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ABSTRACT

The cytokine IL-1� suppresses rodent islets of Langerhans in vitro. Presently we used
inhibitors of the proteasome to investigate if these compounds could counteract the
suppressive effects of the cytokine. Thus, isolated rat islets were cultured and pre-
treated with proteasome inhibitors and subsequently exposed for 48 h to 25 U/ml
human IL-1�. After this period functional tests were carried out. The rate of glucose
oxidation (pmol/ 10 islets x 90 min) was suppressed by IL-1� (115 ± 17 vs. control
380 ± 57). Pre-treatment with 10 �M of the proteasome inhibitor MG115 (N-car-
bobenzoxyl-leu-leu-norvalinal) and 100 �M of the calpain inhibitor norLEU (N-
acetyl-leu-leu-norleucinal; known to affect proteasome activity) counteracted the sup-
pressive effects (253 ± 17 and 262 ± 10 respectively). The calpain inhibitor alIMET
(N-acetyl-leu-leu-methional) had no effect. MG115 (10 �M) and norLEU (100 �M)
blocked nitric oxide formation induced by IL-1�, while alIMET was without effect.
We also investigated if IL-1� could influence the expression of two inducible protea-
some subunits, namely LMP2 and LMP7, and found that the cytokine increased the
mRNA expression of the proteasome subunit LMP2 in islets, and that the proteasome
inhibitor MG115 prevented this increase. In conclusion our study shows that IL-1�
increases the transcription of the proteasome subunit LMP2, and that the proteasome
is involved in IL-1� induced suppression of islet function. Moreover, the observation
that inhibitors of the proteasome protect islets against IL-1� induced inhibition of
glucose metabolism, suggests that these compounds might be worthwile to explore in
future therapies against the development of type 1 diabetes.

INTRODUCTION

Proinflammatory cytokines have been proposed to be involved in the development
of type 1 diabetes mellitus (1). lnterleukin-1b (IL-1�) stimulates the expression of
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the inducible form of nitric oxide synthase, iNOS (2), thereby inducing nitric oxide
(NO) formation and subsequent dysfunction of islet glucose metabolism and insulin
secretion (3–5).

The proteasome is a multicatalytic protease complex important for generation of
peptides for presentation on MHC class 1, as well as degradation of a number of reg-
ulatory peptides (6, 7). The transcription factor NF-KB is bound to its inhibitor I-KB
and upon stimulation I-KB is degraded and NF-KB is activated, translocated to the
nucleus where it binds to specific DNA sequences inducing transcription. Among the
genes induced is iNOS. It has been shown in several cell systems that inhibition of
the proteasome will inhibit I-KB degradation and subsequent activation of NF-KB
indicating that the proteasome is responsible for I-KB degradation (8–11). Further-
more, inhibition of the proteasome has been shown in islets of Langerhans to abolish
the production of NO induced by IL-1� (11). In another study with an immortalised
mouse �-cell line, where a proteasome inhibitor was added 48 h after the cytokine
IFN-�, no protective effect of the inhibitor on insulin production was noted (12).

However, data regarding the protection of islet �-cell function against IL-1�
induced suppression in conjunction with the inhibition of the proteasome are sparse.
Moreover, if the proteasome is involved in cytokine induced damage of islet cells, a
logic strategy would be to introduce the inhibitor before exposing cells to cytokines.
Since NO induced by cytokines has been implicated in the process leading to type 1
diabetes and proteasome inhibitors have been suggested as a novel therapeutic tool
against autolmmune diabetes, evaluation of the functional status of islets treated
with proteasome inhibitors that abolish NO production is of great interest. More-
over, we also evaluated the effects of IL-1� on the transcription of two proteasome
subunits, LMP2 and LMP7, previously known to be induced by IFN-� (13).

MATERIALS AND METHODS

Islet isolation and culture

Pancreatic islets from male Sprague-Dawley rats, obtained from a local colony
(Biomedical Centre, Uppsala, Sweden), were isolated by collagenase digestion (5).
Groups of 150–200 islets were kept free-floating in culture medium RPM1 1640
(Sigma Chemicals, St Louis, MO, USA) supplemented with 10% (vol./vol.) fetal
calf serum (Sigma), benzylpenicillin (100 U/ml) and streptomycin (0.1 mg/ml). The
islets were cultured at 37°C in a gas phase of humidified air + 5% CO2 for 7 days
before use. The culture medium was changed every second day.

