
Type I (insulin-dependent) diabetes mellitus results
from a selective destruction of the pancreatic insu-
lin-producing beta cells. Cytokines, especially inter-
leukin-1b (IL-1b), could play an important role in im-
mune-induced beta-cell damage [1, 2]. Several of the
deleterious effects of cytokines on rodent islets are
mediated by the radical nitric oxide (NO), produced
by the inducible form of nitric oxide synthase
(iNOS) [3±5]. Involvement of NO in beta cell degen-
eration has also been shown in vivo in transgenic
mice overexpressing iNOS under the control of the
insulin promoter [6]. In human islets, combinations
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Summary Cytokines could contribute to beta-cell
damage in Type I diabetes mellitus. The radical nitric
oxide, generated by the inducible form of nitric oxide
synthase (iNOS), is a potential mediator of cytokine-
induced beta-cell dysfunction. In rat pancreatic islets
and insulin-producing cell lines, interleukin-1b (IL-
1b) induces expression of iNOS mRNA and increases
NO production, an effect potentiated by interferon-g
(IFN-g). In human islet cells both IL-1b and IFN-g
are required for iNOS expression. We have shown
previously that both the transcription factors nuclear
factor-kB (NF-kB) and interferon regulatory factor-
1 (IRF-1) are activated by cytokines in rodent and
human islets but there is no direct information on
the regulation of the iNOS promoter in insulin-pro-
ducing cells. We presently investigated the effects of
cytokines on iNOS transcriptional regulation in both
rat insulin-producing RINm5F cells and in primary
FACS-purified rat beta cells. Transient transfection
experiments with the 1.5-kb rat promoter region and
5 ¢ deletants of it showed that a distal region extend-
ing up to ±1002 bp, and containing a distal and a prox-
imal nuclear factor-kB (NF-kB) binding site, a g-in-
terferon activated site (GAS) and two adjacent IFN-
stimulated response elements (ISRE), is required for

IL-1b induction and IFN-g potentiation of iNOS acti-
vation. Site-mutation analysis showed that both the
distal and proximal NF-kB and GAS are necessary
for IL-1b-induced iNOS expression in RINm5F cells.
In these cells IFN-g potentiation is mostly mediated
by GAS and ISRE, suggesting a role for the IFN-g-in-
duced transcription factors Stat1a (which binds
GAS) and IRF-1 (which binds ISRE), which may co-
operate with NF-kB induced by IL-1b for iNOS acti-
vation. In primary beta cells both NF-kB binding sites
are required for IL-1b-induced iNOS promoter acti-
vation. In these cells IFN-g neither increased IL-1b-
induced iNOS promoter activity nor iNOS mRNA
expression but it induced a twofold increase in NO
production. The present results unveiled the nature
of the promoter binding sites necessary for iNOS ex-
pression in rodent beta cells. This information could
be relevant for the development of new strategies
aimed at preventing cytokine-induced iNOS expres-
sion and consequent beta-cell damage. [Diabetologia
(1998) 41: 1101±1108]
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of cytokines also induce iNOS expression [7, 8] but in
these cells cytokine-induced dysfunction and death
by apoptosis occurs even when iNOS expression is
prevented by specific blockers [8±10]. On the other
hand, exposure of human islets to higher levels of
NO or peroxynitrite (a product of the reaction be-
tween NO and superoxide) leads to DNA strand
breaks and beta cell death [10, 11].

In rat islets IL-1b, alone or in combination with in-
terferon-g (IFN-g) or tumour necrosis factor-a
(TNF-a) or both, induces the expression of iNOS,
whereas human islets express iNOS only after expo-
sure to a combination of two (IL-1b + IFN-g) or
three (IL-1b + IFN-g + TNF-a) cytokines [12]. Fol-
lowing stimulation by different proinflammatory cy-
tokines and endotoxins, iNOS is also induced in vari-
ous cell types including: macrophages, vascular
smooth muscle cells, mesangial cells, hepatocytes
and astrocytes [13]. It is noteworthy that there are
large variations in the regulation of iNOS expression
when comparing both different cell types from the
same species, or cells isolated from different species.
Thus, although in mouse macrophages iNOS is in-
duced by lipopolysaccharide (LPS) or IFN-g or both,
in rat and mouse beta cells iNOS is induced by IL-1b
alone, but not by IFN-g or LPS or both [12]. At least
part of this differential regulation may be explained
by differences in activation of transcription factors
and usage of different binding sites at the promoter
level.

