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Pancreatic � cell mass and function increase in conditions of enhanced
insulin demand such as obesity. Failure to adapt leads to diabetes. The
molecular mechanisms controlling this adaptive process are unclear.
Fas is a death receptor involved in � cell apoptosis or proliferation,
depending on the activity of the caspase-8 inhibitor FLIP. Here we
show that the Fas pathway also regulates � cell secretory function.
We observed impaired glucose tolerance in Fas-deficient mice due to
a delayed and decreased insulin secretory pattern. Expression of
PDX-1, a � cell-specific transcription factor regulating insulin gene
expression and mitochondrial metabolism, was decreased in Fas-
deficient � cells. As a consequence, insulin and ATP production were
severely reduced and only partly compensated for by increased � cell
mass. Up-regulation of FLIP enhanced NF-�B activity via NF-�B-induc-
ing kinase and RelB. This led to increased PDX-1 and insulin produc-
tion independent of changes in cell turnover. The results support a
previously undescribed role for the Fas pathway in regulating insulin
production and release.

diabetes � IL-1 � insulin

A decrease in functional insulin-producing pancreatic � cells
contributes to the establishment of not only type 1 but also type

2 diabetes (1, 2). Fas (CD95) is a cell surface receptor that plays a
central role in the regulation of death in many cell types, including
� cells, and may be implicated in the development of type 1 and type
2 diabetes (3–5). Glucose-induced � cell apoptosis in human islets
involves IL-1�-mediated up-regulation of Fas and subsequent
interaction with the constitutively expressed Fas ligand (FasL) on
neighboring � cells (3, 6–8). Fas/FasL interaction leads to cleavage
of procaspase-8, the most upstream caspase in the Fas apoptotic
pathway. However, elevated glucose concentrations have a dual
effect on � cell turnover, inducing proliferation in the short-term
and apoptosis in the long-term (3, 9, 10). This dual effect of glucose
may be explained by the pivotal role of FLICE-inhibitory protein
(FLIP) on Fas signaling. FLIP structurally resembles caspase-8 but
lacks its proteolytic activity (11). FLIP is expressed in human
pancreatic � cells and is decreased in the pancreatic tissue of type
2 diabetic patients as well as in cultured islets after prolonged
exposure to elevated glucose concentrations. Up-regulation of
FLIP switches Fas-mediated glucose signaling in � cells from being
apoptotic to favoring cell replication (12).

The transcription factor NF-�B is an essential component of
cytokine signaling. Interestingly, in � cells NF-�B activation can
also be triggered by glucose (6, 13). Increasing evidence points to
noninflammatory effects of NF-�B, including regulation of insulin
secretion (14, 15). NF-�B is activated by signaling through many
receptors, which can be grouped into the classical and nonclassical
pathways of NF-�B activation (16). In the classical pathway, up-
stream signals induce phosphorylation of I�B� bound to cytosolic
NF-�B. Phosphorylation is carried out by the I�B kinase (IKK)

complex, which is composed of IKK-� and two catalytic subunits,
IKK-� and IKK-�. Phosphorylation tags I�B� for ubiquitination
and, ultimately, for proteasomal degradation, liberating NF-�B
(p50 and RelA or p65) for translocation to the nucleus and
subsequent activation of target genes. The nonclassical pathway is
controlled through NF-�B-inducing kinase (NIK), which phosphor-
ylates IKK-�; this regulation occurs independent of the classical
IKK complex and leads to processing of p100, generating p52–RelB
heterodimers, which translocate to the nucleus.

The � cell-specific transcription factor PDX-1 predominantly
regulates � cell differentiation and secretory function. In particular,
PDX-1 controls several events in glucose stimulated insulin secre-
tion including mitochondrial metabolism (17–20). Several obser-
vations point to a role for the Fas pathway in the regulation of cell
cycle-independent events including T cell activation (21), renal
tubular epithelial integrin function (22), and protection against
neurodegeneration (23). However, a direct interaction between the
Fas pathway and PDX-1 has not been investigated.

In addition to its effect on � cell turnover, chronic hyperglycemia
impairs � cell secretory function (2, 24–26). This glucotoxic effect
is evident before apoptosis leads to a significant decrease in � cell
mass. This is most striking in vitro, where a 4-day exposure of human
islets to elevated glucose concentrations leads to almost complete
ablation of � cell secretory function, although �1% of � cells are
apoptotic (6). Because hyperglycemia regulates Fas expression (3,
7), we hypothesize that the Fas pathway may not solely mediate
glucose-induced changes in cell turnover, but also changes in � cell
secretory function.

