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Evidence for Involvement of the Proteasome
Complex (26S) and NF B in IL-1 –Induced Nitric
Oxide and Prostaglandin Production by Rat Islets
and RINm5F Cells
Guim Kwon, John A. Corbett, Scott Hauser, Jeanette R. Hill, John Turk, and Michael L. McDaniel

Interleukin-1 (IL-1 ) has been implicated as an effec-
tor molecule of -cell destruction in autoimmune dia-
betes. IL-1 inhibits insulin secretion from pancreatic -
cells by stimulating the expression of inducible nitric
oxide synthase (iNOS) that generates the free radical
nitric oxide. IL-1 also induces the coexpression of the
inducible isoform of cyclooxygenase (COX-2) that
results in the overproduction of proinflammatory
prostaglandins. The current studies were designed to
characterize the involvement of protease(s) in the sig-
naling pathway of IL-1 –induced iNOS and COX-2
expression by rat islets and transformed rat pancreatic

-cells. Because of the limitations of cell numbers of
p u r i fied primary -cells obtained from rat islets, bio-
chemical and molecular studies were performed using the
rat insulinoma -cell line RINm5F. A serine protease
i n h i b i t o r, N -P- t o s y l -L-lysine chloromethyl ketone
(TLCK), and a proteasome complex (26S) inhibitor, MG
132, inhibited IL-1 –induced nitrite formation, an oxi-
dation product of nitric oxide produced by iNOS, in a con-
centration-dependent manner, with complete inhibition
observed at 100 µmol/l and 10 µmol/l, respectively. Both
TLCK and MG 132 also inhibited iNOS gene expression
at the level of mRNA and protein. In an analogous man-
n e r, TLCK (100 µmol/l) and MG 132 (10 µmol/l) inhibited
I L - 1 –induced COX-2 enzyme activity (PGE2 f o r m a t i o n )
and COX-2 gene expression at the level of mRNA and pro-
tein. In human islets, the proteasome inhibitor MG 132
also inhibited the formation of the products of iNOS and
COX-2 enzyme activity, nitrite, and PGE2, respectively.
These findings suggest that the inhibitory action of
TLCK and MG 132 on iNOS and COX-2 expression pre-
cedes transcription. The transcription factor NF B is
essential for activation of a number of cytokine-
inducible enzymes and was evaluated as a possible site
of protease action necessary for IL-1 –induced coex-

pression of iNOS and COX-2. TLCK and MG 132 inhibited
both IL-1 –induced activation of NF B and degradation
of I B by islets and RINm5F cells. These results impli-
cate protease activation as an early signaling event in IL-
1 –induced inhibition of -cell function. This study also
suggests that IL-1 –induced iNOS and COX-2 coexpres-
sion by pancreatic -cells share a common signaling
pathway in utilizing the proteasome complex (26S) and
the transcription factor NF B, and it identifies sites of
intervention to prevent the overproduction of their
inflammatory products. Diabetes 47:583–591, 1998

I
nsulitis, a local inflammatory reaction in and around
pancreatic islets, is a key feature of type 1 diabetes in
both humans and animals (1–3). Proinfla m m a t o r y
agents such as cytokines, free radicals, and eico-

sanoids are proposed to play key roles in culminating insuli-
tis. The cytokine interleukin-1 ( I L - 1 ) has been shown to
cause dysfunction and destruction of rat pancreatic - c e l l s
(4–6). IL-1 stimulates the expression of inducible nitric
oxide synthase (iNOS) by -cells, resulting in the overpro-
duction of the free radical nitric oxide (NO) that mediates inhi-
bition of insulin secretion and -cell cytotoxicity (7–11). IL-
1 also induces the expression of the inducible isoform of
cyclooxygenase (COX-2) by rat islets within the same time
frame as iNOS expression (12). Furthermore, NO stimulates
the enzymatic activity of cyclooxygenase (both constitutive
and inducible isoforms), augmenting the production of proin-
flammatory prostaglandins, in particular prostaglandin E2
( P G E2) (12,13). In light of the possible role of the proinfla m-
matory mediators NO and PGE2 in the pathogenesis of
immunologically mediated diabetes, delineation of signaling
pathways involved in IL-1 –induced NO and PGE2 p r o d u c t i o n
by islets is of particular interest.

The coexpression of iNOS and COX-2 by islets appears to
share a common signaling pathway based on several lines
of evidence: 1) the time course of IL-1 –induced NO and
PGE2 production by islets is similar (12), 2) both iNOS and
COX-2 expression involve activation of a tyrosine kinase(s)
(14), 3) the IL-1 receptor antagonist protein (IRAP or IL-
1 ra) blocks IL-1 –induced formation of both proinflam-
matory mediators, NO and PGE2 (15,16), and 4) the pro-
moter regions of iNOS and COX-2 genes share consensus
sequences for the binding of transcription factors NF B
and activator protein-1 (17,18).

