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Abstract
Aims/hypothesis The pro-inflammatory cytokines IL-1 and
IFNγ are critical molecules in immune-mediated beta cell
destruction leading to type 1 diabetes mellitus. Suppressor
of cytokine signalling (SOCS)-3 inhibits the cytokine-
mediated destruction of insulinoma-1 cells. Here we
investigate the effect of SOCS3 in primary rodent beta
cells and diabetic animal models.
Methods Using mice with beta cell-specific Socs3 expres-
sion and a Socs3-encoding adenovirus construct, we

characterised the protective effect of SOCS3 in mouse and
rat islets subjected to cytokine stimulation. In transplanta-
tion studies of NOD mice and alloxan-treated mice the
survival of Socs3 transgenic islets was investigated.
Results Socs3 transgenic islets showed significant resis-
tance to cytokine-induced apoptosis and impaired insulin
release. Neither glucose-stimulated insulin release, insulin
content or glucose oxidation were affected by SOCS3. Rat
islet cultures transduced with Socs3-adenovirus displayed
reduced cytokine-induced nitric oxide and apoptosis asso-
ciated with inhibition of the IL-1-induced nuclear factor-κB
and mitogen-activated protein kinase (MAPK) pathways.
Transplanted Socs3 transgenic islets were not protected in
diabetic NOD mice, but showed a prolonged graft survival
when transplanted into diabetic allogenic BALB/c mice.
Conclusions/interpretation SOCS3 inhibits IL-1-induced
signalling through the nuclear factor-κB and MAPK
pathways and apoptosis induced by cytokines in primary
beta cells. Moreover, Socs3 transgenic islets are protected
in an allogenic transplantation model. SOCS3 may repre-
sent a target for pharmacological or genetic engineering
in islet transplantation for treatment of type 1 diabetes
mellitus.
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JNK c-Jun N-terminal kinase
KRBH KRB supplemented with 10 mmol/l HEPES
MAPK mitogen-activated protein kinase
MTT dimethylthiazol-diphenyltetrazolium bromide
NFκB nuclear factor-κB
NO nitric oxide
RIP rat insulin promoter
SOCS suppressor of cytokine signalling
STAT signal transducer and activator of transcription

Introduction

The pro-inflammatory cytokines IL-1 and IFNγ are potent
inducers of apoptosis and necrosis in pancreatic beta cells
in vitro. During the pathogenic process preceding overt
type 1 diabetes mellitus, these cytokines are secreted from
activated macrophages and T helper cells infiltrating the
islets of animal models [1]. Neutralisation of IL-1 and IFNγ
signalling protects against type 1 diabetes mellitus in
animal models [2–5]. Based on these observations, cyto-
kines have been implicated as critical molecules in patho-
genesis of type 1 diabetes [1].

The pro-apoptotic signalling initiated by IL-1 and IFNγ
is complex. IL-1 signal transduction involves activation of
the transcription factor nuclear factor-κB (NF-κB) pathway,
which is essential for regulation of multiple pro-apoptotic
genes, including inducible nitric oxide synthase [6–8].
In addition to NFκB activation, the IL-1-induced c-Jun
N-terminal kinase (JNK), a member of the mitogen-activated
protein kinase (MAPK) family, appears to be equally
important for induction of apoptosis [9–11]. The IFNγ
signalling cascade involves mainly Janus-activated kinase
(JAK)-mediated activation of the transcription factor signal
transducer and activator of transcription (STAT)-1, which
subsequently stimulates expression of several genes includ-
ing Caspase-1 [12]. In addition, IL-1 and IFNγ induce
inflammatory genes/proteins in beta cells, e.g. chemokines
that probably accelerate and augment the inflammatory
response, enhancing local accumulation of beta cell toxins
like cytokines.

