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1. ABSTRACT

2. INTRODUCTION

Pancreatic beta-cell apoptosis plays a critical role in the
pathogenesis of type 1 diabetes mellitus. As death effector
molecules, perforin, Fas ligand, tumor necrosis factor
(TNF)-alpha, Interleukin (IL)-1, interferon (IFN)-gamma,
and nitric oxide have been claimed. Recently, combinations
or synergisms between IFN-gamma and TNF-alpha or IL1β are being revisited as the death effectors, and signal
transduction of such synergisms has been explored to find
molecular mechanism of beta -cell death. Among the
regulators of apoptosis, nuclear factor-kappaB (NFkappaB) has emerged as a master switch of cytokineinduced beta -cell dysfunction and death. By employing
TNF-alpha / IFN-gamma synergism model which causes
beta -cell apoptosis, we found that the antiapoptotic Xlinked inhibitor of apoptosis (XIAP) molecule is
upregulated by NF-kappaB in response to TNF-alpha and
XIAP induction was inhibited by IFN-gamma-induced
signal transducer and activator of transcription-1 (STAT1)
activation, which explains the death of beta -cells by TNFalpha /IFN-gamma synergism.

Type 1 diabetes mellitus (T1D) occurs as a result of
selective immune-mediated destruction of insulin
producing pancreatic islet β-cells with consequent insulin
deficiency (1). In genetically susceptible individuals, body
immune system mistakenly launches an attack on β-cells.
Thus, antigen-presenting cells (APC) present specific β-cell
antigens (autoantigens) to autoreactive T cells, and T cells
recognizing β-cell autoantigens subsequently impose death
on β-cells. In nonobese diabetic (NOD) mice, a prototypic
animal model of T1D, pancreatic islets are infiltrated by
diverse inflammatory/immune cells that comprise T or B
cells, macrophages and dendritic cells. Such diverse
inflammatory cells themselves and inflammatory mediators
such as cytokines and free oxygen radicals released from
them all contribute to β-cell destruction. To explain the
above observation, an inflammatory model for the
pathogenesis of T1D has been suggested (2). Initially,
liberation of β-cell antigen is caused by neonatal β-cell
mass remodeling or by environmental factors, which
induces presentation of β-cell antigens to CD8+ T cells that
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Table 1. Death mediators involved in β-cell apoptosis
Contact-dependent apoptosis
Perforin/granzyme (CD8+ T cells)
FasL (some diabetogenic CD4+ T
cells)
Other membrane-bound cytokines

It is well established that NF-κB activation by
TNF family members plays an antiapoptotic role and that
NF-κB activity is essential for prevention of TNF-αinduced death (25-28). However, NF-κB activation was
suggested to have proapoptotic effects after activation by
IL-1, ultraviolet light, or chemotherapeutic agents (29),
where it mediates the synthesis of FasL (30) and, possibly
other death mediators (31). The purpose of this review is to
focus on apoptotic machinery in pancreatic β-cells,
especially the protective role of NF-κB against TNF-α
induced death signal, where interesting advances have been
achieved employing in vitro models and transgenic or
knock-out mouse systems.

Contact-independent apoptosis
Soluble cytokines (IFN-γ, TNFα, IL-1β, etc)
NO, ROS (from CD4+ T cells
and/or macrophage )

causes β-cell damage via perforin pathway. Liberated β-cell
components are taken up by dendritic cells in the islets and
transported to regional pancreatic lymph nodes (PLN),
where the antigens are presented to autoreactive CD4+ T
cells. After activation, CD4+ T cells home to the islets and
activated T cells together with released cytokines finally
cause β-cell death.

3. ROLE OF NF-κB IN β-CELL DEATH OF T1DM

Recent evidence points to apoptosis as the main
form of β-cell death in animal models of T1D (2-5). The
initiation phase of the β-cell apoptosis is mediated by
contact-dependent mechanisms or by contact-independent
cytokine action via induction of proapoptotic signaling in
β-cells (Table 1). Autoreactive T lymphocytes contribute
significantly to β-cell death in T1D (6, 7). Previous
adoptive transfer experiments indicated that both CD4+ and
CD8+ T lymphocytes are important final effectors in β-cell
destruction (7, 8). T lymphocytes exert contact-dependent
cytotoxicity upon target cells using mainly two separate
arms- the perforin-granzyme (CD8+ T cells) and the Fasmediated pathways (CD4+ T cells) (9, 10). However, FasFas ligand (FasL) system cannot fully explain β-cell death
by CD4+ T cells (7), the most important death effector cells
in T1D (3, 11, 12) . Besides contact-dependent cytotoxicity,
CD4+ T cells induce contact-independent target cell death
via soluble mediators such as tumor necrosis factor- α
(TNF-α), interleukin-1 (IL-1), and interferon-γ (IFN-γ).
Macrophages and dendritic cells may also play a major role
as a source of oxygen radicals or other soluble cytotoxic
mediators (13). Among cytotoxic effector molecules,
previous reports showed that combinations of
proinflammatory cytokines exert much stronger or
synergistic effects on β-cell viability in vitro, since most
single cytokines have negligible effect on islet cell
viability. IFN-γ/IL-1β combination (14) has been
considered as a strong candidate for death effectors in T1D,
while recent in vivo results do not fully support its role (15,
16). We and other investigators (17, 18) have suggested
that IFN-γ/TNF-α synergism is a critical death mediator in
the final effector phase of β-cell destruction in T1D (18-20)
Based on the results we obtained before, we proposed that
CD8+ T cells lyse β-cells via perforin-mediated
cytotoxicity, whereas CD4+ T lymphocytes (as a major
source of IFN-γ and/or TNF-α) act in collaboration with
macrophages (as a major source of TNF-α) (19) to induce
β-cell death through delayed-type hypersensitivity-like
reaction in which mononuclear cells and cytokines from
them work together and lead to pronounced inflammatory
reaction. However, the exact signal transduction
mechanisms in β-cell death by such cytokine synergisms
have been unclear. Many studies have implicated nuclear
factor kappa B (NF-κB), whose activity is stimulated by
both TNF-α and IL-1 (21), as an important player in β-cell
apoptosis (22-24).

