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Abstract

Failure of insulin producing pancreatic b-cells is a common characteristic of type 1 (insulin-dependent) and type 2 (insulin non-

dependent) diabetes mellitus. Accumulating evidence suggests that programmed cell death (apoptosis) is the main form of b-cell death in

these disorders. The b-cell is particularly sensitive to apoptotic stimuli due to the inherent features of the specialized b-cell phenotype. In

type 1 diabetes anti-b-cell autoimmune reactivity delivers the apoptotic signals in the form of inflammatory mediators or T-cell effectors.

In type 2 diabetes, the metabolic derangement is associated with production of inflammatory mediators in insulin-sensitive tissues leading

elevated levels of circulating inflammatory mediators such as IL-6 and TNF. Further glucose has been suggested to induce b-cell apoptosis

via the induction of b-cell synthesis of IL-1 which via autocrine action may elicit signalling cascades analogous to those seen in b-cell

destruction in type 1 diabetes. Considering the apparent importance of IL-1-b signalling in b-cell failure in both type 1 and type 2 diabetes,

we here review the modulatory effect exerted on IL-1signalling by cellular characteristics related to the specialized b-cell phenotype. We

conclude that b-cell differentiation signals (Pdx-1), glucose metabolism, calcium handling as well as regulation of naturally occurring

inhibitors of cytokine signalling contribute to sensitize the b-cell to apoptotic stimuli. We hypothesize that immunological stimuli in type

1 diabetes and metabolic/inflammatory signals in type 2 diabetes converge on common signalling pathways leading to b-cell failure and

destruction in these two diseases.
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1. Introduction

Diabetes is an increasing worldwide health problem. It is

estimated that the prevalence of diabetes is doubling every

10–15 years and that by 2010 there will be 250 million

people affected with diabetes in the world [1]. Although

treatment has significantly improved, life-expectancy and

quality of life are reduced due to late diabetic complica-

tions. There is currently no cure for diabetes, and insulin

treatment for absolute or relative insulin deficiency is still

not able to completely substitute for loss of physiological

insulin secretion. Intrahepatic islet transplantation is there-

fore a logical approach to a curative strategy but this

procedure is associated with a high frequency of primary

non-functioning of the grafts and secondary graft failure so

that graft survival in type 1 diabetic patients is only

approximately 20% after 36 months [2] with a few recent

exceptions [3]. Prevention of b-cell failure in type 1 and

type 2 diabetes by pharmacological intervention is not yet

possible. The negative results of two recent large-scale

randomized controlled studies of pharmacological princi-

ples aimed at protecting pancreatic b-cells from immune

destruction in individuals at risk for type 1 diabetes

(ENDIT and DPT-1) [4] emphasize that more knowledge

about the basic mechanisms of b-cell destruction is needed

to design rational pharmacological intervention in the

future.

Since there is increasing evidence that b-cell apoptosis

both in type 1 and type 2 diabetes as well as in islet

graft failure seems to be a consequence of the effect of
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inflammatory mediators (reviews [5,6]) and since pancrea-

tic b-cells seem particularly sensitive to the apoptosis

inducing effect of these mediators (reviews [7,8]) the

purpose of this paper is to briefly review how inherent

features associated with the specialized b-cell phenotype

may modulate inflammatory mediator signalling in pan-

creatic b-cells. Hopefully deeper insight into these

mechanisms may provide targets for the design of novel

b-cell-specific pharmacological intervention.

2. b-Cell apoptosis in type 1 diabetes

It is generally accepted that b-cell destruction in type 1

diabetes is a consequence of an autoimmune reaction

against the pancreatic b-cells triggered by environmental

factors in genetically predisposed individuals [9]. Figure 1

shows the histopathological lesion in type 1 diabetes. The

islets are infiltrated with mononuclear cells which are first

cleared when the majority of the b-cells are destroyed.