The mouse and rat iNOS promoters have been
characterized and shown to contain two regions with
DNA-binding elements for different transcription
factors [14, 15]. The proximal region contains a NF-
kB site necessary for conferring inducibility to LPS
in macrophages [16]. The distal region contains both
a second NF-kB site, a g-interferon activated site
(GAS) and two adjacent IFN-stimulated response el-
ements (ISREs), and it is essential for both optimal
iNOS induction by LPS, for the synergistic effect of
IFN-g in mouse macrophages and for iNOS induction
by cytokines in rat vascular smooth muscle cells [14,
16±18]. Besides the NF-kB binding sites described
above, mutagenesis studies have shown that other
sites of relevance for cytokine-induced iNOS expres-
sion include GAS (which binds Stat1a; [19]) and
ISRE (which binds IRF-1; [20, 21]). IRF-1 is probably
essential for iNOS activation in macrophages, since
macrophages obtained from knockout mice for the
IRF-1 gene fail to express iNOS [22]. Available data
from rodent and human pancreatic islets suggest that
both NF-kB [23±26] and IRF-1 [27, 28] may play a
role for iNOS expression. This hypothesis is, howev-
er, mostly based on the observation of transcription
factor activation upon cytokine exposure, and there
is no direct evidence for the involvement of specific
components of the iNOS promoter in the response
of insulin-producing cells to cytokines.

In order to characterize the regulation of iNOS ex-
pression in insulin-producing cells, we analysed the
effects of three cytokines (IL-1b, IFN-g and TNF-a)
on rat iNOS promoter activity in an insulin-produc-
ing cell line, RINm5F, and in primary FACS-purified
rat beta cells. This was done by cell transfection with
deleted constructs of the iNOS promoter region and
by site-directed mutagenesis of specific binding sites
for transcription factors present in the iNOS promot-
er.

Materials and methods

Cell culture. RINm5F insulinoma cells were cultured in RPMI
1640 medium with Glutamax-1 (Life Technologies, Paisley,
Scotland) supplemented with 10 % fetal calf serum. Rat beta
and alpha cells were purified from islets isolated from male
Wistar rats as described previously [29]. Briefly, pancreatic is-
lets were isolated from adult male Wistar rats by collagenase
digestion. Fresh islets were dissociated and purified by fluores-
cence-activated cell sorting (FACS) into cell preparations con-
taining either more than 95 % beta cells or more than 80 % al-
pha cells. Cells were cultured in HAM's F-10 medium supple-
mented with 10 mmol/l glucose, 2 mmol/l glutamine, 0.5 %
bovine serum albumin and 50 mmol/l 3-isobutyl-1-methylxan-
thine (IBMX). The presence of IBMX at this concentration
preserves beta-cell survival in culture [30] with minimal effects
on cyclic AMP formation in the absence of adenylate cyclase
activators [31].

Cloning of the iNOS promoter region. Rat genomic DNA was
prepared from liver as described [32]. The iNOS promoter re-
gion between nucleotides ±1514 and + 132 was amplified by
PCR on 0.5 mg genomic DNA using the Expand High Fidelity
PCR system (Boehringer Mannheim, Mannheim, Germany)
according to the manufacturer's instructions and using two
primers based on the published sequence [15]. The forward
primer was 5 ¢-CGGAATTCTGACCAGCAAAACCCAGG
with an added EcoRI site and the reverse primer was 5 ¢-
CGGGATCCGACTAGGCTAACAAGACC with an added
BamHI site. The amplified product was cloned in pBluescript
KS- (Stratagene, La Jolla, Calif., USA) and sequenced using
an ABI PRISM Dye Terminator Cycle Sequencing kit on an
ABI PRISM 310 Genetic Analyzer (Perkin Elmer, Norwelk,
Conn., USA).

