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Summary 

Diabetes Mellitus is a major global health problem and its incidence is increasing 

worldwide in a pandemic way, thereby adding a great economic burden on communities. 

Diabetes is a chronic disease that is characterized by increased blood glucose level as a 

result of insufficient insulin for the body’s need. Interestingly, activation of inflammatory 

pathways has been reported in obesity, insulin resistance, type 1 and type 2 diabetes 

(T1D, T2D). The IKK2/NF-κB signaling system plays a prominent role in the regulation of 

inflammation, immune responses, cell survival, proliferation and differentiation. The role 

of IKK/NF-κB signaling in β-cells especially in the context of T1D is controversially 

discussed and both protective and pro-apoptotic functions are reported.  

To gain new insights into the real function of IKK/NF-κB signaling in β-cells, we 

generated two corresponding conditional loss- and gain-of-function mouse models to 

either inhibit (IKK2-DNPdx-1) or activate (IKK2-CAPdx-1) IKK2/NF-κB signaling, specifically 

in β-cells. Constitutive activation of IKK2/NF-κB signaling in β-cells is sufficient to induce 

immune-mediated diabetes with insulitis, marked hyperglycemia, hypoinsulinemia and 

reduced β-cell mass. This phenotype was accompanied by a gene expression profile 

indicating type I IFN response, a characteristic consequence of viral infections, and has 

similarities to allergic inflammatory conditions. This might implicate that NF-κB activation 

in β-cells on its own could generate a proinflammatory microenvironment and create an 

innate immune reaction similar to an antiviral response that is able to recruit different 

immune cells. Ultimately this could culminate into diabetes development. In addition, 

novel diabetes-associated candidate genes were identified in IKK2-CAPdx-1 mice which 

have to be further analyzed. 

For our surprise, inhibition of IKK/NF-κB signaling in β-cells also triggers diabetes but 

only when it is combined with Pdx-1 haploinsufficiency. This was also confirmed by a 

pancreas-specific knockout of the IKK regulator NEMO (Pdx-1+/-/NEMOΔpanc). The 

diabetic phenotype in IKK2-DNPdx-1 was non-immune-mediated and was associated with 

marked hyperglycemia, hypoinsulinemia, reduced β-cell mass and disturbed islet 

architecture. As Pdx-1 is a crucial regulator of β-cell differentiation and function, it is 

plausible that Pdx-1+/- mice might compensate for the reduced gene dose through 
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different mechanisms, probably involving NF-κB activation. In this manner, β-cells of 

Pdx-1+/- mice have fair preserved functions and animals do not develop diabetes. 

However, superimposition of IKK/NF-κB inhibition prevents this adaptive pathway 

leading to deterioration of β-cell function and finally to diabetes development in IKK2-

DNPdx-1 and Pdx-1+/-/NEMOΔpanc mice. One potential mechanism is the upregulation of 

the muscarinic M3R, which is reported to have beneficial effects on β-cell function. 

Taken together, the results of both models imply that dysbalanced NEMO/IKK/NF-κB 

signaling interferes with physiological β-cell homeostasis and this scenario most 

probably relies on the occurrence of β-cells in a pre-stressed state. 
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Abbreviations 

ACh acetylcholine 

ADA American diabetes association 

AGEs advanced glycation end products 

AKT (PKB) protein kinase B 

APC    antigen presenting cell  

APECED autoimmune polyendocrinopathy candidiasis ectodermal dystrophy 

APS ammonium persulfate 

ARD ankyrin repeat domain 

BAFF B-cell activating factor of the TNF family  

BB biobreeding rat 

BCR B cell receptor 

BCR B cell receptor 

BSA bovine serum albumin 

CA constitutively active 

CC coil-coil domains 

CCL chemokine C-C-motif ligand 

CCR chemokine C-C-motif receptor 

CD cluster of differentiation 

Cdna complementary DNA 

CTLA4 cytotoxic T-lymphocyte associated protein 4 

CXCL CXC-ligand 

DAG diacylglycerol 

DAPI 4',6-diamidino-2-phenylindole 

DC dendritic cell 

DEND developmental delay, epilepsy and diabetes 

DN Dominant negative 

DNA deoxyribonucleic acid 

DNase deoxyribonuclease 
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Dntp deoxynucleoside triphosphate 

Dox doxycyclin 

dsRNA Double stranded RNA 

EAR eosinophil associated ribonuclease 

ECM extracellular matrix 

EDTA ethylenediamine tetraacetic acid 

ELISA enzyme-linked immunoabsorbent assay 

EMSA electrophoretic mobility shift assay 

ER endoplasmic stress 

ER endoplasmatic reticulum 

ERK extracellular signal-regulated kinases 

FACS fluorescence-activated cell sorting 

FCS fetal calf serum 

FFA free fatty acids 

FITC fluorescein-isothiocyanate 

FoxO1 Forkhead box-containing protein O-1 

FoxP3 forkhead box P3 

FTO fat mass and obesity-related gene 

GAD glutamic acid decarboxylase 

GAP GTPase-activating protein 

GCK glucokinase 

GDM gestational diabetes mellitus 

GIP glucose-dependent insulinotropic polypeptide 

GLP1 glucagon like peptide-1  

GLUT4 glucose transporter type 4 

GSIS glucose stimulated insulin production 

GSK3 glycogen synthase kinase 3 

GWAS genome-wide association studies 

HbA1c glycated haemoglobin A1c 

HBSS Hank’s balanced salt solution 
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HFD high-fat diet 

HLA human leukocyte antigen 

HLH helix-loop-helix 

HPRT hypoxanthine-guanine phosphoribosyltransferase 

HRP horseradish peroxidase 

IA2 protein tyrosine phosphatase, insulinoma antigen2 

IAA Insulin autoantibodies 

IADPSG international Association of Diabetes in Pregnancy Study Groups 

IAPP islet amyloid polypeptide 

ICA islet cell autoantibodies 

ICAM intercellular adhesion molecule 

IFG impaired fasting glucose 

IFIH1 interferon induced with helicase C domain 1 

IFN interferon 

IGRP islet specific glucose‑6-phosphatase catalytic-subunit-related protein 
IGT impaired glucose tolerance 

IKK Inhibitor of NFκB kinase 

IKKK IKK kinases 

IL interleukin 

IL2RA interleukin 2 receptor, alpha 

INGAP islet neogenesis-associated protein  

INGAP-PP islet neogenesis-associated protein pentadecapeptide 

iNOS inducible nitric oxide synthetase 

IP-10 Interferon gamma-induced protein (CXCL10) 

IP3 inositol-3,4,5-triphosphate 

IPEX immune dysregulation, polyendocrinopthay, enteropathy, X-linked 

IR insulin receptor 

IRF interferon regulatory factor 

IRS insulin receptor substrate 
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IκB Inhibitor of NFκB 

JAK janus kinase 

JNK1 c-jun NH2-terminal kinase 1 

KATP ATP sensitive K  

LMP-1 latent membrane protein-1 

LPS lipopolysaccharide 

LZ leucine zipper 

M3R muscarinic receptor subtype M3 

Madcam mucosal vascular addressin cell adhesion molecule 

MafA V-maf musculoaponeurotic fibrosarcoma oncogene homolog subtype A 

MafB V-maf musculoaponeurotic fibrosarcoma oncogene homolog subtype B 

MAPK mitogen activated protein kinase 

MCP1 monocyte chemotactic protein 1 (CCL2) 

MEKK3 MAPK/ERK kinase kinase 3 

MHC major histocompatibility complex 

MLDS multiple low-dose streptozotocin 

MMP matrix-metalloproteinase 

MODY maturity onset diabetes of the young 

Myc v-myc myelocytomatosis viral oncogene homolog 

NADPH nicotinamide adenine dinucleotide phosphate (reduced form) 

NBD NEMO-binding domain 

NDM neonatal diabetes 

NEMO NF-κB essential modifier 

NF-κB nuclear factor kappa B 

Ngn3 neurogenin3  

NIK NF-κB -inducing kinase 

NK cell natural killer cell 

NLS nuclear localization sequence 

NO nitric oxide 

NOD non-obese diabetic 
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ODP overt diabetes in pregnancy 

OGTT oral glucose tolerance testing 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PDCD4 programmed cell death 4 

PDK phosphoinositol-dependent kinase-1 

Pdx-1 pancrease and deodenal homeobox 1 

PE phycoerythrin 

PEP Phosphoenolpyruvate 

PFA paraformaldehyde 

PI3K phosphoinositide-3-kinase 

PIP2 phosphatidylinositol-4,5-bisphosphate 

PIP3 phosphatidylinositol-3,4,5-triphosphate 

PKC protein kinase C 

PLC phospholipase C 

PLN pancreatic lymph nodes  

PNDM permanent neonatal diabetes mellitus 

PP pancreatic polypeptide  

PTPN22 protein tyrosine phosphatase, non-receptor type 22 

PUFA polyunsaturated fatty acids 

qPCR quantitative realtime-PCR 

RAGE receptor for advanced glycation end products 

RANTES regulated upon activation normal T cell expressed and secreted 

(CCL5) RIPA radio immunoprecipitation assay 

RLU relative lightunits 

RNA ribonucleic acid 

ROS reactive oxygen species 

RP Reserve pool 

rpm rounds per minute 
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RPMI Roswell Park Memorial Institute medium 

RRP readily releasable pool 

s.e.m standard error of the mean 

SDS sodiumdodecylsulfate 

SERPINA serine protease inhibitor clade A member1 

sFFA saturated free fatty acids 

SHDS single high dose streptozotocin 

SIRT Silent Information Regulator Two (Sir2) 

SNARE Soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein 

receptor SNP single-nucleotide–polymorphism 

SREBP-1c Sterol regulatory element- binding protein-1c 

STAT signal transducer and activator of transcription 

STZ streptozotocin 

T1D type 1 diabetes 

T2D type 2 diabetes 

TAD transativation domain 

TBS tris buffered saline 

TCF7L2 T cell factor 7-like 2 

TCR T cell receptor 

TEMED tetramethylethylenediamine 

tetO tetracycline responsive operon 

TLR Toll-like receptor 

TNDM transient neonatal diabetes mellitus 

TNF  tumor necrosis factor  

Trg regulatory T cell 

tTA  tetracycline transactivator 

TUNEL TdT-mediated dUTP-biotin nick end labeling 

ULD ubiquitin-like domain 

UPL Universal Probe Library (Roche) 

UV ultraviolet irradiation 
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VCAM vascular cell adhesion molecule 

ZDF Zucker diabetic fatty 

ZF zinc finger 

ZFR Zucker fatty rats 

ZNT8 zinc transporter 8 
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1 Introduction 

1.1 Pancreatic β-cells 

The pancreas is a dual function gland with both endocrine and exocrine functions.  The 

exocrine part consists of acinar and ductal cells that are responsible for the secretion of 

digestive enzymes into the gastrointestinal lumen. On the other hand, the endocrine part 

is formed of cluster of cells called islets of Langerhans, which comprise only about 1-2% 

of the total pancreatic mass and secrete various hormones directly into the blood stream 

to regulate fuel homeostasis.  Islets of Langerhans are formed of 5 cell types including 

α, β, δ, ε and PP cells that secrete glucagon, insulin, somatostatin, ghrelin and 

pancreatic polypeptide (PP), respectively (Collombat et al., 2006). Of these cells, the 

insulin secreting pancreatic β-cells represent 70-80% of total islet cells. Endocrine cells 

are distributed within the islets in a species-dependent manner. Whereas in rodents β-

cells constitute the core of the islets that is surrounded by the other cell types in the 

periphery, endocrine cells are scattered throughout the human islet (Cabrera et al., 

2006; Kim et al., 2009). Several transcription factors cooperate to successively specify 

progenitor cells toward the pancreatic, endocrine, and ultimately islet cell fates (Heinis et 

al., 2010; Oliver-Krasinski and Stoffers, 2008) (Figure 1). Pdx-1 is required for 

pancreatic epithelium determination and subsequently neurogenin3 (Ngn3) is expressed 

in cells committed to the endocrine lineage. Next, a complex network of transcription 

factors, including Arx and Pax4 progressively and differentially promotes the particular 

endocrine fates. Multiple findings suggested that the mutually antagonistically regulated 

factors Arx and Pax4 instruct endocrine precursor cells toward either α-cell or β/δ cell 

fates, respectively. Furthermore, α- and β-cell differentiation occurs from a precursor 

expressing MafB. Then Pax4 has a secondary function of specifying the β cell lineage in 

β/δ precursor cells. 

Postnatal expansion of β-cells and physiological growth of adult cells have been shown 

to be through self-duplication of preexisting β-cells both in humans and rodents (Dor et 

al., 2004; Kushner et al., 2005; Meier et al., 2008; Teta et al., 2007). Interestingly, the 

highest rate of β-cell proliferation is early postnataly and declines thereafter to adulthood 

where β-cells were shown to have a long lifespan (Desgraz and Herrera, 2009; Meier et 
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al., 2008; Teta et al., 2005) Nevertheless, β-cell proliferation can increase in response to 

enhanced metabolic demand as in pregnancy, obesity and insulin resistance. 

 

 

Figure 1 Transcription factors involved in endocrine cell differentiation (Heinis et 
al., 2010). 

1.1.1 Insulin secretion  

Blood glucose level is tightly regulated by insulin secretion from pancreatic β-cells and 

insulin actions in target tissues, i.e. reducing hepatic glucose production and promoting 

glucose uptake into muscle and adipose tissue. In order to maintain glucose 

homeostasis, pancreatic β-cells secrete appropriate amounts of insulin in a precisely 

regulated process in response to various factors, including nutrients as well as hormonal 

and neural inputs to the β-cells (Seino, 2012) (Figure 2). In addition, Insulin secretion 

could be regulated by autocrine signals, factors secreted from β-cells. These include, 

insulin itself, peptides (e.g. amylin, chromogranin A and B and their cleavage products), 

neurotransmitters (ATP and γ-aminobutyric acid) and ions (e.g. zinc) (Braun et al., 
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2012). Among all previously mentioned factors, glucose is the most potent physiological 

stimuli as it induces robust insulin secretion within few minutes and the stimulatory effect  

 

Figure 2 Mechanisms involved in insulin secretion (Seino, 2012). 

lasts as long as plasma glucose is elevated. Glucose stimulated insulin secretion (GSIS) 

is a biphasic response of rapid and transient first phase followed few minutes later by a 

sustained second phase. The first phase begins within few minutes of stimulation and 

ends fast to start the slowly developing second phase in which secretion reaches peak 

within 30–40 min (Henquin et al., 2002; Straub and Sharp, 2004). GSIS involves two 

signaling pathways, the KATP channel-dependent and independent pathways. In the 

former, glucose is transported into β-cells through the glucose transporters, GLUT1 in 

humans and GLUT2 in rodents where it is rapidly metabolized leading to increased 

cytoplasmic ATP/ADP ratio and closure of ATP-sensitive K+ (KATP) channels. This 

results in plasma membrane depolarization and opening of the voltage-gated L-type 

Ca2+ channels leading to Ca2+ influx and rise in intracellular Ca2+ [Ca2+]i that triggers 

exocytosis of insulin granules (Straub and Sharp, 2002) (Figure 2). 

The KATP-dependent mechanism is responsible for the first phase of insulin secretion 

where it acts as a triggering signal. On the other hand, the KATP-independent mechanism 
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provide an amplifying signal that supports the long-lasting second phase where it acts in 

synergy with KATP-dependent pathways to ensure the maximum secretion of insulin in 

response to glucose (Straub and Sharp, 2004). A common feature of both pathways is 

the requirement of Ca2+ influx to the cytosol through Ca2+ channels. NADPH, GTP, 

malonyl-CoA, long-chain acyl-CoA, glutamate and Phosphoenolpyruvate (PEP) are 

thought to be the amplifying signals that are responsible for KATP-independent insulin 

secretion (Jitrapakdee et al., 2010). 

Insulin release involves packaging of insulin in small secretory granules, trafficking of 

these granules to the plasma membrane and the exocytotic fusion of granules to the 

plasma membrane. There are at least two pools of insulin granules that are 

distinguished by their competence and proximity to plasma membrane: a reserve pool 

(RP) accounting for the vast majority of granules, and a readily releasable pool (RRP) 

represent <5% of granules (Seino, 2012). First-phase insulin secretion reflects 

exocytosis of RRP granules residing in close proximity to voltage-gated Ca2+ channels 

while the second phase represents a subsequent supply of new granules mobilized from 

the RP located farther away (Seino et al., 2011). Exocytosis of insulin granules is largely 

dependent on the soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein 

receptor (SNARE) complex proteins consisting of syntaxin-1, VAMP2, and SNAP-25 

(Wang and Thurmond, 2009). 

In addition to metabolic signals evoked by glucose, intracellular signals such as cAMP, 

DAG and IP3, produced by hormonal and neuronal inputs, are essential for amplifying 

insulin secretion (Henquin, 2009). Incretins as glucagon like peptide-1 (GLP1) and 

glucose-dependent insulinotropic polypeptide (GIP) are hormone secreted by intestinal 

endocrine cells in response to glucose and other nutrients. They induce insulin secretion 

via activation of cAMP signaling in β-cells.  cAMP potentiates insulin secretion by a 

PKA-dependent mechanism and by a PKA-independent mechanism  that involves the 

cAMP-binding protein Epac2 (Meloni et al., 2013). Acetylcholine (Ach), the major 

neurotransmitter of parasympathetic nerves has an evident stimulatory role on insulin 

secretion. This effect is mediated by the G protein coupled receptor M3 muscarinic Ach 

receptor (M3R) subtype. Activation of M3R stimulates production of the two second 

messengers diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Ruiz de Azua et 
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al., 2011). While DAG activates various protein kinase C (PKC) isoforms that increase 

the efficiency of Ca2+ on insulin exocytosis, IP3 promotes the release of Ca2+ from 

endoplasmic reticulum (ER) stores (Gilon and Henquin, 2001).  

Furthermore, different transcription factors were found to be involved in the regulation of 

GSIS by affecting different steps in the aforementioned processes. These include Pdx-1, 

FoxO1 (Forkhead box-containing protein O-1), SREBP-1c (Sterol regulatory element-

binding protein-1c) and MafA (V-maf musculoaponeurotic fibrosarcoma oncogene 

homolog, subtype A) (Shao et al., 2009). 

1.1.2 Insulin signaling 

Insulin stimulates various metabolic processes in the peripheral tissues including, 

stimulation of glucose uptake (muscle and adipose tissue) and glycogen storage 

(muscle and liver) as well as inhibition of hepatic gluconeogenesis and glycogenolysis. 

In addition, insulin increases lipogenesis in the liver and adipose tissue and inhibits 

adipocyte lipolysis (free fatty acid generation from triglycerides) (Pessin and Saltiel, 

2000).  In insulin sensitive tissues, binding of insulin to the α subunit of the insulin 

receptor activates receptor autophosphorylation by tyrosine domain of β subunits that 

increases its intrinsic protein kinase activity. The activated receptor then phosphorylates 

the adaptor molecules insulin receptor substrate 1 and 2 (IRS1 and 2) on several 

tyrosine residues, which leads to the recruitment and activation of phosphatidylinositol 3-

kinase (PI3K). PI3K converts phosphatidylinositol 3,4 bisphosphate (PIP2) to 

phosphatidylinositol 3,4,5 trisphosphate (PIP3), which acts as an anchor, binding protein 

kinases like phosphoinositol-dependent kinase-1 (PDK-1) to the plasma membrane and 

activating them. PIP3 recruit protein kinase B (PKB, also known as Akt) and atypical 

protein kinases C (aPKCs), which play a crucial role in glucose homeostasis after 

phosphorylation and activation by mTOR and/or PDK1. Akt phosphorylates the Rab- 

GTPase-activating protein (GAP) AS160 thus promoting GLUT4 translocation to the 

plasma membrane and glucose uptake in adipocytes and skeletal muscle. In addition, 

activated Akt promotes glycogen synthesis after phosphorylation, and thus inhibition of 

glycogen synthase kinase 3 (GSK3) in skeletal muscle and liver. Insulin further 

promotes lipogenesis and inhibits gluconeogenesis in liver cells (Kadowaki et al., 2012; 

Turban and Hajduch, 2011) (Figure 3). 
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Figure 3 Insulin signaling (Turban and Hajduch, 2011). 