The particular beta cell sensitivity towards the toxicity of
cytokines may result from its specialised phenotype,
leading to insufficient expression and/or regulation of
protective mechanisms blocking proximal and/or distal
signals following a cytokine challenge [1, 13]. Thus,
understanding regulation of the signal transduction path-
ways activated by IL-1 and IFNγ is important. In this
context, members of the suppressor of cytokine signalling
(Socs) family were reported to be immediate-early response
genes induced by IFNγ and subsequently suppressing
IFNγ signalling, thereby constituting a negative feedback
loop controlling duration and magnitude of the cellular

response to certain cytokines The suppressor of cytokine
signalling (SOCS) proteins contain an SH2 domain and
inhibit signalling via binding between SOCS and the
phosphorylated JAK-receptor complex, resulting in JAK
inhibition and/or competition with downstream signalling
molecules at potential receptor docking sites. Moreover,
the SOCS proteins can target their bound components for
ubiquitination and proteasomal degradation [14, 15]. The
SOCS proteins can also inhibit signalling pathways not
induced by cytokines. For example, SOCS1 and SOCS3
interact with the phosphorylated insulin receptor, thereby
preventing docking and activation of IRS proteins [16, 17].

We have performed a series of investigations on the
putative protective role of SOCS3 against cytokine-medi-
ated beta cell death. In addition to suppressing IFNγ
signalling, SOCS3 was found to inhibit IL-1 signalling in
beta cell lines [18]. It was also found to suppress IL-1-
mediated NFκB and MAPK activation, via inhibition of the
TGFβ�activated kinase, a central player in the IL-1
signalling cascade [19]. SOCS3 influences expression of
several IL-1-induced inflammatory and pro-apoptotic genes
in clonal beta cell lines [20].

In vivo studies have shown that diabetes is completely
prevented in NOD8.3 mice with beta-cell-specific over-
expression of Socs1 [21] and allograft destruction is delayed
when transplanting SOCS1 transgenic islets [22]. More-
over, diabetes incidence is reduced in rat insulin promoter
(RIP)-Socs1-NOD mice [23], indicating a protective role of
SOCS1 in vivo. Protection of the islets correlated with
inhibition of IFNγ-mediated STAT-1 activation. However,
diabetes was not completely prevented, possibly due to
insufficient levels of SOCS1 or redundant toxic effects not
inhibited by SOCS1.

Having shown that SOCS3 can suppress IL-1- and
IFNγ-induced beta cell death in vitro, we were prompted
to study the potential protective effect of Socs3 expression
in primary beta cells. Socs3 transgenic islets were used to
investigate the ability of SOCS3 to protect transplanted
islets in the NOD model and in a pure allograft model
without autoimmune attack.

Methods

Animals

Generation of the transgenic RIP-Socs3 mice on the C57Bl/6J
background has been described elsewhere [24]. BALB/c
mice were purchased from B&K, Sollentuna, Sweden.
NOD mice were obtained from a local colony at Uppsala
University. Animal facilities, breeding of mice and exper-
imentation were according to the standards stated by the
Danish and Swedish authorities.
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Islet isolation, culture, viral transduction and cytokine
stimulation

Mouse islet isolation and cytokine stimulation Islets from
adult (>10 week old) transgenic mice and their non-
transgenic littermates were isolated as previously described
[25] and cultured for 5 to 7 days in RPMI 1640 glutamax-1
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
(vol./vol.) fetal bovine serum (Invitrogen) and 1% (wt/vol.)
penicillin/streptomycin (Invitrogen), in an atmosphere of
air + 5% (vol./vol.) CO2 at 37°C. After culture, a total of
50 islets/condition were stimulated for 72 h in 200 μl RPMI
1640 glutamax-1 with 0.5% (vol./vol.) human serum and
1% (wt/vol.) penicillin/streptomycin, in the absence or
presence of a mixture of 75 pg/ml recombinant mouse IL-1
(1×107 U/mg; BD Pharmingen, San Diego, CA, USA) and
1 ng/ml recombinant rat IFNγ (1×106 U/mg; R&D Systems,
Minneapolis, MN, USA).