Results
Fas Regulates � Cell Function. To assess the role of Fas on � cell
secretory function, we first used mice with a natural Fas mutation
[lpr (27)] transferred onto a C57BL/6j inbred strain background. In
contrast to the original MRL/MpJlpr mice, the B6.MRLlpr mice did
not develop any detectable sign of autoimmunity even at 13 weeks
of age, as described previously (28). This was confirmed by the lack
of detectable morphological and histological changes in the spleen,
liver, kidney, lung, and lymph nodes, as well as by the failure to
detect circulating anti-nuclear antibodies or increased circulating
cytokine (IL-1�, IFN�, IL-6, and TNF�) levels in Fas-deficient
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mice between 7 and 13 weeks of age (data not shown). At 8 weeks
of age, Fas-deficient B6.MRLlpr mice displayed impaired glucose
tolerance after an i.p. glucose load (Fig. 1 A and B). Assessment of
insulin sensitivity of the Fas-deficient mice by insulin tolerance test
(Fig. 1C) and insulin-stimulated glucose uptake into isolated adi-
pocytes (Fig. 1D) failed to detect major changes in insulin resistance
under these conditions. Baseline circulating insulin was higher in
Fas-deficient mice but did not increase in response to the glucose
load, whereas in wild-type mice there was a significant increase (Fig.
1E). To exclude a nonspecific effect related to the genetic back-
ground or an indirect effect due to Fas-deficiency in non-� cells, a
second set of glucose tolerance tests was performed in mice with a
� cell-specific knockout of Fas. Because these mice are on the
nonobese diabetic (NOD) genetic background, care was taken to
analyze the animals at 6 weeks of age, before the onset of insulitis
(data not shown). Compared with their wild-type NOD�Fas�/�

littermates, heterozygous NOD�Fas�/� mice showed a slight, albeit
nonsignificant impairment of glucose tolerance, whereas the ho-
mozygous NOD�Fas�/� mice displayed a significantly impaired

glucose tolerance, thus confirming the selective effect of Fas
deficiency (Fig. 1F). Of note, the NOD�Fas�/� mice were RipCre-
positive to ensure an appropriate control. Finally, the consequence
of Fas deficiency was confirmed by a third animal model, i.e., in
mice with a � cell-specific knockout of Fas on a C57BL/6j genetic
background (data not shown). To characterize the defect in insulin
secretion, we performed in situ pancreas perfusion experiments. In
Fas-deficient mice, the first phase insulin secretory response to a
15-min perfusion of 16.7 mM glucose was delayed and blunted,
followed by an ablation of second phase insulin release (Fig. 1 G and
H). The secretory defect apparent in the Fas-deficient mouse
pancreas was also present in isolated islets. Indeed, the ratio of high
to low glucose-stimulated insulin release was 45% less than in
wild-type islets (Fig. 1I). The defect was also apparent in islets after
24 h of culture (2-fold less glucose stimulated insulin secretion in the
Fas-deficient islets). The basal secretion was elevated in Fas-
deficient islets, which is in agreement with the in vivo levels of
insulin secretion and may reflect the compensatory increase in islet
� cell mass due to defective secretion. The role of Fas in glucose-