1.2 Diabetes Mellitus 

Diabetes is a major global health problem and there is currently a fast growing diabetes 

pandemic, which puts a great economic burden on government and individuals. 

Diabetes is characterized by increased blood glucose levels (Table 1) as a result of 

insufficient insulin for the body’s need (Ashcroft and Rorsman, 2012). Furthermore, it is 

a heterogeneous disorder of multiple etiologies with pancreatic β-cell dysfunction and/or 

death being the main culprit. There are three major types of diabetes; the polygenic type 

1 diabetes (T1D) and type 2 diabetes (T2D) as well as the monogenic form of the 

disease, which is also called maturity onset diabetes of the young (MODY). The main 

criteria of each are demonstrated in Table 2 and they are discussed in details in the 

following sections. 
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Table 1 Diagnostic criteria for diabetes, IFG, IGT, prediabetes and gestational 
diabetes (Nolan et al., 2011).  

 Diabetes  

(WHO and ADA) 

IFG and IGT 

(WHO) 

Prediabetes 

(ADA) 

GDM and ODP 

(IADPSG) 

HbA1c ≥6.5% NA ≥5.7% and <6.5% ODP, ≥6.5%  

Fasting plasma glucose 

(mmol/L) 

≥7.0 (≥ 126 mg/dl) IFG≥ 6.1 and < 7.0 ≥5.6 and <7.0 GDM, ≥5.1, 

ODP≥7.0 

75g OGTT post-load 

plasma glucose 
(mmol/L) 

2h, ≥11.1 (≥200 mg/dl) IGT 2h ≥7.8 and 

<11.1 

2h ≥7.8 and <11.1  

Random glucose 

(mmol/L) 

≥11.1 (≥200 mg/dl) with 

classic symptoms 

NA NA ODP, ≥ 11.1 

 

Although the diagnostic criteria of WHO and ADA (American diabetes association) for 

diabetes are identical, the measures to assess intermediate hyperglycaemia or 

prediabetes are different. IFG: impaired fasting glucose, IGT: impaired glucose 

tolerance, GDM: gestational diabetes mellitus, ODP: overt diabetes in pregnancy, 

IADPSG: International Association of Diabetes in Pregnancy Study Groups, HbA1c: 

glycated haemoglobin A1c. NA: not applicable, OGTT: oral glucose tolerance testing. 

Fasting blood sugar of ≥5·1 mmol/L and <7·0 mmol/L at any time of pregnancy is 

diagnostic of GDM. In the absence of unequivocal hyperglycaemia, results should be 

confirmed with retesting. 
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Table 2 Different features associated with type 1 diabetes (T1D), type 2 diabetes 
(T2D), and the common subtypes of maturity onset diabetes of the young (MODY) 
(Thanabalasingham and Owen, 2011). 

 

1.2.1 Type 1 diabetes (T1D) 

Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by destruction of 

pancreatic β-cells by CD4+ and CD8+ T cells targeting various antigens and it is usually 

present in the childhood and accounts for 5-10% of diabetes cases (Eisenbarth, 1986). 

T1D is associated with the presence of islet-cell autoantibodies and the presence of 

either low or even no plasma C-peptide levels and patients require lifelong insulin 

treatment for survival. The incidence rate of T1D in 100,000 individuals varies from less 

than 5 in eastern countries to around 40 individuals in Europe and other western 

countries (Patterson et al., 2009). These numbers are increasing considerably with the 

prediction of doubling of new cases of T1D in European children younger than 5 years 

between 2005 and 2020 (Patterson et al., 2009). β-cell loss occurs slowly over the years 

with 70-90% of β-cells are lost at the time of diagnosis which is attributed to a complex 

interplay between the mechanisms triggered by the invading leukocytes and β-cell-

intrinsic pathways. In addition, genetic predisposition as well as environmental factors, 

e.g infections and nutritional agents play a crucial role in diabetes pathogenesis (Herold 

et al., 2013). 

1.2.1.1 Environmental factors 

 A broad range of evidence including increased T1D incidence in younger children at a 

rate higher than what can be accounted for by genetic changes alone emphasizes the 

role of environmental factors in triggering T1D. Furthermore, the risk of developing the 
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disease for identical twins is only maximally around 65% which implicates the presence 

of other effectors. The main environmental factors involved are diet (as bovine milk) and 

infectious agents including parasites, bacteria and viruses (Herold et al., 2013).  

Enteroviruses can induce or accelerate the development of T1D by several mechanisms 

(Coppieters et al., 2012). Destruction of infected β-cells by virus-induced cytolysis is one 

possible mechanism. In addition, viral infection could initiate an inflammatory response 

leading to unspecific activation of unrelated T cell entities. Subclinical levels of β-cell 

destruction could occur as a result of inflammation with the subsequent release and 

presentation of intracellular self-antigens, aberrantly processed during destruction 

process, leading to activation of autoreactive T cell responses (Antigenic spreading). 

Molecular mimicry is an alternative mechanism that depends on a cross-reactive 

autoimmune response induced as a result of structural similarities between viral 

epitopes and self-antigens. In this context auto-aggressive T cells eliminates not only 

the infecting virus but also own pancreatic β-cells. Also alterations of gut microbiome 

have been associated with diabetes pathogenesis (Mathis and Benoist, 2011). On the 

other side, it has been proposed that some infectious agents could alter the host’s 

immune response in a way that can confer protection against T1D incidence. In addition, 

absence of these infectious insults as a result of the current increase in public health 

might explain the increased incidence of T1D, a theory that is known as “Hygiene 

hypothesis” which apply also for incidence of other autoimmune and allergic diseases 

(Bach and Chatenoud, 2012). Indeed, there is a marked North to South gradient in T1D 

prevalence in Europe that continues into Africa with the highest frequency in the 

Scandinavian countries, less so in Southern Europe, and is barely present in Africa. A 

similar trend is reported in North America, from Canada to Mexico. Furthermore, the 

geographical map of immune disease prevalence coincides negatively with that for 

infectious diseases as tuberculosis and childhood diarrheal diseases (Bach and 

Chatenoud, 2012). 

1.2.1.2 Pathogenesis of type 1 diabetes 

In T1D autoreactive CD4+ and CD8+ T cells escape thymic negative selection and 

migrate to the peripheral lymphoid organs. Unknown stimuli trigger the release of β-cell 

autoantigens which are then loaded on antigen presenting cells (APC) as dendritic cells 
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(DCs) and/or B-cells that ferry them to the draining pancreatic lymph nodes (PLN), and 

present them to autoreactive T cells (Mathis et al., 2001) (Figure 4). This leads to 

activation and expansion of autoreative CD4+ and CD8+ T cells which then migrate via 

the blood stream to pancreatic islets where they provoke β-cells damage through 

various ways. These include Fas/FasL interaction, release of cytokines, including TNF-

α, IFNγ, IL-β and CD8+ T cell-induced perforin/granzyme B-dependent cell death. 

Activation of the cytocidal function of macrophages and stimulation of β-cells to produce 

cell death promoting effectors are additional mechanisms of β-cells death (Baumann et 

al., 2012; Santamaria, 2010) (Figure 4). Innate immune cells, macrophages, DCs and 

NK cells have been implicated directly in β-cell death in addition to their role in T cell 

activation (Herold et al., 2013). This occurs through direct interaction of NK cells with β-

cells and release of cytokines by DCs and macrophages. Inflammatory cytokines can 

contribute to β-cell death/dysfunction through different ways including, upregulation of 

NF-κB, stimulation of ROS generation and/or upregulation of MHCI expression by β-

cells. In addition, it was demonstrated that IL-1β can inhibit insulin production (Kim and 

Lee, 2009; King, 2008).  

In T1D, β-cells contribute to their own destruction by activating pro-apoptotic pathways 

and secreting chemokines and cytokines that aid to islet inflammation. These intrinsic 

responses are mainly triggered by the proinflammatory cytokines secreted by the 

infiltrating immune cells. Mechanisms regulating β-cell responses are complicated and 

include activation of NF-κB, STAT1, the c-jun N-terminal kinases (JNK), ER stress and 

mitochondrial apoptotic pathways (Eizirik et al., 2009; Gurzov and Eizirik, 2011; Thomas 

et al., 2009; Zhong et al., 2012). 

Of notice, the progressive loss of β‑cell mass during the development of autoimmune 

type 1 diabetes (T1D) is non-linear and acquires relapsing and remitting phases as seen 

in other relapsing–remitting autoimmune disorders, such as multiple sclerosis, or during 

chronic viral infections. This cyclic nature of T1D could be attributed to the appearance 

and spreading of antigenic determinants, β‑cell proliferation/regeneration and the 

actions of regulatory T cells (von Herrath et al., 2007). 
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Figure 4 Pathogenesis of type 1 diabetes (T1D).  

Failure of positive or negative selection of T cells allows autoreactive T cells to escape into the 

periphery where they can be activated by β-cell antigen-loaded antigen presenting cells (APC) 

in pancreatic lymph node (PLN). Activated T cells migrate to pancreatic islets where they 

provoke β-cell destruction by (i) Fas/FasL interaction (ii) release of cytotoxic acting cytokines 

(iii) CD8+ T cell induced perforin/granzymeB-dependent cell death (iv) activation of the 

cytocidal function of macrophages (Mφ) (v) stimulation of β-cells to produce cell death 

promoting effectors. The presence of regulatory T cells is an additional peripheral checkpoint 

to inhibit autoimmunity and maintain self-tolerance.  

Failure (breakage) of central and/or peripheral tolerance mechanisms in preventing 

immune reactivity to self antigens can promote the progression of autoimmune diabetes 
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(Herold et al., 2013). The importance of central tolerance can be evidenced by the fact 

that significant percentage of patients with autoimmune polyendocrinopathy candidiasis 

ectodermal dystrophy (APECED) develops autoimmune diabetes (Mathis and Benoist, 

2004). APECED is caused by mutations in the transcription factor autoimmune regulator 

(AIRE), which is expressed by thymic epithelial cells and controls the expression of 

autoantigens and negative selection of autoreactive T lymphocytes. This process 

facilitates the development of central tolerance to peripheral proteins, such as insulin. 

Regulatory T cells (Tregs) identified as FoxP3+CD4+CD25+ are crucial for the 

maintenance of peripheral tolerance in many autoimmune diseases, including 

autoimmune diabetes (Brusko et al., 2008). Tregs control effector cells by mechanisms 

involving cell–cell contact and/or soluble cytokines as IL10, IL35 and TGFβ, and defects 

in these cells may contribute to T1D pathogenesis (Herold et al., 2013). Mutations in the 

transcription factor FoxP3 (forkhead box P3), the master regulator of the development 

and function of Tregs, abolish its function leading to the IPEX syndrome (immune 

dysregulation, polyendocrinopthay, enteropathy, X-linked), which is a cause of neonatal 

diabetes (Wildin and Freitas, 2005). 

1.2.1.3 Autoantibodies 

The presence of islet autoantibodies is a hallmark of T1D that identifies the presence of 

an autoimmune process and precedes the clinical onset of the disease in humans and 

animal models of T1D (Taplin and Barker, 2008). The detection of autoantibodies in the 

serum of diabetic patients was a direct evidence to identify T1D as an autoimmune 

disease (Bottazzo et al., 1974). The key antigen targets of these autoantibodies have 

been identified and include insulin (Palmer et al., 1983), proinsulin, glutamic acid 

decarboxylase (GAD65; also known as GAD2), protein tyrosine phosphatase insulinoma 

antigen2 (IA2 also known as ICA512 and PTPRN) (Payton et al., 1995), islet specific 

glucose‑6-phosphatase catalytic-subunit-related protein IGRP (also known as G6PC2), 

islet cell autoantibodies (ICA) (Bottazzo et al., 1974), and zinc transporter 8 (ZNT8) 

(Orban et al., 2009; Sabbah et al., 1999; Wenzlau et al., 2007). Recently, Pdx-1 was 

identified as a novel β-cell-specific autoantigen for T1D (Li et al., 2010). There is a 

strong association between the risk of developing T1D and the presence of these 

autoantibodies. In addition, the risk correlates with the number of different antigens 
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targeted by these autoantibodies rather than their overall titer (the presence of 

persistently positive and multiple antibodies is highly predictive for the development of 

T1D). A large number of studies has demonstrated the presence of these antibodies 

years before the detection of clinically significant hyperglycemia. Approximately one or 

more of these antibodies are present in 90% of new-onset patients and prevalence 

reduces with the age of diabetes development and obesity (Wang et al., 2007). Insulin 

autoantibodies (IAA) are often the first autoantibody detected early in infancy (Atkinson 

and Eisenbarth, 2001) and there is an inverse relation between (IAA) levels and the age 

of diabetes onset, with the highest levels found in children who became diabetic before 

age 5 (Vardi et al., 1987). In many cases, IAA-positive children subsequently develop 

multiple islet autoantibodies (Colman et al., 2000; Kimpimaki et al., 2002; Ziegler et al., 

1999) and usually progress to clinical T1D, whereas children who remain positive only 

for IAAs rarely develop the disease (Ziegler et al., 1999). Indeed, there is a significant 

association of high levels of IAA and the high risk haplotype HLA-DR4 (Ziegler et al., 

1991) however other DQA1 alleles found on DR3 haplotype was associated with low 

IAA and may confer recessive low responsiveness to insulin (Pugliese et al., 1994). In 

addition, high-affinity IAAs identify children with the highest diabetes risk and are 

associated with HLA-DR4, proinsulin reactivity, young age of IAA appearance, and 

subsequent progression to multiple islet autoantibodies or T1D (Achenbach et al., 2004). 

Despite being very useful markers for the prediction of future development of T1D 

(Bingley and Gale, 2006), autoantibodies are thought to be non-pathogenic and do not 

by themselves cause β-cell destruction (Taplin and Barker, 2008). Islet autoantibodies 

can be transmitted and detected in serum of offspring born to islet antibody–positive 

mothers. However, fetal exposure to these autoantibodies does not increase the risk of 

diabetes development and may protect against future islet autoimmunity (Achenbach et 

al., 2004). In addition, T1D has been reported to develop in patients with 

agammaglobulinemia where B cells are severely depleted (Martin et al., 2001). 

1.2.1.4 Genetics of type 1 diabetes 

Genetic factors play an important role in the pathogenesis and susceptibility to T1D 

(Bluestone et al., 2010; Polychronakos and Li, 2011; Steck and Rewers, 2011). This was 

evidenced by studies demonstrating that the prevalence of the disease in siblings of 
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patients with T1D is around 6%, which is 15-fold higher than the risk in the general 

population (Davies et al., 1994; Harjutsalo et al., 2005; Hyttinen et al., 2003). 

Furthermore, concordance rates for T1D in identical twins with long-term follow up are 

around 65%, compared to 6%–10% in non-identical twins, which is similar to what is 

found in non-twin siblings (Redondo et al., 2008).  

The human leukocyte antigen (HLA) class II genes, in animals it is denoted as MHCII, 

on chromosome 6p21 in the major histocompatibility (MHC) complex represent the 

major T1D susceptibility locus. HLAII is the first to be recognized and localized and 

accounts for up to 30%–50% of the disease genetic risk (Noble et al., 1996). HLA is a 

family of homologous cell surface proteins that is highly polymorphic as it contains 

hundreds of protein coding alleles. These proteins bind antigenic peptides and present 

them to T cells through a groove whose amino acid sequence, and hence confirmation, 

determine the specificity of every allele for different antigenic determinants (Vyas et al., 

2008). Class I HLAs (HLA-A, HLA-B and HLA-C) are composed of a single chain and 

are expressed by all nucleated cells where it can present antigens to cytotoxic CD8+ T 

cells. The Class II HLAs (DP, DR and DQ) are made up of A and B chains and are 

expressed by the antigen presenting cells, dendritic cells, B cells, monocytes and 

thymus epithelium where it can present antigens to CD4+ T cells.   

Several studies have declared that specific alleles at the HLA-DRB1, DQA1 and DQB1 

loci are strongly associated with T1D and it is the specific combination of alleles that 

determine the extent of haplotypic risk (Erlich et al., 2008). The highest risk for T1D is 

associated with the DR-DQ haplotypes: DR3, DRB1*03-DQA1*0501-DQB1*0201 and 

DR4, DRB1*04-DQA1*0301-DQB1*0302 and heterozygosity for both risk haplotypes 

confers the greatest known risk factor. Other alleles have been associated with T1D in 

non-European populations (for example, HLA-DRB1*0405–HLA-DQB1*0401 and HLA-

DRB1*0901–HLA-DQB1*0303 in Japanese and Korean populations). However, other 

haplotypes confer strong protection from diabetes such as DR2, DRB1*1501-

DQA1*0102-DQB1*0602 (Noble and Valdes, 2011). HLA class 1 genes were also 

shown to be associated with T1D albeit more weakly (Noble et al., 2010).  

Other multiple non-HLA T1D loci were also identified though having smaller effects on 

disease risk compared to HLA. These include the insulin gene (INS) on 11p15 (Barratt 
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et al., 2004; Bell et al., 1984; Lucassen et al., 1993) and the protein tyrosine 

phosphatase, non-receptor type 22 (PTPN22) gene on 1p13 (Bottini et al., 2004) which 

each confers a twofold increased disease risk. Further candidate gene studies 

discovered non-coding variants in the genes cytotoxic T-lymphocyte associated protein 

4 (CTLA4) on 2q33 (Nistico et al., 1996) and the interleukin 2 receptor, alpha (IL2RA 

also known as CD25) (Qu et al., 2007; Vella et al., 2005). In addition, genome-wide 

association studies (GWAS) performed with high density single-nucleotide–

polymorphism (SNP) genotyping platforms have proved association of interferon 

induced with helicase C domain 1 (IFIH1) genes (Smyth et al., 2006) with T1D and 

provided evidence for a number of other novel loci including IL10, IL19, IL20, GLIS3, 

CD69 and IL27 (Barrett et al., 2009; Todd et al., 2007). Many of these loci are also 

associated with other autoimmune diseases, precluding shared molecular mechanisms 

and pathways (Zhernakova et al., 2009). This could explain the co-occurrence of T1D 

with other autoimmune diseases as autoimmune thyroiditis (Graves’ disease and 

Hashimoto’s disease), rheumatoid arthritis, coeliac disease and multiple sclerosis 

(Barera et al., 2002; Somers et al., 2006) and indicate that certain loci and genes seem 

to predispose to multiple immune related disorders. 

1.2.1.5 Animal models of type 1 diabetes 

Our understanding of T1D has profited greatly from the spontaneous animal models, 

non-obese diabetic mice (NOD) and biobreeding rat (BB) (von Herrath and Nepom, 

2009). These spontaneous models are inbred strains selected for the spontaneous 

development of the disease and show polygenic inheritance. Both models have 

similarity to the human disease in different aspects including the involvement of T cell 

mediated destruction of β-cells in young ages and the crucial dependence on MHC 

alleles, though not sufficient for T1D development. Additional immune dysregulation is 

required which include defects in maturation and function of innate and adaptive 

immune cells as well as defective regulatory T cells (Roep et al., 2004; von Herrath and 

Nepom, 2009). 

The NOD model is highly investigated and represents the most widely used and the 

most informative model for T1D since it has emerged in Japan more than 30 years ago 

(Makino et al., 1980). 
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The phenotype in this model arises as a result of a complex unique set of genotypic 

combination of a specific MHC allele, I-Ag7 and a large set of background genes that 

affecting around 20 loci. This model develops diabetes in a time window between 14-30 

weeks that is preceded by prediabetic insulitis starting around at 4-5 weeks of age. 

Females are more susceptible to diabetes with an incidence rate of 60-80% by 30 

weeks of age compared with 20-60% in males (Thayer et al., 2010).  

