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Abstract Pancreatic beta cell damage caused by pro-
inflammatory cytokines interleukin-15 (IL-1p), interferon-
7 (IFNy) and tumor necrosis factor-o. (TNFo) is a key event
in the pathogenesis of type 1 diabetes. The suppressor of
cytokine signaling-1 (SOCS-1) blocks IFNy-induced sig-
naling and prevents diabetes in the non-obese diabetic
mouse. Here, we investigated if SOCS-1 overexpression in
primary beta cells provides protection from cytokine-
induced islet cell dysfunction and death. We demonstrate
that SOCS-1 does not prevent increase in NO production
and decrease in glucose-stimulated insulin secretion in the
presence of IL-1f, IFNy, TNFa. However, it decreases the
activation of caspase-3, -8 and -9, and thereby, promotes a
robust protection from cytokine-induced beta cell death.
Our data suggest that SOCS-1 overexpression may not be
sufficient in preventing all the biological activities of IFNy
in beta cells. In summary, we show that interference with
IFNy signal transduction pathways by SOCS-1 inhibits
cytokine-stimulated pancreatic beta cell death.
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Introduction

Type 1 diabetes is an autoimmune disease characterized
by a selective destruction of the insulin-secreting pan-
creatic beta cells [1, 2]. Despite intensive insulin therapy,
the majority of patients with type 1 diabetes eventually
develop complications that decrease quality of life and
reduce life expectancy. Several observations have led to
the suggestion that pro-inflammatory cytokines secreted
by macrophages and T lymphocytes infiltrating the pan-
creatic islets may contribute to the development of type 1
diabetes. Recent studies by us and others have provided
further support for the hypothesis that cytokines contrib-
ute to type 1 diabetes by acting directly on the beta cells
[3-6].

Added in combination, pro-inflammatory cytokines such
as IL-1p, IFNy and TNFa induce beta cell dysfunction and
death [7-10]. Cytokines activate intricate networks of
intracellular signal-transduction pathways, but those that
lead to beta cell damage are incompletely understood.
Cytokine-induced expression of the inducible nitric oxide
synthase (iNOS) and elevated intracellular NO concentra-
tion contribute to decreased glucose-stimulated insulin
secretion [9] and induction of beta cell death [11, 12] in
cultured rodent islets. However, NO-independent pathways
contributing to beta cell death have been described [10].
Many cytokine-induced signal-transduction pathways
converge at the level of caspase activation, and we and
others have shown the importance of caspase-3 activation
for cytokine-induced apoptosis in islets and beta cell lines



3788

I. I. Zaitseva et al.

[12-15]. Caspase-3 is an effector caspase that is activated
by initiator caspases [16], such as caspase-8 and caspase-9.
Caspase-8 is shown to be activated by TNFa in insulin-
producing cell lines [17, 18], and caspase-9 by the com-
bination of IL-1f, IFNy, and TNF« in human pancreatic
islets [19].

In vitro, IFNy itself does not induce cell death [20];
however, it potentiates the detrimental effects of IL-1f or
TNFo on islet cell function and survival [7, 20, 21].
Moreover, TNFa induces apoptosis of primary beta cells
only when added in combination with IFNy [22]. These
data suggest that IFNy-induced signal-transduction path-
ways control the pathways activated by other cytokines
leading to primary beta cell damage. IFNy signals via a
receptor associated with janus-activated kinase (JAK) and,
upon IFNy binding to the receptor, JAK becomes activated.
Activated JAK phosphorylates the IFNy receptor allowing
signal transducer and activator of transcription (STAT-1)
to bind. The subsequent phosphorylation of STAT-1 is a
crucial step in the formation of STAT-1-STAT-1 homo-
dimers, which translocate to the nucleus and initiate the
transcription of IFNy-activated genes [23, 24]. Besides its
participation in IFNy triggered signaling, STAT-1 is a
component of, for example, the TNFo and IL-1§ receptor
complexes, and IFNy can induce interaction between
TRADD, a component of TNF« receptor complex, and
STAT-1 [25-27].

