine whether D-glucose could potentiate IL-1beta-induced MAPK
activity in rat islets, we determined the phosphorylation of the MAPK substrates
Elk-1, ATF2 and Hsp25 in whole cell lysates from islets exposed to 60 U/ml of IL-
beta in different glucose concentrations (Table 3). In both islets precultured in
3.3 mM D-glucose and islets precultured in 3.3, 5.5, 11 or 17 mM D-glucose, IL-
1beta induced increases in the phosphorylation of all three MAPK substrates,
but D-glucose failed to modulate this response. The IL-1beta-induced
phosphorylation of the substrates was, however, dependent on D-glucose, as IL-
Tbeta in the L-glucose control experiments only induced about half the
phosphorylation of MAPK substrates seen in experiments with D-glucose
(Tables3and 4).

D-glucose potentiates p38 activity induced by a low concentration of IL-
Toeta
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Since we did not find a modulating effect of glucose on MAPK activity induced by
60 U/ml of IL-1Tbeta which is the concentration giving maximal MAPK activity
response, we performed the same experiments with 20 U/ml, which gave a half
maximal MAPK activity response and 4 U/ml of IL-1beta, which was the lowest
concentration to induce MAPK activity in earlier dose-response studies (data
not shown). We chose to perform these experiments with islets precultured in
3.3 mM D-glucose as these islets showed a submaximal IL-1beta (60 U/ml)-
induced phosphorylation of Hsp25 compared to islets precultured in 3.3-17 mM
D-glucose, thus providing a better opportunity to detect a modulating effect of
glucose.

Firstly, we asked if glucose at low concentrations of IL-1beta could modulate
inhibition of insulin release and induction of NO production (Table 5). Four U/ml
of IL-1beta at 3.3, 5.5 and 11 mM D-glucose had no effect on islet accumulated
insulin release. However, at 17 mM D-glucose there was a significantly inhibitory
effect of IL-1beta (t-test, p < 0.03). Twenty U/ml of IL-1beta had no effect on
accumulated insulin release at 3.3 and 5.5 mM D-glucose, whereas an inhibitory
effect was observed at 11and 17 mM D-glucose (t-test, p < 0.01and p < 0.02).
Four U/ml of IL-1beta did not induce nitrite production at 3.3 mM D-glucose, but
increasing the D-glucose concentration from 3.3 to 11 mM increased the
accumulated nitrite release. Twenty U/ml of IL-1beta induced nitrite production
at all D-glucose concentrations. The nitrite production was not further
augmented by increasing the D-glucose concentration above 5.5 mM.

Next we determined the MAPK activity under the same experimental conditions
(Figure 3). Glucose alone increased the phosphorylation of Elk-1 (Cuzick’s test, p
< 0.0003) as seen in the first experiment (Table 3), albeit starting at 11 mM D-
glucose. Increasing the glucose concentration from 3.3 to 17 mM D-glucose at 4
U/ml of IL-1beta induced a significant increase in the phosphorylation of Hsp25
(Cuzick's test, p < 0.02). The increase in phosphorylation of Elk-1induced by
glucose alone was not changed at 4 U/ml of IL-1. There was no effect on MAPK
activity of increasing the D-glucose concentration at 20 U/ml of IL-Tbeta.

Inhibition of p38 activity prevents IL-Tbeta-induced nitrite production in the
presence of D-glucose

We next wished to investigate whether the observed potentiating effect of D-
glucose on the phosphorylation of Hsp25 at 4 U/ml of IL-1beta could explain the
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modulating effect of D-glucose on the induction of nitrite release. Islets were
treated with 4 U/ml of IL-1beta, in combination with p38 inhibitor, at different D-
glucose concentrations and the accumulated nitrite production was measured.
Inhibition of p38 blocked glucose modulation of the IL-1beta-induced nitrite
production completely (Figure 4).

DISCUSSION

The clarification of the molecular mechanisms and signaling pathways involved
in the previously demonstrated modulating effect of glucose on IL-1-mediated
induction of pancreatic islet NO synthesis and inhibition of insulin release is
important considering the potential importance of NO inimmune mediated
beta-cell damage in IDDM. Here we show that D-glucose potentiates IL-1-
induced p38 activity and that IL-1-induced islet NO production in the presence of
D-glucose was completely blocked by a p38 inhibitor, indicating that this effect
is signalled through the p38 pathway.