Plasmid constructions and mutagenesis. The promoter region
(±1514 to + 132) and its 5 ¢ deleted fragments were isolated
from pBluescript by digesting with BamHI (3 ¢ end) and the
following restriction enzymes for the 5 ¢ end: EcoRV (±1514),
NcoI filled in with Klenow fragment of DNA polymerase I
(±1002), SspI (±916) or PvuII (±315). The fragments were
cloned upstream of the luciferase reporter gene of pGL3-Basic
(Promega, Madison, Wis., USA) in the SmaI-BglII sites to ob-
tain the piNOSluc constructs, with the exception of the SspI-
BamHI fragment which was first recloned in the EcoRV-Bam-
HI sites of pBluescript. The fragment was then isolated by di-
gestion with HindIII filled in with the Klenow fragment of
DNA polymerase I and with BamHI, and cloned into pGL3-
Basic to obtain piNOS-918luc. This allowed preservation of
the border bases of the distal ISRE.

Mutations in the GAS, distal ISRE and proximal NF-kB
site were generated in the piNOS-1002luc construct by site-di-
rected mutagenesis using the U.S. E. Mutagenesis kit (Phar-
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macia, Uppsala, Sweden) according to the manufacturer's in-
structions. The mutagenic primers (mutated bases underlined)
were as follows: GASmut (5 ¢-GTTTGTTCCTTTGCCCC-
TACTACTGTCAATATTTC), ISREmut (5 ¢-CTGTCAA-
TATGTAACTTTCATAATGG) and pNFmut (5 ¢-CAC-
ACCCTACTGCAGTCTCTCCCTTTGG). Mutation in the
distal NF-kB site was generated by run-around PCR [33] using
the Expand high fidelity PCR system, the forward primer dNF-
mut (5 ¢-GGATATGCCAGGCCTATTTTCCCTCTC) and
the reverse primer (5 ¢-CGCCAGGGTCCACTCATCATCC).
All mutations were confirmed by sequencing.

Transfections and luciferase assay. Cells were transfected by
lipofection with lipofectAMINE (Life Technologies, Gaithers-
burg, Md., USA) according to the manufacturer's instructions.
Cells were seeded 24 h before transfection at 6.104 cells
(RINm5F cells) or 105 cells (alpha and beta cells) in 24-well
plates. For primary cells, poly-D-lysine (100 mg/ml)-coated
plates were used. The DNA-lipid mixture contained 0.2 mg of
test plasmid, 0.01 or 0.02 mg of pRL-CMV (Promega) as inter-
nal control and 2 ml (RINm5F cells) or 1 ml (alpha and beta
cells) of lipofectAMINE. Cells were exposed to the DNA-lipid
complex for 5 h, at which time the complex was removed and
replaced by culture medium for 18±24 h. At this point, medium
was changed and recombinant human IL-1b (30 U/ml; kindly
provided by Dr C. W. Reynolds, National Cancer Institute,
USA), recombinant murine IFN-g (1000 U/ml; Holland Bio-
technology, Leiden, The Netherlands) and recombinant mu-
rine TNF-a (1000 U/ml; Innogenetics, Ghent, Belgium) were
added in various combinations for 8±16 h incubations. In
some of the experiments with primary beta cells IBMX was
omitted from the medium immediately after exposure to the
DNA-lipid complex. In two to three experiments where the ac-
tivity of the iNOS wild-type promoter (piNOS1002luc) was
evaluated after 8 or 16 h exposure to cytokines in the presence
or absence of IBMX, there were no differences between the
groups (data not shown). The concentrations of cytokines se-
lected for the experiments were based on previous data from
our group [8, 24, 28]. Luciferase activities were assayed with
the Dual-Luciferase Reporter Assay System (Promega) in a
TD-20/20 Luminometer (Turner Designs, Sunnyvale, Calif.,
USA). Values obtained with the promoterless vector pGL3-
Basic were about one light unit/5 ml (out of 50 ml) RINm5F
cell extract and 0.6 light unit/20 ml (out of 40 ml) beta-cell ex-
tract. Values for the test plasmids in unstimulated cell extracts
were in the range of 10 to 20 light units (same volumes and cel-

