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Cell-Permeable Peptide Inhibitors of JNK

Novel Blockers of �-Cell Death
Christophe Bonny, Anne Oberson, Stéphanie Negri, Christelle Sauser, and Daniel F. Schorderet

Stress conditions and proinflammatory cytokines acti-
vate the c-Jun NH2-terminal kinase (JNK), a member of
the stress-activated group of mitogen-activated protein
kinases (MAPKs). We recently demonstrated that inhi-
bition of JNK signaling with the use of the islet-brain (IB)
1 and 2 proteins prevented interleukin (IL)-1�–induced
pancreatic �-cell death. Bioactive cell-permeable pep-
tide inhibitors of JNK were engineered by linking the
minimal 20–amino acid inhibitory domains of the IB
proteins to the 10–amino acid HIV-TAT sequence that
rapidly translocates inside cells. Kinase assays indi-
cate that the inhibitors block activation of the tran-
scription factor c-Jun by JNK. Addition of the peptides
to the insulin-secreting �TC-3 cell line results in a
marked inhibition of IL-1�–induced c-jun and c-fos
expression. The peptides protect �TC-3 cells against
apoptosis induced by IL-1�. All-D retro-inverso pep-
tides penetrate cells as efficiently as the L-enantiomers,
decrease c-Jun activation by JNK, and remain highly sta-
ble inside cells. These latter peptides confer full pro-
tection against IL-1�–induced apoptosis for up to 2 weeks
of continual treatment with IL-1�. These data establish
these bioactive cell-permeable peptides as potent phar-
macological compounds that decrease intracellular JNK
signaling and confer long-term protection to pancre-
atic �-cells from IL-1�–induced apoptosis. Diabetes
50:77–82, 2001

A
critical component of the cell response to extra-
cellular stimuli is the activation of protein kinases
that phosphorylate numerous substrates, includ-
ing nuclear proteins. In yeasts and mammals, the

mitogen-activated protein (MAP) signal transduction path-
ways converge to kinases that are directly able to activate tran-
scription factors. Well-characterized MAP kinase (MAPK)
pathways include extracellular-regulated kinases (ERKs)-1/2,
p38 kinases, and c-Jun NH2-terminal kinases (JNKs).

The JNK signal transduction pathway is preferentially acti-
vated in response to environmental stress and by the engage-
ment of several classes of cell surface receptors, including
cytokine receptors, serpentine receptors, and receptor tyro-
sine kinases (1). Targets of JNKs are mostly transcription
factors, including c-Jun– (2), activating transcription factor
(ATF) 2– (3), and ETS-containing factors such as Elk1 (4).
Other targets having function regulated by JNK-mediated
phosphorylation include insulin receptor substrate 1 (5) and
Bcl-2 (6). In murine fibroblasts, the absence of JNK causes the
failure to release cytochrome c (7).

In type 1 diabetes, we recently provided evidence that JNK
plays a central role in the intracellular events that signal
�-cell loss after exposure to the proinflammatory cytokine
interleukin (IL)-1� (8,9). To address the specific role of JNK
in pancreatic �-cell death, we used two different sub-
clones of the pluripotent pancreatic endocrine stem cell clone
(MSL). These cells were used to derive two lines, namely
the glucagon-secreting AN-glu, and, after stable transfection
with the transcription factor pancreatic duodenal homeobox
factor (PDX)-1, the insulin-secreting AN-ins (10). The AN-ins
cells were reported to be more susceptible to apoptosis
elicited by IL-1�, an effect not accounted for by increased
nitric oxide (NO) production (8). In contrast, the AN-ins cells
showed an increased activation of JNK in response to IL-1�.
In these cell systems, we demonstrated that the two MAPKs,
p38 and ERK, were unnecessary to promote the apoptotic
response. JNK activity, however, was essential because block-
ing JNK with the use of the dominant inhibitor JNK-binding
domain (JBD) of the islet-brain (IB)-1/JNK-interacting protein
(JIP)-1 (11,12) prevented apoptosis by >90%. JBD also pre-
vented apoptosis in �TC-3, RINm5F, and INS-1 cells (8,9,13).