The inhibitors (Sigma) used in the study were norLEU (N-acetyl-leu-leu-nor-
leucinal), alIMET (N-acetyl-leu-leu-methional) and MG115 (N-carboxybenzoxyl-
leu-leu-norvalinal) in the concentration range 1–100 �M. DMSO was used as sol-
vent for the stock solutions of the inhibitors (20 mM) resulting in final DMSO con-
centrations of 0.05–0.5% in the incubation media.

Islets were transferred to new culture dishes and preincubated with inhibitors for
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30 min before exposure for 48 h to recombinant human IL-1� (25 U/ml; PeproTech,
London, UK). We also performed experiments in which MG115 (10 �M) was added
at different time points i.e. 0.5 before and 1, 3 and 6 h after adding IL-1�. Following
exposure to IL-1�, islets were used for functional studies as described below.

Islet insulin and DNA content and glucose stimulated insulin release

After the culture period, samples were taken from the culture medium for insulin and
nitrite determinations (see below). Triplicate groups of 10 islets each were transferred
to sealed glass vials containing 0.25 mI Krebs-Ringer bicarbonate buffer (14) supple-
mented with 2 mg/ml BSA (Miles Laboratories, Slough, UK) and 10 mM HEPES
(Sigma Chemicals), hereafter referred to as KRBH. During the first hour of incubation
at 37°C (O2:CO2; 95:5) the KRBH medium contained 1.7 mM glucose. The medium
was then gently removed and replaced by 0.25 ml KRBH supplemented with 16.7
mM glucose and the incubation continued for a second hour. The insulin concentra-
tion was measured by RIA (15). For the RIA, porcine insulin was used for the stan-
dard curve, 125I-labelled insulin as tracer obtained from EuroDiagnostica (Malmö,
Sweden) and an antibovine insulin antibody was from Biomakor (Rehovot, Israel).

After the incubation, islets were pooled and ultrasonically disrupted in 0.2 mI
redistilled water. A 50 �l fraction of the aqueous homogenate was mixed with 125
�1 acid ethanol (0.18 M HCl in 96% (vol./vol) ethanol) and the insulin was extract-
ed overnight at 4°C. DNA was measured in another fraction of the water
homogenate by means of a fluorophotometric method (16, 17).

Islet glucose oxidation

Triplicate groups of 10 islets each were transferred to glass vials containing 100 �1
KRBH without BSA, but supplemented with D-[U-14C]glucose (Amersham-Phar-
macia Biotech, Amersham, UK) and nonradioactive glucose to a final concentration
of 16.7 mM and a specific activity of 18.5 MBq/mM. The islet glucose oxidation
rate was subsequently measured as previously described (18).

Nitrite determination and medium insulin accumulation

To aliquots of the culture medium (100 �l), 10 �l of 0.5% naphtylendiamine dihy-
drochloride together with 5% sulphanilamide and 25% concentrated H3PO4 was
added (19). The reaction was carried out at 20°C for 5 min, and the absorbance was
measured at 546 nm in a Beckman DU-62 spectrophotometer (Palo Alto, CA, USA)
against a nitrite standard curve. Medium insulin accumulation was determined by
RIA (15).

EMSA (Electrophoretic mobility shift assay)

Nuclear protein fractions were extracted from rat insulinoma cell line (RINm5F
cells; 20) after the IL-1� exposure as described in detail elsewhere (21). Briefly,
cells were washed with cold PBS, harvested, pelleted and resuspended in 50 �l
buffer A. After 10 min, cells were pelleted, resuspended in 50 �l of the same buffer
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and homogenised. Nuclei were pelleted and briefly sonicated in 50 �l buffer C.
After sonication, the nuclear samples were kept on ice for 30 min.