The transcription nuclear factor B (NF B) has recently
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been proposed to regulate a number of cytokine-inducible
enzymes. NF B is present in the cytoplasm of cells as an inac-
tive form complexed with I B, an inhibitory factor of NF B .
Cytokines induce dissociation of this complex, presumably
by phosphorylation of I B and/or activation of proteolytic
degradation of I B that then allows NF B to translocate from
the cytoplasm to the nucleus, where it interacts with DNA
recognition sites necessary to mediate gene transcription.
Recent studies have focused on the possible function of the pro-
teasome complex to mediate proteolytic processing of the
inactive NF B complex. The 26S (1,500 kDa) proteasome
complex is highly conserved and is present in the cytoplasm
and nucleus of all eukaryotic cells (19). Its function is to
remove abnormal and short-lived regulatory proteins, includ-
ing I B (19). The enzymatic activity of the proteasome com-
plex requires multiple steps, including covalent conjugation of
target proteins with multiple ubiquitin (Ub) molecules through
ATP-dependent mechanisms (20,21). MG 132 (carbobenzoxyl-
leucinyl-leucinyl-leucinyl-H, also called Z-LLL) is a potent
inhibitor of the proteasome complex (26S). N -P- t o s y l -L- l y s i n e
chloromethyl ketone (TLCK), a serine protease inhibitor, has
been shown to protect -cells from deleterious effects of IL-1
(22). The site of action of TLCK appears to be at the proteasome
complex (26S), although TLCK may have other sites of action.

In the present study, we provide evidence that IL-
1 –induced iNOS and COX-2 coexpression by pancreatic
islets and the -cell line RINm5F share a common signaling
pathway in utilizing the proteasome complex (26S) and
NF B. A protease inhibitor, TLCK, and a specific inhibitor
of the proteasome complex (26S), MG 132, inhibit IL-
1 –induced iNOS and COX-2 expression at the level of
enzymatic activity, mRNA, and protein. Both inhibitors,
TLCK and MG 132, also block NF B activation and I B
degradation. An understanding of the signaling pathway of
I L - 1 –induced NO and PGE2 production by -cells will pro-
vide strategies of intervention to further evaluate the role of
nitric oxide and PGE2 in mediating -cell dysfunction and
destruction associated with autoimmune diabetes.

RESEARCH DESIGN AND METHODS

Male Sprague-Dawley rats (160–180 g) were purchased from Sasco (O’Fallon, MO).
Collagenase type P was obtained from Boehringer Mannheim (Indianapolis, IN).
Tissue culture medium (CMRL-1066), minimal essential medium (MEM), penicillin,
streptomycin, Hanks’ balanced salt solution, and L-glutamine were obtained from
GIBCO Laboratories (Grand Island, NY). Fetal bovine serum was obtained from
Hyclone (Logan, UT). RINm5F cells were obtained from the Washington University
Tissue Culture Support Center. Human islets were a kind gift from Dr. David Scharp
(Islet Isolation Core Facility, Washington University School of Medicine). NG-
m o n o m e t h y l -L-arginine (NMMA) acetate was obtained from Calbiochem (San
Diego, CA), and IL-1 (2 1 08 U/mg) was obtained from Cistron Biotechnology
(Pine Brook, NJ). Tumor necrosis factor- ( T N F - ; 1 1 08 U/mg) and - i n t e r f e r o n
( I F N - ; 2 1 07 U/mg) were obtained from Boehringer Mannheim. The cDNA probe
for cyclophilin was a gift from Dr. Jeffrey Milbrandt (Washington University). [ -
3 2P]dCTP was obtained from Amersham (Arlington Heights, IL). Oligonucleotide
labeling kits were from Pharmacia (Piscataway, NJ), 3 5S -t r a n s-labeled methion-
ine (1117 Ci/mmol) was from ICN (Costa Mesa, CA), and rabbit iNOS antiserum
was a gift from Dr. Thomas Misko (Monsanto Corporation). NF B consensus
oligonucleotides (5 - G AT C C G A G G G G A C T T T C C G C T- G G G G A C T T T C C A G G - 3 )
and T4 polynucleotide kinase were obtained from Oncogene Science (Uniondale,
NY). Rabbit antisera for NF B p50 and p65, I B , and its control peptide were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The proteasome
inhibitor MG 132 was a gift from Proscript (Cambridge, MA). In vitro transcrip-
tion and ribonuclease protection assay kits and cyclophilin RNA probes were
obtained from Ambion (Austin, TX). Rabbit COX-2 antisera and PGE2 r a d i o i m-
munoassay kits were from Cayman Chemical (Ann Arbor, MI).
Isolation of rat pancreatic islets. Islets were isolated from 12–15 male
Sprague-Dawley rats by collagenase digestion as described previously (23). Iso-