The IB-1/2 proteins are natural regulators of the JNK-
signaling pathway and are highly expressed in pancreatic
�-cells (9,11). A mutation in the IB1 gene has recently been
shown to be associated with a familial form of type 2 diabetes
and to decrease the resistance of cells to proapoptotic stim-
uli (14). Decreased IB-1 levels in pancreatic �-cells sensitize
cells to IL-1�–induced apoptosis (13). IB1 is an isoform of the
JNK-interacting protein JIP-1 and interacts with JNK through
JBD, a 280–amino acid domain. IB-2/JIP-2 has a similar domain
of 240 amino acids (9,15). We have demonstrated that the JBD
of both IB-1 and IB-2 is able to prevent apoptosis of pancre-
atic �-cell lines induced by IL-1� (8,9).

Here, we have used a sequence comparison to define the
minimal conserved domains of IB-1 and IB-2 that block �-cell
apoptosis. We show that peptides of 20 and 18 amino acids
derived from IB-1 and IB-2, respectively, are sufficient to
block activation (i.e., phosphorylation of the activation
domains) of c-Jun by JNK. After covalent linkage of these
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peptides to the 10–amino acid HIV-TAT sequence that directs
cellular import in cells and animals (16), we obtained chem-
ically synthesized cell-permeable JNK-ligands that block
JNK-mediated activation of c-Jun, penetrate �-cells through-
out the cytoplasm and the nucleus (17), and prevent IL-1�–
induced apoptosis. Furthermore, we show that synthesis of
the all-D retro-inverso form of these peptides produces mol-
ecules that conserve all of the essential biological properties
of the L-enantiomers. However, their markedly expanded
half-life in vivo allows for the continuous protection against
IL-1�–induced apoptosis for several days to weeks. The elab-
oration of these tools will allow us to study the role of JNK
in IL-1�–induced apoptosis in more sophisticated systems,
including islet studies and animal models.

RESEARCH DESIGN AND METHODS

Plasmids and peptides. The human JNK1�1, JNK2�2, JNK3�1, ERK1, and
p38 sequences were cloned into the expression vector pCDNA3.1 (Invitrogen).
The vector expressing FLAG-JBD (amino acids 1–280 of IB-1 [11,12]) in the
plasmid pBK (Stratagene) has been described previously (11). The pEGFP-N1
vector encoding the green fluorescent protein (GFP) was from Clontech.
Oligonucleotides corresponding to the JBD20 and JBD20Mut sequences were syn-
thesized and directionally inserted, in frame with the GFP sequence, into the
EcoRI and SalI sites of this vector.

Peptides were purchased from Auspep (Australia). They were purified by
high-performance liquid chromatography (HPLC) and analyzed by mass spec-
trometry. For the fluorescence studies, peptides were NH2-terminally labeled
with fluorescein isothiocyanate (FITC)-conjugated glycine. The COOH-termini
of all peptides were amide groups.
Cell lines. The insulin-secreting cell line �TC-3 (18) was cultured in RPMI-
1640 medium supplemented with 10% fetal calf serum, 100 µg/ml strepto-
mycin, 100 U/ml penicillin, 1 mmol/l Na-pyruvate, and 2 mmol/l glutamine. TAT,
JNK inhibitor (JNKI) 1, or JNKI2 peptides were added at a concentration of
1 µmol/l each 30 min before the addition of IL-1� (10 ng/ml) and again 24 h later.
Apoptotic cells were counted 48 h after the addition of IL-1� by propidium
iodide and Hoechst 33342 staining (13,19). The number of apoptotic cells in
experiments involving transfected GFP constructs was evaluated using an
inverted fluorescence microscope (Axiovert 25; Zeiss). Apoptotic cells were
discriminated from normal cells by the characteristic blebbing of the cyto-
plasm, which was easily determined from the fluorescence emitted by the GFP.
A minimum of 1,000 cells in duplicate was counted for each experiment.