Understanding of the gene regulation and final
effector mechanisms has become an area of intense
research due to the importance of apoptotic β-cell death in
T1D. In an attempt to elucidate the death signals for β-cell
apoptosis, we studied which cytokine (combination) could
lead to pancreatic β-cell death using MIN6N8 insulinoma
cells (18). A combination of IFN-γ and TNF-α, but not
either cytokine alone, induced a classical caspasedependent apoptosis in murine insulinoma and pancreatic
islet cells. IL-1β had a minor effect on insulinoma cell
death. IFN-γ treatment seems to sensitize otherwise
resistant insulinoma or primary pancreatic β-cells to TNFα-mediated apoptosis by activation of signal transducer and
activator of transcription-1 (STAT1). Transfection of
phosphorylation-defective STAT1 abrogated islet cell
apoptosis by IFN-γ/TNF-α combination, suggesting that
STAT1 phosphorylation plays a critical role in the IFN-γinduced induction of TNF-α susceptibility and illustrating a
novel signal transduction in IFN-γ/TNF-α synergism (18).
In the case of TNF-α that could be from T cells and/or
macrophages (32), coexistence of IFN-γ (or other cytokines
inducing TNF-α susceptibility) might be critical because βcells are resistant to TNF-α alone as stated above which
appears to be associated with the concomitant activation of
the antiapoptotic process such as NF-κB activation (25, 28,
33).
Previous papers have implicated NF-κB as an
important player in the protection of target cells against
TNF-α induced apoptosis (22, 23, 34). However, other
papers reported increased cell death by NF-κB activation
after hypoxic injury or reactive oxygen species (ROS)
treatment of neuronal cells or lymphocytes (35, 36). In the
case of pancreatic islet cells, we have reported
antiapoptotic role of NF-κB in pancreatic β-cell death by
TNF-α. In brief, specific inhibition of NF-κB activation by
transfection or adenoviral transduction of inhibitor of κB
(IκBα) ‘superrepressor’ (IκBα-SR) sensitized insulinoma
cells to TNF-α-induced apoptosis (37). In contrast, other
reports have described a proapoptotic role for NF-κB in
pancreatic β-cell death after IL-1β or IFN-γ/IL-1β
treatment (38-42). The difference may reflect the
involvement of different death effectors and NF-κB
activators. Furthermore, in vivo circumstances would be
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quite different from simple in vitro ones in that multiple
stimuli including membranous/soluble forms of cytokines
and other death effector molecules coexist at different
concentrations depending on the stage of development of
T1D. If IL-1β is a dominant death effector of pancreatic βcell death in the development of autoimmune diabetes in
vivo as claimed in previous papers (43-45), then NF-κB
activation by IL-1 could be detrimental to pancreatic islet
cells (39-42), contrary to TNF-α induced NF-κB activation.

and IFN-γ, which are highly representative of cytokines in
natural T1D (51).
4.
ROLE
OF
NF-κB-MEDIATED
XIAP
UPREGULATION AGAINST β CELL APOPTOSIS
As was shown in the previous section, NF-κB is
an important mediator of antiapoptotic activity against
TNF-α/IFN-γ-induced pancreatic β-cell death. Then, what
molecules are downstream players of NF-κB activation?
Among the NF-κB target genes, the inhibitor of apoptosis
proteins (IAPs) are potent natural suppressors of apoptosis
and function by directly inhibiting the activity of caspases,
the principal effectors of apoptotic cell death (52). Among
the IAPs, X-linked inhibitor of apoptosis (XIAP) is the
most potent inhibitor against caspase-3, -7, and -9 (53).
When we examined the XIAP expression in MIN6N8
insulinoma cells, we noticed that XIAP level was inversely
correlated with the progression of MIN6N8 cell death and
caspase-3-like activation induced by IFN-γ/TNF-α or
IκBα-SR/TNF-α. Further, the inhibition of XIAP
expression by antisense oligonucleotide rendered MIN6N8
cells susceptible to apoptosis by TNF-α alone. Adenoviral
XIAP expression also significantly inhibited the apoptosis
of MIN6N8 cells by IFN-γ/TNF-α and IκBα-SR/TNF-α,
which suggests that the decrease in XIAP level was not
simply a result of apoptosis but contributed to apoptosis. To
further investigate the role of endogenous XIAP in
MIN6N8 cell apoptosis, we synthesized cell-permeable
second mitochondria-derived activator of caspases (Smac)
peptide that binds XIAP and blocks their caspase-inhibitory
activity (54-56). Transduction of cell-permeable Smac
peptide rendered MIN6N8 cells susceptible to apoptosis by
TNF-α alone, again supporting that XIAP is an important
antiapoptotic molecule in insulinoma cells (57).