Activation of the JAK/STAT pathway is prevented by
the suppressor of cytokine signaling-1 (SOCS-1), which
binds to phosphorylated JAK and one of the phosphotyro-
sine residues on the IFNy receptor. The consequence of this
interaction is inhibition of JAK and prevention of down-
stream STAT-1 activation [28, 29]. Besides this, SOCS-1
has been shown to accelerate the ubiquitination and deg-
radation of phosphorylated JAK [30], and SOCS-1 also
interferes with Toll-like receptor (TLR) signaling [31-33],
a receptor family to which the IL-1p receptor belongs.

We have recently demonstrated that beta cell expression
of SOCS-1 protects NOD mice from developing diabetes
[4]. Others have shown that SOCS-1 deficient beta cells
are hypersensitive to TNFa-induced NO production and
TNFo-induced cell death [20]. However, how signaling via
the JAK/STAT pathway controls beta cell dysfunction and
death induced by other cytokines is not entirely clear. To
further evaluate this we have investigated whether beta cell
expression of SOCS-1 affects islet cell function and death
induced by a combination of pro-inflammatory cytokines
(IL-1p, IFNy, and TNFx). Specifically, we have investi-
gated the effects of SOCS-1 overexpression on insulin
release, cytokine-induced NO production, caspase activa-
tion and islet cell death.

Materials and methods
Materials

RPMI-1640 medium and fetal calf serum were obtained
from Gibco (Middlesex, UK). Bovine serum albumin
(BSA), extravidin fluorescein isothiocyanate (FITC) con-
jugate, propidium iodide (PI) and recombinant murine
TNFo were purchased from Sigma (St. Louis, MO, USA).
Recombinant human IL-1f was received from Calbiochem
(San Diego, CA, USA). Recombinant murine IFNy was
purchased from Life Technologies (Gaithersburg, MD,
USA). The kit for TdT-mediated X-dUTP was purchased
from Roche (Basel, Switzerland). All other reagents were
of analytical grade and were obtained from VWR Inter-
national (West Chester, PA, USA).

Animals

C57BL/6 (here denoted B6) and SOCS-1-Tg mice on the
B6 background [34, 35] originally obtained from The
Scripps Research Institute (La Jolla, CA), were bred and
maintained at a specific pathogen free environment at
Karolinska Institutet (Stockholm, Sweden). Heterozygote
SOCS-1-Tg B6 mice were bred with non-transgenic B6
mice and the littermates were genotyped by PCR analysis
of tail DNA [34]. All experiments were conducted in
accordance with institutional guidelines and approved by
the local animal ethics committee at Karolinska Institutet
(Stockholm, Sweden).

Isolation of islets and islet cells

Islets of Langerhans from 2- to 6-month-old B6 mice or
SOCS-1-Tg B6 mice were isolated by collagenase diges-
tion and hand-picked as previously described [36]. The
islets were cultured in RPMI-1640 medium supplemented
with 11 mM glucose, 10% (vol/vol) fetal calf serum,
100 U/ml penicillin, and 100 pg/ml streptomycin (standard
medium) with or without a mixture of IL-1f and TNFu
(IL-1p, 25 U/ml; TNFea, 100 U/ml) or a mixture of IL-1p,
TNFa, and IFNy (IL-14, 25 U/ml; IFNy, 100 U/ml; TNFa,
100 U/ml) at 37°C for 40 h.

For determination of NO production and for measure-
ments of caspase activity, islets were disrupted into a
suspension of single cells with dispase followed by cen-
trifugation in BSA as previously described [37]. Cell
preparations were plated in microtiter plates and cultured in
the standard medium with or without the cytokine mixtures
at 37°C for 40 h.
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Measurement of islet cell apoptosis

The terminal transferase-mediated dUTP nick end labeling
(TUNEL) technique was used to detect DNA strand breaks
in situ as previously described [38, 39]. Islets were double-
stained with FITC and PI and fixed on glass slides with
80% glycerol in phosphate-buffered saline. Fluorescence
was monitored with Leica TCS-NT laser scanning confocal
microscope (Leica Microsystems, Wetzlar, Germany) with
excitation from the 488-nm line of an argon/krypton laser.
Fluorescence emission was detected with a band-pass filter
(Chroma Technology, Rockingham, VT, USA) centered at
530 nm for FITC and above 590 nm for PI. Several con-
focal images were used for counting the number of
apoptotic cells in each islet.