Since many patients with long-standing type 1 diabetes still

have residual b-cell function there are clearly down-reg-

ulating mechanisms limiting the immune attack, but these

mechanisms are not clearly understood in humans. It is

believed that b-cell destruction occurs mainly by pro-

grammed cell-death, apoptosis [5,7,8,10]. The nature of

the immunological effectors that induce apoptosis in

b-cells leading to type 1 diabetes is still debated. According

to one hypothesis interaction between antigen presenting

cells and T-cells in the islet infiltrate leads to an inflam-

matory response in which the pro-inflammatory cytokines

IL-1, tumour necrosis factor a (TNF-a) and interferon g
(INFg) are released in high local concentrations in the islet

micro-environment (Fig. 2). These cytokines in synergy

then leads to induction of apoptotic signalling cascades. A

second theory implies that b-cell apoptosis is induced by T-

cell effector pathways such as Fas/Fas-ligand interaction

and the perforin/granzyme system. Which of these T-cell

effector pathways is the most important is much discussed.

Pro-inflammatory cytokines, especially IL-1, may still be

required in the latter model since b-cell expression of the

Fas receptor is dependent upon induction by IL-1 [11].

Thus, understanding the IL-1 signalling pathway in b-cells

will be central to understand b-cell destruction in both the

inflammatory and the T-cell mediated scenario.

3. b-Cell apoptosis in type 2 diabetes

The b-cell mass displays a remarkable physiological

plasticity. Thus, in obesity or during pregnancy b-cell mass

is expanded to compensate for the increased need for

insulin secretion caused by increased needs or insulin

resistance (Fig. 3). Type 2 diabetes is believed to occur

when insulin resistance cannot be compensated due to

inadequate insulin secretion and there is extensive evi-

dence that b-cell function is impaired in type 2 diabetes

[12]. It has been much discussed whether b-cell mass is

Fig. 1. Type 1 diabetes: an inflammatory disease of the pancreatic islet. The histopathology in type 1 diabetes is characterized by a chronic, atrophic,

lymphocytic insulitis where mononuclear cells infiltrate the islets and selectively destroy pancreatic b-cells. Mononuclear cells can be seen in the lower left

quadrant of the pancreatic islet.
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reduced in type 2 diabetes, to explain the progressive loss

of b-cell in this disease [13]. Recently, however, in a

unique autopsy material from the Mayo clinic it was

clearly demonstrated that b-cell mass is reduced in obese

humans with impaired fasting glucose and type 2 diabetes

as well as in lean cases of type 2 diabetes when compared

to non-diabetic obese and lean cases, respectively [14].

Several mechanisms may contribute to b-cell apoptosis

in type 2 diabetes. It is clear that hyperglycaemia can

induce apoptosis in several types of cells including mouse

myocardial cells [15], human retinal pericytes [16] and

even pituitary cells co-expressing the glucose transporter

GLUT2 and glucokinase [17]. Hyperglycaemia induced

apoptosis in these cells involve high glucose-activated

NFkB, mitochondrial cytochrome C-mediated caspase 3

activation and formation of reactive oxygen species (ROS).

Similar pathways have been suggested to be activated by

glucose in pancreatic b-cells [18,19]. Further glucose-

induced toxicity may in part indirectly be caused by

‘‘lipo-toxicity’’ implicating alterations in b-cell malonyl-

CoA, peroxisome proliferator activated receptors a and g
and steroid regulatory element binding protein expression

[20]. Free fatty acid-induced b-cell apoptosis was sug-

gested to involve formation of ceramide, nitric oxide (NO)

increased production and mitochondrial pathways (Fig. 4)

[21,22], although the involvement of NO may be contro-

versial [23]. In addition high glucose up-regulates the

Fas-receptor in human islets [21] which might cause

induction of apoptosis in neighbouring b-cells constitu-

tively expressing Fas-ligand. Recently, the mechanism

Fig. 2. A model for b-cell apoptosis in type 1 diabetes. b-Cell antigen ( ) is taken up by antigen presenting cells such as macrophages (M1) or dendritic

cells (DC) and processed by proteolytic cleavage into antigenic fragments ( ). These peptides are bound to MHC-class II molecules in the endosomal

compartment. By fusion with the plasma membrane, the antigen–MHC-class II complexes are externalized, enabling the recognition of the complex by

T-helper cells (T). Activated by antigen recognition and other secondary signals the T-cell will produce interferon gamma (IFNg), which can feedback-

stimulate macrophages/dendritic cells to the production of interleukin-1 (IL-1) and tumour necrosis factor alpha (TNFa). In synergy, these cytokines

are selectively b-cell cytotoxic by the specific up-regulation of nitric oxide synthesizing iNOS and by regulating the expression of genes involved in

apoptosis. IL-1 also sensitizes the b-cell to T-cell-mediated killing via the Fas/Fas-ligand system by inducing the expression of the Fas-receptor on the

b-cell (b) surface.

