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Suppressor of cytokine signaling 3 (SOCS-3) is a negative feedback
regulator of IFN-g signaling, shown up-regulated in mouse bone
marrow cells by the proinflammatory cytokines interleukin-1b
(IL-1b), tumor necrosis factor-a (TNF-a), and IFN-g. IL-1b and IFN-g
alone, or potentiated by TNF-a, are cytotoxic to the insulin pro-
ducing pancreatic b-cells and b-cell lines in vitro and suggested to
contribute to the specific b-cell destruction in Type-1 diabetes
mellitus (T1DM). Using a doxycycline-inducible SOCS-3 expression
system in the rat b-cell line INS-1, we demonstrate that the toxic
effect of both IL-1b or IFN-g at concentrations that reduced the
viability by 50% over 3 days, was fully preventable when SOCS-3
expression was turned on in the cells. At cytokine concentrations
or combinations more toxic to the cells, SOCS-3 overexpression
yielded a partial protection. Whereas SOCS-3-mediated inhibition
of IFN-g signaling is described in other cell systems, SOCS-3 medi-
ated inhibition of IL-1b signaling has not previously been de-
scribed. In addition we show that SOCS-3 prevention of IL-1b-
induced toxicity is accompanied by inhibited transcription of the
inducible nitric oxide synthase (iNOS) by 80%, resulting in 60%
decreased formation of the toxic nitric oxide (NO). Analysis of
isolated native rat islets exposed to IL-1b revealed a naturally
occurring but delayed up-regulated SOCS-3 transcription. Influenc-
ing SOCS-3 expression thus represents an approach for affecting
cytokine-induced signal transduction at a proximal step in the
signal cascade, potentially useful in future therapies aimed at
reducing the destructive potential of b-cell cytotoxic cytokines in
T1DM, as well as other cytokine-dependent diseases.

Interleukin-1b (IL-1b) is specifically cytotoxic for the pancre-
atic b- but not a-cells in the islets of Langerhans (1–3),

associating cytokines with the specific b-cell depletion seen in
insulin dependent type 1 diabetes mellitus (T1DM). IL-1b-
induced b-cell production of nitric oxide (NO) and oxygen free
radicals is toxic and potentiated by two other proinflammatory
cytokines, tumor necrosis factor-a (TNF-a) and IFN-g (4, 5).
NO-independent b-cell destruction also exists [e.g., IFN-g-
associated toxicity of human islets (6) and cultured b-cell lines
(7)]. Although the mechanism behind this toxicity is not known,
activation of caspases like the pro-caspase interleukin-1 con-
verting enzyme (ICE or caspase-1) may be involved (7). The
importance of these cytokines and their synergistic interaction in
T1DM is supported by several studies in animal models of T1DM
(reviewed in refs. 8 and 9).

Suppressors of cytokine signaling (SOCS) is a newly identified
family of intracellular proteins controlling the magnitude andyor
duration of signals propagated by diverse cytokine receptors by
suppressing their signal transduction process (reviewed in ref.
10). Because their expression is induced by the same cytokiney
receptor-mediated signal transduction that they subsequently
inhibit, the SOCS proteins represent an intracellular negative
feedback loop in cytokine signaling.

SOCS-1 and SOCS-3 have been demonstrated to inhibit
signaling induced by IFN-g by intervening at the proximal step

in the signal cascade, inhibiting the JAK kinase-mediated phos-
phorylation and homodimerization of STAT, necessary for its
translocation to the nucleus and interaction with gamma-
activated sites (GAS) in the promoter region of target genes
(reviewed in ref. 10). Studies in mouse bone marrow cells showed
that only SOCS-1 was up-regulated by IFN-g, whereas IL-1b and
TNF-a also up-regulated SOCS-3 (11).

SOCS-3 is therefore an attractive candidate for an intercel-
lular negative feedback mechanism that regulates cytokine ac-
tion and thus the cellular fate after cytokine exposure (e.g.,
influence metabolism, proliferation, and apoptosis). The aim of
the present work was therefore to investigate the potential role
of SOCS-3 expression in protection of b-cells against the toxic
effects of cytokines.