Rat islet isolation, adenoviral transduction and cytokine
stimulation Islets from neonatal rats were isolated as
described [26]. Islets used for analysis of apoptosis and
nitric oxide (NO) production were dispersed into single
cells using 0.2% (wt/vol.) trypsin and 10 mmol/l EDTA in
1× Hanks’ (Invitrogen). They were then seeded in 9 cm2

culture flasks (NUNC, Roskilde, Denmark) and allowed to
form monolayers as described [24]. The virus titre used was
found by transduction of islet cells with a green fluorescent
protein (GFP)-encoding adenovirus and using a concentra-
tion giving >95% GFP-positive cells. After 2 days the cells
were stimulated with cytokines. For western blot analysis rat
islets were dispersed into single cells using trypsin digestion
and immediately hereafter subjected to adenovirus-Luciferase
or adenovirus-Socs3 exposure to a final concentration of
5×108 plaque-forming units per ml. After 2 days of incubation
with adenovirus the cells were stimulated with 250 pg/ml of
recombinant mouse IL-1. For isolation of non-beta cells
islets were dissociated into single cells and beta and non-
beta cells were purified by autofluorescence-activated cell
sorting (FACStar, Becton-Dickinson, Sunnyvale, CA, USA)
as previously described [27, 28].

Human islet stimulation Human islets were obtained from
O. Korsgren (Department of Clinical Immunology, Rud-
beck Laboratory, Uppsala University Hospital, Uppsala,
Sweden). Written informed consent was obtained from next
of kin. Islets used in this study were from two donors: a
59-year-old woman and a 57-year-old man. Islets were
cultured in RPMI 1640 containing 5.6 mmol/l glucose, 10%
(vol./vol.) fetal bovine serum and 1% (wt/vol.) penicillin/
streptomycin (Invitrogen), in an atmosphere of air with 5%
(vol./vol.) CO2 at 37°C. Before stimulation islets were
transferred to 100 mm Petri dishes (1,200 islets per dish) in

RPMI 1640 supplemented with 2% (vol./vol.) human
serum. The following cytokines were added at different
time points: human IL-1β (1.9×108 U/mg; Sigma Aldrich,
St Louis, MO, USA) at 150 pg/ml; human IFN-γ (3×107–
9×107 U/mg; BD Pharmingen) at 20 ng/ml; and human
TNF-α (2×107 U/mg; PeproTech, Rocky Hill, NJ, USA) at
8 ng/ml. After this RNA was isolated.

Dimethylthiazol-diphenyltetrazolium bromide assay

The dimethylthiazol-diphenyltetrazolium bromide (MTT)
assay (Promega, Madison, WI, USA), was used to measure
cell viability/toxicity [29].

Apoptosis assays

Life–death detection assay This assay (Roche Diagnostics,
Indianapolis, IN, USA) was performed as specified in the
supplier manual.

Apoptosis detection ATUNEL assay kit (ApopTag; Intergen,
Purchase, NY, USA) was used according to the manual of the
manufacturer. Rat beta cell monolayer cultures were washed
in 1× PBS and fixed in 1% (wt/vol.) paraformaldehyde
overnight before TUNEL analysis. In addition the fixed
cells were stained with 1 µg/ml DAPI diluted in 1× PBS to
visualise the nuclei. The percentage of TUNEL-positive cells
was determined by fluorescence microscopy as a fraction of
the total number of DAPI-stained nuclei. A total of 1,500
cells were counted in each condition blinded to protocol.

Measurement of accumulated nitrite, insulin content,
insulin release and glucose oxidation

Nitric oxide was measured as accumulated nitrite in the
culture medium using the Griess reagent [30].

Accumulated insulin in the culture medium was deter-
mined by competitive ELISA assay (Novo Nordisk,
Bagsværd, Denmark) as described [31]. For insulin release
experiments, triplicate groups of ten islets each were
transferred to glass vials containing 0.25 ml KRB supple-
mented with 10 mmol/l HEPES (KRBH) and 2 mg/ml
BSA. During the first hour of incubation at 37°C (O2–CO2;
95:5) the medium contained 1.7 mmol/l glucose. The
medium was then carefully removed and replaced by
0.25 ml KRBH supplemented with 16.7 mmol/l glucose
for the second hour. After the incubation, islets were pooled
and ultrasonically disrupted in 0.2 ml re-distilled water. A
50 µl fraction of the aqueous homogenate was mixed with
125 µl acid ethanol (0.18 mol/l HCl in 96% [vol./vol.]
ethanol) and the insulin was extracted overnight at 4°C.
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Insulin concentrations were then measured by ELISA. To
measure the islet glucose oxidation rate, triplicate groups of
ten islets were transferred for 90 min to glass vials containing
100 µl KRBH without BSA, but supplemented with d-[U-14C]
glucose (Amersham International, Amersham, UK) and non-
radioactive glucose to a final concentration of 16.7 mmol/l
with a specific activity of 18.5 MBq/mmol. The islet glucose
oxidation rate was subsequently measured as previously
described [32].