lated islets were cultured overnight in complete CMRL-1066 medium containing
2 mmol/l L-glutamine, 10% (vol/vol) heat-inactivated fetal bovine serum, 100 U/ml
penicillin, and 100 µg/ml streptomycin.
Nitrite determination. Rat islets (200) were treated with 5 U/ml IL-1 and var-
ious concentrations of TLCK or MG 132 and incubated for 24 h in 500 µl of com-
plete CMRL-1066. Human islets were incubated for 48 h at 37°C in complete
CMRL-1066 before the initiation of experiments. Following this culture period,
human islets were washed three times in complete CMRL-1066, counted (200 per
condition), and placed in 24-well plates. Human islets were treated with cytokine
mixtures (75 U/ml IL-1 , 3.5 nmol/l TNF- , and 750 U/ml IFN- ) and various con-
centrations of MG 132 as indicated in the figure legends and incubated for 24 h.
The culture supernatant was removed, and 50-µl aliquots were then mixed with
50 µl of Griess reagent (24). Nitrite production was determined at an absorbance
of 540 nm using a Titertek Multiskan MCC/340 plate reader.
RNA isolation and Northern blot analysis . Following incubation of RINm5F
cells (~70 1 06 in 10 ml of complete CMRL-1066) for 6 h with 10 U/ml IL-1 a n d / o r
various concentrations of either TLCK or MG 132, cells were washed three times
with phosphate-buffered saline (PBS, pH 7.4). Total RNA isolation and Northern
blot analyses were performed as described previously (25).
Determination of iNOS and COX-2 protein expression. iNOS was immuno-
precipitated from metabolically labeled islet cells as described previously (12).
B r i e fly, islets (200 in 500 µl complete CMRL-1066) were washed three times with
500 µl methionine-deficient MEM (9 parts MEM without methionine:1 part MEM
containing methionine) and incubated at 37°C for 5 h. Islets were then treated with
5 U/ml IL-1 ± 100 µmol/l TLCK and 300 µCi of 3 5S-methionine Trans-Label (ICN)
and further incubated for 19 h. Islets were then isolated by centrifugation and
washed. Then iNOS was immunoprecipitated using antiserum prepared against
the COOH-terminal 27 amino acid of mouse macrophage iNOS (a kind gift from
D r. Thomas Misko).

In other experiments, iNOS and COX-2 expression by islets was determined
by Western blot analysis. Islets (200 in 500 µl of complete CMRL) were treated with
I L - 1 ± TLCK or MG 132 for 24 h as indicated in the figure legends. Islets were
washed three times with PBS (pH 7.4) and solubilized in 20 µl of SDS sample mix
(0.25 mol/l Tris-HCl, 20% -mercaptoethanol, and 4% SDS, 5 mmol/l EDTA, and 1
mmol/l EGTA) and 10 µl dH2O and boiled for 4 min, followed by the addition of
2 µl of loading dye (0.05% bromphenol blue in 80% glycerol). SDS gel elec-
trophoresis was carried out under standard conditions (26). Protein was trans-
ferred from the SDS gel to nitrocellulose membranes (Hoeffer, San Francisco, CA)
under semidry transfer conditions (Millipore) at 120 milliamp for 40 min. Blots
were blocked overnight at room temperature in 5% nonfat dry milk in TBST (20
mmol/l Tris, 500 mmol/l NaCl, pH 7.5, 0.1% Tween 20). iNOS blots were incubated
for 2 h at room temperature with rabbit anti-mouse macrophage iNOS (Alexis Bio-
chemicals, San Diego, CA) at a dilution of 1:1,000, washed four times in TBST, and
then incubated for 90 min at room temperature with horseradish peroxidase–con-
jugated donkey anti-rabbit antisera (Jackson ImmunoResearch, West Grove, PA )
at a dilution of 1:7,000. The blots were then washed four times in TBST. For
COX-2 blots, the same procedure was followed except that rabbit anti-mouse COX-
2 (Cayman Chemical, Ann Arbor, MI) was used as a primary antibody. Both COX-
2 and iNOS were detected by enhanced chemiluminescence using Hyperfilm and
enhanced chemiluminescence reagents (Amersham).
P G E2 determination. P G E2 was measured by enzyme immunoassay as
described previously (12) using reagents obtained from Cayman Chemical.
Ribonuclease protection assays. Islets were treated with 5 U/ml IL-1 ± vari-
ous reagents for the indicated time periods as described in the figure legends. To t a l
RNA was prepared by the method of Kwon et al. (25). COX-1, COX-2, and
cyclophilin mRNA levels were determined by ribonuclease protection assay. Rat
COX-1 and COX-2 cDNA fragments were subcloned into the N c o I and
H i nd I I I /B a mHI sites of pGEM 5Z and pGEM 7Z, respectively (27). The resultant
plasmids were linearized with S p h I and H i ndIII, respectively, and then used as
templates for in vitro synthesis of 3 2P-labeled antisense COX-1 and COX-2 RNA
probes with [ -3 2P]UTP (800 Ci/mmol from DuPont-NEN) and SP-6 RNA poly-
merase. The sizes of the transcribed RNA probes for COX-1 and COX-2 were 280
and 190 bases, respectively. Ribonuclease protection assays were carried out with
~5 µg of total RNA and 1 1 05 cpm of the RNA probe/assay using a kit from
Ambion (RPAII) as described in the instructions from the supplier. The protected
RNAs were separated by electrophoresis in 7.5 mol/l urea/8% acrylamide sequenc-
ing gels. Gels were dried and exposed to film at room temperature. The relative
intensities of each protected fragment were determined by Phosphor Imager
analysis (Molecular Dynamics, Sunny Vale, CA). COX values are expressed rela-
tive to a cyclophilin probe (Ambion).
Nuclear extract preparation and electrophoretic mobility shift analysis.