Materials and Methods
Cytokines. The cytokines used were recombinant human IL-1b
(4 3 105 unitsymg; Novo Nordisk, Bagsværd, Denmark), recom-
binant rat IFN-g (Genzyme), and recombinant human TNFa
(9 3 104 unitsymg; Genzyme).

Establishment of INS-r3#2 Clone. Rat INS-1 b-cells stably trans-
fected with the reverse tetracycline-dependent transactivator
[INS-r3 cells (12)] were kindly supplied by P. B. Iynedjian,
Devision de Biochimie Clinique et de Diabétologie Expérimen-
tale, Centre Médical Universitaire, Geneva, Switzerland. Mu-
rine SOCS-3 cDNA was inserted downstream of the tetracycline
operator-cytomegalovirus minimal promoter in the pTRE re-
sponse plasmid and used for cotransfection of the INS-r3 cells
with pTK-hygro using LipofectAmine Plus. Following selection
in 200 mgyml hygromycin B (Calbiochem), SOCS-3-expressing
clones were identified by reverse transcription (RT)-PCR. The
clone used in this study was named INS-r3#2.

Islet and Cell Culture. Islets from 3–6-day-old Wistar Furth rats
(Charles River Germany, Sulzfeldt) were isolated and cultured
as described (13, 14). INS-1 and INS-r3#2 cells were cultured in
RPMI 1640 medium with Glutamax-I (GIBCOyBRL Life Tech-
nologies), supplemented with 10% TeT System Approved FBS
(CLONTECH), selected for low tetracycline content, and sup-
plemented with penicillin, streptomycin (GIBCOyBRL), and 50
mM b-mercaptoethanol (Sigma) under standard cell culture
conditions (15, 16). In addition, the media for the INS-r3#2 cells
contained 100 mgyml hygromycin and 100 mgyml geneticin
(GIBCOyBRL Life Technologies).
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protein; ICE, interleukin-1 converting enzyme; GAS, gamma-activated sites.
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RNA Isolation and Semiquantitative RT-PCR. Total RNA from the
islets was extracted by a modification of the 8 molyl guanidine
method (15) and from the INS cells by the RNAzol method
(RNAzol, Campro Scientific, Veenendaal, The Netherlands; ref.
16). Oligo(dT) primed cDNA was prepared from total RNA
(Invitrogen cDNA cycle Kit; ref. 17) and semiquantitative
RT-PCR performed and quantified by using a PhosphoImager
(Molecular Dynamics; ref. 18). Contamination with genomic
DNA was not observed. The internal standard TATA-binding
protein (TBP) was included for normalization in each amplifi-
cation (7). Because of the low expression level of ICE mRNA in
the INS-r3#2, not allowing linear amplification of TBP, these
analyses were based on identical cDNA volumes shown in other
experiments to contain comparable levels of the housekeeping
gene. The primers used were: SOCS-3, forward 59-GGG CCC
CTT CCT TTT CTT TAC, reverse 59-GTC CAG GAA CTC
CCG AAT G; iNOS, forward 59-CAG CAA TGG GCA GAC
TCT, reverse 59-CAC AGG CTG CCC CCG GAA GGT TTG;
ICE, forward 59-AAG TTG CTG CTG GAG GAT CT, reverse
59-GTC CCA CAT ATT CCC TCC TG; TBP, forward 59-ACC
CTT CAC CAA TGA CTC CTA TG, reverse 59-ATG ATG
ACT GCA GCA AAT CGC.

RNase Protection. RNA was isolated from INS-r3#2 cells, grown
in the presence or absence of doxycycline for 24 h, using the
RNAeasy-kit from Qiagen. The 32P-labeled antisense 364-bp
SOCS-3 probe and the cyclophilin control probe was in vitro
transcribed with T7 RNA polymerase and [a-32P]UTP, using the
Riboprobe In Vitro Transcription System (Promega). The RNase
protection assay was carried out by using the RPA III kit
(Ambion, Austin, TX) as described (19). Bands corresponding to
probe fragments protected by hybridization to SOCS-3y
cyclophillin transcripts were quantified by PhosphoImager anal-
ysis and the intensity of each SOCS-3 band normalized to the
corresponding cyclophilin band.