IL-1 signalling in beta-cells involves binding of IL-1to the type | IL-1receptor [23-
26]. In other cells it has been shown that IL-1 receptor binding leads to formation
of a receptor complex consisting of IL-1 receptor-associated protein, MyD88, IL-1
receptor associated kinase 1and 2 (IRAK1/2) [27-32]. In mouse beta-cells, IL-
Tbeta-induced effects were blocked by MyD88 dominant negative proteins [33].
IRAK is phosphorylated and activates TNF receptor-associated factor 6 (TRAF6)
[34]. TRAF6 interacts with nuclear factor kappaB (NFkappaB)-inducing kinase
(NIK), and is crucial for NFkappaB activation [35]. NIK shares sequence similarity
with several MAPKK kinases and may thus be involved in activation of MAPKs by
IL-1[36]. IL-1 may also activate MAP kinases through phosphatidylinositol 3-
kinase (PI3K) activation and ceramide production. There are data showing that
PI3K interacts with IL-1R1, and that this may be an early part of the signaling
pathway [37].

In beta-cells the signalling pathway from glucose to p38 activity may include
PI3K, as glucose has been shown to signal to p38 through a Wortmannin/LY
294002, sensitive pathway in MING cells. The activation of p38 by other
stimulators was not blocked by the PI3K inhibitors. This indicates that in beta-
cells-glucose may activate p38 by a novel pathway [15]. As L-glucose (a non-
metabolizable glucose enantiomer) in our experiments did not potentiate p38
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activity induced by IL-1, a metabolite of glucose may activate PI3K, which then
activates p38.

PKC is known to interact with MAPK and NFkappaB pathways in other cell
systems. In rat aortic smooth muscle cells, glucose activation of p38 is
prevented by a protein kinase C (PKC) inhibitor, while activation with other
agonists are not [38]. However, indirect evidence has questioned the role of PKC
in beta-cells, as phorbol 12-myristate 13-acetate, a phorbol ester which
activates PKC, had only a minor effect on NFkappaB activation in RIN cells [39].
However, IL-1 stimulated the generation of diacylglycerol [39] which is produced
by phospholipase C and which activates PKC. Thus, taken together PKC may play
arole in IL-1-induced MAPK activity in beta-cells.

The sphingomyelinase/ceramide pathway may signal the effects of IL-1beta on
beta-cells. In other cell types, IL-1Tbeta has been shown to activate the
sphingomyelinase pathway [40, 41]. In beta-cells, degradation of sphingomyelin
has been shown to occur within 20 min of cytokine stimulation [39]. However,
another study has found that although ceramide analogs mimic the cytotoxic
effect of cytokines on beta-cells, cytokines did not activate the
sphingomyelin/ceramide signaling pathway [42]. Activation of the ceramide
pathway led to increases in the activities of ERK1/2, p38 and JNKin a human
mammary epithelial cell line and human skin fibroblasts [43, 44]; in other cell
lines ceramide activated only p38 and JNK [45]. The MAPK cascades have been
suggested to be activated by ceramide at the level of MAP-kinases or through
PKCdelta [44, 46].

We found no priming effect of preincubation of the islets in high glucose
concentrations before the addition of a high concentration of IL-1, suggesting
that glucose metabolism and glucose-regulated gene expression may not affect
MAPK activity induced by high concentrations of IL-1. In contrast in islets
precultured in high glucose concentrations, the phosphorylation of Elk-1and
ATF2 was increased, while inislets precultured in 3.3 mM D-glucose, only the
phosphorylation of Elk-1 was increased by glucose. This effect was not seen
when performing identical experiments with L-glucose. This indicates that
glucose may prime MAPK activity either by glucose metabolism in itself or by
glucose-regulated gene expression, but that this effect is hidden by the
massive IL-1beta-induced activation of MAPK.
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The MAPK activities were measured by a phosphotransferase assay to
determine the net activity of the kinases. Thus, the observed effects may be
affected by the level of phosphatase activity, in addition to the level of activated
kinase activity. In HelLa cells, IL-1 has been suggested to repress phosphoprotein
phosphatase 2A [47]. A downregulation of phosphatases caused by IL-1 will lead
to a sustained activation of MAPK. Sustained activation of particularly the
JNK/p38 SAPK is known to lead to apoptosis in other cells. This issue deserves to
be addressed in future experimental studies.