lular content as above). The values of the test plasmids were
normalized for the luciferase activity value of the cotransfect-
ed control plasmid, pRL-CMV. Nitrite production was deter-
mined in culture medium using the Griess reaction [34]. Ab-
sorbance was measured at 546 nm and nitrite concentration
was calculated from a standard curve of sodium nitrite. In
RINm5F cell experiments, nitrite was measured in culture me-
dium from cells transfected with piNOS-315luc and piNOS-
1514luc in the same experiment. The mean of the two values,
which did not differ by more than 20 %, was considered as
one independent value.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis. Poly(A) + RNA was isolated from 7.104 to 105 aggre-
gated beta cells exposed to different cytokines for 8 or 16 h us-
ing oligo(dT)25-coated polystyrene Dynabeads (Dynal, Oslo,
Norway) according to the manufacturer's instructions. RT-
PCR was performed with the GeneAmp RNA PCR Kit
(Perkin-Elmer) and amplified products were quantified as
described previously [35]. Primers for iNOS were 5 ¢-GAC-
TGCACAGAATGTTCCAG (forward primer) and 5 ¢-
TGGCCAGATGTTCCTCTATT (reverse primer). Primers
for glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were 5 ¢-TCCCTCAAGATTGTCAGCAA (forward primer)
and 5 ¢-AGATCCACAACGGATACATT (reverse primer).
The PCR for iNOS and GAPDH mRNAs detection was per-
formed with 30 and 28 cycles, respectively. The reaction was
linear for the number of cycles selected in the different ampli-
fications (data not shown). Values for iNOS were corrected
by GAPDH values. We have shown previously that GAPDH
mRNA expression is not affected by beta-cell exposure to cy-
tokines [36].

Statistical analysis. Results are given as means ± SEM. Single
comparisons were performed by Student's paired or unpaired
t test, whereas multiple comparisons were performed by analy-
sis of variance (ANOVA).

Results

Delineation of the cytokine-responding regions of the
rat iNOS promoter. IL-1b, IFN-g and TNF-a, alone
or in various combinations, were tested for their abil-
ity to stimulate the activity of different constructs
containing the rat iNOS promoter region from nucle-
otides ±1514 to + 132 and 5 ¢ deletants linked to the
luciferase reporter gene (Fig.1) transfected into
RINm5F cells. The proximal region of the rat iNOS
promoter contains a NF-kB site at position ±106 to
±97 bp, while the distal region (from ±970 to ±890
bp) contains a NF-kB site, a GAS and two adjacent
ISREs (Fig.1). In unstimulated cells, all promoter
constructs displayed a similar luciferase activity.
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Fig.1. Schematic representation of the rat iNOS promoter.
The broken arrow indicates the transcription start site. Binding
sites for transcription factors are indicated by boxes. dNF-kB
and pNF-kB indicate respectively, distal and proximal NF-kB
binding sites. The promoter region and 5 ¢ deletants thereof
cloned upstream of the luciferase reporter gene are indicated
in the lower part of the figure