In addition, transgenic expression of different TCR, MHC, co-stimulatory molecules and 

proinflammatory cytokines as well as knocking down regulatory cytokines accelerate or 

trigger autoimmune diabetes development with or without additional stimuli in different 

engineered animal models (Roep et al., 2004). Experimental diabetes could be also 

induced chemically by the use of streptozotocin or alloxan (Szkudelski, 2001). Two 

streptozotocin-induced animal models of diabetes were reported: single high dose 

streptozotocin (SHDS) and multiple low-dose streptozotocin (MLDS). SHDS induces 

diabetes by directly killing β-cells without development of autoimmunity (Szkudelski, 

2001) and may specifically allow for the analysis of β-cells intrinsic factors regulating 

their survival. The MLDS model generates a T1D like pathogenesis involving an 

inflammatory immune response (Herold et al., 1996). 

1.2.2 Type 2 diabetes (T2D) 

Type 2 diabetes (T2D) is the most common form of diabetes that accounts for about 

90% of diabetic cases worldwide and is characterized by β-cell dysfunction (mainly 

impaired insulin secretion) and peripheral insulin resistance (Ashcroft and Rorsman, 

2012). Hyperglycemia and T2D occurs when β-cell cannot meet the increased insulin 

demand due to insulin resistance conditions. Under insulin resistance conditions, insulin 

production by β-cells increases to meet the high demand resulting in an increase of β-

cell mass. This explains the elevated or normal C-peptide levels seen in T2D patients 

though less than the expected for the occurring hyperglycemia. In 2011, 337 million 

people worldwide have been announced by the International Diabetes Federation to 

suffer from T2D, a disease that accounts for 4.6 million deaths each year, or one death 

every seven seconds (Ashcroft and Rorsman, 2012). T2D is affected by life style factors, 

as obesity, age and gestation, but also have a strong genetic component. Generally, 

diabetes incidence increases as the economic standard of countries increases thus 
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people eat more sugar- and fat-rich diet and are less physically active. This can be 

evidenced by the fact that the highest prevalence of T2D occurs in upper-middle and 

high-income countries. Also, the rapid economic development in the middle east has led 

to the profound increase in diabetes incidence from 6% in 1990 to over 20% in parts 

today with Qatar having the highest prevalence in the world, 23%, and followed by Saudi 

Arabia, Emirates and Egypt (Scully, 2012).  

 

Figure 5 Mechanisms involved in T2D pathogenesis. 

Controversial data concerning β-cell mass in T2D have been recorded. While up to 60% 

reduction in β-cell mass has been demonstrated (Butler et al., 2003), similar to the 

extent of reduction in glucose stimulated insulin secretion (GSIS) (Del Guerra et al., 

2005), considerably lower decrements were also reported (Rahier et al., 2008). 

However, it is unclear whether reduction in β-cell mass is an initial event in T2D or it 

arises as a consequence of sustained hyperglycemia. Nevertheless, as the presence of 

40% of β-cells was shown to be sufficient for proper glucose homeostasis (Menge et al., 

2008), β-cell mass although plays some role in T2D, is not the sole or even the most 

important factor. Furthermore, the observation that insulin secretion is reduced in T2D 



Introduction 

 33 

islets even if correction is done for the reduced insulin content, implies that β-cell 

function rather than number is the culprit of T2D (Ashcroft and Rorsman, 2012). 

1.2.2.1  Obesity, inflammation and T2D 

Obesity is a critical risk factor for T2D development and the tragic increase in T2D 

incidence seen in the last 50 years is greatly due to concomitant increase in obesity that 

is seen in most T2D patients. Obesity can predispose to diabetes by inducing peripheral 

insulin resistance and by directly affecting β-cell function (Donath et al., 2013).  

In recent years, overwhelming evidences assign chronic tissue inflammation, involving 

adipose tissue, liver, muscle, islets, as an important cause of obesity-induced insulin 

resistance and contributes substantially to T2D pathogenesis (Donath et al., 2013; 

Donath and Shoelson, 2011; Imai et al., 2013). The inflammatory state of T2D is 

indicated by the observed increment in circulatory cytokines (Kwon and Pessin, 2013). 

Several mechanisms have been demonstrated to explain β-cell dysfunction and insulin 

resistance in T2D, which are also strongly linked and contribute to tissue inflammation. 

Glucotoxicity (caused by hyperglycemia), lipotoxicity (caused by increased circulating 

FFA or ectopic tissue lipid deposition), oxidative stress (caused by glucose or FFA) and 

ER stress have been shown to impair insulin secretion, induce β-cell death and insulin 

resistance (Donath et al., 2013; Donath and Shoelson, 2011).  

It is clearly established now that obesity is associated with adipose tissue inflammation 

as evident by upregulation of inflammatory genes and marked accumulation of immune 

cells and several potential mechanisms are discussed (Donath et al., 2013). Excess 

caloric intake results in hypertrophy and hyperplasia of adipocytes and adipocyte 

hypertrophy could be accompanied by cytokine and chemokine production and may lead 

to adipocyte death and release of cellular content thus eliciting an inflammatory 

response. Enlarged adipose tissue could also result in local hypoxia that stimulates 

inflammatory gene expression. In addition, progressive lipid accumulation was reported 

to induce a switch in macrophage phenotype from the anti-inflammatory M2 to the pro-

inflammatory M1. Finally, ER stress and autophagy found in adipose tissue during 

obesity could be a source of local inflammatory response.  
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Adipose tissue produces and releases different secretory proteins called adipokines into 

the circulation that have opposing effects on inflammation. In obesity, the adipokines’ 

secretory profile of the dysfunctional adipocytes changes with the pro-inflammatory 

adipokines, as leptin, TNF-α and IL6, being increased while the anti-inflammatory ones, 

like adiponectin are decreased which account for the observed systemic inflammation in 

obesity (Kwon and Pessin, 2013). 

Hypertrophic adipocytes are in addition less insulin sensitive and progressively more 

lipolytic, thus releasing excessive free fatty acids (FFAs). FFAs, particularly saturated 

long-chain ones (sFFA), can trigger inflammation in all above mentioned organs through 

toll-like receptor (TLR)-dependent and TLR-independent pathways (Glass and Olefsky, 

2012) (Figure 6). Several indirect ways in which FFAs engage TLRs and thereby 

inducing proinflammatory responses have been described. These include induction of 

the formation of lipid rafts that favors TLRs dimerization required for signaling, 

involvement of endogenous ligand like CD36 and fetuin-A linking FFAs to TLR and 

recognition of damage signals caused by lipotoxicity by TLRs (Donath et al., 2013). 

TLR-independent proinflammatory effects of FFAs involve the production of reactive 

oxygen species (ROS), which can activate the proinflammatory NF-κB pathway (Gloire 

et al., 2006). In addition, ROS can activate the formation of the NLRP3 inflammasomes, 

which activates the release of IL1β (Wen et al., 2011) and thus production of IL-1-

dependent cytokines and chemokines. 

Elevated glucose levels can be another cause of systemic inflammation (Deopurkar et 

al., 2010) probably by two mechanisms.  Enhanced cellular oxidative phosphorylation 

elicited by increased glucose metabolism leads to increased production of ROS which 

can aid to inflammation by the same above described means (Zhou et al., 2010). 

Additionally, chronic hyperglycemia induces non-enzymatic glycation of proteins and 

lipids leading to the formation of advanced glycation end products (AGEs), which can 

stimulate the pattern recognition receptor, RAGE. Engagement of this receptor activates 

NF-κB and stress kinases ERK1/2 and induces more ROS (Bierhaus and Nawroth, 

2009). 
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Figure 6 Effects of saturated fatty acids (sFA) on inflammation and insulin 
resistance. Modified from (Glass and Olefsky, 2012). 

Pancreatic islet inflammation seems to take part also in T2D and may have a 

fundamental role in its pathogenesis (Figure 7). This was evidenced by the elevated 

numbers of immune cells and upregulation of the master cytokine IL1β detected in islets 

of T2D patients (Boni-Schnetzler et al., 2008; Ehses et al., 2007; Maedler et al., 2002; 

Richardson et al., 2009). In addition, all animal models of T2D show islet leukocyte 

infiltration (Ehses et al., 2009; Ehses et al., 2007). Islet β-cells are particularly vulnerable 

to oxidative stress due to increased ROS production by the high mitochondrial activity 

(2-3 folds higher than other organs) together with the very low levels of antioxidant 

enzymes. Furthermore, β-cells are characterized by increased flux of proteins through 

the ER under normal conditions. Increased insulin production in response to insulin 

resistance further increases this flux thus inducing ER stress (Donath and Shoelson, 

2011). It was reported that glucose induces IL1β production in β-cells (Maedler et al., 

2002) and FFAs also provoke islet inflammatory response in a similar way (Boni-
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Schnetzler et al., 2009). Deposition of islet amyloid polypeptide (IAPP), a peptide 

cosecreted with insulin, is a hallmark feature of T2D that is reported in islets of most 

T2D patients (Westermark et al., 2011) however it is not fully clear yet whether it is a 

cause or a consequence. Nevertheless, overexpression of human IAPP in rodents 

results in β-cell dysfunction and loss (Westermark et al., 2011) and this was explained 

by enhanced IL1β through activation of NLRP3 inflammasome (Masters et al., 2010). A 

rare polymorphism in IAPP is associated with increased incidence or severity of T2D in 

some populations (Seino, 2001), and this protein variant has a higher propensity to form 

amyloid. 

1.2.2.2 β-cell dysfunction in type 2 diabetes (T2D) 

The ability of β-cells to compensate for increased demands and peripheral resistance 

determines whether or not obese and other insulin-resistant individuals will develop 

diabetes. In T2D, β-cells have poor homeostatic function and ability to cope with 

metabolic or environmental insults (Ashcroft and Rorsman, 2012). Furthermore, loss of 

first-phase secretion and reduced second-phase secretion are characteristic features of 

T2D (Seino et al., 2011).  

FFAs are important to support normal insulin secretion and acute elevation in FFA 

potentiates GSIS by increasing fatty acyl-CoA or complex lipid concentrations that 

modulate protein kinase C or the exocytotic machinery (Yaney and Corkey, 2003). 

However, long-term exposure to FFAs causes impaired GSIS. Several observations 

have led to the accepted suggestion that obesity causes increased 

intrapancreatic/intraislet fat deposition, which constitutes a long-lasting local source of 

FFA adversely affecting β-cell function (Figure 7). Pancreatic fat content in nondiabetic 

individuals was reported to be inversely correlated with GSIS and β-cell glucose 

sensitivity (Tushuizen et al., 2007). Furthermore, high fat diet-induced diabetes in mice 

was associated with a similar pattern of Ca2+ channel distribution (Collins et al., 2010) to 

that seen by long-term incubation of islets with FFA that was also correlated with 

increased islet fat content (Hoppa et al., 2009). In addition, an increase in islet 

triglyceride content precedes hyperglycemia in Zucker diabetic rats fed a high-fat diet 

(Lee et al., 1994). Furthermore, infusion of FFAs for 48hours in diabetes brone BB rats 

increased islet cytokine mRNA and plasma cytokine levels that accompanied islet 
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leukocytic infiltration while single high-fat meal increased circulating IL-8 (Esposito et al., 

2003). 

The exact mechanism for FFAs-induced impairment in GSIS is still a matter of debate 

but several mechanisms have been postulated. These include impaired glucose 

metabolism, mitochondrial uncoupling, reduced insulin transcription, altered expression 

of proteins involved in exocytosis and apoptotic β-cell death (Lovis et al., 2008; Poitout 

and Robertson, 2008; Yaney and Corkey, 2003). FFA-induced apoptosis of β-cells was 

attributed to ER stress (Kharroubi et al., 2004) and/or oxidative stress (Morgan et al., 

2007). Recently, FFA were demonstrated to inhibit insulin secretion by dissociating Ca2+ 

channels from insulin secretory granules thus reducing Ca2+-dependent exocytosis 

(Hoppa et al., 2009). In addition to the effect on GSIS, prolonged exposure of islets to 

palmitate inhibits insulin gene transcription by impairing nuclear localization of Pdx-1 

(Hagman et al., 2005). 

 

 

Figure 7 Dysfunctional adipose tissue in obesity induces β-cell inflammation and 
dysfunction in T2D (Imai et al., 2013). 
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Furthermore, adipokines secreted by the dysfunctional adipocytes in obesity also 

changes, with increased leptin and reduced adiponectin, which can affect β-cell function 

(Dunmore and Brown, 2013; Kwon and Pessin, 2013) (Figure 7). Increased leptin 

coupled with leptin resistance in β-cells might reduce insulin secretion and transcription. 

Adiponectin has a proliferative, antiapoptotic effect together with enhancement of insulin 

production and secretion and reduction of its level in obesity minimize these beneficial 

effects (Dunmore and Brown, 2013; Imai et al., 2013). 

1.2.2.3 Mechanisms of Insulin resistance 

Insulin resistance is defined as the perturbation of insulin–mediated signaling pathways, 

and thus its anabolic actions in target organs (Samuel and Shulman, 2012). Insulin 

resistance usually accompanies certain conditions like obesity, gestation and polycystic 

ovary. Disruption of the insulin signaling, characteristic of insulin resistant states, can 

occur at different levels of the insulin signaling pathway (Kwon and Pessin, 2013). 

Changes in insulin receptor expression, phosphorylation, kinase activity and ligand 

binding could alter insulin signaling (Kwon and Pessin, 2013). Similarly mutations in 

insulin receptor gene (INSR) may induce insulin resistance (Hegele, 2003). Decreased 

insulin receptor protein levels also contribute to insulin resistance in humans and 

rodents (Shimomura et al., 2000). This could be due to suppressed expression by 

excess insulin or increased degradation by SOCS1/3 induced by the inflammatory 

adipokines TNF- α, IL6 and IL β (Rui et al., 2002). IRS phosphorylation on serine instead 

of tyrosine residues results in impaired downstream signaling and insulin resistance. 

Serine phosphorylation could be achieved by stress kinases as ERK (activated by 

insulin), PKCθ (activated by DAG produced by FFAs) as well as JNK and IKK (activated 

by TNF-α and TLR engagement by FFAs) (Boura-Halfon and Zick, 2009; Glass and 

Olefsky, 2012) (Figure 6). Finally, accumulation of intracellular ceramide, can stimulate 

the ability of phosphatase 2A to dephosphorylate Akt, and thus inhibits insulin signaling 

(Stratford et al., 2004). sFFAs are precursors for ceramide synthesis that is also 

stimulated by cytokines (Figure 6). 
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1.2.2.4  Genetics of type 2 diabetes (T2D) 

There is a strong genetic component in T2D, which explains why not all obese and 

insulin resistant people do not develop diabetes. Importantly, the capacity of β-cells to 

compensate for fuel surfeit determines whether or not the individual would progress into 

diabetes and is influenced by genetic susceptibility. The interplay between diabetes, 

obesity and genetics was strongly evidenced by the study showing that triglyceride 

emulsion infusions impair insulin secretion in nondiabetic first degree relatives of T2D 

patients but not in others (Kashyap et al., 2003). This also implies that genetic effects 

become obvious only in the presence of elevated FFA. 

Linkage studies and genome-wide association studies (GWAS) have identified more 

than 60 genes associated with increased risk of T2D (Bonnefond et al., 2010; McCarthy, 

2010; Morris et al., 2012; Taneera et al., 2012) but how they predispose to diabetes is 

not fully understood. However, studies have declared that many of these genes are 

mainly linked to impaired β-cell function, development or mass while some are 

associated with insulin resistance and predisposition to obesity like FTO (fat mass and 

obesity-related gene)  (McCarthy, 2010) (Figure 8).  
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Figure 8 Pathways of type 2 diabetes development implicated by genetic risk 
factors (McCarthy, 2010). 

Polymorphism in TCF7L2 (T cell factor 7-like 2), a WNT signaling-associated 

transcription factor, confers the strongest known association with increased risk of T2D 

(McCarthy et al., 2013). The risk allele of TCF7L2 has been associated with reduced 

insulin secretion, response to incretins such as GLP1 and increased hepatic glucose 

production (Lyssenko et al., 2007). While islet mRNA level of TCF7L2 was incresed in 

islets of Zucker diabetic fatty rat (Parton et al., 2006) and in patients with T2DM 

(Lyssenko et al., 2007), protein levels was reduced (Shu et al., 2009). This was 

explained by the presence of different TCF7L2 splice variants of opposing effects on β-

cell function (Le Bacquer et al., 2011), the ratio of which determines the resulting 

phentotype and is influnced by the risk allele.  In addition, loss of TCF7L2 correlates with 

impaired β-cells function and survival in mouse (da Silva Xavier et al., 2012) and human 

islets (Shu et al., 2008). However, a recent study has suggested that the major and 

primary consequence following disruption of TCF7L2 expression is reduced hepatic 

glucose production and that TCF7L2-related disruption of β-cell function is probably an 

indirect outcome (Boj et al., 2012).  
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Many genes responsible for monogenic diabetes (HNFA4, GCK, HNF1A, HNF1B, 

KLF11, KCNJ11, ABCC8 and PDX1) found also associated with T2D (Vaxillaire and 

Froguel, 2008). A recent study has identified additional genes that were strongly 

associated with insulin secretion and HbA1c and they make a rank list of 98 putative T2D 

genes the top 20 of which explained 24% of the variance in HbA1c (Taneera et al., 2012). 

Of these genes CHL1, LRFN2, RASGRP1, and PPM1K were found to affect insulin 

secretion in INS1 cells, while GPR120 prevented lipid-induced apoptosis and increased 

cell viability in human islets (Taneera et al., 2012). 

1.2.2.5 Animal models of T2D  

Animal models of T2D are greatly useful as they provide new insights into the human 

disease. In addition to spontaneous animal models of T2D, insulin resistance and T2D 

can be induced by various nutritional and chemical agents or genetic engineering, 

including transgenic or knockout approaches (Srinivasan and Ramarao, 2007) (Table 1). 

Many of the animals with inherent diabetes exhibit obesity and insulin resistance such 

as ZFR (Zucker fatty rats) and ZDF (Zucker diabetic fatty) rats as well as ob/ob and 

db/db mice. Of these, ZFR rat and ob/ob mice are characterized by severe 

hyperinsulinemia with only mild to moderate hyperglycemia without progression to 

diabetes throughout the life. This was rationalized by the possession of sturdy β-cells 

that is capable of maintaining lifelong insulin secretion capacity. On the other hand, ZDF 

rat and db/db mice have brittle β-cells that allow only for transient hyperinsulinemia 

associating short-term obesity. Later on, β-cells fail to compensate for the increased 

demand and start to die, which ultimately leads to diabetes, ketosis and rapid loss of 

previously accumulated fat. The latter models resemble more closely T2D development 

in humans. The more frequently used ob/ob and db/db mice are inherited as autosomal 

recessive mutation in leptin and leptin receptor genes, respectively. While ZFR rats’ 

phenotype was attributed to hypothalamic defect in leptin receptor signaling, ZDR is a 

substrain of ZFR selectively inbred for hyperglycemia (Srinivasan and Ramarao, 2007). 
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Table 3 Animal models of type 2 diabetes (T2D) (Srinivasan and Ramarao, 2007). 

Model category Type 2 diabetic models 

 Obese Non obese 

Spontaneous or 

genetically derived 

diabetic animals 

 

 

 

 

 

 

 

 

 

 

 

II. Diet/nutrition induced 

diabetic animals 

 

III. Chemically induced 

diabetic animals 

 

 

IV. surgical diabetic 
animals 

 

 

V. Transgenic/knock-out 

diabetic animals 

ob/ob mouse 

db/db mouse  

KK mouse  

KK/Ay mouse  

NZO mouse  

NONcNZO10  mouse  

TSOD mouse  

M16 mouse  

 

Zucker fatty rat  

ZDF rat  

SHR/N-cp rat  

JCR/LA-cp rat  

OLETF rat  

Obese rhesus monkey  

 

Sand rat  

C57/BL 6J mouse  

Spiny mouse  

 

GTG treated obese mice  

 

 

 

VMH lesioned dietary obese 
diabetic rat 

  

 

β3 receptor knockout mouse 

Cohen diabetic rat  

GK rat  

Torri rat Non obese C57BL/6 
(Akita) mutant mouse  

 

ALS/Lt mouse  

 

 

 

 

 

 

 

 

 

 

 

---  

 

 

 
Low   dose  ALX or STZ adult  

rats, mice, etc.  