Insulin secretion was quantified using a commercial radioimmunoassay
(Linco). Cells (100,000/well) were first equilibrated in Krebs-Ringer bicar-
bonate-HEPES (KRBH) buffer (120 mmol/l NaCl, 4 mmol/l KH2PO4, 20 mmol/l
HEPES, 1 mmol/l MgCl2,1 mmol/l CaCl2, and 5 mmol/l NaHCO3) containing
2.8 mmol/l glucose for 1 h. Buffer was washed off and KRBH containing
16.7 mmol/l glucose was added. Insulin content in the buffer was then mea-
sured after 1 h of incubation at 16.7 mmol/l glucose.
Fluorescence studies. FITC-TAT, -JNKI1, or -JNKI2 peptides (1 µmol/l each) were
added to cells in culture medium. Cells were then washed with phosphate-
buffered saline (PBS) and fixed for 5 min in methanol-acetone (1:1) before being
examined under the fluorescence microscope. FITC-labeled bovine serum albumin
(BSA) (1 µmol/l of 12 mol/l FITC per mol/l BSA) (Sigma) was used as control.
Solid phase JNK assays. �TC-3 cells were activated with IL-1� for 1 h
before being used for cell extract preparation. Cellular extracts were prepared
by scraping control and activated cells in lysis buffer (20 mmol/l Tris-acetate,
1 mmol/l EGTA, 1% Triton X-100, 10 mmol/l p-nitrophenyl-phosphate, 5 mmol/l
sodium pyrophosphate, 10 mmol/l �-glycerophosphate, and 1 mmol/l dithio-
threitol). Debris was removed by centrifugation for 5 min at 15,000 rpm in a
SS-34 rotor (Beckman). A sample of 100 µg extract was incubated for 1 h at
room temperature with 1 µg glutathione S-transferase (GST)-Jun (amino acids
1–89) and 10 µl of glutathione-agarose beads (Sigma). After four washes with
the scraping buffer, the beads were resuspended in the same buffer supple-
mented with TAT, JNKI1, or JNKI2 peptides for 20 min. Kinase reactions were
then initiated by the addition of 10 mmol/l MgCl2 and 5 µCi [�-33P]ATP and incu-
bated for 30 min at 30°C. Reaction products were then separated by SDS-PAGE
on a denaturing 10% polyacrylamide gel. The gels were dried and subse-
quently exposed to X-ray films (Kodak).

Recombinant JNKs, p38 kinases, and ERKs that were tagged with a FLAG
epitope (Sigma) were produced using the transcription and translation rabbit
reticulocyte lysate kit (Promega) and the specified plasmids. The kinases
were then immunopurified with agarose beads covalently linked to the anti–
FLAG M2 antibody and eluted with FLAG peptides as indicated by the man-
ufacturer (Sigma). Beads were washed four times with 1 ml PBS solution and
were then used in solid-phase kinase assays as described above. JNKI and con-
trol peptides were mixed with recombinant JNKs, p38 kinases, and ERKs in
the kinase buffer 20 min before GST-Jun was added.
Reverse transcriptase–polymerase chain reaction analysis. RNA was
extracted according to the guanidium isothiocyanate method of Chomczyn-
ski and Sacchi (20). IL-1� (10 ng/ml) was added for 30 min before RNA was
prepared. Analyses were then performed using a commercial kit (PerkinElmer)
according to the manufacturer’s instructions, except that [�-33P]dATP was
added to the polymerase chain reaction (PCR). Aliquots of the reactions were
then taken every three cycles, starting at cycle 10, during the amplification
process and were analyzed by agarose gel electrophoresis. Photographs
showed the lowest number of cycles that allowed visualization of the reac-
tions. Control reactions in the absence of reverse-transcriptase gave no
amplification products. Primer sequences were as follows: Jun forward, 5�-GTG
CAG CAC CCG CGG CTG CA-3�; Jun reverse, 5�-TGC AAC TGC TGC GTT AGC
ATG-3�; Fos forward, 5�-GAT ACA CTC CAA GCG GAG AC-3�; Fos reverse, 5�-
CCA GTC TGC TGC ATA GAA GG-3�; MIF forward, 5�-AGT ACA TCG CRG TGC
ACG TGG T-3�; MIF reverse, 5�-TCC GGG CTG ATG YGC AGG C-3�; Actin for-
ward, 5�-AAC GGC TCC GGC ATG TGC AA-3�; and Actin reverse, 5�-ATT GTA
GAA GGT GTG GTG CCA-3�. Fos and actin primer pairs span one intron.
Quantitative real-time PCRs were performed with a LightCycler apparatus
(Roche) using the same set of primers. Controls for absence of primer dimers
were performed as recommended by the manufacturer.
Statistics. Distribution of data was controlled for normality. Data were ana-
lyzed with an unpaired Student’s t test, and P < 0.01 was considered signifi-
cant. Means ± SE were calculated.