Measurement of insulin release

Static incubations of isolated islets and measurements of
insulin release were performed as previously described
[40].

Nitrite determination

Islet cell nitrite production was determined with Griess
reaction. Culture medium was withdrawn and centrifuged
for 2 min at 1,500g, and 100 pl samples of supernatant
were transferred to a 96-well plate and mixed with 50 pl of
Griess reagent (Alexis, Carlsbad, CA, USA) as previously
described [12, 38]. The reaction was carried out for 15 min
at room temperature. Nitrite production was determined by
540 nm absorbance with reference at 620 nm in a 96-well
plate reader. For calibration of data, a standard curve for
NaNO, in RPMI 1640 medium was established in each
assay. The results were expressed as uM of NO, ™ per pg of
total protein.

Caspase activity measurement

Measurement of caspase activity was performed using
fluorometric Caspase-3 Activity Assay, Caspase-8 Activ-
ity Assay (Oncogene, Darmstadt, Germany) and Caspase-
9 Fluorometric Assay (R&D Systems, Minneapolis, MN,
USA) according to the supplier’s instructions. The assays
are based on the cleavage of a caspase-specific substrate
labelled with a fluorescent molecule, 7-amino-4-tri-
fluoromethyl coumarin (AFC). Reaction was monitored
by a blue to green shift in fluorescence upon cleavage of
the AFC fluorophore. Fluorescence measurements were
performed using a fluorescence plate reader, with excita-
tion and emission wavelengths of 400 and 505 nm,
respectively, and bypass filter 430 nm. Results were
quantified as relative units of caspase activity and

expressed as percentage of the activity in unstimulated B6
islet cells.

Statistical analysis

The difference of means was estimated with unpaired
Student’s ¢ test using Sigma Plot 2001 for Windows
(Jandel, USA).

Results

No effects of SOCS-1 on cytokine-induced inhibition
of glucose-stimulated insulin secretion

A well-known deleterious effect of pro-inflammatory
cytokines on islet cell function is the reduction of glucose-
induced insulin release. Previous studies have indicated
that this effect is dependent upon an IFNy-driven signal
transduction pathway [41, 42]. Therefore, we first evalu-
ated whether beta cell expression of SOCS-1 affects the
inhibition of glucose-stimulated insulin secretion induced
by cytokines. To this end, islets isolated from B6 and
SOCS-1-Tg B6 mice were incubated in the presence or
absence of the mixture of IL-1/, TNFo, and IFNy for 40 h.
Following incubation, glucose-stimulated insulin release
was determined. The results depicted in Fig. 1 demonstrate
that overexpression of SOCS-1 in beta cells did not affect
glucose-induced insulin secretion under normal conditions.
As expected, incubation with cytokines impaired glucose-
induced insulin release in B6 islets (Fig. 1). Similarly,
cytokine-treated islets from SOCS-1-Tg mice demonstrated
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Fig. 1 Expression of SOCS-1 does not affect cytokine-induced
inhibition of glucose-stimulated insulin secretion. B6 or SOCS-1-Tg
mouse islets were incubated with or without a mixture of IL-1p,
TNFo and IFNy for 40 h. Insulin release was determined by
radioimmunoassay using rat insulin as standard. Black bars control
islets, white bars cytokine-treated islets. Results are means &= SEM of
five separate experiments. *P < 0.05 relative to untreated control
islets of the same genotype
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an impaired glucose response (Fig. 1), suggesting that
overexpression of SOCS-1 does not protect pancreatic beta
cells from cytokine-induced decrease in glucose-stimulated
insulin secretion.