For the EMSA a double-stranded 26 mer oligonucleotide containing the NF-KB
binding site (5’AGCTTCAGAGGGGACTTTCCGAGAGG) was used. The
oligonueleotide was labelled with [32P]-dCTP using Megaprime labelling kit (Amer-
sham Pharmacia) and extracted once with an equal volume of
phenol/chloroform/isoamylalcohol (25/25/1, v/v). Before incubation with the
oligonucleotide, nuclear fractions were denatured with 27% formamide. The frac-
tions were then allowed to react with the nucleotide for 30 min at room temperature
in a solution containing 10 mM Tris (pH 7.5), 0.2 deoxycholic acid, 40 mM NaCl, 1
mM EDTA 1 mM �-mercaptoethanol, 4% glycerol, 2 �g polydeoxyinosinicdeox-
cytidylic acid and 0.1 ng DNA (14000 cpm). A 100-fold excess of non-labelled
oligonucleotide was used as negative control. The samples were then separated on
5% non-denaturing polyacrylamide gel in 0.5 x TBE buffer, gel dried and exposed
to X-ray film (Amersham Pharmacia).

RNA isolation and semi-quantitaive RT-PCR analysis:

Islets (200 for each condition) were cultured for 12 h with or without IL-1� (25
U/ml) before being snap-frozen and RNA extracted. In the groups where islets were
exposed to MG115 (10 �M), the inhibitor was added 30 min before IL-1�. As a posi-
tive control for the proteasome subunits LMP2 and LMP7 islets treated with IFN-�
(1000 U/ml) for 12 h were used. Total RNA from the islets was extracted by a modi-
fication of the 8 M guanidine method (22) and cDNA (Invitrogen cDNA cycle Kit,
CA, USA) prepared using oligo(dT) as primer (23). Semi-quantitative RT-PCR was
done for 30 cycles as previously described (24) using dCTP as the 33P-labeled
nucleotide. Following separation by 6% PAGE, the transcription products were
scanned and quantified on a PhosphorImager using the ImageQuant version 3.3 soft-
ware (Molecular Dynamics, Sunnyvale, USA). To compensate for variations in
cDNA concentration and PCR efficiency between tubes, an internal standard was
included in each amplification for normalization. No contamination with genomic
DNA was observed. As internal standard, SP-1 was used based on its linear amplifi-
cation in the same range as for the mRNAs of interest (LMP2 and LMP7) and its
unresponsiveness to the cytokine treatment. The primers used (GENEbank acc. #
included) were:

LMP2: 5'gtagctggctgggaccaacgt, 5'gtgaccaggtagatgacac; #X97611
LMP7: 5'atgggactcggctctcggga, 5'tcttccttcatgtggtacat; #U17497/U22032
SPI: 5'gtatttgaccagaaccatcc, tacctcaaaggaacagagtgg; #D12768

Statistical analysis:

A mean was calculated from each triplicate group of islets and then considered as
one separate observation. Furthermore, every observation represented different islet
donors. Values are expressed as means ± SEM and groups of data were compared,
using ANOVA with the Fisher's protected least square method or Dunnet's test.
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RESULTS

Glucose oxidation rate

Culture of rat islets for 48 h with IL-1� (25 U/m1) caused an inhibition in islet glu-
cose oxidation rate, an effect that was counteracted by preculture with MG115 (10
�M) or norLEU (100 �M), but not by alIMET (Fig. 1). However, it should be noted
that the presence of 100 �M MG115 led to inhibition of the glucose oxidation rate.
In the time course study experiments, MG115 protected against IL-1� induced sup-
pression when added up to 1 h after the cytokine (Fig. 2). Adding the inhibitor later
(3 and 6 h) did not protect against inhibition of the glucose oxidation rate. In sepa-
rate control experiments, the exposure of the islets to the solvent DMSO (0.5%) did
not affect the suppressive effects of IL-1� (data not shown). MG115 (10 �M) alone
did not induce an increase in glucose oxidation rate as compared to control islets,
but rather had an inhibitory effect (213 ± 31 vs. 135 ± 52, pmol/10 islets x 90 min;
n=7) although this was not statistically significant.
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Fig. 1. Glucose oxidation rate of rat islets exposed to inhibitors at various concentrations as indicated.
Islets were treated with the inhibitors for 30 min before IL-1� (25 U/ml) was added and then cultured
for 48 h before functional tests were performed. Bars are means ± SEM (n = 6). *** denote P<0.001
compared with islets not exposed to any inhibitor and IL-1�, ## and ### denote p<0.05 and p<0.01,
respectively, compared with IL-1� treated islets, using ANOVA with Fisher's PLSD test.
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Fig. 2. Glucose oxidation rate of rat islets exposed to MG115 (10 �M) added at various time-points in
relation to IL-1� addition as indicated. Islets were then cultured for 48 h before the experiment. Bars
are means ± SEM (n = 6). *** denote p<0.001 compared with islets not exposed to MG115 and IL-1�
and ### denote p<0.001 compared with IL-1� treated islets, using ANOVA with Fisher's PLSD test.