RESULTS

A conserved minimal inhibitory domain of IB-1 prevents

�-cell death. The 280– and 240–amino acid JBDs of IB-1
and IB-2 prevent pancreatic �-cell apoptosis in vitro (8,9).
Alignment of the JBDs of IB-1 and IB-2 define two blocks of
seven and three amino acids conserved between the two
sequences (Fig. 1A). The two blocks span a peptide
sequence of 20 (IB-1) and 18 (IB-2) amino acids within a seg-
ment that has been shown to be critical for interaction with
JNK (12,15). Sequence comparison with the JBDs of c-Jun and
ATF2 indicates that these two blocks are only minimally con-
served in these two transcription factors (Fig. 1B).
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FIG. 1 A: Amino acid sequence alignment of the JBDs of IB-1 and IB-2

only. B: Amino acid sequence alignment showing the region of highest

homology between the JBDs of IB1, IB2, c-Jun, and ATF2. C: Sequence

of the different peptides used. The underlining indicates where pro-

line was added between the TAT and IB sequences. *Fully conserved

residues; °residues mutated into glycine in the GFP-JBD20Mut vector,

as shown in Fig. 2.



The conserved 20–amino acid sequence of IB-1 was linked
to the NH2-terminal of the GFP (JBD20 construct). The JBD20-
expressing construct prevented IL-1�–induced pancreatic
�-cell apoptosis as efficiently as the entire JBD1–280 (Fig. 2).
As controls, mutated sequences (Fig. 1A) at conserved
residues did not show any protective activity (Fig. 2).
Synthesis of cell-permeable JNK-inhibitory peptides.

To convert the minimal JBDs into bioactive cell-permeable
compounds, two bipartite peptides were synthesized as fol-
lows: the COOH-terminal end was the 20– or 18–amino acid
sequence derived from the JBD of IB1 or IB2 that was cova-
lently linked to an NH2-terminal 10–amino acid carrier pep-
tide derived from the HIV-TAT48–57 sequence (17) (Fig. 1C).
Previous studies have shown that the TAT48–57 peptide effi-
ciently accumulated into a variety of cells and that it could
be useful for delivering macromolecules (21,22), which
includes efficient delivery to animal tissues (16). Two proline
residues were inserted between the TAT and JBD sequences
as spacer to allow for maximal flexibility. We named the
bipartite peptides JNKI1 and JNKI2. Sequences of peptides
are given in Fig. 1C.

To investigate whether the JNKI peptides translo-
cated inside cells, we labeled the peptides at the NH2-ter-
minus by the addition of an FITC-glycin group. Labeled
peptides (1 µmol/l) were then added to the cell medium.
Fluorescein-labeled BSA was used as a control and its flu-
orescence after washing off the cells was shown to be neg-
ligible (data not shown). As shown in Fig. 3 (bottom), flu-
orescently labeled JNKI peptides efficiently and rapidly
entered cells once added to the culture medium. A time-
course study indicated that the fluorescent signal became
extinguished after 24 h.