Neonatal STZ rat  

 

Partial pancreatectomized 
animals e.g. dog, primate, pig & 
rats  

 

 

Transgenic or knockout mice 
involving genes of insulin and 
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Uncoupling protein (UCP1) 

knock-out  mouse 

insulin receptor and its 
components of downstream 
insulin signaling e.g. IRS-1, 
IRS-2, GLUT-4, PTP-1B and 
others  

PPAR-C tissue specific 
knockout mouse  

Glucokinase or GLUT2 gene 
knockout mice  

Human islet amyloid 
polypeptide overexpressed rat 
(HIP rat)  

 

1.2.3 Monogenic diabetes 

Monogenic forms of diabetes are mainly associated by reduced insulin secretion as a 

result of different single gene mutations in factors essential for either the production or 

release of insulin and accounts for around 1-2% of diabetes cases (Steck and Winter, 

2011). Neonatal diabetes (NDM) is a monogenic diabetes that develops within the first 6 

months of life, while maturity-onset diabetes of the young (MODY) refers to that which 

develops in young adults, however mutations in the same gene may manifest their 

effects at different ages (Ashcroft and Rorsman, 2012; Murphy et al., 2008; Steck and 

Winter, 2011). Different forms of monogenic diabetes are clinically distinct depending on 

the specific gene involved where they vary in the age of onset, severity of 

hyperglycemia, and risk of complications (Ashcroft and Rorsman, 2012).  

Often, monogenic diabetes is misdiagnosed as T1D or T2D, so individuals with islet 

antibody negative neonatal or young onset of diabetes should be genetically evaluated 

for the MODY genes. However, an overlap between features of different types of 

diabetes could occur in some patients as in the recent report by (Biason-Lauber et al., 

2013). They describe a monogenic form of diabetes, which develop as a result of 

autosomal-dominant mutation in the SIRT1 gene with the typical characteristics of T1D 

and T2D. Patients were lean and young at onset of hyperglycemia, insulin dependent, 

displayed autoantibodies to β-cells, lacked measurable C-peptide levels, and were 

insulin resistant.  
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1.2.3.1 Neonatal diabetes 

Neonatal diabetes is a rare condition, which is defined by diabetes development in the 

first 6 months of life (Greeley et al., 2010). NDM can be classified into two clinical 

subtypes: transient neonatal diabetes mellitus (TNDM) and permanent (PNDM), which is 

usually associated by intrauterine growth retardation and low birth weight. In TNDM 

apparent remission occurs after weeks to months but 50-60% of the cases relapses 

(Greeley et al., 2010). The most common cause of PNDM is the gain-of-function, 

heterozygote mutations in genes coding the subunits of KATP channel Kir6.2 (kcnj11) and 

SUR1(ABCC8), however, mild mutations have been detected in patients with TNDM 

(Shimomura, 2009). The most severe form of these mutations is associated with severe 

developmental delay, epilepsy and diabetes (DEND) syndrome (Hattersley and Ashcroft, 

2005). Most individuals can be treated with high doses of oral sulphonylurea and can 

achieve better glycemic control than with insulin injection (Pearson et al., 2006; Rafiq et 

al., 2008). PNDM can be also caused by mutations in INS gene (Polak et al., 2008; Stoy 

et al., 2007) and rarely by mutations in PDX1, GLIS3, HNF1B, FOXP3, PTF1A, GCK 

and EIF2AK3 (Hattersley et al., 2009) while the major cause of TNDM is the aberrant 

expression of imprinted genes at chromosome 6q24 (Temple and Shield, 2002).  

1.2.3.2 Maturity-onset diabetes of the young (MODY) 

Maturity-onset diabetes of the young (MODY) is clinically and genetically heterogeneous 

disease typically diagnosed outside the neonatal period but before 25 years of age. 

Vaxillaire and Froguel stated five major diagnostic criteria for MODY. These include 

diagnosis of hyperglycemia before age 25 yr in at least one or ideally two family 

members and autosomal-dominant pattern of inheritance with transmission of 

phenotypically similar diabetes through at least three generations. In these patients 

insulin is within normal levels (nonketotic diabetes) though low for the manifested 

hyperglycemia and moderate but insufficient circulating C-peptide levels is detected 

which rationalize the noninsulin dependence at least 5 years after diagnosis. Obesity or 

overweight is not required for, and is rarely associated with the development of this form 

of diabetes (Vaxillaire and Froguel, 2008). So, any young adult with apparent T1D and a 

diabetic parent, and who is antibody-negative especially with preserved C-peptide level 

is recommended to go through genetic testing. This also applies in cases of young onset 
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apparent T2D with absence of obesity, acanthosis nigricans or polycystic ovarian 

syndrome, and elevated or normal HDL-cholesterol and reduced or normal triglyceride 

levels (Murphy et al., 2008). The clinical diagnosis of MODY is important because many 

of the affected patients could be effectively treated with sulfonylurea rather than insulin. 

In addition, first-degree relatives have a 50% probability of inheriting the same mutation, 

which implies a higher than 95% risk of diabetes development (Shepherd et al., 2001; 

Thanabalasingham and Owen, 2011). 

MODY is caused by mutations in 6 genes the gene encoding the glycolytic enzyme 

glucokinase, GCK (MODY2) and transcription factors hepatocyte nuclear factor 

(HNF)1A (MODY3), HNF4A (MODY1), HNF1B (MODY5) and Pdx-1 (MODY4) and  

NeuroD1 (MODY6). MODY2 (GCK) and MODY3 (HNF1A) account for the majority 

(around 70%) of cases diagnosed as MODY (Ellard et al., 2008; Stride and Hattersley, 

2002). In addition, mutations in five other less-known genes involved in regulation of 

insulin secretion are also associated with MODY (Murphy et al., 2008). Heterozygous 

loss-of-function mutations in GCK induce lifelong only mild fasting hyperglycemia that 

starts eventually from birth but often only detected at older ages. GCK mutations result 

in reduced ATP production and thus impairment of KATP closure occurs with subsequent 

reduction in insulin secretion. For this condition, treatment is rarely needed where most 

of the cases can be managed by diet only and microvascular complications are usually 

rare (Ashcroft and Rorsman, 2012; Steck and Winter, 2011).  

Familial young-onset diabetes is also associated with mutations in the transcription 

factors responsible for β-cell development and function. Most of these mutations cause 

loss-of-function and lead to progressive impairment in insulin secretion and β-cell 

dysfunction, increasing hyperglycemia and eventually to diabetes development (Fajans 

et al., 2001). In addition, patients are at risk of microvascular complications, which is of 

similar pattern to that seen in patients with T1D. Patients with transcriptional factors 

MODY can often be successfully treated with low doses of sulphonylurea (Pearson et 

al., 2003). Although heterozygous mutations in these factors mainly cause β-cell-

restricted phenotype, homozygous mutations induce a range of additional effects. 

Lately, INS gene mutations have been also described as a rare cause of MODY 

(Boesgaard et al., 2010; Bonfanti et al., 2009; Molven et al., 2008). 
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1.3 IKK/NF-κB signaling system  

The IKK/NF-κB signaling pathway is a master regulator of inflammatory responses and 

innate immunity (Baker et al., 2011; Hayden and Ghosh, 2011). NF-κB is a ubiquitously 

expressed transcription factor present in all differentiated cell types and was discovered 

by Ranjan Sen and Baltimore in 1986 in the nucleus of B cells bound to an enhancer 

element of the immunoglobulin kappa light chain gene (Sen and Baltimore, 1986).  

1.3.1 Components of the IKK/NF-κB signaling pathway 

The ubiquitous transcription factor NF-κB exists as homo- and heterodimers of five 

members of NF-κB family, RelA (p65), RelB, c-Rel, p50/p105 (NF-κB1) and p52/p100 

(NF-κB2) (Hayden and Ghosh, 2008)  (Figure 9). All NF-κB family members have a 300 

amino acids N-terminal domain called the Rel-homology domain (RHD). This domain 

mediates DNA binding, dimerization and association with the IκBs molecules besides 

encountering the nuclear localization sequence (NLS). Additionally, Rel subfamily 

members, RelA, RelB and c-Rel harbor unrelated C-terminal transcriptional activation 

domains (TADs). The subunits p50 and p52 are synthesized as a longer precursor 

proteins p105 and p100, respectively, that contain C- terminal ankryrin-repeat motifs, 

which has to be removed before they function as nuclear transcription factors (Ghosh et 

al., 2012). 

There are eight known IκB family proteins that are characterized by the presence of 

domain of multiple (generally 5–8) copies of the ankyrin ANK repeat (ARD), a 33-residue 

helix-turn-helix protein motif (Figure 9). IκB proteins can form biological complex with at 

least one NF-κB dimer (Ghosh et al., 2012). The classical IκB proteins, IκBα, IκBβ and 

IκBε bind in a monomeric form to an NF-κB dimer in the cytoplasm and undergo 

phosphorylation-dependent proteasome-mediated degradation in response to stimuli 

(Perkins, 2007). These proteins mediate the rapid and transient activation of NF-κB that 

is required to mount immune and inflammatory responses. The unprocessed NF-

κB/p105 and NF-κB/p100 represent the non-classical IκB proteins that also act as 

inhibitors of NF-κB yet they assemble into larger complexes of two inhibitor molecules 

and at least two NF-κB molecules. While  p105 dimer binds RelA, c-Rel, and its own 

processed form p50, p100 assembles with RelB and p52 for binding and to a lesser 
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extent RelA. As these proteins undergo a slow degradation processes, they induce a 

more prolonged gene activation program. Finally, the atypical IκB proteins, Bcl3, IκBζ, 

and IκB, also known as “nuclear IκB proteins” display binding specificity toward p50 and 

p52 homodimers and migrate to the nucleus when over-expressed in cells. In the 

nucleus, they are proposed to play regulatory roles including chromatin rearrangement, 

NF-κB dimer exchange, and coactivation of specific NF-κB target gene expression 

(Ghosh et al., 2012).  

A key step in connecting extracellular stimuli to NF-κB induction is the activation of the 

IκB kinase (IKK) complex composed of the catalytic subunits IKK1 and IKK2 (also 

known as IKKα and IKKβ) and the regulatory component NF-κB essential modifier 

(NEMO, also known as IKKγ) (Figure 9). When activated, the complex phosphorylates 

IκB proteins marking them for ubiquitination and subsequent proteasomal degradation 

thus releasing the NF-κB dimers and allowing their nuclear translocation (Scheidereit, 

2006). The two catalytic kinases of the IKK complex share 51% of their sequence 

homology. Both have a kinase domain with two serine residues (S176, S180 for IKK1 

and S177, S181 for IKK2), the phosphorylation of which is essential for the kinase 

function, a predicted leucine zipper (LZ) domain, a helix-loop-helix (HLH) domain and a 

c-terminus NEMO-binding domain (NBD) (Liu et al., 2012). In addition, IKK1 shows a 

predicted nuclear localization signal (Sil et al., 2004), possibly linked to its nuclear 

activity. IKK2 contains a ubiquitin-like domain (ULD) not found in IKK1 whose function is 

yet unclear. On the other hand, NEMO lacks a catalytic domain and is comprised of two 

coil-coil domains (CC), a LZ, and a zinc finger (ZF) domain. 
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Figure 9 Components of the IKK/NF-κB system (Hayden and Ghosh, 2011). 

 

It was demonstrated that NEMO dimers can bind to both IKK1 and IKK2 homo- as well 

as hetero-dimers. Binding involves the N-terminal portion of NEMO and the NBD of the 

IKKs and this interaction was found to be essential for IKK activation. The mechanism 

by which NEMO can activate IKK activity is still not fully understood, though it is 

proposed that it can function as a chaperone protein that brings the IKK complex to 

upstream kinases leading to its phosphorylation and subsequent activation. NEMO can 

also act as a negative regulator of IKK complex possibly by acting as a docking station 

for negative regulator (Liu et al., 2012). In addition, NEMO was found to have a role in 
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nuclear-initiated NF-κB signaling caused by DNA damge-induced activation of ATM 

(McCool and Miyamoto, 2012). ATM is required for post translational modifications of 

NEMO following DNA damage including, SUMOylation, phosphorylation, and 

ubiquitination that leads to nuclear export of both proteins and subsequent activation of 

TAK1, IKK, and NF-κB (McCool and Miyamoto, 2012). Another regulatory component of 

the IKK complex essential for its activation is ELKS, a protein rich in glutamate (E), 

leucine (L), lysine (K) and serine (S). Silencing of ELKS was found to inhibit NF-κB 

activation by TNF-α and IL1-β (Ducut Sigala et al., 2004). 

1.3.2 Pathways of IKK/NF-κB activation 

NF-κB can be mainly activated through the canonical (classical) or non-canonical 

(alternative) pathways (Perkins, 2007). The canonical pathway is the most widely 

observed pathway in most cell types including β-cells. In this pathway, NF-κB gets 

activated in response to different extracellular signals including proinflammatory 

cytokines such as tumor necrosis factor (TNF-α) and IL1β as well as activation of T and 

B cell receptors (TCR; BCR) and Toll-like receptors (TLRs). TLRs get activated through 

the byproducts of bacterial and viral infections, LPS and dsRNA, respectively. Numerous 

intracellular signals can also activate NF-κB including reactive oxygen species and DNA 

damage in response to genotoxic insults (Ghosh and Hayden, 2012).  

In resting cells, NF-κB dimers are sequestered in the cytoplasm by inhibitors of κB (IκB) 

molecules, which mask the nuclear localization sequence (NLS). However, some 

studies demonstrated that the p65 subunit can shuttles to the nucleus when bound to 

IκBα suggesting that IκBα can regulate NF-κB rather by preventing DNA binding (Basak 

et al., 2007; Tergaonkar et al., 2005). In this pathway activation requires NEMO and 

IKK2 is the predominant kinase (Pasparakis et al., 2006), although IKK1 can induce IκB 

phosphorylation and canonical NF-κB activity in absence of IKK2 (Li et al., 2000; 

Luedde et al., 2008).  
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Figure 10 Pathways of IKK/NF-κB activation. 

 

The complete mechanism by which IKK is activated is still a matter of debate however, 

two general mechanisms are proposed. These include autophosphorylation of IKKs by 

each other, and phosphorylation by specific IKK kinases (IKKK) depending on the 

stimuli. Of the candidate kinases: TAK1, RIP1 and MEKK3 (MAPK/ERK kinase kinase 3) 

(Liu et al., 2012). IKK complex then eventually phosphorylates the IκBα inhibitory 

subunit of NF-κB, which marks it for polyubiquitination through Lys48-linked 

polyubiquitin chains by the β-TrCP E3 ubiquitin ligase. This leads to its 26S proteasomal 

degradation and nuclear translocation of the freed NF-κB dimers, predominantly 

Chen and Greene, Nat Rev Mol Cell Biol. 2004!
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p50/RelA and p50/c-Rel dimers with the consequent activation of NF-κB target genes 

(Perkins, 2007). NF-κB can activate or repress target genes by binding to DNA 

sequences, Known as κB elements. NF-κB activation regulates a vast array of cellular 

processes that involves various stress responses, inflammation, innate- and adaptive-

immunity, cell adhesion and migration, regulation of apoptosis, proliferation and tissue 

remodeling (Gupta et al., 2010). However, opposing effects of NF-κB activation was 

reported as with regard to some responses like apoptosis and tissue inflammation. So, it 

seems that the outcome of NF-κB activation is largely dependent on the nature of the 

stimuli, cellular context and the cell type. 

In immune cells and under certain stimuli such as lymphotoxin-α/β, CD40L, B-cell 

activating factor of the TNF family (BAFF), and latent membrane protein-1 (LMP-1) of 

Epstein-Barr virus, NF-κB gets activated through the less well characterized non-

canonical pathway (Sun, 2012). In this pathway, the NF-κB-inducing kinase (NIK) 

phosphorylates and activates an IKKα homodimer leading to phosphorylation of the 

p100 subunit with the resulting proteasomal-dependent processing into p52 and then 

nuclear translocation of p52–RelB heterodimers. This pathway is dependent only on 

IKK1 and neither IKK2 nor NEMO deficiency affects this pathway. The functions of this 

pathway is more selective where it plays a crucial role in secondary lymphoid 

organogenesis and architecture organization, thymic epithelial cell differentiation, B-cell 

maturation and survival, DC maturation, T cell differentiation and bone metabolism (Sun, 

2012). 

1.3.3 Functions of NF-κB 

The IKK/NF-κB system is the master regulator of the inflammatory processes and a key 

participant in innate and adaptive immune responses (Pasparakis, 2009). Aberrant NF-

κB signaling is implicated in the pathogenesis of common autoimmune and chronic 

inflammatory diseases, including rheumatoid arthritis, multiple sclerosis, T1D, thyroid 

autoimmune diseases, systemic lupus erythematosus as well as inflammatory bowel 

diseases and psoriasis (Kurylowicz and Nauman, 2008). In addition, IKK/NF-κB pathway 

was found to be involved in carcinogenesis of different organs like breast, colorectal and 

lymphoid malignancies (DiDonato et al., 2012; Lim et al., 2012; Zubair and Frieri, 2013). 
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Indeed, the strong proinflammatory function of NF-κB was confirmed by the reported 

inflammation-related pathologies triggered by increased NF-κB activity by various 

genetic manipulations. In consistency, several studies have demonstrated anti-

inflammatory effect of NF-κB inhibition, which rationalizes their use for the treatment of 

anti-inflammatory diseases (Gupta et al., 2010). However, other studies have shown that 

NF-κB inhibition in non-immune, epithelial or parenchymal cells induces inflammation 

(Pasparakis, 2009). The proinflammatory effect of NF-κB is mediated by the induction of 

multiple factors that are critically implicated in inflammation and immune responses 

(Hayden and Ghosh, 2011; Tornatore et al., 2012). NF-κB activation induces the 

expression of several chemokines as MCP-1 (CCL2), RANTES (CCL5), CCL17 or IP-10 

(CXCL-10), which mediate chemotaxis and activation of immune cells. Adhesion 

molecules as ICAM-1, VCAM and MADCAM are of the target genes of NF-κB that aid to 

its proinflammatory effect by mediating migration and trafficking of immune cells. Acute 

phase response proteins are another set of factors induced by NF-κB to modulate the 

immune response and include complement factors and serum amyloid protein. In a 

positive feedback loop, NF-κB can induce the expression of the cytokines TNF-α, IL-1β 

and IL6 leading to potentiation and propagation of the inflammatory response. NF-κB 

also regulates the expression of matrix metalloproteinases, which are further crucial 

mediators of local inflammation and leukocyte chemotaxis. In addition, NF-κB is 

important for the production of the enzymes that generate prostaglandins and reactive 

oxygen species (e.g., iNOS and Cox).  

In cancer, NF-κB activation could occur in response to the proinflammatory stimuli in the 

tumor microenvironment or due to mutational activation of upstream components of the 

signaling pathway. The role of NF-κB in carcinogenesis is linked to its reported functions 

including inhibition of apoptosis, activation of cell proliferation, and stimulation of the 

migratory and invasive cell nature (DiDonato et al., 2012). Activation of NF-κB by TNF-α 

inhibits apoptosis effect through induction of various anti-apoptotic genes like Bcl-2, Bcl-

XL, c-FLIP, cIAP1/2, XIAP, survivin and GADD45B as well as through suppression of 

JNK pathway (Dutta et al., 2006; Perkins, 2007). The increased expression of VEGF, IL-

8, and MMP-9 and enhanced collagenase activity by NF-κB contributes to 

angiogenesis, invasion, and metastasis of cancer cells (Huang et al., 2001). On the 
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other hand, induction of CDK2, cyclin D1, cyclin E1 might explain at least partially its 

proliferative effects (Ling and Kumar, 2012). P53 is a tumor suppressor and is one of the 

first line defenses against oncogenic activation (Vousden and Prives, 2009). IKK-

induced activation of NF-κB can induce the expression of HDM2 with the consequent 

downregulation of p53 protein levels. Also, RelA subunit was found to antagonize p53 

transactivation through sequestering of the co-activators p300 and CBP. These effects 

on p53 could contribute to the tumor-promoting effects of NF-κB (Perkins, 2007). 