No correlation between IL-1beta-induced NO production and inhibition of insulin
release was found in this study in accordance with previous findings [5, 48, 49].
Similarly, an apparent discrepancy between MAPK signaling towards NO-
dependent and independent destruction of beta-cells has previously been
suggested since inhibition of p38 partially reversed IL-1induced inhibition of
insulin release despite significant NO production, whereas inhibition of ERK did
not affect IL-1-induced inhibition of insulin release at similar NO levels [10]. Taken
together these findings suggest that the modulating effects of glucose on IL-
1beta induced NO production are not the cause of the inhibition of insulin
release.

CONCLUSION

In summary, we have demonstrated that IL-1beta-induced NO productionin the
presence of D-glucose is signalled by the p38 pathway. We hypothesize that IL-
1-induced p38 activity may be potentiated in beta-cells in inflamed islets during
early development of type 1 diabetes, where a reduced beta-cell mass may lead
to slightly elevated blood glucose levels and thereby potentiation of IL-1-induced
p38 activity in beta-cells.
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Figure 1

Immunoprecipitated MAPKAPK2 and ERK1/2 activity in
lysates from islets exposed to glucose and IL-1beta for
20 min.

The islets were precultured for 4 hours in 3.3-17 mM D-
glucose. MAPKAPK?2 and ERK1/2 were immunoprecipitated
with specific antibodies and their activities were
measured in an immunocomplex kinase assay with Hsp25
and ATF2 as substrates. Phosphorylation reactions were
initiated by the addition of [gamma-32P]ATP. Proteins
were separated by SDS-PAGE and phosphorylation
quantified by Phosphorlmager analysis. The
immunoprecipitations were performed in duplicate on a
pool of lysates from 6 experiments, and representative
autoradiograms are shown.
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Figure 2

Arepresentative gel from the experiment depicted in
table 3 showing MAPK activity towards Elk-1, ATF2 and
Hsp25 in whole cell lysates from islets exposed to D-
glucose and IL-1beta.

Hundred fifty islets were precultured for 4 hoursin 3.3-17
mM D-glucose, followed by incubation for 20 min with or
without 60 U/ml IL-1beta in D-glucose concentrations as
indicated. MAPK activity against the substrates Elk-1,
ATF2 and Hsp25 was determined by incubating whole cell
lysates from the islets with the substrates, in the
presence of radioactive ATP. Proteins were separated by
SDS-PAGE and visualized by Phosphorimager.
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Figure 3

MAPK activity towards Elk-1, ATF2 and Hsp25 in whole
cell lysates from islets exposed to D-glucose and IL-
1beta for 20 min.

The islets were precultured for 4 hours in 3.3 mM D-
glucose prior to exposure to glucose and IL-1. Islets in
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panel A were not exposed to IL-1beta, islets in panel Bto 4
U/mlIL-Tbeta and islets in panel C to 20 U/ml IL-1beta.
MAPK activity was measured by incubating whole cell
lysates from the islets with the substrates, in the
presence of radioactive ATP. Proteins were separated by
SDS-PAGE and phosphorylation was quantified by
Phosphorimager analysis and presented as means (n = 7-
8 independent experiments) + SEM relative to values for
lysates of islets incubated in 3.3 mM glucose without IL-1.
# P < 0.003 (Cuzick's test). * P < 0.02 (Cuzick's test).

@ without inhibitor

Accumulated nitrite (pmolfislei/24 h)

[l vith inhibitor

D-glucose (mM)

Figure 4

Accumulated nitrite release in whole cell lysates from
islets exposed to D-glucose and 4 U/ml IL-1beta with or
without 10 muM p38 inhibitor for 24 hours.