Fig. 3. Relative reduction in pancreatic b-cell mass in type 2 diabetes. Although not reduced compared to lean normoglycemic individuals the b-cell mass in

type 2 diabetic patients is reduced when compared to obese normoglycemic individuals.
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underlying glucose induced b-cell Fas-expression was

explained by glucose-induced production of IL-1-b [24].

Thus, b-cells exposed to high glucose expressed IL-1-b,

and the apoptotic effect of glucose could be blocked by the

natural antagonist of IL-1 action interleukin-1 receptor

antagonist (IL-1Ra). These events were associated

with NFkB activation, DNA fragmentation and impaired

b-cell function (Fig. 4). Thus, inflammatory mediators

elaborated in type 1 diabetes as part of the autoimmune

response or expressed in b-cells in response to high glucose

in type 2 diabetes may be a common denominator for b-cell

apoptosis in these two diseases.

4. Interleukin-1 (IL-1) signalling in b-cells

Since interleukin-1 is a central cytokine proposed to

participate in b-cell destruction in both diabetic disorders

we here review briefly IL-1 signalling (Fig. 5) [7]. IL-1

binds to IL-1R1 that are also expressed on pancreatic b-

cells. Ligation of IL-1 to IL-1R1 recruits the IL-1RAcP and

Tollip subsequently binds to the IL-1-RAcP and MyD88 to

the IL-1R1. This complex can then dock IRAK-1. The

activated kinase subsequently dissociates from the IL-1

receptor complex, phosphorylates TRAF6 which then

either activates the IKK-NFkB pathway or the SAPK/

MAPK. Further, independently of IRAK IL-1R1 activation

can activate phospholipase C and thereby PKC, in parti-

cular, PKCd which has been shown to be involved in b-cell

apoptosis [25,26].

The molecular links between the three described path-

ways and the effector program of apoptosis are not fully

understood. Microarray and proteomic studies have shown

that IL-1 causes alteration of more than 100 genes in

pancreatic b-cells, many of which are NFkB-dependent

[27,28]. Ongoing efforts are aimed at understanding the

transcription factors and key genes in IL-1 signalling in

b-cells in these three main pathways. Not surprisingly

similar signalling pathways are elicited in many other cells

by IL-1. IL-1 clearly leads to a variety of cellular responses

Fig. 4. A model for b-cell apoptosis in type 2 diabetes. Free fatty acids

(FFA) cause b-cell apoptosis by induction of free oxygen radicals (O2
�),

nitric oxide (NO) synthesis and ceramide as well as down-regulation of

anti-apoptotic proteins such as bcl-2. The toxic effect of free fatty acids

can be blocked by nicotinamide (NA) or aminoguanidine (AG) both

blockers of nitric oxide synthase. Glucose-induced b-cell apoptosis

involves the induction of free oxygen radicals and b-cell synthesis of IL-

1 which in autocrine/paracrine fashion activates IL-1 signalling leading to

b-cell apoptosis. The pro-apoptotic effect of glucose on human islets can

be blocked by interleukin-1 receptor antagonist (IL-1Ra).

Fig. 5. IL-1 signaling in b-cells (for details see text).
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Fig. 6. Basic physiology of the b-cell. The Pdx-1 (pancreatic duodenum homeobox factor 1) defines the differentiated b-cell phenotype, e.g. by being an important transcription factor for pre-proinsulin transcription,

transcription of the glucose transporter 2 (GLUT2) and synthesis of the ameloid protein. Glucose is transported into the b-cell via the GLUT2 transporter and is oxidised. The ensuing alteration in ATP/ADP ratio

leads to closure of the potassium channels and depolarization of the plasma membrane. The change in plasma membrane potential leads to opening of L-type voltage-gated Ca2þ channels (VGCC) leading to influx of

calcium. Glucose also mobilizes calcium from the endoplasmic reticulum via activating inositol trisphosphate (IP3) receptors and ryanodine receptors (RyR) which will mobilize calcium from the endoplasmic

reticulum store. The increase in cytosolic calcium will lead to insulin granule exocytosis.
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other than apoptosis. It will therefore be important to

understand, how these inflammatory mediators induce

cell-specific responses. IL-1 receptor activation in different

cells operates on the background of the constitutive expres-

sion of genes related to that particular cellular phenotype.