To address these issues, we examined the in vivo
function of β-cell NF-κB in a mouse model for autoimmune
T1D. We produced transgenic NOD and C57BL/6 mice
expressing a degradation-resistant form of IκBα (mIκBα),
which functions as an NF-κB inhibitor (46) in pancreatic βcells (RIP-mIκBα/NOD and RIP-mIκBα/C57BL/6 mice)
in collaboration with Dr. Sherwin at Yale University (47).
When islet cells of RIP- mIκBα/C57BL/6 mice were
treated with TNF-α/IFN-γ, mIκBα-islet cells were more
susceptible to apoptotic death relative to normal
counterparts. In contrast, IL-1β plus IFN-γ treatment
resulted in fewer mIκBα-islet cells death compared to
normal counterparts which could be explained by
compromised induction of inducible NO synthase (iNOS).
To further confirm these ex vivo findings, we produced
mice with β-cell-specific deletion of IκB kinase β (Ikkβ), a
central mediator of NF-κB activation (Ikkβ∆β-cell mice) in
collaboration with Dr. Karin at University of California San
Diego (21, 48, 49). Islet cells from Ikkβ∆β cell mice exhibited
a significantly elevated death response relative to normal
counterparts when incubated with TNF-α/IFN-γ. Similar to
mIκBα-islet cells, less cell death was seen in islets of
Ikkβ∆β cell mice after IL-1β plus IFN-γ treatment compared
with normal counterpart islets. Hence, the effect of NF-κB
on β-cell viability in vitro was dependent on the cytokine
combination. When we directly examined the role of β-cell
NF-κB in development of autoimmune diabetes in vivo,
development of diabetes was significantly accelerated in
RIP- mIκBα/NOD mice compared with nontransgenic
littermates, suggesting that the net effect of NF-κB in βcells is a protective one in the course of T1D and TNF-α
plays a dominant role in β-cell destruction in vivo
compared to IL-1β. When we adoptively transferred
purified diabetogenic CD4+ T cells from BDC2.5-SCID
mice carrying the rearranged TCR-α and -β genes of a
diabetogenic CD4+ T cell clone (50) to irradiated RIPmIκBα/NOD recipients, injection of anti-TNF-α almost
completely abrogated the development of diabetes,
suggesting that CD4+ T cells use TNF-α as a critical death
effector in RIP-mIκBα/NOD mice. We then compared
incidence of diabetes after transfer of CD4+ T cells between
RIP-mIκBα/NOD mice and nontransgenic littermates. The
development of diabetes after BDC2.5 CD4+ T cell transfer
was also accelerated in RIP-mIκBα/NOD mice compared
with nontransgenic littermates. Hence, NF-κB activation
within β-cells plays an important protective role against
CD4+ T cell-mediated killing through TNF-α-dependent
mechanism. These results are consistent with a recent paper
reporting that diabetogenic CD4+ T cells produce TNF-α