Similar cellular uptake and increased stability of all-D

enantiomers allows prolonged transfection of cells. We
synthesized an all-D retro-inverso peptide (23,24). Thereafter,
this peptide was referred to as D-JNKI1 to discriminate it
from its L-enantiomeric counterpart.

FITC-labeled D-JNKI1 or (L-)JNKI1 peptides were added at
decreasing concentrations to �TC-3 cells and the fluorescent
signal was recorded. Cellular uptake of the D-JNKI1 peptide
was as efficient as that for JNKI1 (data not shown). The
intensity of the fluorescent signal emitted by the D- isoform
in �TC-3 cells at increasing time intervals indicates that D-JNKI1
appears stable for up to 2 weeks (Fig. 3).
JNK-inhibition in vitro. Effects of the peptides on JNK-
mediated phosphorylation of the target transcription factor
c-Jun were then investigated in vitro. Recombinant JNK1,
JNK2, and JNK3 were produced in reticulocyte lysates and used
with c-Jun as substrate. Kinase experiments indicated that
JNKI peptides at the concentration of 25 µmol/l blocked JNK1,
JNK2, and JNK3 phosphorylation of c-Jun (Fig. 4A). Dose-
response studies indicated that JNK activity was reduced
by 50% at concentrations of peptides of ~1 µmol/l (data not
shown). Inhibition of ERK-1/2 or p38 activity was not observed
in similar experiments, in agreement with the lack of effect of
JBD on the activity of these MAPKs (12). D-JNKI1 inhibited
phosphorylation of c-Jun, although at a level that is about 15-
to 20-fold less than that of (L-) JNKI1 (Fig. 4B).

To characterize the effects of the JNKI peptides on JNK
activated by stressful stimuli, we used GST-Jun to pull down
JNK from IL-1�–activated cells. Control TAT and JNKI peptides
were then added for 20 min, and kinase reactions were initiated
by the addition of [�-33P]ATP. As shown in Fig. 5, JNKIs effi-
ciently prevented phosphorylation of c-Jun by activated JNK.
Inhibition of c-jun and c-fos expression. To determine
whether the cell-permeable peptides could interfere with JNK
signaling in vivo, we measured their effects on the expression
of the c-jun and c-fos genes. The transcriptional activity of
these promoters is positively modulated by the two JNK-tar-
gets, the c-Jun and Elk1 transcription factors, respectively
(25,26). Both the c-jun and c-fos genes had been shown to be
induced by IL-1� in pancreatic �-cell lines (27), and constitu-
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FIG. 2. Inhibition of �-cell death by the minimal 20–amino acid JBD

of IB-1. Insulin-producing �TC-3 cells were transfected with the indi-

cated vectors and IL-1� was added as indicated. Apoptotic cells were

counted after 2 days. The GFP-expressing vector was used as the con-

trol. JBD20 represents a vector expressing a chimeric GFP linked to the

20–amino acid sequence from the JBD of IB-1. JBD20Mut is the same vec-

tor as GFP-JBD20, but with a JBD mutated at three conserved residues

(Fig. 1A). JBD280 is a GFP vector linked to the entire JBD (amino acids

1–280). Data are means ± SE from three experiments. *P < 0.01 for JBD

conditions relative to GFP/IL-1 and JBD20Mut/IL-1.