Both the constructs piNOS-315luc, containing only
the proximal promoter region, and piNOS-918luc, ex-
tending up to and containing only the ISREs in the
distal region, were induced less than 2.5-fold by a
16 h exposure to the different combinations of cyto-
kines (Fig.2A). On the other hand, the two longest
constructs retaining the distal region, piNOS-1514luc
and piNOS-1002luc, responded to both IL-1b and
the different combinations of cytokines with a
marked (up to 50-fold) increase in promoter activity.
The increase in activity of these two constructs was
higher (p < 0.01) than that observed with both pi-
NOS-315luc and piNOS-918luc. Neither IFN-g nor
TNF-a alone induced a clear increase in promoter ac-
tivity. The addition of TNF-a to IL-1b did not further
increase the activity of any of the tested constructs.
On the other hand, IFN-g potentiated by about four-
fold the IL-1b-induced activity of piNOS-1002luc
and piNOS-1514luc (p < 0.05 vs IL-1b alone). A com-
bination of the three cytokines did not further in-
crease the promoter activity as compared with IL-
1b + IFN-g, whereas IFN-g and TNF-a added togeth-
er increased the activity to the same extent as IL-1b
alone. Both IL-1b alone and the different cytokine
combinations, induced an increase in medium nitrite
accumulation similar to the pattern of cytokine-in-
duced promoter activity (Fig.2B). Combinations of
IL-1b + IFN-g and IL-1b + IFN-g + TNF-a induced
a four-fold higher medium nitrite accumulation than
that observed in cells exposed to IL-1b alone
(p < 0.001).

Transfection experiments were reproduced in
FACS-purified pancreatic beta cells (Fig.3). Due to
the large number of beta cells required for these ex-
periments, we tested only the constructs piNOS-
315luc and piNOS-1002luc. The activity of piNOS-
315luc was induced less than three-fold by a mixture
of the three cytokines (Fig.3A). As observed in
RINm5F cells, IL-1b alone, IL-1b + IFN-g or IL-
1b + IFN-g + TNF-a induced a clear increase (9 to
16-fold) in the activity of piNOS-1002luc, which was
significantly higher than the activity observed in the
piNOS-315luc construct. The same cytokines induced
a significant increase in medium nitrite accumulation,
as compared with control beta cells (Fig.3B). It is
noteworthy that while IL-1b + IFN-g, IL-1b + TNF-
a and IL-1b + IFN-g + TNF-a induced a 2 to 2.5-
fold increase in beta-cell medium nitrite accumula-
tion, as compared with nitrite production by cells ex-
posed to IL-1b alone (p < 0.01) (Fig.3B), there was
not a similar increase in piNOS-1002luc activity fol-
lowing 16 h exposure to the cytokines (Fig.3A). A
similar lack of potentiating effects by IFN-g on pro-
moter activity was observed when beta cells were ex-
posed to IL-1b or IL-1b + IFN-g for a shorter period
(8 h). Under these conditions IL-1b induced a ten-
fold increase in piNOS-1002luc activity and this was
not further increased by the addition of IFN-g (data
not shown). This lack of potentiating effect of IFN-g
on primary beta-cell iNOS promoter activity
(Fig.3A) contrasts with the data obtained in RIN
cells where the cytokine increased by four-fold the ef-
fect of IL-1b on both piNOS-1002luc activity
(Fig.2A) and medium nitrite accumulation (Fig.2B).

One possible explanation for the higher NO pro-
duction induced by IFN-g + IL-1b in beta cells, as
compared with IL-1b alone, is that IFN-g increases
iNOS mRNA expression by a post-transcriptional
mechanism. To test this hypothesis, we analysed
iNOS mRNA expression by RT-PCR. There was no
iNOS expression in control beta cells (data not
shown) but there was an increased and similar iNOS
mRNA expression in beta cells incubated for 16 h
with IL-1b alone, IL-1b + IFN-g, IL-1b + TNF-a or
with IL-1b + IFN-g + TNF-a. Thus, the mRNA con-
tent (expressed in O.D. of iNOS/GAPDH; means ±
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Fig.2 A, B. iNOS promoter activity following cytokine treat-
ment of RINm5F cells transfected with the 5 ¢ deleted con-
structs of the iNOS promoter indicated in Figure 1. (A) Lu-
ciferase activity of the constructs after cytokine treatment for
16 h is expressed as a fold-induction of the activity of the
same construct in control conditions (no cytokine added). Cyt
mix is IL-1b + IFN-g + TNF-a. Results are the means ± SEM
of 4 to 6 independent experiments. *p < 0.01 and **p < 0.001
vs cells transfected with the piNOS-315luc construct and ex-
posed to the same cytokines (ANOVA); (B) Nitrite produc-
tion determined in the culture medium of the transfected cells.
*p < 0.05, **p < 0.01 and ***p < 0.001 vs control (no cytokines
added) (ANOVA)