Western Blot. Cells were cultured in 10-cm dishes for 2 days.
Medium was changed to include the indicated concentrations of
doxycycline (Sigma). The next day, cell lysates were subjected to
SDS-polyacrylamide gel electrophoresis and Western blotting as
described (20).

Nuclear Extracts and Electrophoretic Mobility-Shift Assay (EMSA).
Cells were cultured in 10-cm dishes for 2 days in complete
medium. The medium was changed to RPMI 1640 medium
containing 0.5% FCS with or without 1 mgyml doxycycline. After
20 h the cells were incubated with or without 200 unitsyml IFN-g
for 15 min. Nuclear extracts were prepared and EMSA was
carried out as described (20). For detection of STAT-1 and -3
binding, a double-stranded oligo M67 was used: agctTCATT-
TCCCGTAAATCCCTA. In supershift experiments, nuclear
extracts were preincubated with STAT-1 or -3 antibodies for 30
min at 4°C.

iNOS Promoter Assay. The rat iNOS promoter region (21748 to 1
84) was subcloned into the pGL3 enhancer vector for promoter
analysis by using the Dual-Luciferase Reporter Assay System
(Promega) cotransfected with equimolar concentration of the
pRL-TK vector (constitutive expression driven by the herpes
simplex virus thymidine kinase promoter) used to correct for
transfection efficiency according the manufacturer’s instruc-
tions. INS-1 or INS-r3#2 clones were seeded in 12-well tissue
culture plates (Costar) at a density of 5 3 105 cells per well 2 days
before transfection performed with 2 ml Superfect Transfection
Reagent (Qiagen) as described by the manufacturer. After 2 h
the cells were washed once with culture medium and culture
continued in 1 ml of culture media with or without 0.5 mgyml
doxycycline for 24 h, when 1 ml of culture medium containing

IL-1b at different concentrations was added to each well. After
culturing for a further 24 h, luciferase activities were assayed by
using a TD-20y20 Luminometer (Turner, Sunnyvale, CA) and
iNOS promoter activity normalized against the pRL-TK pro-
moter activity.

Viability Assay. One day before cytokine exposure, 104 INS-1 or
INSr3#2 cells were set up in 96-well tissue-culture plates
(Costar). After 3 days of additional culturing the proportion of
viable cells in control vs. cytokine-containing wells was deter-
mined based on the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay (Promega) as described (16),
measuring the conversion of an MTT tetrazolium salt to a
colored formazan product by the mitochondrial enzyme succi-
nate dehydrogenase (21, 22).

NO Measurement. NO was measured as accumulated nitrite in the
medium by mixing 100 ml with 100 ml of Griess reagents (23). The
absorbance was measured at 540 nm and nitrite concentration
calculated from a NaNO2 standard curve.

Apoptosis. INS-1 or INSr3#2 cells (2.5 3 105 per well) were
seeded into 24-well tissue-culture plates (Nunc) in 1.5 ml of
culture medium containing 10% FCS. After 24 h of culture the
medium was changed to medium containing 0.5% FCS and
doxycycline (1 mgyml) or vehicle and the cells were cultured for
an additional 18 h before cytokine stimulation. After 24 h of
cytokine stimulation early apoptosis was measured on a FAC-
Scan (Becton Dickinson), using the FACS AnnexinV-FITC
assay as described by the manufacturer (R & D Systems).

Statistical Analysis. Results are presented as means 6 SD.
ANOVA and two-tailed t tests were used for statistical analyses.