However, NF-κB can function also as a tumor suppressor in specific instances that 

might be related to its reported role in induction of cell death and oncogene-induce 

senescence (DiDonato et al., 2012). NF-κB was found to increase the activity and 

stabilization of p53 and as JNK in epidermal cells stimulates proliferation, JNK inhibition 

by NF-κB in these cells has a tumor suppressor role (Perkins, 2007). 

1.4 IKK/NF-κB and diabetes 

Accumulating evidence from in vivo and in vitro studies indicates that the IKK/NF-κB 

signaling system is implicated in T1D pathogenesis and insulin resistance (Baker et al., 

2011; Baumann et al., 2012; Patel and Santani, 2009; Zhao et al., 2011). Association of 

gene polymorphism in Rel/NF-κB family members may contribute to the genetic 

predisposition to T1D (Berchtold et al., 2011; Guo et al., 2004; Hegazy et al., 2001; 

Katarina et al., 2007). These studies suggest that elevated transcriptional NF-κB activity 

is a common functional denominator associated with those alleles conferring high risk 

for T1D. However, a detailed understanding of the causal relationship with T1D 

development needs further investigation. Activation of IKK/NF-κB signaling system in 

different immune cells as well as β-cells regulates distinct, cell-type specific functions 

reported to be involved in T1D development (Figure 11). This crucial role of NF-κB in 

diabetes development assigns it as a potential target in therapeutic intervention of this 

disease. Indeed, various natural products were found to inhibit STZ-induced diabetes 

and protect against β-cell damage through NF-κB inhibition. Furthermore, resistance to 

streptozotocin (STZ)-induced diabetes was achieved by β-cell-specific inhibition of NF-

κB. However, β-cell-specific repression of NF-κB was also associated with deleterious 

effects on β-cells and increased susceptibility to diabetes (Baumann et al., 2012). This 
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may implicate that the extent/level, timing and cellular context of NF-κB activation dictate 

the overall outcome on diabetes pathogenesis. 

1.4.1 IKK/NF-κB in immune cells 

NF-κB has been found to play important roles in different compartments of the immune 

system involving development of lymphoid organs as well as differentiation and 

activation of immune cells. RelB was found to be required for the development of 

monocytes and dendritic cells (DCs), as well as survival and functional maturation of 

DCs (Martin et al., 2003; Moore et al., 2007; Ouaaz et al., 2002). In accordance, death 

of DCs was accelerated in the absence of NF-κB1 (Lamhamedi-Cherradi et al., 2003; 

Mabley et al., 2002). Furthermore, it has been shown that stimulated DCs from NOD 

mice exhibit increased NF-κB transcriptional activity due to hyperactivity of IKK (Weaver 

et al., 2001). Upon stimulation, these DCs release more IL-12 and TNF-α and show 

enhanced antigen presentation properties (Figure 11-1) (Poligone et al., 2002; Weaver 

et al., 2001; Wheat et al., 2004). Naive T cells activated by these DCs preferentially 

develop into Th1 cells, a process thought to enforce intolerance to β-cell-specific 

autoantigens (Katz et al., 1995; Lamhamedi-Cherradi et al., 2003; Weaver et al., 2001). 

In line with that, deficiency in c-Rel selectively reduces the Th1 but not the Th2 response 

(Lamhamedi-Cherradi et al., 2003). The use of transgenic models expressing a 

transdominant-negative form of IκB revealed that NF-κB is essential for the maturation, 

survival and proliferation of activated T cells (Figure 11-3) (Boothby et al., 1997; Wan 

and DeGregori, 2003). Enhanced release of inflammatory cytokines from T cells is also 

dependent on NF-κB activation (Figure 11-4) (Dale et al., 2006). Similarly, NF-κB is 

known to control the expression of genes responsible for activation and differentiation of 

macrophages like granulocyte macrophage colony stimulating factor (Figure 11-5) 

(Schreck and Baeuerle, 1990) and plays a critical role in the regulation of nitric oxide 

synthesis (Figure 11-6) (Xie et al., 1994). Notably, stimulated macrophages from NOD 

mice have increased NF-κB activity supporting the secretion of high levels of 

inflammatory cytokines (Figure 11-4) (Sen et al., 2003). 
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Figure 11 Multiple effects of the IKK/NF-κB system in the pathophysiology of T1D. 

The IKK/NF-κB system is active in both innate and adaptive immune cells as well as in β-cells 

during the course of T1D development and has important functions in β-cell destruction 

(proposed NF-κB effects are shown in red boxes). NF-κB increases both MHC class I and II 

dependent antigen-presentation by β- and antigen presenting cells (APC) and supports the 

activation of autoreactive T cells in the pancreatic lymph node (PLN). Activated T cells migrate 

to pancreatic islets where they provoke β-cells destruction by various mechanisms. In contrast, 

NF-κB activation has a beneficial role in positive selection of suppressor Tregs inhibiting 

autoimmunity. Red arrow denotes TNF-α-induced effect of NF-κB activation. DCs: dentritic 

cells, BV: blood vessel, Mφ: macrophages. 
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As NF-κB is one of the key transcription factors activated by pre-B-cell and B-cell 

receptor (BCR) signals, it is not surprising that disruption of its members interferes with 

BCR-mediated proliferation, survival, maturation and Ig class switching of B-cells (Figure 

11-10) (Kaileh and Sen, 2012; Liou and Hsia, 2003). Currently, the contribution of B-

cells in T1D development and maintenance has regained great interest, and novel B-cell 

directed therapies are under investigation (Marino et al., 2011).  

Several adhesion molecules like VCAM1 are expressed by endothelial cells in an NF-κB 

dependent manner (Rahman and Fazal, 2012) and facilitate islet infiltration by immune 

cells (Figure 11-2). The described functions of NF-κB in immune and endothelial cells 

suggest that anti-inflammatory treatment resulting in NF-κB suppression is beneficial in 

the context of T1D. However, excessive systemic inhibition of NF-κB would be lethal as 

indicated by knockout studies of single or multiple IKK/NF-κB components in the mouse. 

Furthermore, NF-κB activation is also important in the positive selection of regulatory T 

cells (Figure 11-11), which are known to counteract T1D development, therefore arguing 

against the protective use of NF-κB inhibition in diabetes (Schmidt et al., 2012). 

1.4.2 IKK/NF-κB and β-cells 

β-cell-autonomous effects of IKK/NF-κB signaling are also critically involved in T1D 

development (Cnop et al., 2005; Patel and Santani, 2009; Zhao et al., 2011). In contrast 

to its antiapoptotic/prosurvival role in most cell types including immune cells, as 

discussed above, the predominant function of NF-κB activation in β-cells seems to be 

the promotion of proapoptotic mechanisms (Cardozo et al., 2001; Eizirik and Mandrup-

Poulsen, 2001) (Figure 11-7, 9). NF-κB was found to be a critical effector of β-cell 

destruction induced by exposure to IL-1β or IL-1β /IFN-γ (Giannoukakis et al., 2000; 

Heimberg et al., 2001). Interestingly, a systemic analysis of cytokine-induced gene 

expression in β-cells revealed upregulation of several NF-κB-dependent apoptosis and 

cell death-promoting genes (e.g. Fas, c-Myc, iNOS) (Cardozo et al., 2001). In contrast to 

this reported proapoptotic role, NF-κB activation was found to protect β-cells against 

TNF-α induced apoptosis (Chang et al., 2003; Kim et al., 2007; Thomas et al., 2006) 

probably due to induction of antiapoptotically-acting NF-κB target genes like XIAP and c-

FLIP (Kim et al., 2007) (Figure 11-8). 
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NF-κB also mediates the inflammatory response of β-cells which adds to that provided 

by immune cells leading to the progression of insulitis and diabetes. It has been shown 

that exposure of β-cells to cytokines induces NF-κB-dependent expression of several 

chemokines and cytokines e.g. MCP-1, IP-10, and IL-15 thereby promoting the 

migration of various immune cells towards the islets (Cardozo et al., 2003; Kutlu et al., 

2003). 

It becomes increasingly evident that NF-κB controls the expression of microRNAs that 

are able to differentially regulate inflammatory processes (Sarkar et al., 2012). One of 

these microRNAs, miR-21, was found to be expressed in pancreatic β-cells in response 

to NF-κB activation. The target of miR-21 is the programmed cell death 4 (PDCD4), a 

tumor suppressor gene that is able to induce cell death. Ruan and his colleagues 

carefully dissected the function of the NF-κB-miR-21-PDCD4 axis in T1D development 

by backcrossing PDCD4-deficient animals in the NOD background and generating bone 

marrow and lymphocyte chimeric mice (Ruan et al., 2011). Remarkably, depending on 

PDCD4 deficiency in hematopoietic or non-hematopoietic cells T1D pathogenesis was 

exacerbated or suppressed, respectively. Again, these results did not only implicate the 

development of novel therapeutic strategies for T1D treatment, but also revealed the 

opposing, cell-type specific effects of NF-κB in T1D pathogenesis. 

Taken together these preclinical studies implicate that the extent/doses and timing of 

NF-κB inhibition achieved by anti-inflammatory approaches may dictate the overall 

outcome on T1D pathogenesis. 

1.4.3 IKK/NF-κB, obesity and insulin resistance 

IKK/NF-κB was found to be implicated in obesity and insulin resistance. This was 

evidenced by the observed protection against insulin resistance during high-fat diet 

(HFD) and in obese ob/ob mice by heterozygous deletion of IKK2 (IKK2+/-) (Kim et al., 

2001; Yuan et al., 2001). Furthermore, selective deletion of IKK2 in myeloid cells 

preserves whole body insulin sensitivity and protect against HFD-induced insulin 

resistance (Arkan et al., 2005). Likewise, hepatic expression of IκB superrepressor 

reverses T2D phenotype induced by low-level activation of NF-κB (Cai et al., 2005). 

However, loss of IKK2 specifically in hepatocytes retains insulin sensitivity in response 
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to HFD only in liver (Yuan et al., 2001). These findings point to an important role for 

IKK2 in hepatic and systemic insulin resistance as well as diabetes development. On the 

molecular level, IKK2 was shown to induce serine phosphorylation of IRS-1which is an 

inhibitory signal that interferes with its tyrosine phosphorylation by insulin receptor and 

thus impairs insulin signaling pathway (Gao et al., 2002; Herschkovitz et al., 2007).   

Fuel overload was reported to trigger IKK2-mediated activation of NF-κB in 

macrophages, adipocytes and hepatocytes of obese individuals. The resulting 

inflammatory response finally leads to insulin resistance (Arkan et al., 2005; Baker et al., 

2011; Cai et al., 2005; Tornatore et al., 2012). In addition, IKK/NF-κB has an important 

role in overnutrition and obesity by regulating appetite and food intake. High fat diet 

induces ER stress resulting in activation and inflammation in the hypothalamus leading 

to disruption of central leptin signaling thus promoting caloric intake and weight gain 

(Ozcan et al., 2009; Tornatore et al., 2012; Zhang et al., 2008). Furthermore, the 

upregulation of the non-canonical IKK kinase IKKε in adipocytes and associated 

macrophages by inflammatory stimuli and excess nutrients reduces energy 

consumption, respiration and thermogenesis thereby provoking weight gain, 

inflammatory cytokine production and insulin resistance (Baker et al., 2011; Chiang et 

al., 2009). 
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2 Aim of the work 

As discussed before, the role of IKK2/NF-κB in β-cell homeostasis and diabetes 

pathogenesis is still a matter of debate where both proapoptotic and prosurvival 

functions have been reported. One reason of this controversy might involve the 

heterogeneity in the experimental setups used for manipulating IKK/NF-κB signaling. 

Therefore, a detailed characterization of the in vivo functions of the IKK2/NF-κB 

signaling system in β-cells in a defined genetic approach is needed to get new insights 

into the mechanisms of β-cell dysfunction/death. This would also help to estimate the 

usefulness of IKK2/NF-κB inhibitors in diabetes therapy. To achieve this goal, first this 

study was designed to establish corresponding mouse models that allow for the 

conditional regulation, activation and repression, of IKK2 activity specifically in β-cells. 

Further, the morphologic, functional and biochemical consequences of the transgenes 

expression should be investigated. Second, the following questions will be addressed in 

detail: 

1) Does β-cell-specific expression of dominant negative-acting IKK2 (pdx-tTA x tetO-

IKK2-DN) interfere with β-cell function? 

2) Does β-cell-specific expression of constitutively active IKK2 (pdx-tTA x tetO-IKK2-CA) 

interfere with β-cell function? 

3) Would it be possible to reverse the possible β-cell defects by switching off the 

transgene expression?  

Depending on the results, the established mouse models will be combined with animal 

models of T1D and analysed for the impact of activated or repressed IKK2/NF-κB 

signaling on disease development. 
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3 Materials and Methods 

3.1 Transgenic mice 

3.1.1 Mouse strains 

To regulate IKK2/NF-κB activity in pancreatic β-cells in vivo, we created two conditional 

and doxycycline regulated transgenic mice models in which IKK2/NF-κB is activated or 

inhibited. Male Pdx-1.tTA/(tetO)7.IKK2-CA/DN (short IKK2-CAPdx-1/ IKK2-DNPdx-1) double 

transgenic mice were generated by direct crossing of Pdx-1.tTA mice (Holland et al., 

2002) from a C57BL/6 background with (tetO)7.IKK2-CA/DN mice (with a luciferase 

reporter gene regulated by the same bidirectional promotor) from a NMRI background 

(Herrmann et al., 2005). F1 animals were always analyzed to ensure a defined 

background. Animals were classified into 3 groups, control group which include wild type 

and single transgenic (tetO)7.IKK2-CA/DN mice, Pdx-1+/- group which harbor only the 

Pdx-1.tTA transgene and IKK2-CAPdx-1/ IKK2-DNPdx-1 group which is positive for both 

transgenes. For the creation of Pdx-1+/-/NEMOΔpanc mice, male Pdx-1+/- were crossed 

with female Pdx-cre.NEMOfl/fl mice which lacks NEMO specifically in the pancreas 

(Maier et al., 2013). All animals were housed under specific pathogen-free conditions 

with 12 h/12 h light/dark cycles and food and water ad libitum. All experiments were in 

accordance with German animal protection law. 

3.1.2 Doxycycline administration 

To avoid developmental defects and embryonic lethality of IKK2-CA transgene, the 

transgene was inactivated by doxycycline (MP Biomedicals, Eschwege) administration.  

During breeding, mothers were giving doxycycline (0.1g/l in 1 % sucrose) in the drinking 

water and then to the offsprings till weaning. Then, doxycycline was withdrawn to 

reactivate the transgene.  

For transgene inactivation during reverse remodeling experiments in either IKK2-CAPdx-1 

or IKK2-DNPdx-1 mice, a single dose of doxycycline was injected in the animals (100 µg/g 

body weight i.p., Ratiopharm), and (1g/l in 1 % sucrose) doxycycline was readminstered 

in the drinking water to age matched animals for 30 days. 
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3.1.3 Genotyping 

For genotyping of the transgenic mice, DNA from mouse tail pieces was extracted as 

follows: tails were digested by incubation with 733 µl TNES-buffer and 17 µl proteinase 

K (20 µg/ µl) overnight at 56 °C. After good mixing, proteins were precipitated by 250 µl 

6 M NaCl and removed by centrifugation (13.000 rpm, 10 min). DNA in the supernatant 

was precipitated with equal volume of isopropanol followed by centrifugation. The pellet 

was washed once with 70 % ethanol and left to dry up. The DNA was dissolved in water 

and agitated for at least 1hour and the transgenes were detected by PCR with specific 

primers using the following recipe: 

Reaction mix:  DNA sample   2 µl 

   dNTPs 2mM  3 µl 

   5x GoTaq buffer  6 µl 

   primers 10 µM each 1 µl 

   water   16.8 µl (14.8µl for Pdx-1tTA) 

   Taq 5000 U/ml 0.2 µl 

 

Primers (5’ - 3’): 

Pdx-1-tTA:  acc atg aac agt gag gag cag tac / gcg ggt ttc aga gga act tgt / tag aag ggg 

aaa gct ggc aag / tcc aga tcg aaa tcg tct agc g 

(tetO)7.IKK2-CA/DN: cga ttc cga cct cat taa gca gct c / ggt cac tgt gta ctt ctg ctg ctc cag 
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PCR Programs: 

PCR Pdx-1.tTA (tetO)7.IKK2-CA 

/DN 

Start 2 min / 94 °C 3 min / 94 °C 

Cycles 27x 32x 

Annealing 60 s / 94 °C 45 s / 63 °C 

Synthesis 60 s / 58 °C 85 s / 72 °C 

Denaturation  120 s / 68 °C 45 s / 94 °C 

End 6 min / 68 °C 60 s / 63 °C 

10 min / 72 °C 

3.2 Metabolic studies 

3.2.1 Glucose, insulin and GLP1 measurement 

Blood glucose was measured either in fed or overnight fasted animals from samples 

obtained from the tail vein using the One-Touch Ultra glucometer (lifeScan Inc., Mipitas, 

CA). Pancreatic insulin was extracted by acid ethanol. Excised pancreata were snap-

frozen in liquid nitrogen, pulverized and vigorously vortexed with 3-5 ml cold acid 

ethanol (0.18 M HCl in 70% ethanol) and left to be extracted overnight at 4 °C with 

agitation. The samples were then centrifuged at 2400 rpm, 4 °C for 30 min. The 

supernatant was collected and the pellet was reextracted with 3 ml cold acid ethanol 

overnight at 4 °C. The pooled supernatant was neutralized with 1M Tris pH 7.5, diluted 

1:100 for control and 1:10 for Pdx-1+/- and IKK2-CAPdx-1 before usage for insulin 

measurement.  

For serum preparation, blood samples were left to coagulate for around 30 min and then 

centrifuged (4000 rpm, 10min) and the supernatant was collected and stored at -20 °C. 

On the other hand, to isolate plasma samples blood was collected in small EDTA coated 
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tubes gently mixed, incubated on ice for 10 min and centrifuged (4000 rpm, 10min) and 

the supernatant was collected and stored at -20 °C. To prevent the proteolysis of blood 

complete mini protease inhibitor (Roche, Mannheim) was used. One tablet was 

dissolved in 500µl of PBS and added in 1:10 to the blood. Insulin was determined in 

plasma samples, and pancreatic extracts using Ultra sensitive mouse insulin ELISA kit 

(Chrystal Chem Inc.) following the manufacturer’s instructions. The protein content in the 

pancreatic extract (80µl) was measured using Bradford reagent (1ml) with the addition of 

20ul (150mM) Nacl. Glucagon like peptide-1 (GLP-1) was measured in serum samples 

using Glucagon like peptide-1 (total) ELISA kit (Merck Millipore). 

3.2.2 Glucose tolerance test 

Mice were fasted overnight and fasting blood glucose was recorded (0 time). Glucose 

(2.5 g/10ml) is then injected (2g/Kg, i.p.) and blood glucose is measured at 30, 60, 90, 

120 minutes after the injection.   

3.2.3 Glucose stimulated insulin secretion 

Mice were fasted overnight and fasting blood glucose was recorded and plasma 

samples are taken for insulin measurement (0 time). Glucose (2.5 g/10ml) is then 

injected (3g/Kg, i.p.) and blood glucose is measured and plasma samples are taken at 

30, 60, 120 minutes after the injection.   

3.3 Islet isolation for RNA isolation 

Pancreata were inflated in situ with 3ml 0.5 mg/ml ice-cold collagenase XI solution 

(Sigma, St. Louis, MO) dissolved in PBS (with 100 mg/L Ca/Mg) supplemented with 1g/L 

glucose and 0.4% albumen. Pancreatic tissue was dissected out and cleaned from 

associated at and lymph nodes and digested in total volume of 5ml collagenase for 13-

18 min at 37 °C in incubator with shaking (150 rotation/min). 20ml Ice-cold PBS was 

then added to stop the reaction with agitation. The samples are then meshed through 

500 µm with subsequent washing and centrifugation (at 1700rpm, 1min). Islets in the 

sediment were suspended Histopaque 10771 (Sigma) (supplemented with 100 mg/L 

Ca/Mg from 100X stock solution) and equal volume of PBS was added slowly to make 

gradient and centrifugation is done for 15 min at 2500 rpm without brake. Islets were 
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then washed twice with PBS. For RNA extraction, the islet pellet was frozen in liquid N2 

and used. Transgene expression was confirmed by qPCR of human IKK2. 