RINm5F cells (5–6 1 07) were pretreated for 30 min with 100 µmol/l TLCK or 10
µmol/l MG 132. Cells were then treated with 10 U/ml IL-1 and incubated for an
additional 30 min. Cells were washed three times with PBS (pH 7.4), and nuclear
extracts were prepared by the method of Flanagan et al. (28). Double-stranded
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synthetic oligonucleotide probes for NF B were end-labeled using [ -3 2P ] ATP and
T4 polynucleotide kinase. Nuclear extracts (10 µg) were incubated with oligonu-
cleotide probes (60,000 cpm) for 35 min at room temperature, and protein-DNA
complexes were resolved by polyacrylamide gel electrophoresis (29). Supershift
assays were performed by adding 2 µg of antibodies for NF B p65 or p50 subunits
to the reaction mixture along with nuclear extracts and oligonucleotide probes.
I B degradation. Islets (200) and RINm5F cells (5 1 05) were metabolically
labeled as described above. Islets and RINm5F cells were then treated with IL-
1 for the indicated time periods as shown in the figure legends. Islets and cells
were isolated by centrifugation and washed, and then I B was immunoprecip-
itated using antiserum prepared against the COOH-terminal amino acids
(297–317) of human I B /MAD-3 (Santa Cruz Biotechnology, Santa Cruz, CA) by
the method of Corbett et al. (12).
Statistical analysis. Statistical comparisons were made between groups using
a one-way analysis of variance with significant differences (P < 0.05) evaluated
using a Scheffe’s F-test post-hoc analysis (Statview V 4.0, Abacus Concepts).

R E S U LT S

E ffects of TLCK and MG 132 on iNOS expression. P r o-
tease activation has been previously implicated as an early sig-
naling event associated with IL-1 –induced inhibition of pan-
creatic -cell function (22). To determine whether protease
activity is required for IL-1 –induced iNOS expression, we
examined the effects of a serine protease inhibitor, TLCK, and
a proteasome complex (26S) inhibitor, MG 132, on IL-
1 –induced nitrite formation by rat islets. IL-1 i n d u c e s
approximately seven- to ninefold increases in nitrite (an oxi-
dation product of nitric oxide) by rat islets (Fig. 1A and B, bar
2). Both TLCK and MG 132 inhibited IL-1 –induced nitrite for-
mation by rat islets in a concentration-dependent manner,
with complete inhibition observed at 100 µmol/l and 10
µmol/l, respectively (Fig. 1A and B). A competitive inhibitor
of nitric oxide synthase, NMMA (0.5 mmol/l), also completely
inhibited IL-1 –induced nitrite formation. TLCK (100 µmol/l)
and MG 132 (10 µmol/l) in the absence of IL-1 had no effect
on nitrite levels (data not shown). TLCK (100 µmol/l) and MG
132 (10 µmol/l) also did not alter Trypan blue dye exclusion
or [3 5S]methionine uptake as a measure of protein synthesis
by rat islets and RINm5F cells (data not shown), suggesting
that these inhibitory effects produced by TLCK and MG 132
were not due to nonspecific cytotoxicity. In addition, MG
132 (up to 10 µmol/l) alone had no effect on a basal or glucose-
stimulated insulin secretion. Our initial findings show that MG
132 (5–10 µmol/l) partially reverses the inhibitory effects of
I L - 1 on glucose-stimulated insulin secretion by rat islets
(data not shown).