SEM of three separate experiments) for beta cells ex-
posed to IL-1b + IFN-g, IL-1b + TNF-a and IL-1b +
IFN-g + TNF-a was respectively 102 ± 16%, 97 ±
16% and 129 ± 19% of the value observed following
IL-1b alone treatment. A cytokine-exposure time of
8 h produced the same results, i. e. a similar increase
in iNOS mRNA expression following beta-cell expo-
sure to IL-1b alone or to combinations of cytokines
(data not shown). These results agree well with the
observations on cytokine-induced promoter activity
(Fig.3A), and indicate that IFN-g potentiating effects
on IL-1b-induced NO production by primary rat beta
cells are effected at steps downstream of iNOS
mRNA expression.

The induction of iNOS promoter activity by cyto-
kines is probably specific for the beta cells, since the
activity of piNOS-1002luc transfected into primary
alpha cells was barely induced by IL-1b + IFN-g
(1.4-fold increase, as compared with activity in cells

not exposed to cytokines; mean of two similar experi-
ments). This confirms previous results that alpha cells
do not express iNOS when exposed to cytokines [37]
(Flodström, Chen, Smismans, Schuit, Pipeleers and
Eizirik, unpublished observations).

Role of the cis-acting elements in the induction of
iNOS promoter by IL-1b and IFN-g. To further inves-
tigate the role of individual DNA-binding sites for
different transcription factors in iNOS expression,
we constructed mutants from piNOS-1002luc in
which either the distal NF-kB site (piNOS-dNFmut),
the proximal NF-kB site (piNOS-pNFmut), the GAS
(piNOS-GASmut) or the distal ISRE (piNOS-ISRE
mutant; named ISREa in Fig.1), were inactivated.
Disruption of the distal ISRE has been shown to be
sufficient to affect promoter activity in macrophages
and in vascular smooth muscle cells [20, 21]. These
constructs were transfected into RINm5F cells and
the induction of their activity after IL-1b or IL-1b +
IFN-g treatment was compared with that observed
with the wild-type construct (piNOS-1002luc). As
shown in Fig. 4A, inactivation of either the distal

M.I. Darville, D.L. Eizirik: Regulation of iNOS expression in beta cells 1105

Fig.3 A, B. iNOS promoter activity following cytokine treat-
ment of primary beta cells transfected with the 5 ¢ deleted con-
structs of the iNOS promoter indicated in Figure 1. (A) Lu-
ciferase activity of the constructs after cytokine treatment for
16 h is expressed as a fold-induction of the activity of the
same construct in control conditions (no cytokine added). Cyt
mix is IL-1b + IFN-g + TNF-a. Results are the means ± SEM
of 3 to 4 independent experiments (except for TNF-a treat-
ment, two experiments). *p < 0.05 and **p < 0.01 vs cells trans-
fected with the piNOS-315luc construct and exposed to 3 cyto-
kines (unpaired t test). (B) Nitrite production determined in
the culture medium of the transfected cells. *p < 0.01 and
**p < 0.001 vs control (no cytokines added) (ANOVA)