Table 1. Insulin release of rat pancreatic islets exposed to inhitors at various con-
centrations and IL-1� as indicated.

Inhibitor IL-1� Insulin release
(�M) (U/ml) 1.7 mM glucose 16.7 mM glucose

0 0 14.7 ± 2.2 50.2 ± 2.4
0 25 8.0 ± 1.4* 13.3 ± 0.8***
norLEU (1) 25 8.4 ± 0.4* 14.2 ± 2.0***
norLEU (10) 25 7.1 ± 0.9* 16.5 ± 5.5***
norLEU (100) 25 12.9 ± 1.8 12.5 ± 1.2***
allMET (1) 25 8.9 ± 1.3* 11.0 ± 0.8***
allMET (10) 25 9.8 ± 1.3 12.5 ± 1.2***
allMET (100) 25 8.7 ± 1.1* 16.5 ± 4.8***
MG115 (1) 25 10.7 ± 0.9 14.2 ± 0.8***
MG115 (10) 25 14.7 ± 0.9## 22.7 ± 2.7** ##
MG115 (100) 25 31.6 ± 4.9** 60.4 ± 11##

Islets were treated with the inhibitors for 30 min before IL-1� (25 U/ml) was added, and then cultured
for 48 h before the experiment. Islets were first incubated for 60 min in 1.7 mM glucose, the medium
replaced with 16.7 mM glucose and the islets incubated for another 60 min. Values are means ± SEM
(n = 6). *, ** and *** denote P<0.05, P<0.01 and P<0.001 respectively, compared with islets incuba-
ted at the same glucose concentration, but not exposed to inhibitor or IL-1�. ## denote P<0.01 compa-
red with islets incubated at the same glucose concentration and IL-1�, but not exposed to inhibitor,
using ANOVA with Fisher's PLSD test.



Glucose stimulated insulin release

Insulin release was suppressed by culture with IL-1� both at basal and high glucose
concentrations (Table 1). Neither norLEU (10–100 �M) nor alIMET (10–100 �M)
affected this inhibition. With MG115 there was an increased release of insulin with
the two highest concentrations of the inhibitor. This was observed at both high and
low glucose concentrations. It should be noted that the protective effect of 10 �M
MG115 against IL-1� induced inhibition of insulin release at high glucose was only
partial. In control experiments using the inhibitor alone, 100 �M of MG115 did not
affect glucose stimulated insulin release (data not shown).

Nitrite accumulation

IL-1� induced a 2–3 fold increase in medium nitrite accumulation as compared to
control islets (Fig. 3). MG115 (10 �m) or norLEU (100 �m) completely blocked
this effect, while allMET did not affect the elevated nitrite accumulation (Fig 4).
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Fig. 3. Nitrite production of rat islets exposed to inhibitors at various concentrations as indicated.
Islets were treated with the inhibitors for 30 min before IL-1� (25 U/ml) was added and then cultured
for 48 h before nitrite in the culture medium was measured. Bars are means ± SEM (n = 6). *** denote
P<0.001 compared with controls not exposed to MG115 and IL-1�, and ### denote P<0.001 compared
with IL-1� treated islets, using ANOVA and Fishers’s PLSD test.
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Fig. 4. Nitrite production of rat islets exposed to MG115 (10 �M) added at various time points in rela-
tion to IL-1� as indicated. Islets were then cultured for 48 h before nitrite in culture medium was mea-
sured. Bars are means ± SEM (n = 6). *** denote P<0.001 compared with islets not exposed to
MG115 and IL-1�, and ### and ## denote P<0.001 and P<0.01, respectively, compared with IL-1�
treated islets, using ANOVA with Fisher's PLSD test.