3.4 Islet isolation for TNF stimulation 

Pancreata were inflated in situ with 4 ml of 1 mg/ml ice-cold collagenase XI solution 

(Roche) dissolved in Hanks BSS. Pancreatic tissue was dissected out and digested for 

15 min at water bath of 37 °C. Ice-cold HBSS with 10% FCS was then added to stop the 

reaction and the solution were meshed through a 70 µm mesh with subsequent washing 

and centrifugation at 1400, 4 °C for 4 min. Cell pellet is resuspended in 10 ml Hanks 

Islets in the sediment were purified with Histopaque 10771 (Sigma) by centrifugation for 

15 min at 2400 rpm without brake. The middle and lower phase are taken completely 

and washed with Hanks with FCS and centrifuged at 1400 rpm, 4 °C, 4 min. After 

washing with PBS the pellets were suspended in 3ml RPMI (Gibco life technologies) 

medium and incubated in 6 well plate for 1 hour in 37°C incubator. Afterwards, incubate 

with (10ng/ml) TNF- (3µl of 10µg/ml stock TNF-, Boehringer Ingelheim) for 30 min in 

37°C incubator. Cells are then harvested and washed with ice cold PBS and the pellets 

were frozen in liquid N. Rat INS1 cells were similarly treated. 

3.5 Protein biochemistry 

3.5.1 Protein extraction 

Mice were killed by decapitation and organs were rapidly excised, and snap-frozen in 

liquid nitrogen. Tissues were ground under liquid nitrogen and aliquoted for protein and 

RNA isolation. Powdered tissues were extracted using TNT or RIPA buffer for western 

blotting and with TNT or Dignam C for luciferase activity measurement. To prepare TNT 

extract, powders are prepped in around 3 volumes of TNT buffer twice with one freezing 

and thawing cycle. This was followed by a 30 min centrifugation step with 13000 rpm at 

4°C. The supernatant is then separated and stored at -80°C. Protein concentration (in 

1ul) was measured using the Bradford reagent (1ml) with the addition of 100ul (150mM) 

NaCl (Bio-Rad).  

To prepare native protein extracts with Dignam C, the frozen powder was prepped in 

around 3 volumes of Dignam C buffer and the suspension was immediately snap frozen 

in liquid nitrogen and thawed again, which was repeated for 3 freeze/thaw-cycles. 
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Afterwards the crude extract was centrifuged (13000 rpm, 25 min, 4 °C) and the pellet 

was discarded. 

For RIPA extraction, tissue powder was prepped in 3 volumes of RIPA buffer and 

passed 4 times through 2ml syringe. Then samples were vortexed and incubated for 1 h 

on ice, through which samples were vortexed 3 times and then centrifuged (13000 rpm, 

25 min, 4 °C). Protein concentration in the supernatant was determined by a Bradford 

assay. 

3.5.2 Luciferase reporter gene activity measurement in native protein extracts 

For confirmation of transgene expression, luciferase reporter gene activity was 

measured using the luminometer Lumat LB9507 (Berthold, Bad Wildbad). For this 

assay, 5 µl of protein extract were mixed with 50 µl of luciferin buffer and light emission 

(RLU) was measured. From mean values of two measurements the blank was 

subtracted and the obtained values were normalized to the amount of protein (RLU/µg). 

3.5.3 Immunoblotting 

For SDS-PAGE 60-100 µg of protein were diluted with TNT buffer to a specific volume 

and heated with ¼ volume of 4x-Laemmli loading buffer (+ 5 % β-mercaptoethanol, 

freshly added) for 10 min at 95 °C.  

The protein samples were separated on polyacrylamide gels with a 5 % polyacrylamide 

stacking gel (with 0.125 M Tris-HCl pH 6.8, 0.1 % SDS) and a separating gel with 12.5 

% polyacrylamide (with 0.375 M Tris/HCl pH 8.8, 0.1% SDS). The gels were run with the 

Mini-PROTEAN system (Biorad, München) in a Tris/glycine/SDS running buffer (25 mM 

Tris, 192 mM glycine, 0.1% SDS). With the Trans-Blot-Cell system (Biorad, München) 

the proteins were transferred to an Immobilon-SQ-PVDF membrane (pore size 0.2 µm; 

Millipore, Billerica, MA, USA), which was activated with methanol and washed in the 

blotting buffer (25 mM Tris, 192 mM glycine, 0.025 % SDS, 20 % methanol).  

The membrane is then washed three times with PBS/Tween (0.1 %). Unspecific protein 

binding was blocked by incubation with 5 % dry milk powder in PBS/Tween (0.1 %) for 1 

h at RT followed by incubation with primary antibodies (in blocking solution) overnight at 

4° C or for 1 h at RT. Then membranes were washed three with PBS/Tween and were 
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incubated with the HRP-coupled secondary antibody (1:5000 in blocking solution) for 1 h 

at RT. After additional three washes luminescence signals were developed with HRP-

juice+ (PJK, Kleinblittersdorf) luminescence signals were detected with X-ray films or in 

the Intelligent Dark Box LAS-1000 (Fuji, Düsseldorf). Occasionally, 4-12% gradient gels 

precast gels (Invitrogen) were used according to the manufacturer's instructions with the 

use of MES running buffer and blotting buffer without SDS. 

For p-IκBα detection, instead of PBS/Tween (0.1 %) blocking solution and antibodies 

were prepared in TBS/Tween (0.05%), which was also used for washing. For the 

western blot of islets stimulated with TNF-, nitrocellulose membrane was used which 

doe not need preactivation First antibodies used are: rabbit anti IKK2 (Abcam), rabbit 

anti IKK1/2 (Santa Cruz), rabbit anti M3R (Santa Cruz), mouse anti p-IκBα (cell 

signaling), goat anti IκBα (Santa Cruz) and rabbit anti ERK2 (Santa Cruz) was detected 

on the same membrane as a control for equal loading.  

If there are accumulated signals on the membrane they can be stripped by incubation 

with 0.2 M NaOH for 5 min, followed by thorough washing and new blocking. 

3.5.4 Electrophoretic mobility shift assay (EMSA) 

Whole cell extract for EMSA was prepared from isolated islets by lysis in buffer 

containing 25 mM Tris/HCl, 150 mM NaCl, 25 mM Na2H2P2O7, 50 mM B-

glycerolphosphate, 50 mM NaF, 2 mM EGTA, 2 mM EDTA, 10% glycerin, 1% Triton-

X100. Fourteen µg of whole cell extracts were incubated with 4 µg poly dI/dC, 20 µg 

BSA and radiolabeled DNA probes containing a consensus NF-kB site or SP1-specific 

site in buffer containing 20 mM HEPES, 50 mM KCl, 1mM EDTA, 4% Ficoll and 1mM 

DTT. The formed DNA-protein complexes were then separated on a native 4.8% 

polyacrylamide gel and visualized by autoradiography. 

3.6 RNA analysis 

3.6.1 RNA extraction and cDNA synthesis and quantitative Realtime-PCR (qPCR) 

RNA was extracted from pancreas and isolated islets using RNeasy kit (Quiagen) 

according to the manufacturer’s instructions. To avoid genomic DNA contamination, 

DNA digestion was performed with the DNase kit (Quiagen) according to manufacturer’s 
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instructions, prior to cDNA synthesis. RNA concentration was measured with the 

Nanodrop 1000 spectrophotometer (Thermo Scientific). For purity and quality control of 

the isolated RNA, the ratio of absorption at 260/280 nm and 260/230 nm was measured 

and electrophoresis on a denaturing agarose gel was done occasionally. cDNA 

synthesis of polyA-mRNA with oligo-dT primers with the “Transcriptor High Fidelity 

cDNA synthesis kit” (Roche, Mannheim) according to manufacturer’s instructions.The 

cDNA samples were used in a dilution of 1:5. 

cDNA synthesis was done using the Transciptor High Fidelity cDNA Synthesis Kit 

(Roche) according to the manufacturer’s instructions using 2 µg RNA from pancreas and 

0.3 µg RNA from isolated islets. 

For RTPCR, PCR is performed with the following recipe and the PCR product is 

visualized by the gel electrophoresis. 

Reaction mix:  cDNA sample  2 µl 

   dNTPs 2mM  3 µl 

   5x GoTaq buffer  6 µl 

   primers 10 µM each 1 µl 

   water   16.8 µl  

   Taq 5000 U/ml 0.2 µl 

 

Primers for RTPCR: 

β-Actin: ggt cag aag gac tcc tat gtg / aga gca aca tag cac agc ttc  

β-glob-exon (transgene expr.): cag cct gca cct gag gag tga att c / ggc gct gga ctg ttg ccc 

aag  

PCR programs for RTPCR 

PCR β-Actin β-glob-exon 

Start 3 min / 94 °C 3 min / 94 °C 
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Cycles 25x 30x 

Annealing 45 s / 60 °C 40 s / 62 °C 

Synthesis 60 s / 72 °C 70 s / 72 °C 

Denaturation  45 s / 94 °C 40 s / 94 °C 

End 60 s / 60 °C 

10 min / 72 

°C 

60 s / 62 °C 

10 min / 72 

°C 

 

Quantitative real time PCR was performed with the Roche LightCycler 480 using gene 

specific primers and hydrolysis probes designed by the Roche Universal Probe Library 

system (www.roche-applied-science.com).  Hprt and Actb were used as housekeeping 

genes in case of pancreas and isolated islets, respectively. 

Primers for qPCR: 

Gene Primer 1 (5’- 3’) Primer 2 (5’- 3’) UPL # 

hIKK2 gag tgc atc acg ggc ttc ttc tgc cgc act ttt gaa t 69 

mActb gga tgc aga agg aga tta ctg c cca ccg atc cac aca gag ta 63 

Madcam1 gggcaggtgaccaatctgta ataggacgacggtggagga 72 

mAtf3 gct gga gtc agt tac cgt caa cgc ctc ctt ttc ctc tca t 80 

mCcl17 cca tga ggt cac ttc aga tgc act ctc ggc cta cat tgg tg 71 

mCcl2 cat cca cgt gtt ggc tca gat cat ctt gct ggt gaa tga 

gt 

62 

mCcl22 tct tgc tgt ggc aat tca ga gag ggt gac gga tgt agt cc 84 
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mCcl5 tgc aga gga ctc tga gac agc gag tgg tgt ccg agc cata 110 

mClec7a atg gtt ctg gga gga tgg at cct ggg gag ctg tat ttc tg 60 

mCxcl10 gct gcc gtc att ttc tgc tct cac tgg ccc gtc atc 3 

mDdit3/chop gcg aca gag cca gaa taa ca gat gca ctt cct tct gga aca 91 

mEar2 caa cca gcc cta agt tcc ac tga ggc aag cat tag gac aa 18 

mH2-Aa tgg agg tga aga cga cat tg ctc atc acc atc aaa ttc aaa 

tg 

80 

mH2-M2 gac agt ggg aaa tga gac tct 

act g 

cat gat gat gtc aga agg gta 

ga 

81 

mH2-Q4 tga gga ccc tgc tca gct a cgt agg cga act gct ggt a 76 

mHprt1 gga gcg gta gca cct cct ctg gtt cat cat cgc taa tca c 69 

mIcam1 ccc acg cta cct ctg ctc gat gga tac ctg agc atc acc 81 

mIl12b ttg ctg gtg tct cca ctc at ggg agt cca gtc cac ctc tac 78 

mIns2 ttg ctt tgg agc tgt agg tg gaa gtg gag gac cca caa gt 32 

mIrf7 ctt cag cac ttt ctt ccg aga tgt agt gtg gtg acc ctt gc 25 

mc-myc gat cag caa caa ccg caa g ctt gtc gtt ttc ctc cgt gt 19 

mNos2 tga act tga ggg agc a  ttc atg ata agg atc t 11 

mSerpina1a cta aac agg cgc aga agg tt tga aga tcc ggg tga tgc 60 

mTnf tgc cta tgt ctc agc ctc ttc gag gcc att tgg gaa ctt ct 49 
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3.6.2 Gene expression profiling 

The microarray experiment with isolated islets RNA was performed with the Mouse 

Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA) in the lab of Karlheinz Holzmann 

(Microarray Core Facility, Ulm University).  

The microarray data were evaluated with the “Genesifter”-software (Geospiza, Seattle, 

WA, USA). A Benjamini-Hochberg corrected 2-tailed t-test with a cutoff of 1.5 fold 

change and p < 0.05 was used to identify differentially regulated genes. The expression 

data are available at GEO super series (Accession ID GSE47504). 

3.7 Flow cytometry 

3.7.1 Analysis of infiltrating leukocytes in mouse pancreas 

To characterize the composition and the frequency of different leukocytes infiltrating the 

pancreas, flow cytometric analysis of cells for different surface markers was performed. 

Pancreata were inflated in situ with 2 ml of 1 mg/ml ice-cold collagenase p solution 

(Roche) dissolved in Hanks BSS. Pancreatic tissue was dissected out and digested for 8 

min at water bath of 37 °C. Ice-cold HBSS with 10% FCS was then added to stop the 

reaction and the solution were meshed through a 70 µm mesh with subsequent washing 

and centrifugation at 1400, 4 °C for 4 min. Cell pellet is resuspended in 10 ml Hanks 

Islets in the sediment were purified with Histopaque 10771 (Sigma) by centrifugation for 

15 min at 2400 rpm without brake. The middle and lower phase are taken completely 

and washed with Hanks with FCS and centrifuged at 1400 rpm, 4 °C, 4 min. After 

washing with PBS, total cell numbers were determined.  

3.7.2 Antibodies for flow cytometry 

For flow cytometry, one million cells were blocked with 1 µg mouse IgG (Jackson 

ImmunoResearch) and stained with monoclonal antibodies for different hematopoietic 

surface markers using standard procedures. Around 106 cells were stained in a volume 

of 100 u FACS buffer (PBS, 0.1 % BSA, 0.1 % sodium azide). 

The following antibodies were purchased from eBioscience: anti–MHC class II 

(M5/114.15.2), anti-CD11b (M1/70), anti-CD3e (17A2) and CD25 (PC61.5); from BD: 

anti-CD11b (M1/70), anti-CD8a (53-6.7), anti-CD4 (RM4-5), anti NK1.1 (PK136) and 
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anti-CD11c (HL3). Anti-CD45 (30-F11), anti-CD19 (6D5), anti-F4/80 (BM8) and anti-

Ly6G (1A8) were from BioLegend while; Ly6C (1G7.G10) was from Miltenyi Biotec. 

Fixable viability dye (eBioscience) was used to exclude dead cells. FACS was 

performed on a FACSCanto II, and the data were analyzed with FACSDiva 6.2 software 

(BD) and FlowJo softwares.  

3.8 Histology 

3.8.1 Immunohistochemistry and immunofluorescence staining 

For paraffin sections, pancreata were excised, overnight fixed in 3.8% buffered formalin, 

dehydrated, paraffin embedded, and cut in 3 µm sections. Sections were deparafinized, 

rehydrated and antigen retrieval was done by boiling in citrate buffer (pH 6, 0.05% 

Tween 20) for 15 min. For full permeabilization sections were incubated with 0.5% Triton 

X-100 for 30 min.  Blocking is done with 5% BSA in PBS for 1 hour at room temperature. 

For immunofluorescence, first antibody incubation was done overnight at 4 °C with 

rabbit (cell signaling) or guinea pig (abcam) anti-insulin, goat anti-human IKK2 (Santa 

Cruz), rabbit anti-glucagon (cell signaling) and rabbit anti-somatostatin (Santa Cruz). 

Secondary antibodies were applied for I h at room temperature coupled with AlexaFluor-

488 or AlexaFluor-594 (Invitrogen) with DAPI (MERCK) for nuclear counterstaining.  For 

immunohistochemistry, first antibodies, rabbit anti RelA/p65 (Lab Vision), rat anti B220 

(BD), anti Ki67 (Thermo Scientific) or goat anti M3R (Santa Cruz) were applied for 1h 

followed by 30 minutes incubation with horseradish peroxidase-coupled secondary 

antibodies (Santa Cruz) and staining was developed by 3-amino-9-ethylcarbazole 

(DAKO). No antigen retrieval was done for B220 staining. For kryosections, 10 µm 

sections from natively frozen pancreata were fixed with 4% PFA (or methanol for 

CD11c) for 10 minutes at room temperature. Blocking and overnight staining were 

performed as described above with the following antibodies: rat anti CD4 and anti CD8 

(abcam) staining rat anti-MHC II-FITC and rat anti CD25-PE (eBioscience), rat anti-

CD19-PE (Miltenyi) and rat anti B220 (BD). Immunofluorescent staining was visualized 

using Zeiss Axiovert 200M microscope equipped with an Axiocam MRm digital camera 

(Zeiss) and Axiovision software. Other strainings were analyzed on a Leica DM IRB 

microscope equipped with a ProgRes C14 digital camera (Jenoptik) and Openlab 

software (Improvision). 
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3.8.2 Detection of apoptosis 

Insitu detection of DNA-strand breaks in apoptotic nuclei were performed in 

deparaffinized pancreatic sections by the TUNEL labeling method using FragEL™ DNA 

Fragmentation Detection Kit, colormetric-TdT enzyme (EMD Millipore) according to the 

manufacturer’s instructions. Sample sections as well as positive and negative controls 

were counterstained with methyl green. 

3.8.3 Morphometric analysis 

The islet size and number was evaluated from H&E stained slides. Islets from 9 different 

fields of three different sections were measured using the ImageJ software. 

3.9 Statistical analysis 

Values are given as mean ± s.e.m. Statistical analysis was performed with the Prism-

software (Graphpad) using two-tailed Student’s t test. A P value ≤ 0.05 was considered 

statistically significant. 

3.10 Reagents and Materials 

3.10.1 General chemicals 

General chemicals (inorganic chemicals, solvents, standard organic salts, acids) were 

purchased from Applichem (Darmstadt), Roth (Karlsruhe), Merck (Darmstadt) and 

Sigma (Taufkirchen). 

3.10.2 Buffers 

TNES-buffer: 50 mM Tris-HCl (stock 1M pH 7.5), 0.1 M EDTA (stock 0.5 M, pH 8.0), 0.1 

M NaCl, 1 % SDS; (+ Proteinase K (Applichem, Darmstadt) 0.45 mg/ml) 

PBS (10x): 87.65 g/l NaCl, 2 g/l KCl, 11.7 g/l Na2HPO4, 2.4 g/l NaH2PO4, pH 7.3 

TBS (10x): 24.2 g/l Tris, 80g/l NaCl, pH 7.6 

TBE (10x): 121.1 g/l Tris, 61.8 g/l hydroboric acid, 7,4 g/l EDTA  

TNT buffer: 20m m Tris pH 8, 200mM Nacl, 1% Triton X-100  (+ 1 mM PMSF, 1 mM 

DTT, 1 tablet/10 ml complete mini protease inhibitor (Roche, Mannheim) 
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Dignam C buffer: 20 mM Hepes (pH 7.9), 25 % glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 

0.2 mM EDTA (+ 1 mM PMSF, 1 mM DTT, 1 tablet/10 ml complete mini protease 

inhibitor (Roche, Mannheim) 

RIPA buffer: 50 mM Tris-HCl (stock 1M pH 7.4), 150 mM NaCl, 1 % Triton X-100; 0.5 % 

sodium desoxycholate, 0.1 % SDS (+ 1 mM PMSF, 1 tablet/10 ml complete mini 

protease inhibitor (Roche, Mannheim) 

Luciferin buffer: 20 mM tricin, 1.07 mM magnesiumcarbonatehydroxyde, 2.67 mM 

magnesiumsulfate, 0.1 mM EDTA, 33.3 mM DTT, 0.27 mM coenzyme A, 0.47 mM 

luciferin, 0.53 mM ATP 

4x Laemmli loading buffer: 125 mM Tris-Hcl (pH 6.8), 20 % SDS, 25 % glycerol, 

bromphenol blue for coloring; (+ 5 % b-mercaptoethanol) 

MES buffer: 97.6 g MES, 60.6 g Tris, 10 g SDS , 3.9 g EDTA in 500 ml with dH2O, 

store at 4°C 

5 x Bandshift-buffer  100mM HEPES 250 mM Kcl 5mM EDTA, 20% Ficoll, 5mM DTT 

STE-buffer 100mM Nacl, 20 mM Tris-Hcl (pH 7.5), 10 mM EDTA 

Lysis buffer for the EMSA 25mM Tris/Hcl pH 8,150mM Na Cl, 25mM Na2H2P2O7, 

50 mM B-glycerolphosphate, 50mM NaF, 2mM EGTA, 2mM EDTA, 10% glycerin, 1% 

Triton-X100  

3.10.3 Protein biochemistry materials 

5x Bradford reagent (Biorad, München) 

HRP-juice+ (J.P.K., Kleinblittersdorf) 

PageRuler prestained protein ladder (Fermentas, St. Leon-Rot) 

MagicMarkXP Western Protein Standard (Invitrogen, Life Technologies, Paisley, UK) 

Whatman paper (Whatman, GE Healthcare, Maidstone, UK) 

3.10.4 Histology and microscopy materials 

DAPI (Merck, Darmstadt)  

Entellan (Merck, Darmstadt) 
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Mowiol (Merck, Darmstadt) 

Paraformaldehyde/PFA (Sigma, Taufkirchen) 

3.8% buffered formaline (Otto Fischar GmbH & Co.) 