Western blotting

Western blotting was performed as described [19] with the
following antibodies: Flag IgG (Sigma Aldrich), p-JNK/
JNK IgG, p-p38/p38 IgG, p-extracellular regulated kinase
(ERK)/ERK (Cell Signaling Technologies, Cambridge,
MA, USA) and IκB IgG (Active Motif, San Francisco,
CA, USA). The secondary antibodies were either rat or
mouse anti-rabbit IgG Ab conjugated with horseradish
peroxidase (Cell Signaling Technologies).

Real-time PCR

RNA extraction was done by the RNAzol method accord-
ing to the manufacturer’s description (Cinna Biotecx,
Houston, TX, USA). cDNA synthesis was performed using
a kit (TaqMan Gold RT-PCR; Perkin-Elmer, Boston, MA,
USA).

Primers used for the real-time PCR reaction were: rat
Socs3, forward 5′-TGAGCGTCAAGACCCAGTCG-3′, re-
verse 5′-CACAGTCGAAGCGGGGAACT-3′, 114 bp; hu-
man SOCS3, forward 5′-ACACGCACTTCCGCACATTC-3′,
reverse 5′- CGAGGCCATCTTCACGCTAA-3′, 110 bp; hu-
man GAPDH, forward 5′-GGTGAAGGTCGGAGTCAAC-
3′, reverse 5′-CCATGGGTGGAATCATATTG-3′, 154 bp; and
rat Sp1, forward 5′-GGCTACCCCTACCTCAAAGG-3′, re-
verse 5′-CACAACATACTGCCCACCAG-3′, 103 bp.

The experiments were performed as described in the
sequence detector manual (ABI Prism 7700; AB Applied
Biosystems, Foster City, CA, USA). Each cDNA sample
was subjected to two individual PCR analyses using either
the SOCS3 or the Sp1 primer pair.

Transplantation

Culture of mouse pancreatic islets was performed as
described above. A total of 600 islets isolated from RIP-
Socs3 transgenic or wild-type mice was packed in a braking-
pipette and transplanted beneath the left kidney capsule of
the recipient diabetic female NOD mice, which were
anaesthetised with avertin.

Diabetes was induced in BALB/c mice by an i.v. injection
of 75 mg/kg body weight alloxan (Sigma). Diabetic animals

were anaesthetised with avertin and 300 islets were trans-
planted under the kidney capsule.

Blood glucose was measured daily on blood obtained
from the tail vein of non-fasted mice using a glucose meter
(Medisense, London, UK). Animals reverting to hyper-
glycaemia (blood glucose >11.1 mmol/l on two consecutive
days) were killed and the graft removed for morphological
examination.

Statistical analysis

In vitro results are presented as means ± SD and a paired
t test was used for statistical analysis with significance
levels at p<0.05. The Kaplan–Meier log-rank test at
p<0.05 was used in the transplantation studies.

Results

RIP-Socs3 expression protects mouse islets
against cytokine-mediated toxicity

Using the MTT viability assay, we analysed mitochondrial
impairment, which correlates with viability [33] in isolated
transgenic RIP-Socs3 and wild-type islets exposed to
cytokines for 3 days. As evident from Fig. 1a, a mixture
of cytokines (IL-1 75 pg/ml+IFNγ 1 ng/ml) significantly
reduced the viability by 35% in the wild-type islets,
whereas transgenic islets were unaffected by this treatment.

Analysis of accumulated insulin levels in medium
containing 16.7 mmol/l glucose following cytokine treat-
ment (Fig. 1b) demonstrated an impairment of insulin
release (65% decrease) in wild-type islets, an effect that was
completely counteracted by Socs3 expression in transgenic
islets after the same treatment.

We next examined whether the transgenic islets were
protected from cytokine-induced apoptosis (Fig. 1c). A 13-
fold induction of apoptosis in wild-type islets after exposure
to cytokine mixture for 3 days (IL-1 75 pg/ml+IFNγ
1 ng/ml) was observed. Compared with this, only a fourfold
increase in apoptosis was observed in the transgenic islets.