Therefore, the phenotypic characteristics of the specialized

b-cell may modulate IL-1 signalling to promote a pro-

apoptotic outcome.

5. b-Cell phenotypic modulators of apoptosis

The pancreatic b-cell is a highly specialized cell utiliz-

ing 70% of its protein synthesis for insulin production

(Fig. 6). Due to the hazards of uncontrolled insulin secre-

tion both b-cell-function and -mass must be tightly regu-

lated. This fact may explain why b-cells are prone to

apoptotic stimuli such as Fas, cytokines, nitric oxide,

glucose, free fatty acids, ameloid, reactive oxygen species,

etc. Below we briefly review hypotheses to suggest why

b-cells are particular apoptosis prone.

(a) We hypothesize that the b-cell pays a price for its

exquisite specialization in that the b-cell during

differentiation acquires its particular apoptosis prone-

ness. In support of this hypothesis is the observation

that differentiated b-cells are more sensitive to toxins

and cytokines [29] and that overexpression of the

b-cell differentiation transcription factor Pdx-1 not

only increases MAP and SAP kinase signalling in

these cells but also leads to higher sensitivity to the

pro-apoptotic effect of IL-1 [30]. The molecular

mechanisms underlying Pdx-1 sensitization to cyto-

kine-induced apoptosis have not been clarified but

may involve Pdx-1-dependent expression of GLUT2

glucose transporter, insulin secretion and autocrine

signalling or expression of other Pdx-1-dependent

genes.

(b) The glucose stimulus/insulin secretion coupling is

dependent on glucose oxidation leading to the

synthesis of reactive oxygen species. Interestingly

pancreatic b-cells have extraordinary low oxidative

stress coping capabilities due to low concentrations of

many antioxidant enzymes [31,32]. Increasing ambi-

ent glucose concentrations in islet cultures causes

potentiation of IL-1-induced b-cell toxicity, and this

is associated with the potentiation of IL-1-induced

nitric oxide synthesis [33]. The potentiating effect of

glucose on IL-1-induced NO-synthesis is blocked

with a p38 MAP kinase inhibitor [34]. Since nitric

oxide has been implicated in both b-cell necrosis and

apoptosis, glucose may potentiate IL-1 toxicity by this

mechanism.

(c) Insulin exocytosis in response to glucose stimulation is

dependent on active calcium handling (Fig. 6). Inter-

estingly cytokine-induced b-cell apoptosis can be

prevented using both L- and T-type calcium channel

blockers [35,36]. Curiously changes in calcium cur-

rents have not been demonstrated following cytokine

treatment, but alterations of the activity of calcium-

dependent proteins such as the calcium-dependent

phosphatase calcineurin indicated that IL-1 exposure of

b-cells is associated with fluctuations in intra-cellular

calcium concentrations. The signalling pathways and

molecular links to the apoptotic machinery have not

been elucidated.

(d) A number of natural inhibitors of cytokine signalling

have been discovered in recent years. The suppressors

of cytokine signalling (SOCS) constitutes a family of

proteins that have traditionally been considered to be

negative feed-back regulators of IFNg signalling.