To determine the site of action of TLCK and MG 132, the
effects of these reagents on iNOS gene transcription were
studied by Northern blot analysis. RINm5F cells were incu-
bated with 10 U/ml IL-1 in the presence and absence of var-
ious concentrations of TLCK or MG 132 for 6 h. Previous time
course studies indicated that iNOS mRNA expression by
RINm5F cells peaked after 6 h of treatment with IL-1 ( 3 0 ) .
Both TLCK and MG 132 inhibited IL-1 –induced iNOS mRNA
expression in a similar dose-dependent manner consistent
with their ability to block nitrite formation (Fig. 2A and B) .
Complete inhibition of iNOS mRNA expression was
observed at 100 µmol/l TLCK (Fig. 2A, lane 5) or in the range
of 1–5 µmol/l MG 132 (Fig. 2B, lanes 4 and 5). Consistent with
their inhibitory effects on nitrite formation and iNOS mRNA
expression, TLCK (100 µmol/l) and MG 132 (~1–5 µmol/l)
also completely inhibited iNOS expression at the level of
protein, as shown in Figure 3A and B by rat islets. Ta k e n
t o g e t h e r, these results suggest that the sites of action of

TLCK and MG 132 are prior to iNOS gene transcription.
E ffects of TLCK and MG 132 on COX-2 expression.

Next, we examined the effects of TLCK and MG 132 on IL-
1 –induced COX-2 expression by rat islets. TLCK (100
µmol/l) and MG 132 (10 µmol/l) significantly blocked PGE2
production, the major enzyme product of COX-2, with inhi-
bition of 80 and 100%, respectively (Table 1). We initially
studied IL-1 –mediated COX-1 and COX-2 gene transcrip-
tion by rat islets using RNase protection assays. Based on
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FIG. 1. Effects of TLCK and MG 132 on IL-1 –induced nitrite pro-

duction by rat islets. Rat islets (200) were treated with 5 U/ml IL-1

and the indicated concentrations of TLCK (A) or MG 132 (B) for 24

h in 500 µl of complete CMRL-106. As a control, 0.5 mmol/l NMMA, a

competitive inhibitor of NO synthase, was incubated with IL-1 .

Nitrite production in the culture media was determined by the Griess

reagent as described in M E T H O D S. Results are the average of three

individual experiments containing three replicates in each experi-

ment. *Statistically significant inhibition of nitrite formation (P <

0.001), as compared with the IL-1 activated group (determined by

analysis of variance).

A

B



our previous observations that IL-1 induces NO and PGE2
production in a similar time-dependent manner (12) and
that iNOS mRNA peaks ~6 h after IL-1 treatment (30), we
incubated islets with 5 U/ml IL-1 for 6 h. IL-1 s t i m u l a t e d
a significant increase in COX-2 mRNA level (Fig. 4, lane 2,
upper panel), which was completely blocked by actino-
mycin D (1 µmol/l) (Fig. 4, lane 3, upper panel). Tr e a t m e n t
of islets with 10 µmol/l cycloheximide significantly
enhanced IL-1 –induced COX-2 mRNA expression (Fig. 4,
lane 4, upper panel), probably because of increased levels
of NF B activation resulting from the lack of newly syn-
thesized I B . COX-1 mRNA expression by islets was con-
stant regardless of IL-1 treatment (Fig. 4, lower panel),
except under conditions of actinomycin D treatment (Fig.
4 , lane 3, lower panel).

Both TLCK (100 µmol/l) and MG 132 (10 µmol/l) signifi-
cantly inhibited IL-1 –induced COX-2 mRNA expression
(Fig. 5A, lanes 3 and 4, upper panel), but they did not signi-
ficantly affect COX-1 mRNA levels. Figure 5B shows quanti-
tation of COX-1 and COX-2 mRNA levels normalized with
cyclophilin. Both TLCK (100 µmol/l) and MG 132 (10 µmol/l)
also completely inhibited COX-2 protein expression, deter-

mined by Western blot analysis using rabbit antisera for
human COX-2 (Fig. 6).
E ffects of MG 132 on human islets. We also examined the
effects of the specific proteasome complex inhibitor, MG
132, on cytokine-induced nitrite and PGE2 production by
human islets. Human islets were treated with a combination
of cytokines (IL-1 , TNF- , and IFN- ) and various concen-
trations of MG 132 or NMMA (0.5 mmol/l) as shown in Fig. 7.
MG 132 inhibited cytokine-induced nitrite production ( ) by
human islets in a similar concentration-dependent manner,
with complete inhibition at ~1 µmol/l MG 132 as observed pre-
viously with rat islets. MG 132 also blocked PGE2 p r o d u c t i o n
with complete inhibition at ~1–5 µmol/l MG 132 ( ). Tr e a t-
ment of human islets with NMMA (0.5 mmol/l) in the presence
of cytokines significantly inhibited PGE2 production, which
is consistent with previous findings that NO activates COX-
2 enzymatic activity (12,13).
E ffects of TLCK and MG 132 on NF B activation. We
recently reported that activation of the transcription factor
N F B mediates IL-1 –induced NO generation by rat islets and
RINm5F cells (25). To determine if TLCK and MG 132 inhibit
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FIG. 2. Effects of TLCK and MG 132 on IL-1 –induced iNOS mRNA

expression by RINm5F cells. RINm5F cells were exposed to IL-1 ( 1 0

U/ml) and/or various concentrations of TLCK (A) or MG 132 (B) for

6 h as indicated. Total cellular RNA (50 µg) was analyzed by Northern

blot analysis using iNOS and cyclophilin DNA probes. Results are rep-

resentative of three individual experiments.