Transgenic expression of Soc3 does not affect islet function

As shown in Fig. 2a, transgenic and wild-type islets subjected
to low glucose (1.7 mmol/l) and a glucose challenge
(16.7 mmol/l) displayed similar levels of glucose-stimulated
insulin release. Also, the insulin content of the islets was not
different (Fig. 2b). Likewise, the ability to metabolise glucose
during incubation in 16.7 mmol/l glucose was unaffected by
the transgene (Fig. 2c). Thus the data suggest that Socs3
expression at the level obtained in these studies does not alter
islet secretory function.
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Inhibition of cytokine-induced apoptosis and NO production
in adenovirus-Socs3 transduced rat beta cell cultures

To further characterise SOCS3 as an inhibitor of cytokine-
induced apoptosis in primary cells, we used adenoviral
transduction to induce Socs3 expression in primary rat islet
cells grown in monolayer. Immunohistochemical staining
for SOCS3 showed that >95% of the beta cells produced
SOCS3 after transduction with the Socs3-adenovirus (data
not shown). Following 20 h exposure of non- or luciferase-
transduced islets to cytokines (IL-1 250 pg/ml+IFNγ
10 ng/ml), an increase in the number of TUNEL-positive
cells (Fig. 3a) was observed. Compared with this, the
induction of apoptosis was reduced by approximately 50%
when the rat islets were transduced with the adenovirus-
Socs3-encoding construct.

In parallel to the apoptotic measurements, we analysed
NO production after 20 h of exposure to either IL-1 250 pg/ml
or the cytokine mixture (Fig. 3b). Control- or luciferase-
transduced islets responded similarly to IL-1 with increased
NO production. In islets transduced with Socs3, NO
production was reduced by 60% after IL-1 or IL-1 plus IFNγ
compared with control islets.

Adenovirus-Socs3 expression inhibits IL-1-induced JNK, p38
and ERK activation and suppresses IκB degradation in rat
islets

Phosphorylation of the MAPKs ERK, p38 and JNK after
15 min of exposure to IL-1 (250 pg/ml IL-1) was analysed
by western blotting. As shown in Fig. 4, IL-1 induced
phosphorylation of all three MAPKs in control and
luciferase-tranduced islets, an effect that was inhibited in
the presence of SOCS3. The NF-κB inhibitory protein IκB
was completely degraded following 15 min of IL-1 exposure.
However, in the presence of SOCS3, the IκB degradation was
markedly inhibited.

RIP-Socs3 overexpression prolongs islet graft survival
in BALB/c mice, but not in NOD mice

Groups of 600 Socs3 transgenic or wild-type islets were
transplanted into spontaneously diabetic NOD mice (Fig. 5).
The mice became normoglycaemic within 1 to 2 days. How-
ever, from day 4 and onwards up to day 20 post-
transplantation, all animals reverted to hyperglycaemia.
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Fig. 2 RIP-Socs3 transgene expression does not interfere with
glucose-stimulated insulin release, total insulin content or glucose
oxidation in isolated mouse islets. For measurement of glucose-
stimulated insulin release (a) RIP-Socs3 transgenic (Tg; black bars)
and wild-type (Wt; white bars) mouse islets were incubated for 60 min
at 1.7 mmol/l glucose followed by a second 60 min incubation at
16.7 mmol/l glucose. After the incubations the islet were homogenised
and insulin content was measured (b). c Glucose oxidation rate at
16.7 mmol/l glucose of wild-type and transgenic islets. The results are
presented as mean ± SD of six individual experiments
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Fig. 1 Cytokine-mediated mitochondrial impairment, insulin release
and apoptosis is inhibited in RIP-Socs3 transgenic mouse islets. Wild-
type (white bars) and RIP-Socs3 transgenic (black bars) mouse islets
were stimulated with no cytokine (Control) or a mixture of cytokines
(IL-1 75 pg/ml+IFNγ 1 ng/ml) for 72 h. The islets were subjected to
the MTT assay (a) and the accumulated insulin release in the medium
was analysed by ELISA (b). Apoptosis induction was analysed by
life–death detection assay (c). Results are presented as mean±SD of
three to five individual experiments, *p<0.05; **p<0.01. d Western
blot analysis of SOCS3 levels in RIP-Socs3 transgenic (Tg) and wild-
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recombinant flag-tagged SOCS3
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Analysis of the curves for graft survival, using the Kaplan–
Meier log-rank test, showed no difference between the groups
in islet graft survival (p>0.05). Next, transgenic and wild-
type islets were transplanted into alloxan-diabetic BALB/c
mice (Fig. 6). In these experiments only 300 islets were
needed to achieve normoglycaemia. Moreover, in this
situation the Socs3 transgenic transplanted mice remained
normoglycaemic longer than mice grafted with wild-type
islets (p<0.05). Thus, Socs3 beta cell overexpression was
able to prolong islet survival in diabetic mice, but when
autoimmunity was also superimposed (NOD mice) the
protective effect was not sufficient.