Overexpression of SOCS-1 protects from islet cell
death induced by cytokines

NOD mice harboring beta cells expressing SOCS-1 have a
markedly reduced incidence of diabetes [4], indicating that
SOCS-1 may protect against beta cell death. Previous
studies have demonstrated that cytokines are potent

Fig. 2 Expression of SOCS-1
protects islet cells from
cytokine-induced cell death. B6
or SOCS-1-Tg mouse islets
were incubated with or without
the mixture of IL-1f, TNFo and
IFNy for 40 h. Confocal images
of B6 control islet (a), SOCS-1-
Tg control islet (b), B6 islet
incubated with cytokines (c),
SOCS-1-Tg islet incubated with
cytokines (d), after nick
translation labelling of DNA
strand breaks (TUNEL) and
double staining with FITC/PL
Apoptotic cells have a green
colour. Bar width 40 pm.
Several confocal images of each
islet are represented.

e Percentage of TUNEL
positive cells detected by
confocal microscopy. Black
bars control islets; white bars
cytokine-treated islets. Results
are means = SEM of 74-103
islets from five B6 and six
SOCS-1-Tg mice. *P < 0.0005
relative to untreated control
islets of the same genotype,

#P < 0.05 relative to B6 islets
treated with cytokines
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inducers of beta cell apoptosis [10]. To evaluate whether
SOCS-1 expression protects against cytokine-induced cell
death, apoptosis was determined in islets stimulated with
the mixture of IL-1f, TNFo, and IFNy by TUNEL tech-
nique. As shown in Fig. 2, SOCS-1 overexpression did not
affect the level of apoptosis in untreated islets. A pro-
nounced increase in apoptotic cell death was observed in
cytokine-treated B6 islets. However, a markedly reduced
apoptosis was observed in cytokine-treated SOCS-1-Tg
islets. These observations indicate that beta cell expression
of SOCS-1 provides substantial protection against cyto-
kine-induced cell death.
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SOCS-1 does not affect cytokine-induced NO
formation

It has been shown that NO produced upon treatment with
cytokines plays an important role in pancreatic beta cell
death [9, 12, 43]. In order to study the mechanisms
underlying the protective effect of SOCS-1, we next
investigated whether SOCS-1 affects NO production
induced by the mixture of IL-1pf, TNFa, and IFNy. To this
end, NO was measured in media harvested from B6 mice
and SOCS-1-Tg B6 mouse islet cell preparations incubated
in the presence or absence of the cytokine mixture using
the Griess reaction. The results shown in Fig. 3 demon-
strate that the cytokine mixture induced production of NO
in B6 mouse islet cells. Moreover, SOCS-1 overexpression
did not prevent NO formation. The data obtained suggest
that changes in NO production cannot be responsible for
the protective effect of SOCS-1 overexpression in beta
cells.

It is a well-known fact that IFNy substantially potenti-
ates IL-1p-induced NO production in pancreatic islets [7].
The absence of difference in cytokine-induced NO for-
mation in B6 and SOCS-1-Tg B6 mouse islet cells raised
the question whether IFNy activates signal transduction
pathway(s) leading to elevation of NO production in B6
and SOCS-1-Tg B6 mouse islet cells under our experi-
mental conditions. Therefore, we examined whether the
mixture of IL-1f and TNFa can induce NO production and
whether IFNy affects NO production induced by the mix-
ture of IL-1f and TNFo in B6 mice and SOCS-1-Tg B6
mouse islet cells. Following stimulation with the mixtures
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Fig. 3 SOCS-1 overexpression does not affect cytokine-induced NO
production by islet cells. B6 or SOCS-1-Tg mouse islet cells were
incubated with the mixture of IL-1/ and TNFa« or with the mixture of
IL-1f3, TNFo and IFNy for 40 h. NO production was measured as
release of NO, ™ into the medium by using Griess reagent. Results are
means = SEM of 4-11 independent experiments. *P < 0.05 relative
to untreated control islet cells of the same genotype, "P < 0.05
relative to islet cells of the same genotype treated with the mixture of
IL-1$ and TNFo

of cytokines, NO was measured in media harvested from
B6 mice and SOCS-1-Tg B6 mouse islet cell preparations.
The data presented in Fig. 3 demonstrate that the mixture
of IL-1f and TNF« at concentrations used did not induce
NO formation in B6 mouse islet cells. Neither did the
mixture stimulate NO production in SOCS-1-Tg B6 mouse
islet cells. However, an addition of IFNy to the mixture of
IL-1p and TNFa produced a strong stimulatory effect on
NO formation both in B6 and SOCS-1-Tg B6 mouse islet
cells. The obtained results suggest that IFNy-induced sig-
nal-transduction pathway(s) leading to elevation of NO
production are active both in B6 and in SOCS-1-Tg B6
mouse islet cells.