We also studied the possible regulation of XIAP
expression by IFN-γ in an attempt to understand the
mechanism underlying the cytotoxic synergism between
IFN-γ/TNF-α.
IFN-γ
suppressed
TNF-α-induced
upregulation of XIAP at protein level in MIN6N8 cells.
Since IFN-γ did not affect TNF-α induced NF-κB
activation in MIN6N8 cells (37), these results suggest that
IFN-γ suppresses the expression of XIAP at the level of
translation independent of NF-κB, which lowers the
threshold for caspase activation and apoptosis induction by
TNF-α (57).
In an attempt to elucidate the XIAP regulation in
primary β-cells instead of insulinoma cells, we examined
the effect of NF-κB inhibition on expression of
antiapoptotic genes in β-cells of RIP-mIκBα mice.
Importantly, induction of XIAP and cellular FLICEinhibitory protein (c-FLIP) by TNF-α was abrogated in
mIκBα-islet cells, suggesting a requirement for NF-κB in
the induction of antiapoptotic molecules. Under the same
condition, expression of two other apoptotic inhibitors
cIAP1 and TNF-receptor associated factors 2 (TRAF2) was
also abolished in mIκBα-islets. Because the proapoptotic
effect of mIκBα was most significant when cells were
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was phosphorylated by IFN-γ and transfection of
phosphorylation-defective STAT1 rendered MIN6N8
insulinoma cells resistant to cell death by IFN-γ/TNF-α
(18). However, other investigators reported that
experimental allergic encephalomyelitis (EAE), an
autoimmune disease involving central nervous system
(CNS), was aggravated in STAT1-/- mice (61, 62), which is
in contrast to our suggestions that STAT1 renders target
cells susceptible to cytokine-induced death. Thus, we
studied in vivo role of STAT1 in a mouse model for T1D
using STAT1-/- mice. Primary islet cells from STAT1 -/- mice
were resistant to death by IFN-γ/TNF-α or IFN-γ/IL-1β
(63). When we produced STAT1-/- NOD mice by
backcrossing STAT1-/- mice onto the NOD background and
checked the incidence of diabetes, no diabetes or insulitis
was observed up to 50 weeks after birth. When we
transferred highly diabetogenic BDC2.5 CD4+ T-cells from
NOD/BDC2.5-SCID
mice
(4)
into
irradiated
NOD/STAT1+/- mice, the incidence of diabetes was
decreased to less than 20% in NOD/STAT1-/- mice,
indicating that STAT1 deficiency in islet cells render them
resistant to cell death by diabetogenic CD4+ T cells in vivo
(63). However, when we conducted adoptive transfer of
lymphocytes from diabetic NOD mice into irradiated
NOD/STAT1-/- mice, the final incidence of diabetes after
adoptive transfer was not significantly decreased in
NOD/STAT1-/- mice compared with control mice, while the
development of diabetes was delayed. This inconsistency
could be due to CD8+ T cells equipped with STAT1independent death effectors such as perforin. Because βcells in NOD/STAT1-/- mice appear to be susceptible to
effector T cells other than CD4+ T cells, the complete
absence of diabetes or insulitis in NOD/STAT1-/- mice may
not be explained by the resistance of STAT1-null β-cells
against cytokine-induced apoptosis alone. Indeed, we
observed skewed Th1/Th2 phenotypes in NOD/STAT1-/mice (63). Taken together, these results suggest potential
therapeutic potential of STAT1 blockade or inhibitors of its
upstream Jak kinases in the prevention or treatment of T1D.

Figure 1. Diagram of the signaling pathways involved in βcell death by IFN-γ/TNF-α synergism. CD4+ T
lymphocytes (as a major source of IFN-γ and TNF-α) act in
collaboration with macrophages (as a major source of TNFα) to induce β-cell death through delayed-type
hypersensitivity-like reaction in which mononuclear cells
and cytokines from them work together, leading to
pronounced inflammatory reaction. NF-κB is activated by
IL-1β or TNF-α. When activated by IL-1β, NF-κB plays a
proapoptotic role by inducing iNOS and producing nitric
oxide (NO). In contrast, NF-κB activated by TNF-α plays
an antiapoaptotic role by inducing transcription of
antiapoptotic molecules such as XIAP that inhibits caspases
downstream of mitochondrial events. STAT1 activated by
IFN-γ inhibits translation of antiapoptotic proteins
subjected to TNF-α plus IFN-γ treatment, we
examined the effect of IFN-γ on XIAP and c-FLIP
expression. IFN-γ did not affect mRNA level of XIAP but
decreased XIAP and c-FLIP protein levels in both
nontransgenic islets and mIκBα-islet cells. mIκBα
transgene and IFN-γ had additive inhibitory effects on
XIAP expression (47). These findings all suggest that
XIAP plays an important regulatory role in TNF-α-induced
β-cell apoptosis, and NF-κB activation by TNF-α could be
an antiapoptotic signal through upregulation of XIAP.
However, we do not rule out the involvement of other NFκB-dependent antiapoptotic molecule (s) such as other
IAPs (22) and/or antiapoptotic Bcl-2 family members (58).
Protective role for XIAP in β-cell injury has also been
demonstrated in other types of β-cell death such as an
allograft model (59). While NF-κB in nonlymphoid cells
such as β-cells plays an antiapoptotic role in TNF-αinduced cell death, NF-κB in lymphoid cells such as
macrophages or dendritic cells is critical in the
inflammatory and immune responses. We recently reported
that NF-κB is activated in macrophages after contact with
β-cells undergoing secondary necrosis through Toll-like
receptor 2 (TLR2) and that such inflammatory response of
macrophages or dendritic cells contributes to the initiation
of T1D (60)

6. CONCLUSIONS AND PERSPECTIVES
There have been remarkable advances in the
research on the molecular and immunological pathogenesis
of T1D. In this review, we summarized recent progress in
the signal transduction in β-cell death by cytokines. This
review is based mostly on the data from our laboratory, and
we regret that we could not accommodate all of the
valuable data from other laboratories. We showed the
protective role of NF-κB in β-cell death by TNF-α- or
TNF-α/IFN-γ synergism and identified XIAP as one of the
target molecules of NF-κB. We also showed a critical role
of STAT1 in pancreatic β-cell death by cytokines and in the
development of T1D (Figure 1). Our results provide a
new insight into the signal transduction of β-cell
apoptosis by cytokines and suggest a therapeutic
potential of XIAP (or other antiapoptotic molecules)
or regulation of STAT1 (or its upstream Jak kinases)
in the prevention/treatment of T1D. Although NF-κB
activation is often assumed to upregulate proapoptotic
genes, studies cited above clearly demonstrated that the