Socs3 is upregulated in rat and human islets
following cytokine stimulation

We analysed the expression of Socs3 mRNA in rat islets
following exposure to 250 pg/ml of IL-1 and/or 10 ng/ml
IFNγ by real-time PCR. Figure 7a shows that IL-1 induced
the expression of Socs3 mRNA significantly (20-fold) only
after 4 h, after which expression declined to a level not
significantly different from the control level 24 h after
stimulation. IFNγ alone did not significantly induce Socs3
(hatched bars). The effect of combined stimulation with
IL-1 and IFNγ on Socs3 expression was additive (black
bars), being detectable and significant after 1 h of stimula-
tion and reaching maximal level of induction after 4 h. In
sorted non-beta islet cells the kinetics of Socs mRNA
induction by IL-1 was accelerated. Within 2 h significant
induction was observed (Fig. 7b) and after 6 h no more IL-1
stimulation of Socs3 mRNA was observed. In human islets
both IL-1 alone and a mixture of IL-1, IFN-γ and TNF-α

Phospo-JNK

Phospo-38

Total p38

Phospo-ERK

Total ERK

Total JNK

IL-1 – + – + – +

Flag

Control Luc SOCS3Adv

Iκ Bα
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rat beta cells. Dispersed rat islet cultures were transduced as follows:
no adenovirus (Control), Luciferase virus (Luc) and Socs3 adenovirus.
After 2 days the cultures were either left unstimulated or exposed for
15 min to IL-1 (250 pg/ml). Cell lysates (10 μg protein/lane) were
subjected to western blotting using specific antibodies against
phospho-/total MAPKs (JNK, p38 and ERK) and IκBα. SOCS3
production was confirmed using an antibody towards flag-tagged
SOCS3. The figure is representative of three individual experiments.
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also induced SOCS3 mRNA in a time-dependent manner
(Fig. 7b). A maximal fourfold stimulation was observed
after 4 h of IL-1 stimulation, with SOCS3 mRNA levels
declining to control levels after 24 h. A mixture of IL-1,
IFN-γ and TNF-α induced SOCS3 sixfold after 4 to 6 h and
mRNA levels remained elevated about fourfold after 24 h
of stimulation.

Discussion

The identification of beta cell protective proteins is of
considerable interest with respect to the development of
novel treatment strategies for type 1 diabetes mellitus. We
previously found SOCS3 to be an endogenously expressed
protective protein in a beta cell line [18]. We hypothesised
that insufficient SOCS3 gene expression upon cytokine
exposure may contribute to beta cell hypersensitivity to
cytokines. Since this study was performed in insulinoma
(INS)-1 tumour cells in vitro, the physiological role of
SOCS3 in mouse and rat islets as well as in transplantation
studies is addressed here.

In the current study we found that cultured RIP-Socs3
mouse islets are resistant to cytokine-mediated apoptosis
and impaired insulin secretion. Expression of Socs3 in islets
from wild-type and Socs3 transgenic mice has been
described previously [24]. The pattern of expression is
heterogeneous among beta cells in islets from SOCS3
transgenic mice, both at the mRNA and protein levels. In
islets from wild-type mice, no expression of Socs3 mRNA
or protein could be detected. To be potentially useful in islet
transplantation, SOCS3 expression must not interfere with
the glucose sensitivity/insulin secretion of the beta cell. To
address this issue, we examined whether beta-cell-specific