Thus, our data clearly demonstrate that the NO forma-
tion in SOCS-1-Tg B6 mouse islet cells incubated with the
cytokine mixture containing IFNy is drastically elevated
compared to that incubated with the combination of IL-1§
and TNF«. Taking this into consideration, we then evalu-
ated whether the presence of IFNy in cytokine mixture
affects also the level of cell death in SOCS-1-Tg B6 islets.
Apoptosis was determined in SOCS-1-Tg B6 islets incu-
bated with the combination of IL-15 and TNFa or the
mixture of IL-15, TNFa, and IFNy by the TUNEL tech-
nique. In good correlation with the absence of NO
production, the mixture of two cytokines did not enhance
SOCS-1-Tg B6 islet cell death (93.8 &= 13.8% of 42 islets
from 6 mice) compared to control conditions (100 £
10.7% of 83 islets from 12 mice). On the contrary, the
presence of IFNy in the mixture produced an increase in
cell death in SOCS-1-Tg B6 islets (289.8 £ 35.7% of 51
islets from 12 mice; *P < 0.05 relative to untreated con-
trol, *P <0.05 relative to islets treated with two
cytokines), although the level of cell death induced by a
combination of IL-1f, TNFoa, and IFNy in SOCS-1-Tg B6
islets is approximately half of that in B6 islets (Fig. 2). The
increase in cell death in SOCS-1-Tg B6 islets incubated
with the combination of IL-1f, TNFa, and IFNy is in line
with the strong induction of NO formation under this
condition (Fig. 3), suggesting that the elevation of cell
death in the presence of IFNy could be attributed to the
elevation of NO.

SOCS-1 decreases cytokine-induced caspase activity
in islet cells

Caspase activation plays a central role in the execution of
apoptosis [44]. It has previously been shown that cytokines
induce caspase-3 activation in pancreatic beta cells [45],
and that activation of this effector caspase is essential for
the induction of apoptosis in beta cells [14, 18]. Moreover,
SOCS-1 deficiency increases TNFo-mediated caspase
activation in pancreatic beta cells [20]. To further investi-
gate the mechanisms involved in the anti-apoptotic effect
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of SOCS-1, we next evaluated caspase-3 activation induced
by cytokines in islet cells from B6 and SOCS-1 mice. To
this end, caspase-3 activity was measured in cell lysates
from islet cells incubated in the presence or absence of the
mixture of IL-1/, TNFo, and IFNy for 40 h. In good cor-
relation with the enhanced apoptosis (Fig. 2), cytokines
increased caspase-3 activation in B6 mouse islet cells
(Fig. 4a). In contrast, the cytokine mixture failed to sig-
nificantly activate caspase-3 in SOCS-1 overexpressing
islet cells (Fig. 4a). These results suggest that the protec-
tive effect of beta cell expression of SOCS-1 at least in part
relies on the inhibition of caspase-3 activation in response
to cytokine treatment.

The effector caspase-3 is known to be activated by
initiator caspases [16], including caspase-8 and caspase-9,
that were previously shown to be activated by cytokines in
beta cell lines or primary beta cells [18, 19]. To determine
which apoptotic pathway leading to caspase-3 activation is
blocked by SOCS-1, we evaluated the effects of SOCS-1
overexpression on cytokine-induced caspase-8 and cas-
pase-9 activation. Following stimulation with the mixture
of IL-1f3, TNFo, and IFNy for 40 h, caspase-8 and caspase-
9 activities were measured in cell lysates from B6 or
SOCS-1-Tg B6 mouse islet cells. In contrast to previous
reports using beta cell lines [17, 18], we were unable to
detect any caspase-8 activation in primary B6 islet cells
stimulated with cytokines. However, caspase-9 was acti-
vated in islet cells from B6 mice stimulated with the
cytokine mixture (Fig. 4b, c). In full agreement with the
absence of caspase-3 activation in islet cells overexpress-
ing SOCS-1, cytokine stimulation did not result in the
activation of caspase-8 and caspase-9. In fact, SOCS-1
overexpressing beta cells demonstrated a reduced activity
of caspase-8 (Fig. 4b, c). Taken together, these findings
indicate that SOCS-1 inhibits activation of initiator casp-
ases in primary beta cells.