Results
Establishment of a SOCS-3-Overexpressing b-Cell Clone. To investi-
gate the effect of SOCS-3 on the cytokine response of b-cells, the
b-cell clone, INS-r3, stably expressing the reverse tetracycline-
dependent transactivator (24) was used. Following stable trans-
fection with the pTRE response plasmid containing SOCS-3
cDNA downstream of a tetracycline operator–cytomegalovirus
minimal promoter, the INS-r3#2 clone was obtained and used
for these analyses. Fig. 1 demonstrates the inducible SOCS-3
mRNA expression in INS-r3#2 cells (A), determined by RNase
protection assay, and protein expression (B), determined by
Western blotting, following a 24 h culture with different con-
centrations of doxycycline. Cyclophilin was included as an in-
ternal control in the RNase protection assay, and the SOCS-3y
cyclophilin mRNA ratio reached peak levels with an '60-fold
induction in response to 0.5–1 mgyml doxycycline, which also
induced the maximal expression of the SOCS-3 protein, barely
detectable in the absence of doxycycline (B). Semiquantitative
reverse transcription (RT)-PCR analysis measuring SOCS-3
steady-state mRNA level as percent of the internal control TBP
revealed the same magnitude of doxycycline-induced SOCS-3
mRNA expression as detected in the RNase protection assay.
Approximately 5% SOCS-3 mRNA was detectable in the ab-
sence of induced SOCS-3 expression, which after exposure to 0.5
mgyml doxycycline was increased to about 50% and 200% after
1 or 24 h, respectively.

SOCS-3 Overexpression Prevents Cytokine-Impaired b-Cell Viability.
The viability of the INS-r3#2 cells exposed to IL-1b (150 pgyml)
or IFN-g (200 unitsyml) for 72 h was significantly reduced by
'50% compared with the control condition (P , 0.003; Fig. 2A).
No effect was observed for TNF-a (200 unitsyml). The toxic
effect of both IL-1b and IFN-g at these concentrations was fully
prevented when SOCS-3 was induced by 0.5 mgyml doxycycline.
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SOCS-3 expression per se did not influence the viability of the
INS-r3#2 cells as seen from the control conditions, and parallel
control experiments performed on the parental INS-1 cell line
demonstrated that doxycycline by itself did not influence the
cytokine-induced toxicity (data not shown). A highly toxic effect
was seen when the INS-r3#2 cells were exposed to a 103 higher
concentration of IL-1b (1500 pgyml) or to a mixture of all three
cytokines. Whereas induced SOCS-3 expression was not suffi-
cient to fully protect the cells under these strongly toxic condi-
tions, it still significantly reduced the toxicity. Dose-response
analyses revealed that the protective effect of SOCS-3 on toxicity
induced by IFN-g alone (Fig. 2B) or in combination with IL-1b
(Fig. 2C) was inducible by low concentrations of doxycycline,
with a maximal protective effect obtained at '0.5–1 mgyml
(ANOVA, P 5 0.0001 in both cases), corresponding to the
maximal induction of the SOCS-3 protein (Fig. 1B). Inducing
SOCS-3 expression with 1 mgyml doxycycline and exposing the
cells to IL-1b concentrations titrated between the two IL-1b
concentrations in Fig. 2 A confirmed that the protective effect of
SOCS-3 decreased with increasing IL-1b concentrations, yield-
ing more that 50% decrease in viability over 3 days (data not
shown).

SOCS-3 Overexpression Reduces Cytokine-Induced Apoptosis. To fur-
ther address the protective effect of SOCS-3 on cytokine-
induced b-cell viability, early apoptosis was assessed. Follow-
ing 18 h preincubation with or without 1 mgyml doxycycline to
induce SOCS-3 expression, the cells were cultured for a further
24 h in the absence or presence of IFN-g or IL-1b alone or
together. The appearance of markers of early apoptosis was
determined based on the ability of AnnexinV to bind the cell’s
inner phospholipids (e.g., phosphatidylserine) when exposed
to the exterior, an early event in apoptosis. The mean per-
centage of AnnexinV positive cells was determined from three
to four separate experiments. First, doxycycline by itself did
not inf luence the frequency of apoptotic cells in the absence
of cytokines (13% 6 4% vs. 12% 6 5% apoptotic cells, in
culture without or with doxycycline, respectively). IFN-g alone
increased the percentage of early apoptotic cells, which was

maintained at the control level when SOCS-3 was induced
(27% 6 7%, vs. 14% 6 4%, P , 0.05). Exposure of the cells
to IL-1b for 24 h did not induce a statistically significant
increase in apoptosis by itself (19% 6 6% vs. 15% 6 3%);
however, it did potentiate the toxic effect of IFN-g, resulting
in a rapid increase in the early apoptosis marker, which was
also prevented by induced SOCS-3 expression (58% 6 9%, vs.
16% 6 4%, P , 0.01).