5. ROLE OF STAT1 IN β-CELL DEATH OF T1DM
We have suggested an important role for STAT1
in β-cell death by IFN-γ/TNF-α synergism, since STAT1
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destruction of islet grafts by spontaneously diabetic mice.
Proc Natl Acad Sci USA 88, 527-531 (1991)

timing of NF-κB activation significantly influences
apoptotic outcomes following various combinations of
stimuli. For example, inhibition of NF-κB activation during
TNF-α/IFN-γ leads to increased apoptosis, while inhibition
of NF-κB activation following IL-β/IFN-γ prevents
apoptosis. The processes that influence β-cell survival in
T1D are diverse and complex. By exploring signal
transduction in β-cell apoptosis, we hope new targets for
intervention of T1D are available in the future.

8. S. W. Christianson, L. D. Shultz & E. H. Leiter:
Adoptive transfer of diabetes into immunodeficient NODscid/scid mice. Relative contributions of CD4+ and CD8+
T-cells from diabetic versus prediabetic NOD.NON-Thy-1a
donors. Diabetes 42, 44-55 (1993)
9. D. Kagi, F. Vignaux, B. Ledermann, K. Burki, V.
Depraetere, S. Nagata, H. Hengartner & P. Golstein: Fas
and perforin pathways as major mechanisms of T cellmediated cytotoxicity. Science 265, 528-530 (1994)

NF-κB activation may serve as a target in type 2
diabetes (T2D) also. Recent studies have shown that
inhibition of NF-κB or its upstream kinase Ikkβ in
inflammatory cells or hepatocytes attenuates the
development of obesity-induced insulin resistance and T2D
(64, 65). However, because β-cell destruction may also
contribute to the pathogenesis of advanced T2D, it is
important to elucidate the long-term effect of NF-κB
inhibition on β-cell survival before development of
antidiabetic agents targeting this pathway.

10. S. Hahn, R. Gehri & P. Erb: Mechanism and biological
significance of CD4-mediated cytotoxicity. Immunol Rev
146, 57-79 (1995)
11. J. Allison & A. Strasser: Mechanisms of beta cell death
in diabetes: a minor role for CD95. Proc Natl Acad Sci
USA 95, 13818-13822 (1998)

7. ACKNOWLEDGEMENTS

12. S. Kim, K.-A. Kim, D.-Y. Hwang, T. H. Lee, N.
Kayagaki, H. Yagita & M.-S. Lee: Inhibition of
autoimmune diabetes by Fas ligand: the paradox is solved.
J Immunol 164, 2931-2936 (2000)

This work was supported by the Nano/Bio
Science Program Grant (2004-00716) and 21C Frontier
Functional Proteomics Project (FPR05C1-160). M.-S.L. is
an award recipient of the JDRF Grant (5-2007-361) and
SRC Grants/R01-2005-000-10326-0 from Korea Science
and Engineering Foundation.

13. B. Appels, V. Brukart, G. Kantwerk-Funke, J. Funda,
V. Kolb-Bachofen & H. Kolb: Spontaneous cytotoxicity of
macrophages against pancreatic islet cells. J Immunol 142,
3803-3808 (1989)

9. REFERENCES

14. C. Pukel, H. Baquerizo & A. Rabinovitch: Destruction
of rat islet cell monolayers by cytokines. Synergistic
interactions of interferon-gamma, tumor necrosis factor,
lymphotoxin, and interleukin 1. Diabetes 37, 133-136
(1988)

1.
M. A. Atkinson: ADA Outstanding Scientific
Achievement Lecture 2004. Thirty years of investigating
the autoimmune basis for type 1 diabetes: why can't we
prevent or reverse this disease? Diabetes 54, 1253-1263
(2005)

15. W. H. Schott, B. D. Haskell, H. M. Tse, M. J. Milton,
J. D. Piganelli, C. M. Choisy-Rossi, P. C. Reifsnyder, A. V.
Chervonsky & E. H. Leiter: Caspase-1 is not required for
type 1 diabetes in the NOD mice. Diabetes 53, 99-104
(2004)

2. D. L. Eizirik & T. Mandrup-Poulsen: A choice of death-the signal-transduction of immune-mediated beta-cell
apoptosis. Diabetologia 44, 2115-2133 (2001)
3. Y. H. Kim, S. Kim, K. A. Kim, H. Yagita, N. Kayagaki,
K. W. Kim & M. S. Lee: Apoptosis of pancreatic beta-cells
detected in accelerated diabetes of NOD mice: no role of
Fas-Fas ligand interaction in autoimmune diabetes. Eur J
Immunol 29, 455-465 (1999)

16. H. E. Thomas, W. Irawaty, R. Darwiche, T. C.
Brodnicki, P. Santamaria, J. Allison & T. W. Kay: IL-1
receptor deficiency slows progression to diabetes in the
NOD mouse. Diabetes 53, 113-121 (2004)

4. M. O. Kurrer, S. V. Pakala, H. L. Hanson & J. D. Katz:
Beta cell apoptosis in T cell-mediated autoimmune
diabetes. Proc Natl Acad Sci USA 94, 213-218 (1997)