Fig.4. Effect of site-directed mutations on iNOS promoter ac-
tivity following IL-1b and IL-1b + IFN-g treatment in
RINm5F cells (A) or in primary beta cells (B). Cells were
transfected with the piNOS-1002luc (wild-type, WT) shown in
Figure 1 or with the same construct but mutated either in the
distal NF-kB site (dNFmut), the GAS (GASmut), the distal
ISRE (ISREmut) or in the proximal NF-kB site (pNFmut).
Luciferase activity of the constructs after cytokine treatment
for 16 h (RINm5F cells) or 8 h (beta cells) is expressed as a
fold-induction of the activity of the same construct in control
conditions (no cytokine added). Results are the means ± SEM
of 6 independent experiments (RINm5F cells) or 3 to 4 experi-
ments (beta cells). *p < 0.05, **p < 0.01 vs induction of WT ac-
tivity following exposure to similar cytokine(s), by paired t test



NF-kB site, the proximal NF-kB site or the GAS re-
duced by 50±80% the IL-1b-induced promoter activ-
ity. Disruption of the distal ISRE did not reduce the
effect of IL-1b. Instead, there was a trend (p = 0.052)
for a higher stimulation by IL-1b (Fig.4A). Mutations
in the distal and proximal NF-kB sites, the GAS and
the distal ISRE all impaired promoter activation by
IL-1b + IFN-g. Mutations in the GAS and ISRE sites
decreased by more than 50% the IFN-g potentiating
effect, indicating that these two binding sites are im-
portant for the IFN-g signal transduction resulting in
iNOS expression. On the other hand, mutations in
the NF-kB binding sites severely decreased the ef-
fects of IL-1b alone or IL-1b + IFN-g, confirming a
role for NF-kB activation in IL-1b signal transduc-
tion.

Transfection experiments with the site-mutated
constructs were reproduced in primary beta cells
(Fig.4B). In these experiments the cells were cul-
tured in the absence of IBMX to avoid potential in-
terferences with the luciferase activities of the differ-
ent constructs. Inactivation of the distal and proximal
NF-kB sites reduced the IL-1b induction of promoter
activity by 52 and 46%, respectively, whereas GAS
and ISRE mutations failed to affect promoter activi-
ty. Similar results were obtained when the cells were
treated with IL-1b + IFN-g (data not shown).

Discussion

We have delineated the elements in the rat iNOS
promoter conferring cytokine-inducibility in insulin-
producing cells. The data indicate that a distal region
of the promoter extending up to position ±1002 and
containing two NF-kB sites, a GAS and two ISREs,
is required for IL-1b induction and IFN-g potentia-
tion in an insulinoma cell line, RINm5F. Nitrite pro-
duction induced by the different combinations of cy-
tokines mostly reflected promoter induced activity
(present data) and iNOS mRNA expression [38],
suggesting that iNOS activity is regulated mainly at
the transcriptional level in these cells. Site-directed
mutagenesis showed that both the distal and proxi-
mal NF-kB sites are necessary for IL-1b induction.
Mutation in the distal site reduced the promoter in-
duction by 80%, whereas mutation in the proximal
site reduced this induction by 50%. Thus, the distal
NF-kB site appears to be more important for iNOS
promoter activity in RINm5F cells. Similar observa-
tions were made in a study with the mouse promoter
transfected into rat vascular smooth muscle cells ex-
posed to IL-1b + IFN-g + TNF-a [18]. On the other
hand, mutations in the proximal NF-kB site had a
drastic effect on iNOS promoter activity in mouse
macrophages exposed to LPS [17]. The fact that dif-
ferent NF-kB sites are involved in IL-1b and LPS in-
duction can not be attributed to a difference be-