Fig. 1. Inducible SOCS-3 expression in the INS-r3#2 clone. A clear induction
of SOCS-3 mRNA measured by RNase protection assay was induced by increas-
ing concentrations of doxycycline (A), with a maximal induction, relative to
the internal standard cyclophilin (Cyclo), obtained at 0.5–1 mgyml doxycycline.
The induced mRNA correlated well with the induced SOCS-3 protein measured
by Western blot (B).

Fig. 2. Effect of recombinant SOCS-3 expression on cytokine-mediated b-cell
impairment. Viability was determined by the MTT assay in INS-r3#2 cells
cultured in the absence or presence of cytokines for 3 days, with or without 0.5
mgyml doxycycline-induced SOCS-3 expression, starting 1 day before exposure
to the cytokines. (A) The cells were exposed to TNF-a (200 unitsyml), IFN-g (200
unitsyml), IL-1b (150 pgyml), 103 IL-1b (1500 pgyml), or the mix of all three
cytokines (200 unitsyml, 200 unitsyml, and 150 pgyml, respectively). The
INS-r3#2 cells were exposed to IFN-g (B; 200 unitsyml, n 5 3) and to IFN-g 1
IL-1b (C; 200 unitsyml and 150 pgyml, respectively, n 5 5), in the presence of
increasing concentrations of doxycycline. Data are mean values 6 SD. Signif-
icant P values are indicated in A and in Results.
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SOCS-3 Overexpression Reduces IL-1b-Induced NO Production. Expo-
sure to IL-1b alone or in combination with IFN-g and TNF-a for
72 h resulted in clear induction of NO (Fig. 3A). NO induced by
150 pgyml IL-1b was significantly inhibited by induced SOCS-3
expression, which correlates well with the protective effect of
SOCS-3 on IL-1b-induced toxicity (Fig. 2 A). Induced SOCS-3
expression did not prevent NO production in response to a
10-fold higher concentration of IL-1b (1500 pgyml) or to the
combination of the cytokines. Under these highly toxic condi-
tions (Fig. 2 A) the majority of the accumulated NO is produced
during the first 24 h, before the cells die, in contrast to the cells
exposed to the less toxic concentration of IL-1b (150 pgyml),
where nitrite is accumulated over the entire period. Fig. 3B
shows the dose-dependent inhibitory effect of SOCS-3 on NO
production after 24 h exposure to 150 pgyml IL-1b (ANOVA,
P # 0.0001). IFN-g-induced toxicity (Fig. 2 A) was not associated
with a measurable NO production (Fig. 3A)

SOCS-3 Overexpression Reduces IL-1b-Induced iNOS Promoter Activ-
ity. IL-1b-induced iNOS promoter activity of INS-r3#2 cells
exposed for 24 h to different concentrations of IL-1b in the
absence or presence of SOCS-3 expression was determined. As
shown in Fig. 4, a dose-dependent IL-1b-induced iNOS pro-
moter activity was observed, which was significantly inhibited in
SOCS-3-expressing cells (150 pgyml IL-1b: 100% vs. 22% 6 1%,
P , 0.01 in the absence or presence of induced SOCS-3
expression, respectively. 50 pgyml IL-1b: 22% 6 5% vs. 8% 6
1%, P , 0.05), suggesting a direct inhibition of IL-1b signaling.
The control experiment in Fig. 4B shows that doxycycline did not
influence the IL-1b-induced promoter activity induced in the
parental INS-1 cell-line.