17. I. L. Campbell, A. Iscaro & L. C. Harrison: IFNgamma and tumor necrosis factor-alpha. Cytotoxicity to
murine islets of Langerhans. J Immunol 141, 2325-2329
(1988)

5. D. Mauricio & T. Mandrup-Poulsen: Apoptosis and the
pathogenesis of IDDM: a question of life and death.
Diabetes 47, 1537-1543 (1998)

18. K. Suk, S. Kim, Y.-H. Kim, K.-A. Kim, I. Chang, H.
Yagita, M. Shong & M.-S. Lee: IFNg/TNFa Synergism as
the Final Effector in Autoimmune Diabetes: A key role for
STAT1/IRF-1 in pancreatic b-cell death. J Immunol 166,
4481-4489 (2001)

6. J. D. Katz, C. Benoist & D. Mathis: T helper cell subset
in insulin-dependent diabetes. Science 268, 1185-1188
(1995)

19. D. Kagi, A. Ho, B. Odermatt, A. Zakarian, P. S.
Ohashi & T. W. Mak: TNF receptor 1-dependent beta cell

7. Y. Wang, O. Pontesilli, R. D. Gill, F. G. La Rosa & K.
J. Lafferty: The role of CD4+ and CD8+ T cells in the

661

Beta-cell apoptosis by cytokines

toxicity as an effector pathway in autoimmune diabetes. J
Immunol 162, 4598-4605 (1999)

expression of the genes coding for TNF-a and granzyme A
in the intra-islet infiltrates. Diabetes 44, 112-117 (1995)

20. S. V. Pakala, M. Chivetta, C. B. Kelly & J. D. Katz: In
autoimmune diabetes the transition from benign to
pernicious insulitis requires an islet cell response to tumor
necrosis factor alpha. J Exp Med 189, 1053-1062 (1999)

33. D. J. Van Antwerp, S. J. Martin, T. Kafri, D. R. Green
& I. M. Verma: Suppression of TNF-a-induced apoptosis
by NF-kB. Science 274, 787-789 (1996)
34. S. K. Manna & B. B. Aggarwal: Lipopolysaccharide
inhibits TNF-induced apoptosis: role of nuclear factor-kB
activation and reactive oxygen intermediates. J Immunol
162, 1510-1518 (1999)

21. S. Ghosh & M. Karin: Missing pieces in the NF-kB
puzzle. Cell 109, S81-S89 (2002)
22. C.-Y. Wang, M. W. Mayo, R. G. Korneluk, D. V.
Goeddel & A. S. Baldwin: NF-kB antiapoptosis: induction
of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to suppress
caspase-8 activation. Science 281, 1680-1683 (1998)

35. A. Dumont, S. P. Hehner, T. G. Hofmann, M. Ueffing,
W. Droge & M. L. Schmitz: Hydrogen peroxide-induced
apoptosis is CD95-dependent, requires the release of
mitochondria-derived reactive oxygen species and the
activation of NF-kB. Oncogene 18, 747-757 (1999)

23. Z.-L. Chu, T. A. McKinsey, L. Liu, J. J. Gentry, M. H.
Malim & D. W. Ballard: Suppression of tumor necrosis
factor-induced cell death by inhibitor of apoptosis c-IAP2
is under NF-kB control. Proc Natl Acad Sci USA 94,
10057-10062 (1997)

36. P. Schneider, N. Holler, J.-L. Bodmer, M. Hahne, K.
Frei, A. Fontana & J. Tschopp: Conversion of membranebound Fas (CD95) ligand to its soluble form is associated
with downregulation of its proapoptotic activity and loss of
liver toxicity. J Exp Med 187, 1205-1213 (1998)

24. C. Stehlik, R. de Martin, I. Kumabashiri, J. A. Schmid,
B. R. Binder & J. Lipp: Nuclear factor (NF)-kappaBregulated X-chromosome-linked iap gene expression
protects endothelial cells from tumor necrosis factor alphainduced apoptosis. J Exp Med 188, 211-216 (1998)

37. I. Chang, S. Kim, J. Y. Kim, N. Cho, Y.-H. Kim, H.
Kim, M.-K. Lee, K.-W. Kim & M.-S. Lee: NF-kB protects
pancreatic b-cells from TNFa-mediated apoptosis. Diabetes
52, 1169-1175 (2003)

25. A. A. Beg & D. Baltimore: An essential role for NF-kB
in preventing TNF-a-induced cell death. Science 274, 782784 (1996)

38. G. Chen, H. E. Hohmer, R. Gasa, V. V. Tran & C. B.
Newgard: Selection of insulinoma cell lines with resistance
to interleukin-1b- and g-interferon-induced cytotoxicity.
Diabetes 49, 562-570 (2000)

26. H. S. Kim, I. Chang, J. Y. Kim, K. H. Choi & M.-S.
Lee: Caspase-mediated p65 cleavage promotes TRAILinduced apoptosis. Cancer Reseach 65, 6111-6119 (2005)

39. N. Giannoukakis, W. A. Rudert, M. Trucco & P. D.
Robbins: Protection of human islets from the effects of
interleukin-1beta by adenoviral gene transfer of an Ikappa
B repressor. J Biol Chem 275, 36509-36513 (2000)