FIG. 3. Cellular import of the TAT-IB1 peptide. �TC-3 cells were incu-

bated with the indicated FITC-labeled peptides (1 µmol/l) for the

indicated times and were visualized under a fluorescence microscope.



tive expression of the 280–amino acid JBD of IB-1 in �TC-3
cells decreases both c-jun and c-fos expression (A.O., C.B.,
unpublished observations). Addition of JNKI1 decreased the
magnitude of the c-jun and c-fos response to IL-1� (Fig. 6).
Quantification of these data and normalization to actin by
real-time PCR (LightCycler) in three separate experiments
indicated that c-fos expression in the presence of IL-1� is
reduced 4.2 (± 0.3)-fold by JNKI1, and that c-jun expression
induced by IL-1� is reduced 2.7 (± 0.2)-fold by JNKI1. These
data indicate that both genes are at least partially under the
control of JNK in pancreatic �TC-3 cells.
Inhibition of IL-1�–induced apoptosis. The above data
indicated that the cell-permeable peptides might reduce the
biological effects of activated JNK. Addition of the JNKI pep-
tides inhibited IL-1�–induced apoptosis of the insulin-secreting
�TC-3 cells (Fig. 7A). To achieve this level of protection,
JNKI peptides (1 µmol/l) have to be added every day during
the treatment period with IL-1�. No protection is observed
after 2 days of incubation with one single addition of peptides
(data not shown). In contrast, one single addition of D-JNKI1
(1 µmol/l) completely protected �TC-3 cells for up to 2 weeks
of continual incubation with IL-1� (Fig. 7B).

To determine whether the peptides interfere with insulin
secretion, �TC-3 cells were first equilibrated for 1 h in 2.8 mmol/l
glucose in the presence and/or absence of JNKI1 and D-JNKI1.
Secreted insulin was then measured after a 1-h incubation at

16.7 mmol/l glucose. No impairment of the total amount of
secreted insulin was detected in these conditions (Fig. 8).

DISCUSSION

Small therapeutic molecules constitute the real target for
pharmaceutical research. Our data establish that JNKI
peptides are biologically active molecules that are able to
decrease the effects of JNK signaling on pancreatic �-cell fate
in vitro. The peptides might be used to study JNK signaling
in different conditions (e.g., to establish the role of JNK in the
apoptotic response of human islets or in animal models of dia-
betes). To this end, we indeed observed penetration of the
peptides in the pancreatic islets of mice injected intraperi-
toneally with FITC-labeled JNKI1 (data not shown) (16).

JNK targets are mainly transcription factors including c-Jun,
ATF2, Elk1, c-myc, or p53. Thus, JNK probably acts by
modifying the expression of genes that play an important
role in controlling cell death or survival. Therefore, the
coordinate regulation of the genes controlled by JNK sen-
sitizes �-cells to the proapoptotic action of IL-1�. It is
expected that both upregulation of protective genes and
downregulation of killer genes after JNK blockage will be
observed. The identification and detailed characterization
of the genetic targets of JNK is an important step for the
understanding of the progression of type 1 diabetes. The
production of JNKI peptides allows us to finally determine
these genetic targets in �-cells from different sources,
including isolated human islets.

In type 1 diabetes, �-cell loss appears essentially as an
apoptotic process initiated by the coordinate secretions of the
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FIG. 4. A: Upper lanes: Inhibition of c-Jun phosphorylation by recom-

binant JNK in vitro. Recombinant JNK (JNK1�1, JNK2�2, and JNK3�1)

were used in solid-phase kinase assays. Peptides (25 µmol/l) were

added where indicated. Bottom lanes: similar experiments with recom-

binant p38 and ERK1 were performed. Phosphorylated substrates

were resolved by SDS-PAGE analysis. B: Experiments similar to those

in A (JNK1�1), but with D-JNKI1 compared with JNKI1. Values are

expressed in micromoles per liter.

A

B

FIG. 5. Inhibition of c-Jun phosphorylation by activated JNK. Extracts

were prepared from control or IL-1�–treated �TC-3 cells. JNK were

then pulled down using GST-Jun and kinase assays were performed.

Peptides (25 µmol/l) were added as indicated. Phosphorylated GST-Jun

was resolved by SDS-PAGE analysis.