Fig. 1. Fas regulates � cell secretory func-
tion. Blood glucose levels after i.p. injec-
tion of 2 mg of glucose (A) and 1 mg of
glucose (B) per gram of body weight in
male Fas-deficient B6.MRLlpr and wild-type
C57BL/6j mice aged 7–8 weeks. *, P � 0.05,
Fas-deficient versus wild type (n � 15 and
10 for each group in A and B, respectively).
(C) Blood glucose levels after i.p. injection
of 0.5 units of insulin per kilogram of body
weight in male Fas-deficient and wild-type
mice. *, P � 0.05, Fas-deficient versus wild
type (n � 15 for each group). (D) Insulin-
stimulated 2-deoxyglucose uptake in adi-
pocytes isolated from Fas-deficient and
wild-type mice (n � 2, each in hexaplicate).
(E) Insulin levels after i.p. injection of 2 mg
of glucose per gram of body weight in male
Fas-deficient and wild-type mice (n � 15 for
each group). *, P � 0.05 relative to wild
type at time point 0 min; #, P � 0.05 relative
to wild type at time point 15 min. (F) Blood
glucose levels after i.p. injection of glucose
in male prediabetic NOD�Fas�/� (homozy-
gous), NOD�Fas�/� (heterozygous), and
NOD�Fas�/� (wild-type) littermate mice
aged 5–6 weeks. *, P � 0.05 (n � 5–10 for
each group). (G and H) Glucose-induced
insulin secretion in perfused pancreata
from Fas-deficient and wild-type mice.
Pancreata were perfused with basal solu-
tion (2.8 mM glucose) for 30 min, and then
glucose was increased to 16.7 mM for the
indicated period (n � 3). (I) Percentage of
islet insulin content released during a 1-h
incubation at 3.3 mM (basal) and 16.7 mM
(stimulated) glucose after an 8-day culture
period of islets isolated from Fas-deficient
and wild-type mice (Left) and the corre-
sponding stimulatory index of insulin se-
cretion (Right) (n � 4, each in hexaplicate).
Insulin content was 0.12 � 0.02 ng/ml for
wild-type mice and 0.14 � 0.03 ng/ml for
Fas-deficient mice. *, P � 0.001. (J) Percent-
age of islet insulin content released during
successive 1-h incubations at 3.3 mM (basal)
and 16.7 mM (stimulated) glucose after 6-h
and 4-day incubation periods of islets isolated from human pancreata in the presence of 500 ng/ml isotype IgG (control) or 500 ng/ml antagonistic anti-Fas
antibody (ZB4) (Left) and the corresponding stimulatory index (Right) (n � 3, each in triplicate). Insulin content for control islets was 0.04 � 0.01 and 0.03 � 0.002
ng/ml, and insulin content for ZB4-treated islets was 0.05 � 0.01 and 0.03 � 0.01 ng/ml after 6 h and 4 days, respectively. *, P � 0.001. (K) Percentage of islet insulin
content released during successive 1-h incubations at basal and stimulated glucose after incubation of human islets in the presence of FasL for 48 h. Insulin content
for control was 0.04 � 0.01 ng/ml, and insulin content for FasL-treated islets was 0.06 � 0.01 ng/ml (n � 2, each done in quintuplicate).
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stimulated insulin secretion was also verified in human islets by
means of the antagonistic anti-Fas antibody ZB4. In cultured
human islets isolated from pancreata of organ donors, ZB4 inhib-
ited glucose-stimulated insulin release already after 6 h (Fig. 1J),
whereas it was enhanced by FasL after 48 h (Fig. 1K), supporting
the notion that Fas activation is necessary for normal � cell
function. Pancreata from 8-week-old Fas-deficient mice revealed a
normal islet structure and ratio of � to � cells. However, islet � cell
mass was increased as compared with wild-type mice (2.10 � 0.48
mg in Fas-deficient vs. 0.59 � 0.15 mg in wild-type mice; P � 0.01),
with no change in pancreas weight (0.27 � 0.02 g in Fas-deficient
vs. 0.22 � 0.01 g in wild-type mice). Despite the �3-fold increase
in islet � cell mass of Fas-deficient mice, insulin content per
pancreatic wet weight and per isolated islet remained unchanged
(data not shown) probably because of a severe decrease in insulin
mRNA per � cell (Fig. 2A). In parallel, expression of PDX-1 was
decreased at mRNA and protein levels (Fig. 2 A and B), whereas
mRNA levels of uncoupling protein 2 (used as a control) were not
significantly changed (Fig. 2A). Similarly, in cultured human islets,
the antagonistic anti-Fas antibody ZB4 inhibited insulin and PDX-1
mRNA expression, demonstrating a direct regulation of these genes
by Fas (Fig. 2C). Furthermore, expression levels of FLIP mRNA
were similar in Fas-deficient and wild-type mice (data not shown).
To characterize the secretory pathway regulated by Fas signaling,
insulin release was stimulated with metabolic secretagogues, gen-
erating mitochondrial coupling factors such as ATP. The energy
substrate leucine and the cell-permeable dimethyl esters of �-
ketoglutarate and succinic acid were less effective in stimulating
insulin release from Fas-deficient mice and ZB4-treated human
islets (Fig. 2 D and E). In contrast, the secretory responses in
Fas-deficient or ZB4-treated islets were restored in the presence of
the phosphodiesterase inhibitors 3-isobutyl-1-methylxanthine and
the activator of adenylyl cyclase forskolin that increase cAMP levels