FIG. 3. Effects of TLCK and MG 132 on IL-1 –induced expression of

iNOS by rat islets. iNOS was immunoprecipitated from [3 5S ] m e t h i o n-

ine metabolically labeled islets treated with 5 U/ml IL-1 in the pres-

ence or absence of 100 µmol/l TLCK (A) or various concentrations of

MG 132 (B). Immunoprecipitated samples were separated on 8% poly-

acrylamide gels, and proteins were visualized by fluorography. Results

are representative of three individual experiments.

A

B

A

B



iNOS and COX-2 gene transcription by blocking NF B acti-
vation, the effect of TLCK and MG 132 on IL-1 – i n d u c e d
N F B translocation by RINm5F cells was studied (Fig. 8A a n d
B). Our previous time course studies demonstrated that IL-
1 –induced NF B activation is detected as early as 15 min,
peaks between 30 and 60 min, and is sustained for up to 3 h
after IL-1 treatment (25). Therefore, following the pretreat-
ment with TLCK (100 µmol/l) or MG 132 (10 µmol/l) for 30
min, RINm5F cells were treated with IL-1 for 30 min. IL-1
induced translocation of NF B to the nucleus (Fig. 8A and B,
lane 2), and both TLCK and MG 132 completely blocked this
translocation (Fig. 8A and B, lane 3). TLCK or MG 132 alone
did not affect translocation of NF B (Fig. 8A and B, lane 4) .
S p e c i ficity of the nucleoprotein complex was demonstrated
by supershift assays using antibodies against NF B subunits
p50 and p65 (Fig. 8C). Antibodies against NF B subunits
shifted NF B DNA-protein complexes to more slowly migrat-
ing species (Fig. 8C, lanes 2 and 3). The supershift assays also
suggest that the components of the complex consist of het-
erodimers of p50 and p65.
E ffects of TLCK and MG 132 on I B d e g r a d a t i o n .

Phosphorylation of I B and its subsequent degradation
has been shown to activate NF B in other cell systems
(31,32). To test whether TLCK and MG 132 inhibit NF B
activation by blocking I B degradation, we initially studied
I L - 1 –induced I B degradation by immunoprecipitating
I B from metabolically labeled islets or RINm5F cells
using rabbit I B antiserum prepared against the COOH-ter-
minal 21 amino acids of human I B /MAD-3. I B d e g r a-
dation was detected at 15 and 30 min after IL-1 t r e a t m e n t
(Fig. 9, lanes 2 and 3). The addition of the peptide used to
raise I B antiserum completely blocked immunoprecipi-
tation of I B from rat islets (Fig. 9, right panel). Pretreat-
ment of cells with MG 132 (10 µmol/l) for 30 min completely
inhibited IL-1 –induced I B degradation, whereas TLCK
(100 µmol/l) inhibited only partially (Fig. 10A, lanes 3 and 5,
respectively). Figure 10B shows quantitation of I B d e g r a-
dation by laser densitometry from this study. MG 132 or
TLCK alone did not affect I B levels (Fig. 10A and B, l a n e s

4 and 6, respectively).
D I S C U S S I O N
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TABLE 1
Effects of TLCK or MG 132 on IL-1–induced PGE2 production by
rat islets

Tr e a t m e n t P G E2 (ng · 200 islets– 1 · 24 h– 1)

C o n t r o l 15.0 ± 3.6
IL-1 (5 U/ml) 115.7 ± 12.4
IL-1 + TLCK (100 µmol/l) 36 ± 4.6*
TLCK alone 22.4 ± 5.0
IL-1 + MG 132 (10 µmol/l) 14.7 ± 2.2*
MG 132 alone 13.5 ± 3.6

Data are means ± SE. Groups of islets (220) were cultured at 37°C
for 24 h in 500 µl of CMRL-1066 or in CMRL-1066 containing 5
U/ml IL-1 ± TLCK (100 µmol/l) or MG 132 (10 µmol/l). The culture
medium was removed, and PGE2 was determined by enzyme
immunoassay as stated in M E T H O D S. Results are the average of four
individual experiments. *Statistically significant inhibition of
P G E2 levels (P < 0.001), as compared with the IL-1–activated
group, were determined by analysis of variance.

FIG. 4. Effects of actinomycin D and cycloheximide on IL-1 – i n d u c e d

COX-1 and COX-2 mRNA expression by rat islets. Islets were treated

with 5 U/ml IL-1 ± 1 µmol/l actinomycin D or 10 µmol/l cycloheximide

for 6 h at 37°C. Islets were washed three times with PBS (pH 7.4), and

total RNA was isolated. Ribonuclease protection assays were carried

out with ~5 µg of total RNA and 1 1 05 cpm of the RNA probe/assay

as described in M E T H O D S. Results are representative of three individ-

ual experiments.