FIG. 6. Inhibition of c-jun and c-fos induction by JNKI1. Reverse tran-

scriptase–PCR analyses were conducted with total RNAs extracted

from �TC-3 cells that had been treated as indicated.



immune cells surrounding the inflamed islets (28). The extent
to which the apoptotic response in vitro (~10% of the cells in
presence of IL-1�) corresponds to the in vivo situation is not
clear. Nevertheless, this rate of apoptosis (approximately
fivefold the rate in the absence of cytokines after 48 h) may
significantly contribute to the �-cell loss that develops during
the postulated years of exposure of the pancreatic islets of
type 1 diabetic patients to IL-1� and potentiating cytokines.

Accumulating evidence indicates that the regulatory
intracellular signaling network engaged by the binding of
IL-1� and potentiating cytokines (e.g., tumor necrosis fac-
tor-� and �-interferon) to their receptors represents a
potential target for the development of novel therapeutic
approaches (29–33). Among the most promising tools for the
prevention of �-cell loss are a number of large proteins (e.g.,
Bcl-2 [30]; inhibitors of cytokine signaling such as supressor

of cytokine signaling [SOCS] proteins [34]; and the dominant
negative versions of MyD88, TNF receptor–associated factor
[TRAF], fas-associated death domain protein [FADD], Tollip,
or IL-1 receptor–associated kinase [IRAK] [35–37]). These
large molecules await their conversion into a form that would
allow for their efficient delivery into pancreatic �-cells in vivo.

Toward this end, selected recent examples indicated that
the conversion of large proteins into small bioactive com-
pounds is amenable to success (38). For example, p16INK4a
peptides linked to TAT inhibited hypophosphorylation of the
retinoblastoma protein and cell-cycle progression (39). The
covalent linkage of a short cell-permeable peptide to a seven–
amino acid sequence that contains the nuclear localization sig-
nal of the transcription factor nuclear factor (NF)-�B has
lead to the production of a cell-permeable peptide (SN50) that
blocked translocation of NF-�B after activation by external
stimuli (40). Blocking NF-�B protects �-cells from IL-1�–
induced apoptosis (29). Similar approaches have been suc-
cessfully used for blocking activating protein 1 (AP-1),
nuclear factor of activated T-cells (NFAT), and signal tran-
ducer and activator of transcription (STAT) 1 nuclear import
(41). Biological activity of some of these peptides in animal
models has been reported (42). All of these recent successes
relied on the observation that the association between sig-
naling molecules might be disrupted intracellularly by an
excess of defined peptides derived from the contact domains
of the interacting partners. Here we have followed the same
approach to convert the 280–amino acid JNKI JBD into a small
chemically synthesized and cell-permeable peptide that pre-
vents activation of c-Jun by JNK and blocks apoptosis of the
pancreatic �-cell line �TC-3. This new class of biological
response modifiers that are involved in cytokine signaling may
be applicable to preserve �-cells from autoimmune destruction.
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A B

FIG. 7. A: Inhibition of IL-1�–induced �TC-3 cell death by JNKI peptides. Cells were incubated for 2 days with IL-1� (10 ng/ml) and the respec-

tive peptides (1 µmol/l added once per day) as described in RESEARCH DESIGN AND METHODS. Data are means ± SE from five experiments. *P < 0.01

for JNKI/IL-1 conditions relative to TAT/IL-1. B: Long-term inhibition of IL-1�–induced cell-death. �TC-3 cells were treated as in A, except that

incubation with the D-peptides (1 µmol/l at one single addition) and IL-1� was pursued for 15 days; IL-1� was added every other day. Photographs

show propidium iodide (red, dead cells) and Hoechst 33342 (blue, cells with intact plasma membrane) staining after 15 days of treatment. n = 3.

FIG. 8. Insulin secretion of �TC-3 cells at 16.7 mmol/l glucose in the

presence and/or absence of peptides as indicated. Cells were first

equilibrated in 2.8 mmol/l glucose for 1 h, then the total amount of

insulin released for 1 h in a medium containing 16.7 mmol/l glucose was

measured. Data are means ± SE for four experiments.
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