The islets were precultured for 4 hours in 3.3 mM D-
glucose with or without 10 mu M p38 inhibitor, prior to
exposure to glucose, IL-1beta and p38 inhibitor. Medium
was sampled after 24 hours for determination of nitrite.
Values presented are means = SEM of n = 6 independent
experiments. * P < 0.05 versus control (Wilcoxon).
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Tahle 1
Effects of D-glucose on IL- Iheta-induced inhibition of islet imsulin and induction of NO production

Hundred fifty islets were precultuwred for 4 hours in the Dr glucose corcentrations indicated, followed by incubation for 24 hours with
Dor 60 Wiml IL-1beta in D-gluccse concentmtiors = dicated. Medium was sampled for insulin ard nitrite detemmirations. Values
preserted are means + SEM of n = 8 independent experim ents.

Culture cond itions [nsulin ingfislet/24 hours) HMitrite (pmolfislet’24 hours)
Preculture Incubation 0 WimlIL-1beta a0 WmlIL-lbetm 0 WmlIl-lbeta 60 UimlIl-1betn

33 mbd O glucose 23 mM O glurose 19+04 27707 2 2507

55 mM D-glucces 55 mM [ gluroze 12+032 2ax10 2 112 +07
11 mhd D glucose 11 mbA Cr glucose 122 +09 B3+ 03 2 114 +07
17 mbd Cr glucoss 17mhd Cr glacoss 254109 25+ 060 2 11907
22 mM D-glucose 22 mbd D+ glucose 10+x02 le+02e 2 0o+05

33 mM L glucose 55 mM Crglucose 12+02 23+04 2 l2a+10
33 mb O glucose 11 mh Cr glacoss 12512 T4x100 2 12612k
22 mh D glucose 17 mbd Ot glucose 202x1A EE2£07 2 120x07%

* P 005 spporee0 Tl IL-1 ¢for exact p-value® gee )t P« 005 spuoner3 3 mbd D-glucoge (for exact p-<alues gee texf).

Tahle 2
Effects of L-ghicose on IL-1beta-induced inhibition of insulin release and induction of NO production

Hundred fifty islets were precultured 4 hours in the L- glucose corncentrations indicated, followeed by incubation for 24 hours wath O or
G0 m] [L-1beta in L-glucoee corncentrations as mdicated. Medivm wes sampled for insulin and nitrite determinations. Walues presen
ted are mears + SEM of n= 32 independent expeniments.

Culture cond itions Insulin (ng'islet!24 hours) Mitrite (pmolfislet’24 hours)
Preculture [ncubation 0 mlIL-1beta 60 Wml IL-1beta 0/mlIL-1betm 60 ¥mlIL-lbeta
2 mM L-ghaose 22mM L-ghaose 11+02 1o=+05 2 4111
55 mM L-ghaose 55mM L-ghaxose 02=+02 0z=x032 2 407
11 mM L-ghrose 11 mM L-glucose 07+x02 10x04 2 43+11
17 mbd L-ghcose 17 mbd L-ghoss 05x0l DZ2x04 2 3407
23 mM L-ghaose 22mM L-ghaose 02+02 12=+02 2 5207
33 mM L-ghrose 5.5mM L-glucose 0Zx02 1.1+x02 2 5409
33 mM L-ghrose 11 mM L-glucose 07+x02 09+0l 2 52«07
2 mM L-ghaose 17 mbd L-ghaose 0702 12032 2 5208
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Tahle 3
Effects of D-glucose on IL- lbeta-induced phosphorylation of the MAPK substrates EIk-1, ATF2 and Hsp25

Hundred fifty islets were precultured for 4 hours in D-glucose concentrations as indicated, followed by incubation for 20 min with or
wathout 60 Wiml IL-1 betain D glacose concerdratiors as irdicated. MAPK actiity agmnst the substrates Elke 1, ATF2 and HesplS was
detemmined by incubating whole cell lysates from the islets, with the substrates in the presence of radicactive ATE Proteins were sepa-
mated by SDE-PAGE and plhosphorylation was quantified by Phosplorlmager analysiz and presented as means + SEM of n = 2 irde-
pendent experimernts relative to control islets.