27. Q. Li, D. Van Antwerp, F. Mercurio, K. F. Lee & I. M.
Verma: Severe liver degeneration in mice lacking the
IkappaB kinase 2 gene. Science 284, 321-325 (1999)

40. X. Han, Y. Sun, S. Scott & D. Bleich: Tissue inhibitor
of metalloproteinase-1 prevents cytokine-mediated
dysfunction and cytotoxicity in pancreatic islet and b-cells.
Diabetes 50, 1047-1055 (2001)

28. C.-Y. Wang, M. W. Mayo & A. S. Baldwin: TNF- and
cancer-therapy-induced apoptosis:potentiation by inhibition
of NF-kB. Science 274, 784-787 (1996)
29. K. J. Campbell, S. Rocha & N. D. Perkins: Active
repression of antiapoptotic gene expression by RelA (p65)
NF-kB. Mol Cell 13, 853-865 (2004)

41. H. Heimberg, Y. Heremans, C. Jobin, R. Leemans, A.
K. Cardozo, M. Darville & D. L. Eizirik: Inhibition of
cytokine-induced NF-kappaB activation by adenovirusmediated expression of a NF-kappaB super-repressor
prevents beta-cell apoptosis. Diabetes 50, 2219-2224
(2001)

30. S. Kasibhatla, T. Brunner, L. Genestier, F. Echeverri,
A. Mahboubi & D. R. Green: DNA damaging agents
induce expression of Fas ligand and subsequent apoptosis
in T lymphocytes via the activation of NF-kappa B and AP1. Mol Cell 1, 543-551 (1998)
31. J.-L. Luo, H. Kamata & M. Karin: IKK-NF-kB
signaling: balancing life and death-a new approach to
cancer therapy. J Clin Invest 115, 1-5 (2005)

42. N. Sekine, T. Ishikawa, T. Okazaki, M. Hayashi, C. B.
Wollheim & T. Fujita: Synergistic activation of NF-kB and
inducible isoform of nitric oxidase synthase induction by
interferon-gamma and tumor necrosis factor-alpha in INS-1
cells. J Cell Physiol 184, 46-57 (2000)

32. C. Mueller, W. Held, M. A. Imboden & C. Carnaud:
Accelerated b-cell destruction in adoptively transferred
autoimmune diabetes correlated with an increased

43. J. A. Corbett & M. L. McDaniel: Does nitric oxide
mediate autoimmune destruction of b-cells? Diabetes 41,
897-903 (1992)

662

Beta-cell apoptosis by cytokines

therapeutic effect of a novel polyarginine-conjugated Smac
peptide. Cancer Res 63, 831-837 (2003)

44. H. Kaneto, J. Fujii, H. G. Seo, K. Suzuki, T. Matsuoka,
M. Nakamura, H. Tatsumi, Y. Yamasaki, T. Kamada & N.
Taniguchi: Apoptotic cell death triggered by nitric oxide in
pancreatic b-cells. Diabetes 44, 733-738 (1995)

57. H. S. Kim, S. Kim & M.-S. Lee: IFN-g sensitizes
MIN6N8 cells insulinoma cells to TNF-a-induced apoptosis
by inhibiting NF-kB-mediated XIAP upregulation.
Biochem Biophys Res Commun 336, 847-853 (2005)

45. T. Mandrup-Poulsen: The role of interleukin-1 in the
pathogenesis of IDDM. Diabetologia 39, 1005-1029 (1996)

58. M. Karin & A. Lin: NF-kappaB at the crossroads of
life and death. Nat Immunol 3, 221-227 (2002)

46. R. E. Voll, E. Jimi, R. J. Phillips, D. F. Barber, M.
Rincon, A. C. Hayday, R. A. Flavell & S. Ghosh: NFkappa B activation by the pre-T cell receptor serves as a
selective survival signal in T lymphocyte development.
Immunity 13, 677-689 (2000)

59. A. Plesner, P. Liston, R. Tan, R. G. Korneluk & C. B.
Verchere: The X-linked inhibitor of apoptosis protein
enhances survival of murine islet allografts. Diabetes 54,
2533-2540 (2005)

47. S. Kim, I. Millet, H. S. Kim, J. Y. Kim, M. S. Han, M.
K. Lee, K. W. Kim, R. S. Sherwin, M. Karin & M. S. Lee:
NF-kappa B prevents beta cell death and autoimmune
diabetes in NOD mice. Proc Natl Acad Sci USA 104, 19131918 (2007)

60. H. S. Kim, M. S. Han, K. W. Chung, S. Kim, E. Kim,
M. J. Kim, E. Jang, H. A. Lee, J. Youn, S. Akira & M. S.
Lee: Toll-like receptor 2 senses beta-cell death and
contributes to the initiation of autoimmune diabetes.
Immunity 27, 321-333 (2007)

48. S. Maeda, L. Chang, Z.-W. Li, J.-L. Luo, H. Leffert &
M. Karin: IKKb is required for prevention of apoptosis
mediated by cell-bound but not by circulating TNFa.
Immunity 19, 725-737 (2003)