(Fig. 2 D and E). Furthermore, acute glucose-stimulated insulin
synthesis (which reflects translation) was normal (Fig. 2F). This
suggests that the exocytotic machinery and insulin translation are
fully functional in the absence of Fas signaling and indicates a defect
in the stimulus–secretion coupling in addition to persistently de-
creased insulin mRNA expression. Consistent with this hypothesis,
ATP concentration was decreased in Fas-deficient and ZB4-treated
islets (Fig. 2 G and H).

Fas and FasL Are Expressed in Islets and Regulate Insulin and PDX-1
mRNA Expression. FasL and, at low levels, the Fas receptor are
normally expressed in � cells, as previously shown in human islets
and in the present study in mouse islets (3, 8) (Fig. 3 A–D). To
examine whether the effects of the Fas pathway indeed influence
the phenotype of the � cell, wild-type and Fas-deficient mouse islets
were transfected with a vector encoding Fas (Fig. 3 C and D).
Transfection efficiency in � cell monolayers was �30–50% (Fig.
3D). Restoration of Fas in Fas-deficient islets significantly stimu-
lated insulin and PDX-1 mRNA expression, whereas overexpres-
sion of Fas at similar levels in wild-type mouse islets did not affect
these genes possibly because endogenous Fas was sufficient to
maximally stimulate steady-state PDX-1 levels (Fig. 3 E and F).

FLIP Regulates Insulin and PDX-1 mRNA Expression via the Alternative
Pathway of NF-�B Activation. Next we investigated the mediators of
Fas-regulated insulin production. Transfection efficiency of FLIP in
� cell monolayers was �30–50%, as previously shown (12). Over-
expression of FLIP significantly increased islet insulin and PDX-1
mRNA and protein expression (Fig. 4 A–C). Next we tested
whether FLIP can also regulate insulin production in Fas-deficient
mouse islets. As expected, transfection of FLIP in Fas-deficient
islets enhanced islet insulin content by 63 � 24% (n � 3; P � 0.05).
The functional role of FLIP in insulin production was then inves-