Discussion

Cytokines contribute to beta cell destruction in type 1
diabetes. IFNy impairs glucose-stimulated insulin secretion
[41] and markedly potentiates the detrimental effects of
other pro-inflammatory cytokines on beta cell function and
survival [7, 21]. Intracellular signaling by IFNy and some
other cytokines using the JAK/STAT signaling pathway
can be prevented by SOCS-1 [30], and overexpression of
SOCS-1 in pancreatic beta cells protects from cytokine
damage and diabetes development in the NOD mouse [4].
To further understand the mechanisms behind this protec-
tion, we investigated how SOCS-1 affects the islet response
to multiple pro-inflammatory cytokines. We now demon-
strate that IFNy-induced signal-transduction pathways are
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Fig. 4 Cytokines activate caspases in B6 but not in SOCS-1-Tg islet
cells. B6 or SOCS-1-Tg mouse islet cells were incubated with or
without the mixture of IL-1f, TNFa, and IFNy for 40 h. Caspase-3
(a), caspase-8 (b), and caspase-9 (c¢) activities were measured by a
fluorometric assay (see “Methods”). Black bars control, white bars
cytokine-treated. Results are means = SEM of 6-14 observations per
condition from 3-6 independent experiments. The activity in
unstimulated B6 islet cells was defined as 100%. *P < 0.05 relative
to unstimulated B6 islet cells, P < 0.05 relative to B6 islet cells
stimulated with cytokines, *P < 0.05 relative to unstimulated
SOCS-1-Tg islet cells

activated in B6 mouse islet cells and that overexpression of
SOCS-1 does not protect pancreatic islet cells against
impairment in glucose-stimulated insulin secretion or pre-
vent islet cell NO production induced by a mixture of
IL-1p, TNFa, and IFNy. However, it provides a robust
protection against islet cell apoptosis induced by a com-
bination of IL-1f, TNFa, and IFNy. This is accomplished
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by an inhibition of the pathways leading to caspase-9
and subsequently caspase-3 activation. Hence, inhibition
of cytokine-induced pancreatic islet cell death triggered
by SOCS-1 is based on the inhibition of activation of
caspases.

Caspase-3 activation may be a final event in the
induction of beta cell apoptosis [13, 18]. Our data support
this view since activation of caspase-3 in B6 mouse islet
cells is accompanied by an increase in cell death. Initiator
caspase-8 and caspase-9 can activate the effector caspase-3
[44], and we and others demonstrated that cytokines acti-
vate caspase-8 in beta cell lines [17, 18]. However, our
observation that caspase-8 known to be induced after
ligation of the TNF receptor [46] is not activated in primary
mouse islet cells incubated with a combination of IL-1p,
TNFo, and IFNy suggests that the mechanisms underlying
cytokine-induced primary beta cell death may differ from
those triggering cell death in beta cell lines. In that way, the
intrinsic mitochondrial apoptotic pathway leading to cas-
pase-9 activation, followed by an increased caspase-3
activity, is likely to be important for the induction of
cytokine-stimulated primary islet cell death.

Overexpression of SOCS-1 in B6 mouse pancreatic beta
cells resulted in a pronounced decrease in cytokine-induced
islet cell apoptosis. This was accompanied by the absence
of caspase-9 activation and a substantial decrease in cas-
pase-8 activation. Therefore, SOCS-1 may interfere with
the pathways activating caspase-8 and caspase-9, respec-
tively. The interference with the caspase-8 activation
pathway can be due to a blockage in STAT-1 and TNF
receptor interactions [18, 20, 26], or to inhibition of STAT-
1-dependent IFNy-induced increased caspase-8 expression
[47]. The former pathway starting from the TNF receptor
can activate both caspase-8 and c-jun N-terminal kinase
(JNK) [46], and it was previously reported that TNFo
potentiates IL-1p-induced JNK activation in pancreatic
islets [48]. Activated JNK may initiate apoptosis by
interfering with mitochondria, resulting in the release of
cytochrome c [49] and subsequent activation of caspase-9.
It was previously shown that SOCS-1 inhibits TNFo-in-
duced apoptosis in part by interfering with TNFa-induced
JNK activation [50-52]. Hence, it is possible that SOCS-1,
by interfering with the TNFo pathway, abolishes the
potentiation of IL-1f-induced JNK activation and therefore
reduces caspase-9 activation. If so, then it is likely that
SOCS-1 inhibits the activation of both caspase-8 and cas-
pase-9 by its interaction with the pathway(s) by which
IFN7y regulates the TNFa signaling pathway.