Table 2. DNA and insulin content of islets exposed to inhibitors at various concent-
rations and IL-1� as indicated.

Inhibitor IL-1� DNA content Insulin content Insulin/DNA
(�M) (U/ml) (�g/10 islets) (ng/10 islets) (ng/�g)

0 0 0.19 ± 0.01 483 ± 61 2566 ± 463
0 25 0.15 ± 0.01 402 ± 36 2332 ± 554
norLEU (1) 25 0.17 ± 0.02 452 ± 54 2667 ± 379
norLEU (10) 25 0.18 ± 0.01 386 ± 40 2137 ± 207
norLEU (100) 25 0.19 ± 0.01 372 ± 50 2004 ± 328
allMET (1) 25 0.16 ± 0.01 476 ± 60 2974 ± 450
allMET (10) 25 0.16 ± 0.01 448 ± 38 2696 ± 327
allMET (100) 25 0.19 ± 0.01 448 ± 79 2464 ± 565
MG115 (1) 25 0.19 ± 0.02 485 ± 65 2813 ± 649
MG115 (10) 25 0.18 ± 0.01 386 ± 40 2137 ± 207
MG115 (100) 25 0.24 ± 0.03 679 ± 148 3153 ± 518

DNA and insulin content of islets treated with IL-1� and proteasome inhibitors. DNA and insulin con-
tent was measured as described in METHODS. Islets were treated with the inhibitors for 30 min befo-
re IL-1� and the cultured for 48 h. Data are expressed as means ± SEM for 5–6 independent experi-
ments.



MG115 at 100 �M essentially abolished all nitrite formation. In time course experi-
ments, nitrite accumulation could be blocked by adding MG115 up to 3 h after IL-
1�, but not after 6 h (Fig. 4).

Islet insulin and DNA content

Islet insulin or DNA contents were not significantly affected by IL-1� or the
inhibitors, either alone (data not shown) or in combination with IL-1� (Table 2).

EMSA

The proteasome inhibitor MG115 dose-dependently inhibited NF-KB activation
induced by IL-1� (Fig. 5 upper panel), while the structurally related calpain
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Fig. 5. EMSA of nuclear extracts of RINm5F cells treated with IL-1� (25 U/ml) for 20 min. The inhi-
bitors MG115 (upper panel) and alIMET (middle panel) were added 30 min before IL-1�. As a negati-
ve control a 100-fold excess unlabelled oligonucleotide was used (lower panel). Representative for
2–3 experiments.



inhibitor allMET did not have such an effect (Fig. 5 middle panel). As a negative
control, 100-fold excess oligonucleotide was used (Fig. 5 lower panel).

RT-PCR of proteasome subunits after cytokine treatment

Treating islets with IL-1� for 12 h resulted in an increase in message for the
inducible subunit LMP2 (Fig. 6). There was an apparent increase also in the mRNA
expression for LMP7, however, this did not attain statistical significance (Fig. 6).
The mRNA for LMP2 and LMP7 in IFN-� treated islets, the positive control group,
was increased 2–3 fold (data not shown). The proteasome inhibitor MG115 counter-
acted IL-1� mediated upregulation of mRNA for LMP2.

DISCUSSION

We demonstrate in this study that inhibition of the proteasome will partly protect
isolated islets of Langerhans against the deleterious effects of the cytokine IL-1� in
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Fig. 6. mRNA for LMP2 (grey bars) and LMP7 (hatched bars) from islets treated with 25 U/ml IL-1�
for 12 h. The inhibitor MG115 10 �M was added 30 min before IL-1�. Bars are means ± SEM (n =
4–6).* denotes P<0.05 compared with corresponding control islets not exposed to MG115 and IL-1�,
using ANOVA with Dunnet's test.



vitro. Glucose metabolism measured as islet glucose oxidation rate was suppressed
by IL-1� as shown earlier (3, 5), and we show that this can partly be restored by the
proteasome inhibitor MG115 (10 �M), as well as by the combined calpain/protea-
some inhibitor norLEU (100 �M). The calpain inhibitor alIMET, previously shown
to have only a weak inhibitory effect on proteasomes (25), did not protect islets
against the inhibitory effects of IL-1�. This argues against the involvement of cal-
pain, another cell proteolytic system, because alIMET and norLEU inhibit this sys-
tem with similar potencies (25).