Socs3 expression influenced glucose-stimulated insulin
release, insulin content and glucose oxidation in vitro. As
none of these parameters were affected by SOCS3,
constitutive Socs3 expression by itself, at least at the level
obtained in the present study, does not seem to interfere
with the complex signalling pathways involved in insulin
secretion, regulation or glucose sensitivity. Moreover, RIP-
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Fig. 7 Cytokines upregulate SOCS3 mRNA in human and rat islets.
a RNA from rat islets subjected to 1, 2, 4, 6 or 24 h of exposure to
250 pg/ml IL-1 (white bars) or 10 ng/ml IFNγ (hatched bars) or a
mixture of the two (black bars). b Sorted islet non-beta cells exposed
to 250 pg/ml IL-1 (white bars) or 10 ng/ml IFNg (hatched bars).
c Human islets exposed to 150 pg/ml IL-1 (white bars) or a mixture of
150 pg/ml IL-1, 20 ng/ml IFN-γ and 8 ng/ml TNF-α (black bars).
Analysis (a–c) was by real-time PCR with specific primers for
SOCS3. Data are expressed as fold induction of SOCS3 mRNA
relative to control mRNA as indicated. Data are presented as (a, b)
means ± SD of four and three individual experiments respectively,
*p<0.05 compared with respective controls, and (c) mean from two
experiments, with individual data points from each experiment
represented by dots
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Fig. 6 Prolonged graft function in diabetic BALB/c mice transplanted
with Socs3 transgenic islets. Diabetes was induced in BALB/c mice
by injecting 75 mg/kg alloxan. Diabetic BALB/c mice were trans-
planted with 300 wild-type (continuous line; n=8 animals) or Socs3
transgenic (dotted line; n=10 animals) islets and the blood glucose
followed in order to observe graft function. Kaplan–Meier survival
curve with p<0.05 (log-rank test)
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Socs3 transgenic mice have identical fasting blood glucose
levels to their non-transgenic littermates [24] and RIP-
Socs3 transgenic islets are able to maintain normal blood
glucose when transplanted into syngeneic high-dose strep-
tozotocin diabetic mice (data not shown). In summary,
although SOCS proteins may influence signalling pathways
other than the inflammatory-induced ones (e.g. insulin
signalling) in the beta cell, Socs3 overexpression does not
seem to influence normal beta cell function.

Genetic engineering of islets/beta cells before transplan-
tation would require ex vivo manipulation to introduce the
transgene. To mimic this situation and at the same time
investigate the effect of SOCS3 following one possible ex
vivo expression approach, we expressed Socs3 by using a
Socs3-encoding adenoviral construct. In this model we
found that Socs3 was expressed in more than 95% of beta
cells and that the expression level of Socs3 mRNA was 10
to 20 times higher than in non-transduced islet cells. In
agreement with the finding in mouse islets, SOCS3 was
found to protect rat islets from cytokine-induced NO
production and apoptosis. These data suggest that this
transduction approach makes it possible to produce SOCS3
in primary rat islet beta cells and to inhibit cytokine-
induced signalling and death as effectively as observed in
RIP-Socs3 transgenic mouse islets.

We have previously reported that SOCS3 inhibits NFκB
and MAPK activation in INS-1 cells [19, 20]. By means of
an adenovirus approach we here extend these studies to
primary beta cells and show a pronounced inhibitory effect
of SOCS3 on IL-1-induced IκB degradation and MAPK
activation, suggesting that SOCS3 is indeed capable of
inhibiting these proximal IL-1 signalling pathways docu-
mented to be critically involved in IL-1-induced apoptosis
[10, 11, 30, 34].

Taken together, the data obtained from both transgenic
RIP-Socs3 islets and adenovirus-Socs3 transduced rat islets
demonstrate that SOCS3 is a potent inhibitor of cytokine-
mediated signalling and death in primary rodent beta cells
by similar mechanisms to those previously found in INS
beta cells [18].