tween rat and mouse promoters, since the studies in
vascular smooth muscle cells were performed with
the mouse promoter [18]. Rather, it is conceivable
that IL-1b and LPS activate different proteins of
the NF-kB/Rel family, affecting the NF-kB binding
sites differently [18]. Interaction of transcription fac-
tors with an octamer-binding site in the proximity of
the proximal NF-kB site could be necessary for
iNOS expression [39]. Thus, differences in iNOS reg-
ulation by IL-1b and LPS could also be related to
the ability of activating additional transcription fac-
tors which will co-operate with NF-kB. Our results
showed that mutation in the GAS impaired IL-1b-
induced promoter activity by nearly 50%. GAS
binds homodimers of the Stat1a transcription factor
induced by IFN-g [40], but Stat1a may also be in-
duced in response to LPS in macrophages, binding
to the GAS of the iNOS promoter [19]. It is thus
conceivable that IL-1b induces both NF-kB [22±26]
and Stat1a in insulin-producing cells. In line with
this hypothesis, we observed that IL-1b induces the
expression of IRF-1, another Stat1a-responsive
gene, in RINm5F cells [28]. We believe this is the
first indication that GAS plays a direct a role for cy-
tokine-induced iNOS expression in insulin-produc-
ing cells.

Mutations in either the GAS, ISRE or distal NF-
kB impaired the potentiation by IFN-g of IL-1b-in-
duced iNOS promoter activity. This suggests that
both a basal NF-kB stimulation, as induced by IL-
1b, and IFN-g-induced Stat1a and IRF-1 are required
for full iNOS expression in RINm5F cells. Note that
IFN-g does not stimulate NF-kB activation in insu-
lin-producing cells [28], emphasizing an action of the
cytokine via Stat1a and IRF-1. Stat1a could contrib-
ute to iNOS expression by both a direct role, through
binding to the GAS (see above), and by an indirect
role, via induction of the transcription factor IRF-1
[41]. Indeed, IFN-g produces a marked increase in
IRF-1 expression in RINm5F cells [28]. These obser-
vations could be relevant to the mechanisms involved
in iNOS induction in human pancreatic islets. Thus,
in these cells neither IL-1b nor IFN-g alone induce
iNOS expression but a combination of the two cyto-
kines leads to NO production [7, 8, 28]. Moreover,
NF-kB activation alone is not sufficient for iNOS ex-
pression in human islets [26] and IFN-g-induced
IRF-1 expression precedes iNOS activation [28], sug-
gesting a role for the IFN-g-induced transcription
factors discussed above.

Transfection experiments with different iNOS
constructs in FACS-purified primary beta cells
showed that the distal region of the iNOS promoter
is necessary for IL-1b induction in these cells. Subse-
quent mutagenesis experiments indicated that IL-1b
effects are mediated by both the distal and proximal
NF-kB sites. In rat beta cells IFN-g failed to potenti-
ate both IL-1b-induced iNOS promoter activity and
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mRNA expression and mutations of the GAS and
ISRE binding sites had no effect on IL-1b or IL-
1b + IFN-g induction of the iNOS promoter. Previous
data from our group showed that IFN-g induces a
much lower increase in IRF-1 protein expression in
rat islets, as compared with RIN m5F cells and hu-
man islets [28], which could help to explain this de-
creased effect of IFN-g on rat beta cells. It is notewor-
thy that in spite of the lack of IFN-g potentiating ef-
fects on iNOS promoter activity and iNOS mRNA
expression (see above), there was a two-fold increase
in nitrite production in beta cells exposed to IL-1b +
IFN-g, as compared to cells exposed to IL-1b alone.
Furthermore, exposure of rat beta cells to IL-
1b + IFN-g increases the number of beta cells ex-
pressing iNOS protein, as compared with cells ex-
posed to IL-1b only [5]. This raises the possibility
that, as suggested for mouse macrophages [42], IFN-
g increases IL-1b-induced NO production in rat beta
cells by affecting iNOS protein translation or stability
or both.

Nitric oxide may contribute to beta-cell dysfunc-
tion and damage in early Type I diabetes mellitus
[3±5]. A better understanding of the molecular regu-
lation of iNOS in insulin-producing cells can help to
define potential targets for genetical intervention in
order to prevent iNOS expression inside and around
the beta cells during insulitis. Our observations that
binding sites for NF-kB, Stat1a and IRF-1 are re-
quired for iNOS expression in insulin-producing cells
suggests that it could be of interest to test whether
modulation of these transcription factors affect the
natural history of experimental autoimmune diabetes
in rodents.
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