Fig. 2. Fas-deficient islets have decreased insulin and PDX1 expression and mitochondrial metabolism. (A) RT-PCR detection of insulin, PDX-1, and uncoupling protein
2 (UCP-2) mRNA expression in Fas-deficient and wild-type islets (n � 5 for each group). *, P � 0.05. (B) Immunoblotting of PDX-1 and actin of Fas-deficient and wild-type
islets and from the 3T3 cell line (negative control). One of two experiments is shown. (C) RT-PCR detection of insulin, PDX-1, and uncoupling protein 2 (UCP-2) in human
islets cultured for 4 days with 500 ng/ml isotype IgG (control) or 500 ng/ml antagonistic anti-Fas antibody (ZB4) (n � 3, each in duplicate). (D and E) Stimulatory index
of insulin secretion during successive 1-h incubation at 3.3 mM (basal) and 16.7 mM (stimulated) glucose, 20 mM leucine, 10 mM �-ketoglutarate dimethyl ester
(�-Ketoester), 10 mM succinic acid dimethyl ester (SAD), or 10 �M forskolin and 100 �M 3-isobutyl-1-methylxanthine (F/I), after a 4-day culture period of islets isolated
from Fas-deficient and wild-type mice (D) and after a 4-day culture period of human islets in the presence of 500 ng/ml isotype IgG (control) or 500 ng/ml antagonistic
anti-Fas antibody (ZB4) (E) (n � 3 from three different isolations/donors, each in triplicate). *, P � 0.05 vs. wild type or controls. (F) Islets isolated from wild-type and
Fas-deficient mice were radiolabeled (25 min) with [3H]leucine in 2.8 mM (basal) and 16.7 mM (stimulated) glucose. Radiolabeled proinsulin plus insulin is presented
as specifically immunoprecipitable radioactivity as a function of islet number (cpm per 100 islets) (n � 3). (G) After 1 day in culture, islets isolated from Fas-deficient and
wild-type mice were incubated successively for 30 min in 2.8 mM glucose followed by an additional 10 min in 16.7 mM glucose and analyzed for stimulated ATP content
per islet. *, P � 0.001 (n � 3, each in triplicate). (H) After a 4-day culture period, human islets cultured in the presence of 500 ng/ml isotype IgG (control) or 500 ng/ml
antagonistic anti-Fas antibody (ZB4) were incubated successively for 30 min in 2.8 mM glucose followed by an additional 10 min in 16.7 mM glucose and analyzed for
stimulated ATP content per islet. *, P � 0.05. Data are means of percentage relative to control for islets from three different donors, each plated in triplicate.
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tigated by RNAi. siRNA to FLIP suppressed endogenous FLIP
expression by 70%, leading to a 50% decrease in insulin and PDX-1
expression with a concomitant decrease in insulin content (Fig. 4D),
whereas scrambled siRNA had no effect on these genes (data not
shown). � cell proliferation and apoptosis remained unaffected by
transfection with FLIP at baseline 11.1 mM glucose (data not
shown), in support of the concept that Fas-FLIP can affect � cell
function independent of changes in cell turnover. To test whether
FLIP acts via NF-�B, INS-1E cells were transfected with an
NF-�B-driven luciferase construct. Cotransfection with FLIP
strongly induced NF-�B activity, reaching similar levels to IL-1�
(Fig. 4E). Nevertheless, detection of p50-RelA (p65) binding to an
NF-�B consensus site revealed no significant change after trans-
fection with FLIP (Fig. 4F). However, using an anti-RelB antibody,
which detects binding to an NF-�B consensus site, revealed a robust
induction of RelB by FLIP, indicating NF-�B activation via the
alternative pathway (Fig. 4G). To support these results, we used
islets isolated from alymphoplastic aly/aly mice, which are defective
in activation of the alternative NF-�B pathway because of a point
mutation in NF-�B-inducing kinase (29). In contrast to wild-type
islets, in aly/aly mice, FLIP failed to induce insulin and PDX-1
mRNA expression (Fig. 4 H and I). Finally, aly/aly mice displayed
impaired glucose tolerance (Fig. 4J), supporting the concept that
NF-�B activity is required for � cell secretory function (14, 15).

Discussion
Hitherto, activation of the Fas death receptor was thought to mainly
activate the apoptotic cascade. Recently we have shown that in

human � cells FLIP may switch Fas signaling toward proliferation
(12). Here we demonstrate that Fas is also a regulator of � cell
function. This is supported by impaired glucose tolerance in Fas-
deficient animals and by an abnormal response to glucose in
perfused pancreata and isolated islets. In particular, impaired � cell
function in the perfused pancreas was characterized by a delayed
and reduced first and second phase of insulin secretion. This defect
is partly explained by decreased ATP synthesis and suggests a
mitochondrial defect. Indeed, decreased total cellular ATP mainly
reflects overall mitochondrial dysfunction (30). This notion is
supported by the failure of energy substrates generating mitochon-
drial coupling factors to produce a normal insulin release. In
contrast, nonfuel stimuli evoked normal insulin secretion, suggest-
ing that metabolism–secretion coupling is defective in the absence
of Fas signaling while the exocytotic machinery is fully functional.
However, in addition to the regulation of ATP production, Fas
signaling has certainly further important effects on � cells. Indeed,
the dramatic increase in � cell mass and in basal insulin secretion
observed in the absence of Fas signaling cannot be solely attributed
to ATP deficiency.

The defective metabolism–secretion coupling may be a conse-
quence of decreased PDX-1 expression. PDX-1 has recently been
shown to be an essential regulator of several events in insulin
secretion, including mitochondrial metabolism and in particular
ATP production (18, 20). In line with these findings, we observed
a decrease in PDX-1 expression in the islets of Fas-deficient
animals. Moreover, Fas and FLIP up-regulation increased insulin
and PDX-1 expression. Interestingly, mutations in PDX-1 have
been associated with type 2 diabetes (31, 32), and high glucose
dramatically lowers DNA-binding activity of PDX-1 (33).