PAP-Pen (Sigma, Taufkirchen) 

Peel-A-Way disposable embedding molds (Polysciences, Warrington, PA, USA) 

Microscopy slides “Superfrost Ultra Plus” (Menzel, Braunschweig) 

Coverglasses 24x50 mm (VWR, Ulm) 

3.10.5 Molecular biology materials 

1kb plus DNA ladder (Invitrogen, Life Technologies, Paisley, UK) 

Agarose Ultrapure, Electrophoresis Grade (Invitrogen, Life Technologies, Paisley, UK) 

Ethidium bromide (Sigma, Taufkirchen) 

Taq Poymerase and 5x Green GoTaq Reaction buffer (Promega, Mannheim) 

dNTPs (Genaxxon, Ulm) 

PCR tubes 0.2 ml (Brand, Wertheim) 

Lightcycler 480 Multiwell Plate 96 (Roche, Mannheim) 

All primers were purchased from Biomers, Ulm. 

3.10.6 General laboratory materials 

Reaction tubes 1.5/2 ml (Eppendorf, Wesseling-Berzdorf) 

15/50 ml High-Clarity Polypropylen Conical Tubes (BD Falcon, San Diego, CA, USA) 

5 ml Polystyrene Round Bottom tubes GLKL (Greiner Bio-One, Frickenhausen) 

Pipette tips 1-1000 µl (Hightech lab, Warsaw, Poland and Axygen, Union City, CA, USA) 

5/10/25 ml glass pipettes (Brand, Wertheim) 

1 ml Sub-Q syringes (BD, Franklin Lakes, NJ, USA) 
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3.11 Laboratory equipments 

Pipettes 0.1-2/2-20/20-200/200-1000 µl (Abimed, Gilson, Brand) 

Pipette controller Pipetus (Hirschmann, Eberstadt) 

Surgical forcipes and scissors (FST, Heidelberg) 

Biofuge Pico 17 (Thermo Scientific, Waltham, MA, USA) 

Megafuge 1.0R (Thermo Scientific, Waltham, MA, USA) 

Digital Heat Block (VWR, Ulm) 

pH-meter Calimatic 761 (Knick, Berlin) 

Scale Scaltec (Scaltec, Heiligenstadt) 

Scale BP-210-S (Sartorius, Göttingen)  

Spectrophotometer Genesys 10S UV/VIS (Thermo Scientific, Waltham, MA, USA) 

Spectrophotometer / Ultrospec 3000    Pharmacia Biotech, England 

Thermocycler Primus 96 plus (MWG, Ebersberg) 

Gel documentation Genosmart (VWR, Ulm) 

Cell culture incubator Hera-Safe (Thermo Scientific, Waltham, MA, USA) 

Laminar flow sterile bank (Thermo Scientific, Waltham, MA, USA) 

Shaker Polymax 1040 (Heidolph, Schwabach) 

Deep freezer -80°C, Class N / HFU 586   Heraeus, Germany  

Nanodrop (Peqlab, Germany)  

Centrifuge J2-21 Beckman, USA  

Waterbath (B.Braun, Germany)  

ViCellXR Becton Coulter, USA  

Ice-machine automatic / AF10     Scotsman, Italy 

Vaccuum concentrator/ BaVaCo-M (Bachofer, Germany) 

Vortex Genie-2 / G-560E      Scientific Industries, USA 
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Steam sterilizer H+P      Labortechnick, Germany 

PCR machine / Primus 96 Plus MWG    Biotech, Germany 

Power supplies for electrophoresis Desatronic 500/400 (Desaga, Heidelberg) 

Agarose gel equipment was constructed by the scientific workshop facilities of Ulm 

University 

Microtome Microm HM355S (Thermo Scientific, Waltham, MA, USA) 

Cryotome CM1900 (Leica, Wetzlar) 

Vibratome VT1200S (Leica, Wetzlar) 

Microscope Axiovert 200M (Zeiss, Oberkochen): 

b/w camera AxioCam MRm 

objectives Plan-Apochromat 2.5x, 5x, 10x, 20x, 40x, 63x 

UV-lamp X-Cite 120 EXFO (Lumen dynamics, Mississauga, Canada) 

Excitation/emission filters for DAPI, FITC/Alexa Fluor 488, DsRed/PE and 

Texasred/Alexa Fluor 568/594 (AHF Analysentechnik) 

Stereomicroscope SteREO Discovery.V20 (Zeiss, Oberkochen): 

RGB camera AxioCam MRc 

Objective Achromat S 0.63x 

3.12 Softwares 

Microsoft Office 2011 (Mac), 2010 (Windows) 

Thomson Endnote X5 

Adobe Creative Suite 6 

Graphpad Prism V5.01 

BD Bioscience FACSDiva 6.2.1 

ImageJ 1.41o 

Zeiss Axiovision 4.8 
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4 Results for gain-of-function model 

4.1 Generation of a conditional, gain-of-function mouse model for canonical   

NF-κB signaling in pancreatic β-cells  

To explore the biological consequences of canonical NF-κB activation in pancreatic β-

cells we generated a double transgenic mouse model (IKK2-CAPdx-1) that expresses a 

constitutively active allele of human IKK2 (IKK2-CA) dependent on Pdx-1 promoter 

activity, which is mainly β-cell specific in the adult state. This was achieved by crossing 

transgenic mice expressing the tetracycline-dependent transactivator (tTA) under the 

control of Pdx-1 promoter (Pdx-1+/-) (Holland et al., 2002) with mice carrying the 

luciferase-(tetO)7-IKK2-CA minigene (Herrmann et al., 2005) (Figure 12). Tetracyclin 

transactivator (tTA) protein is expressed under the control of Pdx-1 promoter and can 

bind to a bidirectional promoter (tetO)7 driving the transcription of luciferase and IKK2-

CA transgene. This binding is inhibited by doxycycline (Dox), thereby shutting off 

transgene expression (Figure 12). In the IKK2-CA transgene the two serine residues in 

the activation loop are replaced by glutamate moieties (S177E, S181E) to mimic a 

phosphorylated and hence activated status.  

 

 

Figure 12 Mouse model for conditional doxycycline-regulated activation of IKK2 in 
pancreatic β-cells. 

4.2 Expression pattern of IKK2-CA transgene  

The transgenic expression system was not activated until weaning, by giving 

doxycycline, in order to avoid any effects of IKK2-CA activity on pancreas and islet cell 
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development. Measurement of luciferase activity, the co-expressed reporter gene, 

revealed strong transgene activity in the pancreas of IKK2-CAPdx-1 mice after doxycycline 

withdrawal (Figure 13a). Minor activity was also detected in the intestine but not in other 

organs (Figure 13). Pancreatic expression of the IKK2-CA transgene was confirmed by 

immunoblot analysis and could be switched off by doxycycline application (Figure 13b), 

thus allowing conditional regulation of IKK2 activity.  

 

Figure 13 Detection of transgene expression. 

(a) Luciferase activity was measured in pancreas (Pa), spleen (Sp), liver (Li), kidney (Ki), 

stomach (St), intestine (Int), lung (Lu), thymus (Thy), thalamus/hypothalamus (Tha) and brain 

(Br) of 26-32 weeks old control and IKK2-CAPdx-1 mice (n = 2). (b) IKK2 expression was 

detected by western blot in pancreatic extracts of control and IKK2-CAPdx-1 mice after 

doxycycline withdrawal and readministration; ERK2 was used as loading control. Controls 

denoted in this figure were single transgenic for IKK2-CA transgene. 

Due to the observed transgene expression in the intestine, we wanted to check whether 

this would affect the secretion of the gut incretin hormones, as GLP1 that is known to 

have a growth promoting and antiapoptotic effect on β-cells (Tortosa and Dotta, 2013). 

Indeed, there is no observed change in plasma GLP1 levels (Figure 14) thus excluding 

any possible interference of the intestinal transgene expression on β-cells.   

Immunofluorescence staining demonstrated a mosaic expression of the IKK2-CA 

transgene in the islets of IKK2-CAPdx-1 mice, but not in control animals (Figure 15). It was 

further obvious that insulin immunoreactivity was reduced by IKK2-CA expression 

(Figure 15). 
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Figure 14 Total serum GLP1 activity was not affected in IKK2-CAPdx-1 mice. 

Total GLP-1 determination by ELISA in serum of 11 weeks old IKK2-CAPdx-1, Pdx-1+/- and 

control mice. 

 

 

Figure 15 Expression of transgenic human IKK2 in islets of 12 weeks old IKK2-
CAPdx-1 mice.  

Immunofluorescence staining of paraffin-embedded pancreatic sections for IKK2 (green) and 

insulin (red) and costained with DAPI (blue) for nuclei showing the expression of human IKK2 
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only in islets of IKK2-CAPdx-1. The staining shows that IKK2 positive cells have reduced or even 

no insulin immunoreactivity. Controls denoted in this figure were single transgenic for IKK2-CA 

transgene. Scale bar = 50 µm. 

4.3 Analysis of the functionality of the IKK2-CA transgene 

We next investigated the functionality of the IKK2-CA transgene. IKK2 activation led to 

nuclear translocation of the NF-κB subunit RelA in β-cells of IKK2-CAPdx-1 mice (Figure 

16a). Almost no nuclear RelA was detected in islets of either Pdx-1+/- or control mice 

(Figure 16a). Furthermore, EMSA assays demonstrated strong basal NF-κB activity in 

IKK2-CAPdx-1 mice relative to their Pdx-1+/- littermates (Figure 16b). Increased NF-κB 

activity was also detected in Pdx-1+/- mice as compared to control mice (Figure 16b).  

 

 

Figure 16 Analysis of transgene functionality. 

(a) Immunohistological staining of paraffin-embedded pancreatic sections showing IKK2-CA-

induced nuclear localization of RelA in β-cells of 12 weeks old IKK2-CAPdx-1 mice. Scale bar = 

50 µm. (b) An electrophoretic mobility shift assay of whole cell islet extracts with NF-κB and 

SP-1-specific probes showing strong activation of NF-κB in 12 weeks old IKK2-CAPdx-1 mice. 

Controls denoted in this figure were single transgenic for IKK2-CA transgene. 
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4.4 KK2/NF-κB activation in β-cells induces full-blown diabetes 

We then assessed the physiological and histological consequences of IKK2/NF-κB 

signaling in pancreatic β-cells. Interestingly, at around 24 weeks of age, all IKK2-CAPdx-1 

mice showed a substantial elevation in fed (538.5 ± 16 mg/dl vs. 154.9 ± 7 mg/dl, IKK2-

CAPdx-1 vs. Pdx-1+/-, respectively) and fasting (423.3 ± 34 mg/dl vs. 96.9 ± 4 mg/dl, IKK2-

CAPdx-1 vs. Pdx-1+/-, respectively) blood glucose levels. Furthermore, several animals 

exceeded 600 mg/dl, the upper limit of measurement (Figure 17). Hyperglycemia was 

accompanied by a considerable reduction of fed plasma insulin level to  43% of the Pdx-

1+/- control mice (Figure 17), indicating that these mice were overtly diabetic. Animals 

displayed clinical signs of diabetes, including polyuria, polydipsia, weight loss and 

general sickness and in severe cases mortality was recorded. 

 

Figure 17 Expression of IKK2-CA in β-cells results in diabetes development. 

Fed (a) and fasted (b) blood glucose levels of control (n = 28, 21), Pdx-1+/- (n = 17, 16) and 

IKK2-CAPdx-1 mice (n = 28, 22). The upper detection limit of the glucometer is 600 mg/dl. 

Animals were kept under doxycycline during breeding and doxycycline was removed after 

weaning and mice were then analyzed at 24-28 weeks. (c) Fed plasma insulin level of control 

(n = 12), Pdx-1+/- (n = 6) and IKK2-CAPdx-1 mice (n = 12). Values shown are mean ± s.e.m. **P 

< 0.01 and ***P < 0.001 (Student's t-test). 

Furthermore, immunohistological analyses indicated an extensive loss of insulin-positive 

β-cells in IKK2-CAPdx-1 mice with the few remaining β-cells appearing degranulated and 

showing only faint residual insulin immunoreactivity (Figure 18). Costaining with IKK2 

revealed that most of the IKK2-CA expressing cells were no longer positive for insulin. In 
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accordance, pancreatic insulin content as well as insulin transcription had greatly 

dropped to ~ 3% and 26 % of the values of the Pdx-1+/- littermates, respectively (Figure 

19). 

 

Figure 18 Massive loss of insulin positive β-cells in islets of IKK2-CAPdx-1 mice. 

Representative immunofluorescent images of paraffin sections of 24-28 weeks old IKK2-CAPdx-

1 and Pdx-1+/- pancreata stained for insulin (red), IKK2 (green) and costained with DAPI for 

nuclei in blue. Scale bar = 50 µm. 

 

Figure 19 Reduced insulin content and transcription in pancreas of IKK2-CAPdx-1 
mice. 

Left panel, Pancreatic insulin content of 24-28 weeks old control, Pdx-1+/- and IKK2-CAPdx-1 

mice (n = 6-9 per group). Right panel, Quantitative RT-PCR of Ins2 mRNA of control, Pdx-1+/- 

and IKK2-CAPdx-1 mice (fold upregulation vs. control; n = 8-12 per group). Hprt was used as a 

reference gene. Values shown are mean ± s.e.m. **P < 0.01 and ***P < 0.001 (Student's t-

test). 
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Pdx-1 is an important transcription factor for β-cell function and its heterozygosity, 

present in the Pdx-1+/- knockin mouse line, was shown to be associated with some β-cell 

defects (Holland et al., 2002). Indeed Pdx-1+/- mice showed slight elevation in fed blood 

glucose level (Figure 17), and there was a reduction in insulin transcription and 

pancreatic content compared to control littermates (Figure 19). However, in contrast to 

IKK2-CAPdx-1 mice, Pdx-1+/- animals were not diabetic. 

4.5 IKK2-CA-induced diabetes is associated with inflammation and infiltration of 
leukocytes  

Invasion of pancreatic islets by leukocytes is the hallmark of immune mediated diabetes. 

Unlike Pdx-1+/- mice, islets of IKK2-CAPdx-1 showed marked peri-insulitis (perivascular, 

periductal and periislet infiltrates) and insulitis (Figure 20a,b), reminiscent of the insulitic 

process in humns. Of notice, not all islets showed mononuclear infiltration (Figure 20b), 

again similar to the human histopathology. 
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Figure 20 IKK2/NF-κB activation in β-cells induces insulitis. 

(a) H&E staining of paraffin sections from pancreas of 24-26 weeks old Pdx-1+/- and IKK2-

CAPdx-1 showing the presence of Peri-, I, and invasive, II, insulitis only in IKK2-CAPdx-1 mice. 

Scale bar = 50 µm. (b) H&E staining of paraffin sections from pancreas of 12 weeks old IKK2-

CAPdx-1 showing the presence of both islets with (arrow) and without (arrow head) infiltrating 

cells. Scale bar = 100 µm. 

The detailed characterization of these infiltrates using flow cytometric analysis revealed 

that the number of hematopoietic cells (CD45+) in IKK2-CAPdx-1 pancreata increased 

around 4 fold as compared to controls (Figure 21a). The infiltrating leukocytes were 

identified as T (CD3+), B (CD19+) and dendritic (CD11b+/CD11c+) cells as well as 

macrophages (CD11b+/F4/80+) (Figure 21a). There was also slight increase in NK cells 

(NK1.1+) (Figure 21a). Flow cytometry also indicated that infiltrated cells were evidently 

activated as demonstrated by the expression of MHC class II by both lymphoid cells 

(Figure 21b) and myeloid cells (Figure 21c) in addition to the co-expression of the 

activation marker CD25 by T lymphocytes (Figure 21b).  

The presence of various kinds of infiltrating cells was further confirmed on the 

histological level (Figure 22). Immunohistochemistry has also demonstrated the 

expression of MHCII by most B cells (Figure 23a, b), CD4+ T cells (Figure 24a) and 

CD8+ T cells (Figure 25a). In addition, nearly all CD4+ T cells (Figure 24b) and CD8+ T 

cells (Figure 25b) were shown to co-express CD25. Remarkably, the majority of 

infiltrating T cells were CD4+ while CD8+ T cells represented only minority as indicated 

by flow cytometry (Figure 21a) and immunofluorescence staining (Figure 22b). 
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Figure 21 Flow cytometric analysis of leukocytic infiltrates found in pancreata 
from control and IKK2-CAPdx-1 mice. 

 (a) Flow cytometric analysis of pancreata from control and IKK2-CAPdx-1 normalized to the 

number of CD45+ cells in the control samples. n = 5 per group from 2 independent 

experiments). NK: natural killer, DCs: dendritic cells, Mφ: macrophages. Values shown are 

mean ± s.e.m. *P < 0.05, **P < 0.01 (Student's t-test). (b) Expression of MHC II (left) and 

CD25 (right) on CD3+ cells from pancreata of indicated genotypes analyzed by flow cytometry. 

(c) MHC II expression on pancreatic cells of the myeloid lineage analyzed by flow cytometry 

and gated as indicated. Data are representative of one experiment with 2 mice per group, 

(b,c). Pdx-1+/- mice were included in the control group in (a-c) as they show the same pattern.  
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Figure 22 The presence of different types of infiltrating cells in the pancreas of 
IKK2-CAPdx-1 mice.  

(a) Immunohistochemical staining for the B cell marker B220 in paraffin sections from 

pancreas of Pdx-1+/- and IKK2-CAPdx-1 mice (n = 3 per group). Scale bar = 50 µm. Dashed lines 

marked the islet. (b) Immunofluorescence staining of cryosection from pancreas of Pdx-1+/- and 

IKK2-CAPdx-1 mice (n = 3 per group) for insulin (red), CD4 or CD8 (green) and DAPI (blue). The 

staining indicates that the majority of infiltrating T cells is CD4+ cells. Scale bar = 50 µm. (c) 

Immunofluorescence staining of cryosection from pancreas of Pdx-1+/- and IKK2-CAPdx-1 mice 

(n = 3 per group) for insulin (green), CD11c (red) and DAPI (blue) showing the presence of 

infiltrating dendritic cells in the islets of IKK2-CAPdx-1 mice. Scale bar = 50 µm. Animals were 

24-28 weeks old. 
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Figure 23 Activation status of infiltrating B cells.  

Immunofluorescence staining of cryosections from pancreas of Pdx-1+/- and IKK2-CAPdx-1 mice 

(n = 3 per group) for the B cell markers CD19 (a) and B220 (b) in red and MHC II in green and 

the sections were costained with DAPI (blue). Co-expression is shown in yellow. The stainings 

show that most of B cells express MHC II. Scale bar = 50 µm. Animals were 24-28 weeks old. 
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Figure 24 Infiltrating CD4+ T cells are activated.  

Immunofluorescence staining of cryosections from pancreas of Pdx-1+/- and IKK2-CAPdx-1 mice 

(n = 3 per group) showing the expression of MHC II (a) and CD25 (b) by CD4+ T cells. The 

stainings show that most of the CD4+ T cells express MHC II while nearly all express CD25. 