FIG. 5. Effects of MG 132 and TLCK on IL-1 –induced COX-1 and COX-

2 mRNA expression by rat islets. A: Rat islets were treated with 5 U/ml

I L - 1 ± MG 132 (10 µmol/l) or TLCK (100 µmol/l) for 6 h at 37°C. Islets

were washed three times with PBS (pH 7.4), and total RNA was iso-

lated. COX-1, COX-2, and cyclophilin mRNA levels were determined by

ribonuclease protection assays as described in M E T H O D S. Results are

representative of two individual experiments. B: The relative inten-

sities of each protected fragment were determined by Phosphor

Imager analysis. COX values are expressed relative to cyclophilin.

Results are the average of two individual experiments.
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This study demonstrates that the serine protease inhibitor
TLCK and a specific inhibitor of the proteasome complex
(26S), MG 132, inhibit IL-1 –induced iNOS and COX-2 coex-
pression at the level of enzymatic activity, mRNA, and protein
by rat islets and the -cell line RINm5F. Both inhibitors also
block IL-1 –induced NF B activation and I B degradation.
Activation of the proteasome complex and NF B seems to be
a common sequence of events in the signaling pathways of IL-
1 –induced iNOS and COX-2 coexpression by rat islets. MG
132 also blocks cytokine-induced nitrite and PGE2 f o r m a-
tion by human islets, suggesting that activation of the pro-
teasome complex (26S) and NF B is also involved in iNOS
and COX-2 coexpression by human islets.

The site of action of MG 132 appears to be at the protea-
some complex (26S), as demonstrated by its ability to block
I B degradation (Fig. 10A and B). The site of action of
TLCK seems slightly different from MG 132 because TLCK

prevents I B degradation only partially compared with MG
132. TLCK has been reported to have multiple sites of action
in other systems that include modification of NF B and inhi-
bition of its DNA binding activity (33). Serine protease
inhibitors, including TLCK and N- - t o s y l -L- p h e n y l a l a n i n e
chloromethyl ketone (TPCK), were also shown to block
phosphorylation of I B and p105 (33–35), suggesting that
these protease inhibitors may possibly prevent NF B acti-
vation through their inhibition of I B p h o s p h o r y l a t i o n
rather than through its degradation.

Protease involvement in IL-1 –mediated dysfunction of
pancreatic islets has been reported by Welsh et al. (22). TLCK
was shown to counteract the deleterious effects of IL-1 o n
pancreatic islet functions, including inhibition of glucose oxi-
dation, insulin biosynthesis, insulin content, and insulin
release (22). In subsequent reports, Saldeen and Welsh (36)
demonstrated that TLCK blocks IL-1 –induced activation of
N F B by RINm5F cells based on electrophoretic mobility
shift assays. Our present study shows that TLCK inhibits
I B degradation, and this is correlated with NF B activation,
also based on electrophoretic mobility shift assays. TLCK
appears to protect -cell function by blocking the formation
of NO and cyclooxygenase metabolites. TLCK and its analog,
TPCK, were also shown to block cytotoxic functions of
immune cells, including superoxide anion production,
cytokine release, cell-mediated cytolysis, and NO-related
macrophage functions, by blocking NF B activation (37) .

Human islets, unlike rat islets, require a combination of
cytokines (IL-1 , TNF- , and IFN- ) to stimulate NO and
prostaglandin production (14,38). Cytokine-induced expres-
sion of iNOS mRNA by human islets is delayed compared
with that by rat islets (12 vs. 3 h; 14,30). The cellular signaling
mechanisms by which cytokines induce the expression of
iNOS and COX-2 by human islets are not completely under-
stood. Corbett et al. (14) have recently reported that cytokine-
induced iNOS and COX-2 expression by human islets involves
activation of tyrosine kinase(s), based on studies using genis-
tein and herbimycin A, inhibitors of tyrosine kinase with dif-
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FIG. 6. Effects of TLCK and MG 132 on IL-1 –induced COX-2 expres-

sion by rat islets. Rat islets (200 in 500 µl of CMRL-1066) were

treated with 5 U/ml IL-1 ± TLCK (100 µmol/l) or MG 132 (10 µmol/l)

for 24 h at 37°C. Islets were washed, solubilized in SDS sample buff e r,

and processed for Western blot analysis as described in M E T H O D S.

Results are representative of four individual experiments.