The endocrine pancreas has a remarkable capacity to adapt to
conditions of increased insulin demand, as encountered in obesity
and pregnancy, by increasing its functional � cell mass (34). Taken
together with previous findings, we propose a hypothesis for
long-term � cell plasticity, attributing a central role to the Fas
pathway (Fig. 4K). According to this hypothesis, long-term adap-
tation of the � cells to conditions of increased demand may be
triggered by limited hyperglycemic excursions (35). These excur-
sions elicit � cell production of IL-1� (6) followed by Fas up-
regulation (3, 7). At low concentrations of IL-1� and in the presence
of FLIP, Fas engagement leads to � cell proliferation (36) and
enhanced function via NF-�B and PDX-1, as shown in the present
study.

The contribution of insufficient insulin secretion to the de-
velopment of type 2 diabetes is now widely accepted (1, 2).
However, opinions diverge regarding the relative contribution of
a decrease in � cell mass versus an intrinsic defect in the
secretory machinery of the � cell. Here we demonstrate that the
Fas pathway regulates � cell secretory function in addition to its
known role in � cell turnover. It follows that the adaptive
mechanisms of function and mass share common regulatory
pathways and will therefore act in concert. However, � cell
adaptation is not solely dependent on the Fas pathway because
Fas-deficient animals exhibited a compensatory increase in � cell
mass. Nevertheless, the results support a novel role for the Fas
pathway in regulating � cell secretory function.

Materials and Methods
Animals. Ethical approval was granted by the Zurich Cantonal
Animal Experimentation Committee. C57BL/6j wild-type mice and
mice with a natural Fas mutation backcrossed for �10 generations
onto this same C57BL/6j inbred strain background (B6.MRLlpr)
were obtained from The Jackson Laboratory. NOD�Fas�/� and
BL6�Fas�/� mice were produced by introduction of LoxP sites
flanking exon IX of Fas and breeding to NOD and C57BL/6j rat
insulin promoter (RIP)-Cre mice, respectively. The aly/aly (alym-
phoplasia or Map3k14aly) mice were bred in-house (37).

Fig. 3. Fas and FasL are expressed in islets and regulate insulin and PDX-1 mRNA
expression. (A and B) Shown is RT-PCR analysis of FasL (A) and Fas (B) expression
in wild-type and Fas-deficient islets. Each lane represents an individual animal.
GAPDH was used as control. (C–F) Fas-deficient and wild-type islets were trans-
fected with a vector encoding for Fas and incubated for 8 days. (C) RT-PCR of Fas
and GAPDH (control) expression in Fas-deficient and wild-type islets. (D) Immu-
nostaining for Fas and insulin. (E and F) Quantitative RT-PCR detection of insulin
(E) and PDX-1 (F) mRNA expression normalized to GAPDH (n � 3 for each group).

*, P � 0.05 relative to wild type; #, P � 0.05 relative to Fas-deficient control.
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i.p. Glucose and Insulin Tolerance Tests. Mice were injected i.p. with
1 or 2 mg of glucose per gram of body weight or with 0.5 milliunits/g
recombinant human insulin (Novo Nordisk, Bagsværd, Denmark)
for the glucose or insulin tolerance test, respectively. Blood samples
were obtained from tail-tip bleedings, and blood glucose concen-
tration was measured with a Glucometer (Disetronic Medical
Systems, Burgdorf, Switzerland).

In Situ Pancreas Perfusion. Mice were anesthetized and prepared as
previously described (38). The pancreas was perfused at 37°C with
1.5 ml/min Krebs–Ringer Hepes buffer supplemented with 2.8 mM
glucose and with 16.7 mM glucose for stimulation. Effluent of the
first 30 min was not collected, and then effluent was collected in
1-min fractions.

Islet Cell Culture. Islets were cultured on extracellular matrix-coated
plates (Novamed, Jerusalem, Israel). Mouse islets were cultured in
RPMI medium 1640 containing 11.1 mM glucose, 100 units/ml
penicillin, 100 �g/ml streptomycin, 40 �g/ml gentamycin, and 10%
FCS (Invitrogen, Carlsbad, CA), and human islets were cultured in
CMRL 1066 medium containing 5.5 mM glucose, 100 units/ml
penicillin, 100 �g/ml streptomycin, and 10% FCS. In some exper-
iments the medium was supplemented with 500 ng/ml mouse
antagonistic anti-Fas antibody (ZB4; MBL, Nogoya, Japan) or 500
ng/ml isotype control.