Beta-cell-specific Socs1 expression in NOD mice signif-
icantly reduced the incidence of spontaneous diabetes [21,
23]. Interestingly, islets from these transgenic animals had a
similar lymphocytic infiltration to islets from wild-type
littermates indicating protection at the beta cell level. We
have previously observed by microarray analysis in INS-1
cells [20] that Socs3 expression inhibits expression of
multiple IL-1-induced inflammatory mediators such as
homing receptors and chemokines. Thus, SOCS3, in
contrast to SOCS1, may also be able to counteract the
level of infiltration. When RIP-Socs3 transgenic or wild-
type islets were transplanted into diabetic NOD mice no
difference in disease recurrence was observed. One expla-

nation of this could be an insufficient expression level of
Socs3 in the transgenic islets. However, a comparable study
showed that SOCS1 is also not able to protect islets
transplanted into diabetic NOD mice [22], suggesting that
enhanced expression of one of the SOCS proteins is not
adequate to protect beta cells against the massive inflam-
matory response seen in NOD mice. However, in an
exclusively allogenic transplantation model, we found graft
function was prolonged in diabetic BALB/c mice trans-
planted with RIP-Socs3 islets, a finding in line with a prior
study in which Socs1 transgenic islets prolonged graft
survival in an allogenic model [22]. Our in vivo studies
demonstrate that overexpression of Socs1 cannot circum-
vent the autoimmune response seen in the NOD model, but
that Socs3 can protect islets against the allogenic MHC
response seen after transplantation.

To elucidate whether SOCS3 is an endogenous, but
perhaps insufficiently regulated component of the down-
stream signalling network initiated by IL-1 and IFNγ, we
investigated endogenous Socs3 expression following cyto-
kine exposure in rat islets. Interestingly, IL-1 alone sig-
nificantly induced Socs3 mRNA after 4 h of stimulation,
but at earlier time points an effect of the combination of
IL-1 and IFNγ was evident. As SOCS3 has the ability to
inhibit IL-1 and IFNγ signalling, the kinetics by which they
induce Socs3 expression could be critical. IFNγ alone is not
toxic to rat islets, possibly due to the rapid albeit modest
induction of Socs3. Compared to this, rat islets are sensitive
to the toxic effect of IL-1, which could be explained by the
slower induction of Socs3 by this cytokine and the resulting
insufficient or delayed negative feedback. Despite the
kinetics of Socs3 expression induced by combined treat-
ment with IL-1 and IFNγ, neither mouse nor rat beta cells
were protected from apoptosis induced by this treatment.
This may be because the major fraction of Socs3 mRNA is
not expressed until 4 h after cytokine exposure, which is
too late to rescue the cells from the devastating effects of
IL-1 and IFNγ. Interestingly, in a non-beta cell fraction of
rat islets, a more rapid induction of Socs3 mRNA in
response to IL-1 was evident. This could explain why beta
cells are killed selectively by cytokines, since non-beta
cells are able to upregulate expression of Socs3 rapidly,
thus preventing prolonged cytokine action and induction of
apoptosis. We also observed an increase in SOCS3 mRNA
after 2 h of stimulation with IL-1 alone in human islets
from two donors. Human beta cells require exposure to
IL-1, IFN-γ and TNF-α in combination for induction of
apoptosis. When human islets were exposed to this mixture
of cytokines, SOCS3 mRNA was induced six- to tenfold
after 4 to 6 h, suggesting a relatively slow induction and
further supporting the hypothesis of a delayed and
insufficient negative feedback of cytokine signalling in
beta cells.
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Studies have demonstrated that beta cell death induced by
high glucose exposure, a proposed mechanism of beta cell
failure in type 2 diabetes mellitus, is mediated by glucose-
induced expression of IL-1 and executed via autocrine
signalling [35]. This suggests that beta cell apoptosis during
type 1 and type 2 diabetes mellitus may be mediated by
cytokines [36, 37]. Thus, SOCS3 may not only be an
interesting molecule in type 1 diabetes, but may be of equally
relevant function in type 2 diabetes. In addition to the
perspective of beta cell mass preservation in type 1 diabetes
mellitus and an improved survival rate of transplanted islets,
information from this study may be valuable for stem cell
therapy strategies and in the development of engineered
cytokine-resistant cell lines suitable for therapeutic use in
human diseases other than type 1 diabetes. Finally, detailed
knowledge of the pro-apoptotic signalling mechanisms
influenced by SOCS3 may also provide new targets for
pharmacological intervention in the beta cell destroyed in
type 1 diabetes mellitus.
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