SOCS-3 Overexpression Inhibits STAT-1 Signaling in INS-r3#2 Cells.
The biological activity of the recombinant SOCS-3 is evident
from electrophoretic mobility-shift assay (EMSA) on nuclear
extracts from the INS-r3#2 cells. A 15-min exposure to 200
unitsyml IFN-g induced a clear STAT-1 activation in both the
INS-r3#2 and INS-1 cells, which was inhibited only in the
INS-r3#2 cells with SOCS-3 expression induced by 1 mgyml
doxycycline (Fig. 5A). STAT activation was competed by a
nonlabeled specific oligo nucleotide, but not by an unrelated
oligo nucleotide (binding another transcription factor, CREB;
Fig. 5B). The STAT probe used for these analyses may bind both
STAT-1 and -3; however, the specific STAT-1 activation in
response to IFN-g was demonstrated by the ability of only the
STAT-1 and not the STAT-3 antibody to supershift the band

Fig. 3. Effect of recombinant SOCS-3 expression on cytokine-induced NO
production in INS-r3#2 cells. NO production (measured as accumulated nitrite;
A) was determined from the same experimental conditions detailed in Fig. 2A.
(B) A dose-dependent reduction of NO production in response to increasing
doxycycline concentration is shown for the INS-r3#2 cells exposed to IL-1b (150
pgyml) for 3 days. Data are mean values 6 SD of three separate experiments.
Significant P values are indicated in A.

Fig. 4. Effect of recombinant SOCS-3 expression on IL-1b-induced iNOS
promoter activity. Following transfection with an iNOS promoter construct,
promoter activity was measured in INS-r3#2 cells (A) or the parental INS-1 cells
(B) exposed to increasing concentrations of IL-1b in the absence (white bars)
or presence (black bars) of doxycyclin. INOS promoter activity induced by 150
pgyml IL-1b in the absence of doxycycline is set to 100% for both cell lines. Data
are mean 6 SD for n 5 3.

Fig. 5. SOCS-3 inhibited IFN-g phosphorylation-dependent activation of
STAT-1 signaling. EMSA of nuclear extracts demonstrated activation of STAT-1
following IFN-g exposure of both the parental INS-1 cell line and the INS-r3#2
clone (A), which was clearly inhibited when SOCS-3 was induced by 1 mgyml
doxycycline in the INS-r3#2 clone. STAT-1 specificity of the activated STAT is
evident from supershifting only by the STAT-1 specific antibody (B). In addi-
tion, only a competition with a specific oligo (sc) and not with a nonspecific
oligo (nsc) was detected.
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(Fig. 5B). Even though IFN-g alone does not induce significant
NO production, it potentates IL-1b-induced iNOS transcription
through binding to the STAT-binding GAS site in the iNOS
promoter (25). Consistent with this concept, iNOS mRNA
expression revealed a small increase in IFN-g-mediated steady-
state iNOS mRNA level, which was significantly inhibited by
SOCS-3 expression (0.22- 6 0.09-fold, P , 0.003, n 5 6). We
have previously shown that IFN-g induces ICE transcription in
rat and human islets, and speculated that ICE expression may be
part of the NO-independent b-cell destruction (7) described for
human islets and b-cell lines (6, 7). Because IFN-g-activated ICE
transcription is mediated through STAT-1yGAS interaction, we
tested whether SOCS-3 may influence this. Indeed, induced
SOCS-3 expression prevented the increase in steady-state ICE
mRNA expression induced in the IFN-g-exposed INS-r3#2.
Whereas a clear ICE mRNA expression was detectable after 30
PCR cycles in five of five analyses, it was barely detectable in four
of five experiments when SOCS-3 was induced (22,171 6 17,322
vs. 4398 6 2676, P 5 0.05).