61. E. Bettelli, B. Sullivan, S. J. Szabo, R. A. Sobel, L. H.
Glimcher & V. K. Kuchroo: Loss of T-bet, but not STAT1,
prevents the development of experimental autoimmune
encephalomyelitis. J Exp Med 200, 79-87 (2004)

49. C. Postic, M. Shiota, K. D. Niswender, T. L. Jetton, Y.
Chen, J. M. Moates, K. D. Shelton, J. Lindner, A. D.
Cherrington & M. A. Magnuson: Dual roles for
glucokinase in glucose homeostasis as determined by liver
and pancreatic beta cell-specific gene knock-outs using Cre
recombinase. J Biol Chem 274, 305-315 (1999)

62. T. Nishibori, Y. Tanabe, L. Su & M. David: Impaired
development of CD4+ CD25+ regulatory T cells in the
absence of STAT1: increased susceptibility to autoimmune
disease. J Exp Med 199, 25-34 (2004)
63. S. Kim, H. S. Kim, K. W. Chung, S. H. Oh, J. W. Yun,
S. H. Im, M. K. Lee, K. W. Kim & M. S. Lee: Essential
role for STAT1 in pancreatic {beta}-cell death and
autoimmune type 1 diabetes of NOD mice. Diabetes (2007)

50. M. O. Kurrer, S. V. Pakala, H. L. Hanson & J. D. Katz:
b cell apoptosis in T cell-mediated autoimmune diabetes.
Proc Natl Acad Sci USA 94, 213-218 (1997)
51. J. Cantor & K. Haskins: Effector function of
diabetogenic CD4 Th1 T cell clones: a central role of TNFa. J Immunol 175, 7785-7745 (2005)

64. M. C. Arkan, A. L. Hevener, F. R. Greten, S. Maeda,
Z. W. Li, J. M. Long, A. Wynshaw-Boris, G. Poli, J.
Olefsky & M. Karin: IKK-beta links inflammation to
obesity-induced insulin resistance. Nat Med 11, 191-198
(2005)

52. Q. L. Deveraux & J. C. Reed: IAP family proteinssuppressors of apoptosis. Genes Dev 13, 239-252 (1999)

65. D. Cai, M. Yuan, D. F. Frantz, P. A. Melendez, L.
Hansen, J. Lee & S. E. Shoelson: Local and systemic
insulin resistance resulting from hepatic activation of IKKbeta and NF-kappaB. Nat Med 11, 183-190 (2005)

53. M. Holcik & R. G. Korneluk: XIAP, the guardian
angel. Nat Rev Mol Cell Biol 2, 550-556 (2001)
54. Z. Liu, C. Sun, E. T. Olejniczak, R. P. Meadows, S. F.
Betz, T. Oost, J. Herrmann, J. C. Wu & S. W. Fesik:
Structural basis for binding of Smac/DIABLO to the XIAP
BIR3 domain. Nature 408, 1004-1008 (2000)

Abbreviations: APC: antigen presenting cell; c-FLIP:
cellular FLICE-inhibitory protein; FasL: Fas ligand ; IAPs:
inhibitor of apoptosis proteins; IFN: interferon; IκB:
inhibitor of κB; IκBα-SR: IκBα superrepressor; Ikkβ: IκB
kinase β; IL: interleukin; iNOS: inducible NO synthase;
NF-κB: nuclear factor kappa B; NO: nitric oxide;
NOD:nonobese diabetic; PLN: pancreatic lymph nodes ;
RIP: rat insulin promoter ; ROS: reactive oxygen species;
Smac: second mitochondria-derived activator of caspases;
STAT1: signal transducer and activator of transcription-1;
T1D: type 1 diabetes mellitus; T2D: type 2 diabetes
mellitus; TNF: tumor necrosis factor; XIAP: X-linked
inhibitor of apoptosis.

55. A. M. Verhagen, P. G. Ekert, M. Pakusch, J. Silke, L.
M. Connolly, G. E. Reid, R. L. Moritz, R. J. Simpson & D.
L. Vaux: Identification of DIABLO, a mammalian protein
that promotes apoptosis by binding to and antagonizing
IAP proteins. Cell 102, 43-53 (2000)
56. L. Yang, T. Mashima, S. Sato, M. Mochizuki, H.
Sakamoto, T. Yamori, T. Oh-Hara & T. Tsuruo:
Predominant suppression of apoptosome by inhibitor of
apoptosis protein in non-small cell lung cancer H460 cells:

663

Beta-cell apoptosis by cytokines

Key Words : Apoptosis, Diabetes, XIAP, NF-kappaB,
TNF-alpha, IFN-gamma, STAT1, Signal transduction,
Review
Send correspondence to: Myung-Shik Lee, Samsung
Medical Center, Sungkyunkwan University School of
Medicine, Ilwon-dong 50, Kangnam-ku, Seoul 135-710,
Korea, Tel: 82-2-3410-3436, Fax: 82-2-3410-0388, E-mail:
mslee0923@skku.edu
http://www.bioscience.org/current/vol14.htm

664