Another crucial islet function, insulin release is also well known to be affected by
IL-1�. A suppression of this function by IL-1� can be seen at both low and high
glucose concentrations. This was unaffected by allMET and norLEU at all concen-
trations tested. MG115 caused an increased medium insulin secretion at high glu-
cose giving the impression of restoration of function, but this increase was also seen
at low glucose. This may indicate that the highest concentration of MG115 was
impairing �-cell function leading to leakage of insulin. Interestingly, Kwon and col-
leagues (11) reported that in their initial studies a restoration of insulin secretion
was seen with another proteasome inhibitor, MG132. The proteasome inhibitor
MG132 was also reported to have a suppressive effect on insulin production
(defined as insulin secretion + insulin content) of two immortalised mouse �-cell
lines, �TC3 and �TC6-F7 (12). However, glucose stimulated insulin secretion was
not tested specifically in that study, since the glucose concentration during the 2 h
test period was the same as during the 3-day culture period. In the present study, we
did not find a decreased insulin content with any of our inhibitors. This might be
due to differences in sensitivity or differences in the regulation of insulin production
between less differentiated cell lines and primary islets of Langerhans.

Our study is in agreement with earlier findings (11) that proteasome inhibitors
abolish nitrite production induced by IL-1� in islets of Langerhans, probably via
inhibition of the transcription factor NF-KB. The latter is also known to be impor-
tant in mediating NO formation induced by cytokine combinations in human islets
(26). The protective effect conferred by the inhibitor on glucose oxidation rate in
our study can be explained by this phenomenon since NO has been shown to inhibit
the Krebs cycle enzyme aconitase (3). It is well established that inhibition of iNOS
restores glucose stimulated insulin secretion suppressed by IL-1� (27). In the cur-
rent study we observed inhibition of NO formation, but no protective effect on
insulin secretion using MG115. Since the proteasome is involved in many cellular
processes, we speculate that inhibition of the proteasome might perturb other
processes that are necessary for normal insulin secretion.

In the time course experiments it was found that addition of the inhibitor up to 3
h after IL-1� decreased nitrite accumulation. Adding the inhibitor 6 h after the
cytokine resulted in nitrite levels comparable to when IL-1� was present alone. This
suggests that the inhibitor did not affect NO formation by directly interfering with
the transcript or the iNOS enzyme itself because in �-cells at least 4–6 h was
required after IL-1� exposure for iNOS mRNA formation (2), and in another study
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the iNOS protein could first be detected after 5 h after adding IL-1� to islets (28)
and FACS purified rat �-cells (29).

In the RT-PCR experiments we found that message for the proteasome subunit
LMP2 was upregulated by IL-1�, and to the best of our knowledge this is the first
time an upregulation of this subunit has been shown with IL-1�. This might have
an effect on which antigens are expressed on the surface of islet cells since protea-
somes containing LMP2 and/or LMP7 have different peptide cleaving properties
compared to proteasomes that do not contain these subunits (30, 31). There was
presently an increase in message for LMP7 in IL-1� treated islets, but this did not
attain statistical significance. It should be noted, however, that the transcript for
LMP7 is expressed at a lower level than for LMP2 in our system, making it more
difficult to detect and quantitate. Our data do not rule out the possibility that LMP7
might also be upregulated by IL-1�. Longer exposure to IL-1� or higher concen-
trations might give a more pronounced upregulation. Using purified �-cells, Car-
dozo et al. showed that IL-1� induced a number of genes, including proteasome
subunits (32). In a study where the pancreata from four deceased patients with
clinically manifest type 1 diabetes were investigated, no upregulation of LMP2 or
LMP7 could be found (33), but this could be different in patients where the disease
is developing and �-cells are still present. Interestingly, in NOD mice, lympho-
cytes have been reported to have a deficient LMP2 expression caused by a muta-
tion in the promoter region (34).

We conclude that IL-1� can enhance the transcription of the proteasome subunit
LMP2 and that the proteasome is important for IL-1� induced suppression of islet
function. If intervention with proteasome activity will influence the development of
type 1 diabetes in experimental models requires further investigation.
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