Surprisingly, however, SOCS3 also down-regulates

Fig. 7. The scaffold protein islet brain-1 (IB-1) regulates JNK activity. (A) Normally IB-1 concentration is high in pancreatic b-cells leading to inhibition of

the JNK signalling pathway because of formation of incomplete MLK3, MKK7, JNK signalosomes. (B) At a reduction of the IB-1 content as is the case

following cellular stress by IL-1, UV-irradiation or specific JNK-activation, efficient signalosomes are formed leading to pro-apoptotic JNK-signalling.
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IL-1 signalling [37]. Interestingly, SOCS3 up-regula-

tion in response to IL-1 is delayed and may therefore

be insufficient to down-regulate IL-1-mediated sig-

nalling in b-cells thereby contributing to the sensi-

tivity of b-cells to cytokines. Similarly, the scaffold

protein of the SAPK cascade islet brain-1 (IB-1),

which is prominently expressed in the central nervous

system and in the islets, is down-regulated in response

to a number of stressors including IL-1 [38,39].

Down-regulation of the IB-1 content will lead to more

effective assembly of the JNK signalosome (Fig. 7)

and thereby apoptotic signalling.

6. Summary and conclusion

Although type 1 and type 2 diabetes are etiologically and

genetically different diseases we suggest that type 1 and

type 2 diabetes may share common molecular mechanisms

underlying b-cell failure. We propose that immunological

mediators in type 1 diabetes and metabolic factors in type 2

diabetes converge on common signalling pathways in the

b-cells that may be unopposed due to deficient down-

regulating mechanisms or potentiated due to other inherent

features of the b-cell. We suggest that these inherent

properties may explain the particular sensitivity of b-cells

to cytokine-induced apoptosis. These mechanisms may

provide novel b-cell-specific targets for pharmacological

interventions.

Acknowledgments

Karen Rahbek Kruse is thanked for preparing the manu-

script.

References

[1] McCarty D, Zimmet, P. Diabetes 1994–2010: global estimates and

projections. Leverkusen: Bayer, AG; 1994. p. 1–46.

[2] Brendel MD, Hering BJ, Schultz AO, Bretzel RG. International Islet

Transplant Registry (ITR). Newsletter #9. 2001. Third Medical De-

partment, University Hospital Giessen, Germany.

[3] Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, Warnock GL,

Kneteman NM, Rajotte RV. Islet transplantation in seven patients with

type 1 diabetes mellitus using a glucocorticoid-free immunosuppres-

sive regimen. N Engl J Med 2000;343:230–8.

[4] DPT-1. Effects of insulin in relatives of patients with type 1 diabetes

mellitus. N Engl J Med 2002;346:1685–91.

[5] Mandrup-Poulsen T. Beta-cell apoptosis—stimuli and signaling. Dia-

betes 2001;50:S58–63.

[6] White SA, James RFL, Swift SM, Kimber RM, Nicholson ML. Human

islet cell transplantation—future prospects. Diabetic Med 2001;18:

78–103.

[7] Eizirik DL, Mandrup-Poulsen T. A choice of death—the signal-

transduction of immune-mediated beta-cell apoptosis. Diabetologia

2001;44:2115–33.

[8] Mandrup-Poulsen T. The role of interleukin-1 in the pathogenesis of

IDDM. Diabetologia 1996;39:1005–29.

[9] Atkinson MA, Eisenbarth GS. Type 1 diabetes: new perspectives on

disease pathogenesis and treatment. Lancet 2001;358:221–9.

[10] Mauricio D, Mandrup-Poulsen T. Apoptosis and the pathogenesis of

Iddm—a question of life and death. Diabetes 1998;47:1537–43.

[11] Yamada K, Takanegyotoku N, Yuan X, Ichikawa F, Inada C, Nonaka

K. Mouse islet-cell lysis mediated by interleukin-1-induced Fas.

Diabetologia 1996;39:1306–12.

[12] Kahn SE. The importance of beta-cell failure in the development and

progression of type 2 diabetes. J Clin Endocrinol Metab 2001;86:

4047–58.

[13] Turner RC, Holman RR, Cull CA, Stratton IM, Matthews DR, Frighi

V, Manley SE, Neil A, McElroy K, Wright D, Kohner E, Fox C,

Hadden D, Mehta Z, Smith A, Nugent Z, Peto R, Adlel AI, Mann JI,

Bassett PA, Oakes SF, Dornan TL, Aldington S, Lipinski H, Collum R,

Harrison K, MacIntyre C, Skinner S, Mortemore A, Nelson D,

Cockley S, Levien S, Bodsworth L, Willox R, Biggs T, Dove S,

Beattie E, Gradwell M, Staples S, Lam R, Taylor F, Leung L, Carter

RD, Brownlee SM, Fisher KE, Islam K, Jelfs R, Williams PA,

Williams FA. Intensive blood-glucose control with sulfonylureas or

insulin compared with conventional treatment and risk of complica-

tions in patients with type-2 diabetes (UKPDS-33). Lancet 1998;352:

837–53.