Cytokine-Induced SOCS-3 mRNA Expression in Rat Islets. SOCS-3 may
be induced by both IL-1b and IFN-g and may feedback inhibit
IFN-g-mediated signaling through the JAKySTAT-1 pathway as
demonstrated in other cell systems (10); however, interaction
with the IL-1b-mediated signal transduction, primarily mediated
through the Ras–Raf–MAPK pathway (5, 8), has not been
described. To explore whether SOCS-3 might be a component in
the native islet defense system against the toxic effect of IFN-g
and IL-1b, isolated pancreatic rat islets were exposed for 1 or
24 h to IL-1b or IFN-g. The level of SOCS-3 mRNA steady state
expression as percent of the internal standard TBP was the same
as for the INS-r3#2 cells (around 5%). In response to IL-1b a
statistically significant and dose-dependent induction of SOCS-3
mRNA expression was observed after a 24-h IL-1b exposure
(ANOVA P 5 0.001, Fig. 6), whereas after 1 h only a statistically
nonsignificant trend (P 5 0.12, n 5 5) was detectable in response
to the highest IL-1b (1500 pgyml). Expressed relative to TBP, the
steady-state level of SOCS-3 mRNA in rat islets exposed to 1500
pgyml IL-1 was '1⁄4 of that induced in the INS-r3#2 cells
exposed to 0.5 mgyml doxycycline for 24 h.

Exposure for 1 h to IFN-g (200 unitsyml) resulted in a small,
but statistically significant, increase in SOCS-3 mRNA expres-
sion vs. control islets, expressed at percent of TBP (10.72% 6

2.21% vs. 6.72% 6 1.84% of TBP, n 5 5, P # 0.01), whereas no
induced expression vs. control islets was observed after a 24-h
exposure (6.28% 6 3.74% vs. 4.86% 6 1.86%, respectively).

Discussion
Several mechanisms may regulate the b-cell response to cyto-
kines, including antagonists such as specific binding proteins and
soluble receptors, other cytokines, growth factors, and hormones
(26, 27). In contrast, the SOCS system represents an intracellu-
lar, fast-acting, regulated, negative feedback system for cytokine
signaling. Our finding that up-regulated SOCS-3 expression
inhibited subsequent signaling through both the IFN-g and
IL-1b receptors was unexpected, because previous publications
have only described inhibition through the IFN-g-mediated
JAKySTAT signaling pathway (10, 28, 29). It is conceivable that
SOCS-3 inhibition of IL-1b signaling might be targeted to key
components of the MAPKyRas pathways. However, evidence is
accumulating of interdependence between the two signaling
pathways (reviewed in ref. 30). Evidence for SOCS-3 interaction
with JAK independent pathways is appearing [e.g., as an insulin-
induced negative regulator of insulin signaling in 3T3-L1 adi-
pocytes (31)]. Here insulin-induced SOCS-3 apparently com-
petes with STAT-5A for binding to the same insulin receptor
motif. SOCS-3 may also bind directly to the GH receptor (32)
and to the cytoplasmic domain of the activated insulin-like
growth factor 1 (IGF-1) receptor (33). Because insulin and
IGF-1 reverse IL-1b-mediated inhibition of insulin secretion and
induction of iNOS and apoptosis in b-cells (34, 35), this option
should be explored.

Our finding that exposure of rat islets to either IFN-g or IL-1b
was associated with induction of SOCS-3 mRNA expression is in
line with the previous results in bone marrow cells (11) and with
recent array-based analysis of IL-1b-induced gene transcription
of rat insulinoma cells (36). Our data suggest that IFN-g induces
a rapid and transient up-regulation of SOCS-3 mRNA expres-
sion, similar to previous studies in hepatocytes showing SOCS-3
expression after a 20-min IL-6 exposure, declining to basal levels
within 8 h (11) and 30 min after GH and IL-1b exposure peaking
at 1 h (37). The rapid decline may reflect the negative feedback
of induced SOCS-3 in these systems. In contrast, our data suggest
that induction of SOCS-3 transcription in IL-1b exposed rat
islets is delayed but persistent at 24 h. This is consistent with a
recent study that showed SOCS-3 expression for as along as 10
days in liver and spleen after burn injury (38). The delayed
feedback response could, in part, explain why IL-1b is the main
toxic cytokine on rat islets.