FIG. 7. Effects of MG 132 on cytokine-induced

nitrite and PGE2 production by human islets. Human

islets (200 in 500 µl complete CMRL-1066) were

treated with mixtures of cytokines (75 U/ml IL-1 ,

3.5 nmol/l TNF- , and 750 U/ml IFN- ) ± various con-

centrations of MG 132 (0.1–10 µmol/l) for 24 h. At

the end of the incubation period, supernatants were

collected and the media content of nitrite and PGE2

was determined. Results are the average of four

individual experiments. Statistically significant

inhibition of cytokine-induced nitrite (*) and PGE2

(#) levels (P < 0.001) by MG 132, as compared with

the group treated with cytokines alone, was deter-

mined by analysis of variance.



ferent modes of action. In the present study, we show that the
signaling pathways of cytokine-induced production of NO
and PGE2 appear to involve activation of the proteasome
complex and the transcription factor NF B (Fig. 10). In addi-
tion, Flodstrom et al. (39) have also reported that NF B medi-
ates cytokine-induced iNOS expression by human islets of
Langerhans. Although there are differences in requirements for
the initiating signals in human islets (where a combination of
three cytokines is required) and rat islets (where IL-1 a l o n e
is effective), there appear to be several common steps in the
signal transduction pathways of NO and PGE2 production by
pancreatic islets from these two species.

Autoimmune diabetes is characterized by selective destruc-
tion of insulin-secreting -cells from the islets of Langerhans.
In vitro studies suggest that cytokine-induced production of
p r o i n flammatory agents, such as NO and prostaglandins, may
participate in dysfunction and destruction of -cells associated
with autoimmune diabetes (12,38,40). This study suggests
that the signaling pathways of cytokine-induced iNOS and
COX-2 coexpression are tightly associated. Not only do the sig-
naling pathways of iNOS and COX-2 expression share some
intermediate steps, but NO also stimulates COX-2 activity
(12,13). The possible roles of NO in -cell dysfunction and
destruction associated with autoimmune diabetes have been
extensively studied, but the effects of cyclooxygenase

metabolites in -cell function are not clear. In HIT cells, PGE2
has been shown to inhibit glucose-induced insulin secretion,
and inhibitors of PGE2 synthesis augment this event (40,41).
S p e c i fic mechanisms of the inhibitory action of PGE2 on - c e l l
function are unknown. Cyclooxygenase metabolites, in vivo,
are speculated to be involved in vasodilatation of local vessels
at the site of injury or by chemotactic processes of immune
cells. Further studies are required to understand the roles of
the free radical NO and proinflammatory prostaglandins in
autoimmune diabetes.

In summary, a schematic model for IL-1 –induced iNOS
and COX-2 coexpression by pancreatic -cells is proposed in
Fig. 11. In this scheme, interaction of IL-1 with its specific
type 1 receptor (IL-1 R) located on the -cell surface stimu-
lates both postreceptor tyrosine kinase activity and the pro-
teasome complex (26S), resulting in I B p h o s p h o r y l a t i o n
and its subsequent degradation. This modification of I B
then allows dissociation of NF B from I B and its translo-
cation from the cytosol to the nucleus. NF B then binds to its
consensus binding sites located in the upstream region of
iNOS and COX-2 genes and activates transcription, transla-
tion, and enzymatic activity. The identification of a require-
ment for proteasome activity and activation of NF B in the
signaling pathway of IL-1 –induced NO and PGE2 p r o d u c t i o n
by -cells provides a strategy of intervention to further eval-
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FIG. 8. Effects of TLCK and MG 132 on IL-1 –induced translocation of NF B from cytosol to the nucleus in RINm5F cells. A and B: RINm5F

cells (5–6 1 07) were pretreated with 100 µmol/l TLCK or 10 µmol/l MG 132 for 30 min, followed by the addition of 10 U/ml IL-1 and an addi-

tional 30-min incubation. Nuclear extracts were prepared, and electrophoretic mobility shift assays were performed as described in M E T H O D S.

The arrows denote a specific IL-1 inducible NF B complex. C: Supershift of NF B complexes with antisera specific to NF B p50 and p65 sub-

units. Specific antiserum (2 µg) was added to binding reactions, and electrophoresis was performed as described in M E T H O D S. Results are rep-

resentative of three individual experiments.

FIG. 9. IL-1 –induced I B degradation by rat islets. I B was immunoprecipitated from metabolically labeled rat islets. Rat islets (200) were

incubated in 500 µl methionine-deficient MEM (9 parts MEM without methionine:1 part MEM containing methionine) for 5 h at 37°C. After

5-h incubation, 300 µCi of [3 5S]methionine Trans-Label was added and further incubated for 19 h. Islets were then treated with 5 U/ml IL-1

for the indicated time periods. Islets were isolated by centrifugation and washed, and I B was immunoprecipitated as described in M E T H O D S.

As a control, a peptide (10 µg) used to raise I B antiserum was included to compete endogenous I B . Results are representative of three

individual experiments.
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uate the role of NO and PGE2 in autoimmune diabetes.
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