[14] Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC.

Beta-cell deficit and increased beta-cell apoptosis in humans with type

2 diabetes. Diabetes 2003;52:102–10.

[15] Cai L, Li W, Wang GW, Guo LP, Jiang YC, Kang YJ. Hyperglycemia-

induced apoptosis in mouse myocardium—mitochondrial cytochrome

c-mediated caspase-3 activation pathway. Diabetes 2002;51:1938–48.

[16] Romeo G, Liu WL, Asnaghi V, Kern TS, Lorenzi M. Activation

of nuclear factor-kappa B induced by diabetes and high glucose

regulates a proapoptotic program in retinal pericytes. Diabetes 2002;

51:2241–8.

[17] Faradji RN, Havari E, Chen Q, Gray J, Tornheim K, Corkey BE,

Mulligan RC, Lipes MA. Glucose-induced toxicity in insulin-produ-

cing pituitary cells that coexpress GLUT2 and glucokinase—implica-

tions for metabolic engineering. J Biol Chem 2001;276:36695–702.

[18] Laybutt DR, Kaneto H, Hasenkamp W, Grey S, Jonas JC, Sgroi DC,

Groff A, Ferran C, Bonner-Weir S, Sharma A, Weir GC. Increased

expression of antioxidant and antiapoptotic genes in islets that may

contribute to beta-cell survival during chronic hyperglycemia. Dia-

betes 2002;51:413–23.

[19] Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are oxidative

stress-activated signaling pathways mediators of insulin resistance and

beta-cell dysfunction? Diabetes 2003;52:1–8.

[20] Prentki M, Joly E, El Assaad W, Roduit R. Malonyl-CoA signaling,

lipid partitioning, and glucolipotoxicity—role in beta-cell adaptation

and failure in the etiology of diabetes. Diabetes 2002;51:S405–13.

[21] Maedler K, Spinas GA, Lehmann R, Sergeev P, Weber M, Fontana A,

Kaiser N, Donath MY. Glucose induces beta-cell apoptosis via

upregulation of the Fas receptor in human islets. Diabetes 2001;

50:1683–90.

[22] Shimabukuro M, Wang MY, Zhou YT, Newgard CB, Unger RH.

Protection against lipoapoptosis of beta-cells through leptin-depen-

dent maintenance of bcl-2 expression. Proc Natl Acad Sci USA

1998;95:9558–61.

[23] Lupi R, Dotta F, Marselli L, Del Guerra S, Masini M, Santangelo C,

Patane G, Boggi U, Piro S, Anello M, Bergamini E, Mosca F,

Di Mario U, Del Prato S, Marchetti P. Prolonged exposure to free fatty

acids has cytostatic and pro-apoptotic effects on human pancreatic

islets—evidence that beta-cell death is caspase mediated, partially

dependent on ceramide pathway, and Bcl-2 regulated. Diabetes 2002;

51:1437–42.

[24] Maedler K, Sergeev P, Ris F, Oberholzer J, Joller-Jemelka HI, Spinas

GA, Kaiser N, Halban PA, Donath MY. Glucose-induced beta cell

T. Mandrup-Poulsen / Biochemical Pharmacology 66 (2003) 1433–1440 1439



production of IL-1 beta contributes to glucotoxicity in human pan-

creatic islets. J Clin Invest 2002;110:851–60.

[25] Carpenter L, Cordery D, Biden TJ. Protein kinase C delta activation by

interleukin-1 beta stabilizes inducible nitric-oxide synthase mRNA in

pancreatic beta-cells. J Biol Chem 2001;276:5368–74.

[26] Carpenter L, Cordery D, Biden TJ. Inhibition of protein kinase C delta

protects rat INS-1 cells against interleukin-1 beta and streptozotocin-

induced apoptosis. Diabetes 2002;51:317–24.