Induction of SOCS-3 expression has been associated with
cross talk between different cytokines (e.g., the negative cross
talk occurring in B-lymphocytes) where IL-3 inhibition of IL-11
expression was mediated through SOCS-3 inhibition of JAKy
STAT signaling (39). A similar SOCS-3-dependent mechanism
might be responsible for the recently demonstrated IFN-b
suppression of iNOS and IRF-1 gene transcription in mouse
macrophages, associated with inhibition of STAT-1 activation
and decreased tumor killing capacity (40). Activation of SOCS-3
and subsequent inhibition of the iNOS promoter may also be the
mechanism responsible for making STAT-1-overexpressing
INS-1 cells resistant to the toxic combination of IFN-g and IL-1b
(41). Interestingly, preincubation of rat and NOD islets with
IFN-g resulted in an increased iNOS expression in response to
subsequent IL-1b exposure, which was associated with a pro-
longed activation of STAT-1 (42). This is consistent with our
finding that IFN-g signaling in rat islets may fail to induce a
significant and long-lasting SOCS-3 expression and thus be
unable to inhibit subsequent IL-1b signaling. Thus, preincuba-
tion with IFN-g may in addition to activation and binding of
STAT-1 to the GAS site in the iNOS promoter, induce expres-
sion of IRF-1, which through binding to IFN-stimulated response

Fig. 6. SOCS-3 mRNA expression in rat islets exposed to IL-1b. Rat islets were
exposed to different concentrations of IL-1b for 1 or 24 h and semiquantitative
analysis of SOCS-3 mRNA expression relative to the internal standard TBP was
performed. Data are mean 6 SD of n 5 5–10 separate experiments. *, P # 0.01
and **, P # 0.001 compared with control at 24 h, and 1, P # 0.001 between
1 and 24 h exposure to 1500 pgyml IL-1b.
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elements (ISRE) and interaction with NF-kB sites in the iNOS
promoter would augment IL-1b-induced iNOS transcription (43,
44). Future studies will reveal whether IL-1b-induced SOCS-3
transcription and the inhibitory effect of SOCS-3 on the IL-1b-
mediated iNOS promoter activity are direct effects of the IL-1b
signaling cascade, or rather secondary effects of other IL-1b-
induced gene products (e.g., IRF-1).

In contrast to the effect of IFN-g, our data suggest that IL-1b
may induce long-lasting expression of SOCS-3 in rat islets.
IL-1b-induced SOCS-3 may be responsible for the significantly
reduced IFN-g-activated ICE transcription (7) through inhibi-
tion of the JAKySTAT pathway. The involvement of ICE and
other caspases in the pathogenesis of Type-1 diabetes mellitus
(T1DM) is not proven; nevertheless, the recent demonstration of
sequential ICE and caspase-3 activation resulting in motor
neuron death in familial amyotrophic lateral sclerosis, linked to
a mutation in the gene encoding the free-radical-scavenging
enzyme copper-zinc superoxide dismutase, is of interest (45, 46).
In the mouse model of this disease, ICE activity induced by the
oxidative stress may proceed caspase-3 activation and resulting
cell destruction by several months, and the authors suggest that

a complex neurodegenerative death process evolving over
months to years may be involved in the human counterpart (46).

Several studies have addressed the possibility of increasing the
defense status of the b-cells against the deleterious effects of
cytokines [e.g., by overexpressing NO scavengers and free radical
scavengers, antioxidant enzymes like glutathione peroxidase,
Mn-superoxide dismutase, or catalase (47), or antiapoptotic
proteins like bcl-2 (48) and A20 (49)]. Like in all other studies
of cytokine-protective mechanisms, no single mechanism has
hitherto proven useful in preventing the effect of strongly toxic
cytokine concentrations or combinations. Nevertheless, the per-
spective of the present study is that inhibition of cytokine
signaling at the most proximal step, namely at the receptor level
of both IL-1b and IFN-g, may prevent or reduce activation of the
cascade of downstream devastating effects, and further studies
should address this possibility (e.g., in animal models of diabetes
and other autoimmune diseases).
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