Liposome-Mediated Transfection. Lipofectamine 2000 (Invitrogen)–
DNA complexes were prepared by using a RIP-FLAG-tagged-
FLIP-long-DNA (provided by J. Tschopp, University of Lausanne,
Lausanne, Switzerland), RIP-plasmid-DNA (control), or a CMV-
Fas-plasmid-DNA (provided by S. Nagata, Osaka University
Medical School, Osaka, Japan). The solution was added at a final
concentration of 3 �g of DNA per milliliter. The islets were assayed
8 days after transfection.

Immunostaining and Histochemical Analysis. Tissue sections were
incubated with guinea pig anti-insulin, fluorescein-conjugated rab-

bit anti-guinea pig and mouse anti-glucagon antibodies (Dako,
Carpinteria, CA), and donkey anti-mouse Cy3-conjugated antibody
(Jackson ImmunoResearch, West Grove, PA). � cell mass was
assessed by the fraction of the cross-sectional area of pancreatic
tissue positive for insulin staining and multiplying this by the
pancreatic weight.

Anti-Nuclear Antibodies. Anti-nuclear antibodies were detected by
incubation of a mouse liver tissue section with test serum followed
by detection with anti-mouse Cy3-conjugated antibody (Jackson
ImmunoResearch). Serum of wild-type mice and of systemic lupus
erythematosus-diseased mice was used as negative and positive
controls, respectively.

Cytokine Assay. Sera IL-1�, IFN�, IL-6, and TNF� were measured
by using Luminex technology (Labodia, Préverenges, Switzerland).

Cell Replication and Apoptosis. Islets were double-stained with
antibodies against mouse Ki-67 antigen (Zymed, San Francisco,
CA) or by TUNEL (Roche Molecular Biochemicals, Germany) and
for insulin as described (6).

Insulin Release and Insulin and ATP Contents. Acute insulin release in
response to glucose was tested as described (36). For ATP content,
islets were preincubated for 30 min in KRB followed by a 10-min
stimulation with 16.7 mM glucose KRB. ATP was quantified with
a bioluminescence-based kit (Roche).

RNA Extraction and Quantitative RT-PCR. We extracted total RNA
with Rneasy mini kit (QIAGEN, Basel, Switzerland) and per-
formed RT-PCR with SuperScript Double-Stranded cDNA syn-
thesis kit (Life Technologies/Gibco, Gaithersburg, MD). For quan-
titative analysis, we used the Light Cycler quantitative PCR system
(Roche, Basel, Switzerland) with a commercial kit (Light Cycler-
DNA Master SYBR Green I; Roche). Mouse primers used were as
follows: 5�-TACGGGGTTTGTGAAAGGAG-3� and 5�-CA-

Fig. 4. FLIP regulates insulin and PDX-1 mRNA
expression via the alternative pathway of NF-�B
activation. INS-1E (A and E–G), wild-type, and
aly/aly (B–D, H, and I) mouse islet cells were trans-
fected with a mock vector or a vector encoding
for FLIP (FLIP transfected) or exposed to siRNA to
FLIP. (A) Immunoblotting of FLIP. (B and D) RT-
PCR detection of insulin, PDX-1, and FLIP mRNA
expression and islet insulin content. The level of
mRNA expression was normalized to tubulin or
GAPDH, and the results are expressed as mRNA
levels relative to controls. (C) Immunoblotting of
PDX-1 in islets and in 3T3 cells (negative control)
transfected with the RIP vector alone and with
RIP-FLIP. One of two experiments is shown. (E–G)
Analysis of NF-�B activity by detection of lucif-
erase activity after transfection of an NF-�B-
driven firefly luciferase construct normalized to a
cotransfected constitutive Renilla luciferase con-
struct (E) and by detection of p50–p65 (F) and
RelB (G) binding to an NF-�B consensus site. The
effect of FLIP was compared with 150 pg/ml IL-1�

(n � 4, each in duplicate). (H and I) RT-PCR of
insulin (H) and PDX-1 (I) mRNA normalized to
GAPDH (n � 3–4). *, P � 0.05 relative to wild-type
control; #, P � 0.05 relative to aly/aly control. (J)
Blood glucose levels after i.p. injection of glucose
(2mg/gofbodyweight) inmalehomozygousand
heterozygous aly/aly mice and C57BL/6 (wild-
type) mice. *, P � 0.05 homozygous, heterozy-
gous vs. wild type (n � 6, 5, and 5, respectively, for each group). (K) Hypothetical model illustrating the consequence of limited hyperglycemia on � cell production of
IL-1� in parallel with insulin secretion. The paracrine effect of IL-1� induces Fas engagement, which, in the presence of FLIP, leads to � cell proliferation, differentiation,
and increased function.
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CATCATTCCCCAGGAAAC-3� (insulin); 5�-GAGGACCCG-
TACAGCCTACA-3� and 5�-CGTTGTCCCGCTACTACGTT-3�
(PDX-1); 5�-CTAAATTTGGTTGCCCCAGA-3� and 5�-CTC-
CCATTATGGAGCCTGAA-3� (FLIP long); 5�-CAGC-
CAGCGCCCAGTACC-3� and 5�-CAATGCGGACGGAG-
GCAAAGC-3� (uncoupling protein 2); 5�-GTGGCAGTGA-
TGGCATGGAC-3� and 5�-CAGCACCAGTGGATGCAGGG-3�
(GAPDH); and 5�-AGAGTCGCGCTGGTAAGAAGC-3� and
5�-CCCCAATGGTCTTGTCACTT-3� (tubulin). Human primers
used were as follows: 5�-CTCTACAATGGGCTGGTTGC-3� and
5�-TTGGTATCTCCGACCACCTC-3� (uncoupling protein 2); 5�-
CCACCTTGGGACCTGTTTAG-3� and 5�-TGATGCCAGAG-
GAAGAGGAG-3� (PDX-1); 5�-GCTGGTAGAGGGAGCA-
GATG-3� and 5�-CTCACACCTGGTGGAAGCTC-3� (insulin);
5�-AGAGTCGCGCTGTAAGAAGC-3� and 5�-TGGTCTTGT-
CACTTGGCATC-3� (�-tubulin); and 5�-AACAGCGACAC-
CCACTCCTC-3� and 5�-GGAGGGGAGATTCAGTGTGGT-3�
(GAPDH).

Western Blot. Membranes were exposed to a rat monoclonal anti-
body to FLIP (Dave-2; Alexis Biochemicals), a rabbit anti-PDX-1
antibody (kindly donated by H. Edlund, University of Umea,
Sweden), and a mouse anti-actin antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA).

RNAi. RNAs to FLIPlong (Silencer Predesigned siRNA) and scram-
bled siRNA were synthesized by Ambion (Austin, TX). siRNA was
transfected by using SiPortAmine, and transfection efficiency was
estimated with cy3-labeled siRNA by using the Silence siRNA
Labeling Kit (Ambion), as described (39).

NF-�B Activation. INS-1E cells were transfected with 1 �g of plasmid
DNA. NF-�B-dependent gene transcription was analyzed with 0.4
�g of the PathDetect NF�B cis-Reporting System (Stratagene, San
Diego, CA). The luciferase reporter gene was selectively regulated
by 5	 synthetic NF-�B promoter enhancer elements. Cells were

also transfected with an empty vector (pcDNA3; Invitrogen) as
control. The promoter activity was analyzed by using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI). De-
tection of specific activation of NF-�B was performed by using
attached oligonucleotides binding to a NF-�B consensus site and
detected by an anti-p65 or anti-p50 subunit antibody and by an
anti-Relb subunit antibody (TransAM NF�B and TransAM NF�B
family; Active Motif, Carlsbad, CA).

Determination of Glucose Uptake. Glucose uptake measurements
into isolated white adipocytes were carried out as described (40).

Acute Glucose-Stimulated Insulin Synthesis. Islets were preincu-
bated for 15 min at 37°C and resuspended in KRB-Hepes-BSA
with either 2.8 or 16.7 mM glucose and containing 590 �Ci/ml
[3H]leucine (American Radiolabeled Chemicals, St. Louis, MO).
Islets were radiolabeled for 25 min at 37°C, and labeling was
stopped with 0.9 ml of ice-cold KRB-Hepes-BSA, 2.8 mM
glucose, and 1 mM leucine. The islet pellet was extracted by
freeze–thawing and sonication on ice in 200 �l of 0.2 M
glycine/0.25% BSA (pH 8.8). Supernatants were analyzed for
proinsulin and insulin as described (41).

Statistical Analysis. Samples were evaluated in a randomized man-
ner blinded to the treatment conditions. Data are means � SE and
were analyzed by Student’s t test or by ANOVA with a Bonferroni
correction for multiple-group comparisons.
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