[27] Cardozo AK, Kruhoffer M, Leeman R, Orntoft T, Eizirik DL. Identi-

fication of novel cytokine-induced genes in pancreatic beta-cells by

high-density oligonucleotide arrays. Diabetes 2001;50:909–20.

[28] John NE, Andersen HU, Fey SJ, Larsen PM, Roepstorff P, Larsen MR,

Pociot F, Karlsen AE, Nerup J, Green IC, Mandrup-Poulsen T.

Cytokine or chemically derived nitric oxide alters the expression of

proteins detected by two-dimensional gel electrophoresis in neonatal

rat islets of Langerhans. Diabetes 2000;49:1819–29.

[29] Nielsen K, Karlsen AE, Deckert M, Madsen OD, Serup P, Mandrup-

Poulsen T, Nerup J. Beta-cell maturation leads to in vitro sensitivity to

cytotoxins. Diabetes 1999;48:2324–32.

[30] Ammendrup A, Maillard A, Nielsen K, Andersen NA, Serup P,

Madsen OD, Mandrup-Poulsen T, Bonny C. The c-Jun amino-terminal

kinase pathway is preferentially activated by interleukin-1 and con-

trols apoptosis in differentiating pancreatic beta-cells. Diabetes

2000;49:1468–76.

[31] Lenzen S, Drinkgern J, Tiedge M. Low antioxidant enzyme gene-

expression in pancreatic-islets compared with various other mouse-

tissues. Free Radic B 1996;20:463–6.

[32] Tiedge M, Lortz S, Drinkgern J, Lenzen S. Relation between anti-

oxidant enzyme gene-expression and antioxidative defense status of

insulin-producing cells. Diabetes 1997;46:1733–42.

[33] Andersen HU, Mauricio D, Karlsen AE, Mandrup-Poulsen T, Nielsen

JH, Nerup J. Interleukin-1-beta-induced nitric-oxide production from

isolated rat islets is modulated by d-glucose and 3-isobutyl-1-methyl

xanthine. Eur J Endoc 1996;134:251–9.

[34] Giannoukakis N, Rudert WA, Trucco M, Robbins PD. Protection of

human islets from the effects of interleukin-1 beta by adenoviral gene

transfer of an I kappa B repressor. J Biol Chem 2000;275:36509–13.

[35] Wang L, Bhattacharjee A, Zuo Z, Hu FQ, Honkanen RE, Berggren PO,

Li M. A low voltage-activated Ca2þ current mediates cytokine-in-

duced pancreatic beta-cell death. Endocrinology 1999;140:1200–4.

[36] Zaitsev SV, Appelskog IB, Kapelioukh IL, Yang SN, Kohler M, Efendic

S, Berggren PO. Imidazoline compounds protect against interleukin 1

beta-induced beta-cell apoptosis. Diabetes 2001;50:S70–6.

[37] Karlsen AE, Ronn SG, Lindberg K, Johannesen J, Galsgaard ED,

Pociot F, Nielsen JH, Mandrup-Poulsen T, Nerup J, Billestrup N.

Suppressor of cytokine signaling 3 SOCS-3 protects beta-cells against

interleukin-1 beta- and interferon-gamma-mediated toxicity. Proc Natl

Acad Sci USA 2001;98:12191–6.

[38] Bonny C, Oberson A, Steinmann M, Schorderet DF, Nicod P, Waeber

G. IB1 reduces cytokine-induced apoptosis of insulin-secreting cells. J

Biol Chem 2000;275:16466–72.

[39] Bonny C, Oberson A, Negri S, Sauser C, Schorderet DF. Cell-perme-

able peptide inhibitors of JNK novel blockers of beta-cell death.

Diabetes 2001;50:77–82.

1440 T. Mandrup-Poulsen / Biochemical Pharmacology 66 (2003) 1433–1440


	Apoptotic signal transduction pathways in diabetes
	Introduction
	beta-Cell apoptosis in type 1 diabetes
	beta-Cell apoptosis in type 2 diabetes
	Interleukin-1 (IL-1) signalling in beta-cells
	beta-Cell phenotypic modulators of apoptosis
	Summary and conclusion
	Acknowledgements
	References