Chalture cond itions Elk-1 phosphorylation ATHZ phosphorylation Hzp24 phosphorylation
Preculture Incubation 0 WmlIL-16 60 WmlIL-105 0 WPmlIL-15 60 mlIL-16 0 WimlIL-10 60 UfmlIL-15
SE3mM Drglucose 33 mb Dk glucoss 1 T7x14 1 5Ex10 1 BaxlA
55mM Drglucose S5mM Drglucose 1203 o00=x17 22x04A aa=x10 Z1=x0E8 T4x1a
11 mb Trglueose 11 mM DCrglucose 20+ 07 g7x1A 1.7+0% TEx1Z 22+04 EEx10
17mM Drglucose 17 mbd Drglucose 22+ 05 Tix15 2505 TE=x13 4117 24=x1%8
F2mM Drglucose 22 mM D glucose 1 2520 1 BTx320 1 4411
SZmM Drglucose S5mb Diglucose 1.7+ 02 g3x+17 l2+10 F5=x3l 1.7+x08 41=+10
S2mM Drglucose 11 mM Drglucose 2606 B7x23 1.7+07 09+ 56 15+04 52=+21
S2mM Drglucose 17 mbd Drglucose 3005 Taxl5 1.2+0%2 al=x19 l4+04 4208
Table 4

Effects of L-ghicose on IL-lbeta-induced phosphorylation of the MAPK substrates EIk-1, ATF2 and Hsp25

Hundred ity slets were preculbared for 4 hours m L-gluccoee concenfrations as indicated, followed by incubabion for 20 man wath or
without &0 Ufml IL-1beta in L-glucose concenfratiors = irdicated. WATE activity azairst the substrates Elle-1, ATFZ and Hsp25 was
detemmined by incubating whole cell lysates from the islets, with the substrates in the presence of radicactive ATE Proteins were sepa-
rated by 3DE-PASE and plosphorylation was quantified by Phosphorlmazer analysis and presented as means + SEM of n= 3 irde-
pendent experimernts relative to comtrol islets.

Culture cond itions Elk-1 phosphorylation ATE2 phosphorylation Hsp25 phosphorylation
Preculture Incubation 0wl IL-1E 60 WmlIL-1f 0UYmlIL-1f 60 éml IL-1@3 O fml IL-1 3 60 Ufml IL-1 B
SE3mM L-ghrose 33 mM L-ghrose 1 27+x07 1 51128 1 45+11
55mM L-glueose S5mbd L-ghoose 09 x02 26x06 11+£02 22=x17 lox0l 4202
11 mM L-glucose 11 mM L-glueoge 0201 2B+04A 09+0l1 4412 11+x02 37=+00
17mbd L-glicose 17mM L-glucose 072101 2408 02+02 alx19 lox0z SAax0&s
S3mM L-ghrose 33 mbi L-ghose 1 65+20 1 SZ2x12 1 49+ 158
23mM L-glueose  S5mbd L-ghoose 14x01 3515 1.1+00 2907 15032 42+ 158
S3mM L-glueose 11 mM L-glueose 11 x04 G67+x14 05+00 4503 05x02 42+109
32mM L-glueose 17mM L-glcose 12+05 55+13 07+02 za=x02 nDa+x02 38+15
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Tahle 5
Effects of D-glucose on IL- Ibeta-induced of islet insulin and induction of NO (prod)
Hundred fifty islets were precultured for 4 honrs in D-glucoee concertrations = indicated in the table, followed by incubation for

24 hours wath O, 4 or 20 Uiml IL-lbefa in D-glucose corncentrations as indicated.
Medivm was sampled for irsulin ard ritrite detemm inations. YValues presented are mears + SEM of n = 6 indeperdert experiments.

Culture cond iHons Insulin (nz/islet/24 k) Hitrite (pmoliislet’24 h)
Preculhire Incubation OWmlIL- 1B 4 Wml IL-1E 20 WimlIL-13 0 Wiml IL-1F 4 WPml IL-1G 20 WPml IL-16
S2mM Drglucose 23 mM Drglucose | 12+01 1.1+01 12=x01 2 2 02+05
S23mM Crglucose S55mb Drglucosze | 1&6x02 15+02 la=x0l 2 44+02 12508k
S3mM Drglucose 1l mM Drglumose | 8+ 13 10712 57x08¢ 2 o1=x10F 124 £05*
323mM Diglucose 17mM Drglucose | 1BES5 22 149 x10F BO+09¢ 2 A2+ 005k 139 +07°

=P« 005 seeoerer 0 Uhird IL-1heta {foT precize p-walues see 1e1).
BP = 005 seeorerd.3 mM D-glucose at the saome IL-1heta concentration {for precise p-values see text).
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