The elevated NO production is discussed to be an
important factor for the induction of pancreatic beta cell
death [10-12]. The mixture of IL-1f and TNFa does not
affect cell death as well as NO formation in the SOCS-1-Tg
B6 islets, while the presence of IFNy in the cytokine

mixture induces both the elevation of cell death and rise in
NO production. However, despite the fact that NO pro-
duction is elevated in the SOCS-1-Tg B6 islet cells up to
the level observed in B6 mouse islet cells, the cytokine-
induced cell death in the SOCS-1-Tg B6 islets is signifi-
cantly less than in B6 islets. Therefore, the inhibition of
cytokine-induced pancreatic islet cell death by SOCS-1 is
not mediated by changes in NO production.

The observation that SOCS-1 overexpression does not
affect NO synthesis indicates that the pathways perturbed
by SOCS-1 are not essential for cytokine-induced NO
production. This finding was somewhat surprising, as IFNy
potentiates IL-1f-induced islet cell NO production ([7] and
Fig. 3). It is possible that SOCS-1 does not interfere with
the IL-1p driven signal-transduction and the pathway(s) by
which IFNy enhances IL-1f-induced NO production.
Indeed, IFNy activates pathways other than the JAK/STAT-
signaling pathway, including the mitogen-activated protein
kinase (MAPK) pathway [23], which may contribute to the
potentiation of NO production [53, 54]. Likewise, SOCS-1
may not block the signaling pathways that are essential for
the decrease in glucose-stimulated insulin secretion
observed after stimulation with a combination of IL-1p,
TNFo, and IFNy. Impairment of this important beta cell
function is dependent upon NO in murine islets [7, 9, 42].
Our studies show that inhibition of glucose-stimulated
insulin secretion induced by a mixture of IL-1/, TNFa, and
IFNy correlates with an increase in NO production. Based
upon this and previously published data [7, 9, 42], it may
be hypothesized that the cytokine-induced decrease in
glucose-stimulated insulin secretion is a consequence
of increased NO production driven by IFNy-dependent
signal-transduction pathways other than the JAK/STAT
pathway.

Transplantation of pancreatic islets which can accurately
sense and respond to the quick changes in blood glucose
levels is a desired approach in the treatment of type 1
diabetes. However, transplanted islets are extremely sen-
sitive to host immune responses, and such immune
responses play an important role in early islet graft
destruction. An inflammatory reaction generated by the
transplant itself may result in the release of pro-inflam-
matory cytokines. Moreover, a primed autoimmune
response to beta cells causes activation of beta cell-specific
autoimmunity leading to cytokine exposure. Our finding
that SOCS-1 expression does not have a major effect on
glucose-stimulated insulin secretion, together with the
observed protection against cytokine-induced islet cell
death supports the possibility to use SOCS-1 overexpres-
sion as a means to genetically engineer beta cells with
resistance to inflammation.

In summary, our data suggest that protection from type 1
diabetes in NOD mice harboring beta cells that express
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SOCS-1 may at least in part be explained by reduced
ability of pro-inflammatory cytokines to induce cell
death. Thus, our data support the notion that a block in
IFNy-driven signal transduction inhibits cytokine-stimu-
lated pancreatic beta cell death [6, 42, 55]. However, an
inhibition of the JAK-STAT signaling pathway alone may
not be sufficient for the prevention of all the biological
activities of IFNy in beta cells. Therefore, future work may
reveal JAK-STAT-independent pathways that are triggered
by IFNy in beta cells and which may be evaluated for their
relative importance with regard to beta cell function and
viability.
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