Co-expression is shown in yellow. Scale bars = 50 µm. Animals were 24-28 weeks old.   
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Figure 25 Infiltrating CD8+ T cells are activated.  

Immunofluorescence staining of cryosections from pancreas of Pdx-1+/- and IKK2-CAPdx-1 mice 

(n = 3 per group) showing the expression of MHC II (a) and CD25 (b) by CD8+ T cells. The 

stainings show that most of the CD8+ T cells express MHCII while nearly all express CD25. 

Co-expression is shown in yellow. Scale bars = 50 µm. Animals were 24-28 weeks old.   
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Furthermore, we detected a massive increase in MHC II immunoreactivity inside the 

islets of both 12 weeks (Figure 26) and 24-28 weeks old (Figure 27) IKK2-CAPdx-1 with 

some β-cells co-expressing MHC II.  At this point, it cannot be excluded that some MHC 

II expressing cells inside the islets were β-cells that lost their insulin positivity. This 

finding supports studies reporting that β-cells express also MHC II in T1D. The 

hyperexpression of the transcripts of the MHC I and II components, H2-Q4 and H2-Aa, 

respectively further indicates an overall increase of antigen presentation capacitance in 

IKK2-CAPdx-1 mice (Figure 28a). 

 

Figure 26 Massive increase in MHC II-expressing cells in islets of IKK2-CAPdx-1 
mice.  

Immunofluorescence staining of cryosections from pancreas of 12-13 weeks old Pdx-1+/- and 

IKK2-CAPdx-1 mice for insulin (red) and MHC II (green). n = 3 per group. The stainings 

demonstrates that pancreas of IKK2-CAPdx-1 mice shows massive expression of MHC II around 

and inside the islets and some β-cells co-express MHC II (arrows).  Scale bar = 50 µm. 
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Figure 27 Massive increase in MHC II-expressing cells in islets of IKK2-CAPdx-1 
mice.  

Immunofluorescence staining of cryosections from pancreas of 24-28 weeks old Pdx-1+/- and 

IKK2-CAPdx-1 mice for insulin (red) and MHC II (green). n = 3 per group. The stainings 

demonstrates that pancreas of IKK2-CAPdx-1 mice shows massive expression of MHC II around 

and inside the islets and that some β-cells co-express MHC II (arrows). Scale bar = 50 µm. 

The insulitic process in IKK2-CAPdx-1 mice was associated with an inflammatory 

response reflected by the elevated expression of inflammatory cytokines like Tnf, 

different chemokines as Ccl5, Ccl2 and Cxcl10 and the intercellular adhesion molecule-

1 Icam1 (Figure 28b). These genes are known to be involved in the recruitment, 

activation and trafficking of immune cells. Such inflammatory gene expression profiles 

were also found in islets from patients and animals with T1D (Planas et al., 2010; Roep 

et al., 2010; Sarkar et al., 2012) and in normal human islets subjected to cytokines or 
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enteroviruses (Eizirik et al., 2012; Ylipaasto et al., 2005; Ylipaasto et al., 2012). Of 

notice, Pdx-1+/- mice had a similar expression pattern of inflammatory genes as the 

control littermates.  

 

Figure 28 IKK2/NF-κB activation in β-cells triggers inflammation and increased 

antigen presentation. 

Quantitative RT-PCR for mRNA transcripts of the MHC class I (H2-Q4) and MHC class II (H2-

Aa) involved in antigen presentation (a) and inflammation associated genes (b) from control, 

Pdx-1+/- and IKK2-CAPdx-1 mice (fold upregulation vs. control; n = 8-12). Hprt was used as a 

reference gene. Values shown are mean ± s.e.m. **P < 0.01 and ***P < 0.001 (Student's t-

test). Animals were 24-28 weeks old. 

 

4.6 IKK2-CAPdx-1 mice show signs of apoptosis and ER stress  

We next analyzed potential mechanisms involved in β-cell loss and dysfunction. As 

apoptosis is thought to be the major cause of β-cell death in diabetes (Cnop et al., 

2005), we performed TUNEL assays, which revealed that some apoptotic cells are 

present only in IKK2-CAPdx-1 islets (Figure 29). This indicates that apoptosis may account 

at least in part for the reduced β-cell mass in IKK2-CAPdx-1 mice.  
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Figure 29 Islets of IKK2-CA mice show apoptosis.  

TUNEL assay on paraffin sections of pancreas from 24-26 weeks old control, Pdx-1+/- and 

IKK2-CAPdx-1 mice (n = 3 per group). Arrowheads indicate apoptotic nuclei (TUNEL-positive 

nuclei) and the dashed line marks the area of the islet. Scale bar = 50 µm. 

To find out the rationale behind β-cell death we investigated the expression of different 

apoptosis-inducing effectors and genes related to various kinds of cellular stress. β-cells 

are highly susceptible to endoplasmic reticulum (ER) stress, and ER stress-mediated 

apoptosis in β-cells has been implicated in the pathogenesis of diabetes (Eizirik et al., 

2008). Moreover, islets from prediabetic NOD mice (Tersey et al., 2012) and from 

patients with T1D (Marhfour et al., 2012) exhibit signs of ER stress. Therefore, we 

determined the expression of the ER stress-related factors Ddit3 (also known as CHOP) 

and Atf3 that were clearly upregulated in IKK2-CAPdx-1 mice (Figure 30). In addition, we 

detected an elevation in other apoptosis-associated factors like Nos2 (iNOS) and myc in 

the pancreas of IKK2-CAPdx-1 mice (Figure 30).  

 

Figure 30 IKK2-CAPdx-1 mice show elevation of various stress-associated 
apoptosis-inducing factors including ER stress. 



Results for gain-of-function model 

 94 

Quantitative RT-PCR for mRNA transcripts encoding stress and apoptosis inducing genes in 

pancreas of 24-26 weeks control, Pdx-1+/- and IKK-CAPdx-1 (fold upregulation vs. control; n = 6-

10 per group). Hprt was used as a reference gene. Values shown are mean ± s.e.m. *P < 0.05 

**P < 0.01, and **P < 0.01 (Student's t-test).  

4.7 IKK2-CA-induced diabetes is reversible 

To examine the possibility of reverse remodeling the diabetic phenotype, doxycycline 

(1g/L in drinking water) was re-administered for 30 days to diabetic IKK2-CAPdx-1 mice as 

well as control and Pdx-1+/- littermates (Figure 31a). Before starting doxycycline 

application, diabetes in IKK2-CAPdx-1 mice was confirmed by elevated fed and fasted 

blood glucose levels (Figure 31b,c) as well as reduced plasma insulin level (Figure 31d).  

Surprisingly, we observed a clear reduction, even normalization in some animals, in fed 

blood glucose values already within the first 10 days, which were virtually completely 

normalized in all animals by 30 days (Figure 31). This is also true also for fasting blood 

glucose levels measured before and 30 days after doxycycline re-administration (Figure 

31). Consistently, fed plasma insulin level was restored when transgene expression was 

shut off (Figure 31).  

Doxycycline-dependent transgene inactivation was confirmed by immunofluorescence 

staining of IKK2 (Figure 32a) and western blot (Figure 13b). Islet histology of diabetic 

IKK2-CAPdx-1 mice rendered euglycemic by doxycycline treatment also showed the 

presence of normal structured islets and virtual absence of infiltrating cells (Figure 

32a,b). Insulin immunostaining demonstrated the presence of β-cell-rich islets and 

prominent β-cell re-granulation, which stained strongly for insulin (Figure 32a).  

Furthermore, insulin transcription was effectively recovered (Figure 32c) and 

normalization of the expression of MHC I/II as well as various inflammatory markers was 

observed (Figure 32 d,e). 

Importantly, the reversion of the diabetic status and the reappearance of insulin-positive 

β-cell were accompanied with increased Ki67 immunoreactivity in the islets of IKK2-

CAPdx-1 mice (Figure 33) indicating that proliferation is involved in insulin-positive β-cell 

recovery after transgene inactivation in our model. 
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Figure 31 Inactivation of transgene expression leads to recovery from diabetes.  

(a) Experimental design. Mice were kept under doxycycline (0.1 g/L Dox in drinking water) till 

weaning and discontinued till 24-28 weeks to activate transgene expression. Doxycycline 

(1g/L) was then readministered in drinking water for 30 days to inactivate transgene 

expression. (b) Fed blood glucose monitoring before and during doxycycline readministration 

of control, Pdx-1+/- and IKK2-CAPdx-1 mice (n = 7-9 per group from 2 independent experiments). 

Significance is relative to the Pdx-1+/- group at the specified time point. At 20 and 30 days after 

doxycycline administration, Pdx-1+/- mice had significantly higher blood glucose values relative 

to the control littermates. Fasting blood glucose, (c) and fed plasma insulin levels, (d) before 

and after doxycycline readministration. 
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Figure 32 Regeneration of pancreatic islets and alleviation of the inflammatory 
status upon transgene inactivation. 

Immunofluorescence, (a) and H&E, (b) stainings of paraffin sections from Pdx-1+/- and IKK2-CA 

mice after doxycycline readministration showing regenerated β-cells with normal insulin 

content and nearly absence of infiltrating cells. Scale bar = 50µm. Quantitative RT-PCR for 

insulin mRNA (c), MHC class I (H2-Q4) and MHC class II (H2-Aa) molecules (d) and 

inflammatory genes (e) in pancreata of control, Pdx-1+/- and IKK2-CAPdx-1 mice after 

doxycycline readministration (fold upregulation vs. control; n = 6-10 per group from 2 

independent experiments). Hprt was used as a reference gene. Values shown are mean ± 

s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001 (Student's t-test).  
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Figure 33 Regeneration of β-cells involves proliferation.  

24 weeks old Pdx-1+/- and diabetic IKK2-CAPdx-1 animals were treated with doxycycline (1g/L in 

drinking water) for 10 days. Immunohistochemical staining for Ki67 in pancreatic paraffin 

sections showing the presence of Ki67 positive cells (arrows) in the islets of IKK2-CAPdx-1 mice 

whereas this was rarely detected in the islets of Pdx-1+/- mice. Scale bar = 50 µm. Dashed 

lines marked the islet.   

4.8 Allergic inflammatory and antiviral response gene expression profiles in 
diabetic IKK2-CAPdx-1 mice 

To gain insight into the molecular events induced by long-term IKK2/NF-κB activation 

and possibly involved in diabetes development, we performed gene expression profiling 

of pancreatic islets isolated from 11 weeks old IKK2-CAPdx-1 animals. This age 

represents a critical phase in phenotype development because some animals showed 

already hyperglycemia while others were still normoglycemic (Figure 34). Samples from 

both types were included in the microarray analyses (Figure 34). 
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Figure 34 Blood glucose determination of 11-13 weeks old IKK2-CAPdx-1 mice. 

Fed and fasted blood glucose values from 11-13 weeks old control, Pdx-1+/- and IKK2-CAPdx-1 

mice (n = 12-13 per group). Black triangles represent samples used in the microarray analysis. 

In this analysis, 288 transcripts were found to be upregulated and 28 to be 

downregulated in islets of IKK2-CAPdx-1 as compared to their Pdx-1+/- littermates 

(threshold, 1.5-fold; p ˂ 0.05 in t test with Benjamini–Hochberg correction) (Figure 35, 

Table 4). Microarray data of several genes were verified by qPCR as depicted in Figure 

35.  

The analysis revealed obvious activation of innate and adaptive immune responses in 

islets of IKK2-CAPdx-1 mice as indicated by the upregulation of transcripts of various 

cytokines, chemokines, adhesion molecules and antigen presentation molecules (Figure 

35, Table 4). However, aside from the well-known factors, typically detected in other 

T1D models and validating the IKK2-CAPdx-1 model, other less characterized genes were 

upregulated in islets of IKK2-CAPdx-1 mice. The most prominently upregulated and 

subsequently validated gene is the T cell directed chemokine Ccl17 (also known as 

thymus and activation regulated chemokine, TARC) (Figure 35, Table 4). Ccl17 together 

with Ccl22 (also known as MDC), another elevated chemokine (Figure 35, Table 4), are 

known ligands for the Ccr4 receptor, which was linked to the development of 

autoimmune diabetes (Kim et al., 2002). Also a cluster of inflammation-related serine 

proteases called Serpina1 (serine protease inhibitor clade A member1), and different 
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members of the cationic protein products of eosinophils, the eosinophil associated 

ribonucleases (Ears) (Figure 35, Table 4), were strongly upregulated.  

KEGG analysis clearly revealed a signature of antiviral response and reaction to 

infection. The antiviral response was represented by the upregulation of different 

interferon-regulated genes, especially involved in type 1 interferon response including 

Stat1, Irf7, Irf8 and Irf5 as well as IFN-inducible genes like Ifih1 and Ifit1 (Figure 35, 

Table 4). Obvious upregulation of the dendritic cell surface marker, Itgx (CD11c) and 

their T cell activating interleukin, Il12 (Figure 35, Table 4) indicating the presence of 

dendritic cells at this stage, a scenario reported to induce and maintain autoimmune 

diabetes.   

In addition, activation of T cell receptor signaling was also seen in the KEGG analysis. 

Furthermore, genes involved in oxidative stress (Nox1) and tissue remodeling (Mmp12) 

were found also to be upregulated (Figure 35, Table 4).  Taken together, the observed 

gene expression profile in the IKK2-CAPdx-1 model mimics to a great extent that detected 

in virus-induced immune-mediated diabetes and importantly, points to other potential 

novel candidate genes for diabetes. 
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Figure 35 Validation of selected microarray data by real time PCR.  

Quantitative RT-PCR analysis of isolated islets from 11-13 weeks old control, Pdx-1+/- and 

IKK2-CAPdx-1. Samples used for the qPCR assays include those used in the array analysis and 

additional samples. Shown is the fold upregulation vs. control animals (n = 5-8 per group). 

Actb was used as a reference gene. Values shown are mean ± s.e.m. *P < 0.05 and **P < 0.01 

(Student's t-test).  
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Table 4: List of selected genes differentially regulated in islets of 11 weeks old 
IKK2-CAPdx-1 mice as compared to Pdx-1+/- littermates. 

Class Name Fold 

Chemokines and their receptors Ccl17 

Ccl22 

Ccl5 

Ccl19 

Cxcl10 

Cxcl16 

Ccr2 

Ccr7 

Ccr5 

24.59 

4.68 

3.10 

2.60 

2.63 

2.22 

3.43 

3.08 

2.25 

Interleukins and their receptors Il1a 

Il12b 

Il1b 

Il6 

Il1r2 

Il2ra 

Il2rg 

Il12rb2 

2.61 

2.25 

1.90 

1.72 

2.13 

2.14 

2.77 

1.52 

Adhesion molecules Itgax 

Itgae 

Itga2 

Madcam1 

Vcam1 

Icam1 

4.64 

3.64 

2.38 

4.19 

2.51 

2.30 

Antigen presentation and processing 

MHC I 

 

MHC II 

Ctss 

H2-M2 

H2-Q8 

H2-Ab1 

H2-Aa 

2.11 

4.74 

3.17 

2.39 

2.14 
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Anti-viral response (Interferon responsive) Irf7 

Irf8 

Irf5 

Ifit1 

Ifih1 

2.60 

2.34 

1.84 

2.28 

1.74 

Innate immunity  Clec7a 

Tlr3 

3.10 

1.53 

STAT-mediated signal transduction Stat1 

Jak2 

2.51 

1.53 

TNF signaling Tnf 

Tnip3 

Traf1 

Tnfssf13b 

Tnip1 

1.55 

1.95 

1.79 

1.67 

1.65 

Miscellaneous Ear2 

Ear10 

Ear1 

Serpina1e 

Serpina1a 

Serpina1b 

Mmp12 

Nox1 

10.06 

7.63 

6.20 

9.63 

9.22 

6.52 

4.92 

4.06 

 

 

4.9 Ccl17 expression precedes phenotype development 

In an attempt to identify candidate genes involved in phenotype initiation, we followed up 

the temporal expression pattern of distinct genes. For that, we performed gene 

expression analysis in isolated islets from 8 weeks old control, Pdx-1+/- and IKK2-CAPdx-1 

mice that show no elevation in blood glucose level relative to Pdx-1+/- littermates. 

Interestingly, Ccl17 was massively upregulated at this time point (Figure 36). In contrast, 

there was only mild upregulation of Ear2, Serpina1a, Irf7 and Madcam1 and no 
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significant elevation of MHC I/II could be detected (Figure 36). These data support the 

hypothesis that Ccl17 might be a critical initial effector of IKK2/NF-κB activation in β-

cells that provokes diabetes development.  

 

 

Figure 36 Gene expression profile of selected genes in 8 weeks old IKK2-CAPdx-1 
mice.  

Quantitative RT-PCR from islets isolated from 8 weeks old control, Pdx-1+/- and IKK2-CAPdx-1 

mice. Shown is the fold upregulation vs. control animals (n = 4-6 per group). Actb was used as 

a reference gene. Values shown are mean ± s.e.m. *P < 0.05 (Student's t-test). 

In addition, gene expression analysis of highly diseased IKK2-CAPdx-1 mice (age around 

24 weeks) revealed continuous strong upregulation of Ccl17, Ear2 and Serpina1a that 

could be efficiently normalized in the reverse remodeling experiment (Figure 37).  
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Figure 37 Sustained elevation in the diabetes candidate genes in older ages and 
efficient recovery after transgene inactivation 

Quantitative RT-PCR from pancreata of 24-26 weeks old diseased animals and after 

doxycycline readministration (reversed). Shown is the fold upregulation vs. control animals (for 

diseased state n = 6-10 per group and in reversed state n = 4-5 per group). Hprt was used as 

a reference gene. Values shown are mean ± s.e.m.  **P < 0.01 (Student's t-test). 
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5 Results for loss-of-function model 

5.1 Generation of a conditional, loss-of-function mouse model for inhibition of 

canonical NF-κB signaling in pancreatic β-cells  

To gain further insight into the biological impact of IKK/NF-κB signaling in pancreatic β-

cells homeostasis, we generated a second transgenic mouse model (IKK2-DNPdx-1) that 

expresses a dominant negative mutant of human IKK2 (IKK2-DN) dependent on Pdx-1 

promoter activity, which is β-cell specific in the adult state. This was achieved by 

crossing transgenic mice expressing the tetracycline-dependent transactivator (tTA) 

under the control of the Pdx-1 promoter (Pdx-1+/-) (Holland et al., 2002) with mice 

carrying the luciferase-(tetO)7-IKK2-DN minigene (Herrmann et al., 2005). Tetracyclin 

transactivator (tTA) protein is expressed under the control of Pdx-1 promoter and can 

bind to a bidirectional promoter (tetO)7 driving the transcription of luciferase and IKK2-

DN transgene. This binding is inhibited by doxycycline (Dox), thereby shutting off 

transgene expression thus allowing conditional inhibition of IKK2 activity in β-cells 

(Figure 38). In the IKK2-DN transgene Ikbkb has been mutated in the kinase domain by 

replacing the aspartic acid residue by asparagine (D145N). 

 

Figure 38 Conditional mouse model for inhibition of IKK/NF-κB signaling system 

in pancreatic β-cells. 
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5.2 Expression pattern of IKK2-DN transgene 

5.2.1 IKK2-DN transgene is expressed in pancreas and intestine of IKK2-DNPdx-1 

mice 

The transgenic expression system was active from development and throughout lifespan 

i.e no doxycycline was given. Measurement of luciferase activity, the co-expressed 

reporter gene, revealed moderate transgene activity in the pancreas of only IKK2-DNPdx-

1 mice and not control littermates (Figure 39a). Activity was also detected in the different 

parts of the intestine but not in other organs (Figure 39a). We also have not detected 

any activity in different brain regions, spinal cord, heart, kidney, adrenal gland muscle 

and fat (not shown). Expression of the IKK2-DN transgene in IKK2-DNPdx-1 mice was 

confirmed by immunoblot analysis of protein extracts from whole pancreas (Figure 39b) 

and isolated islets (Figure 41). Nicely the expression of the transgene is stable over 

around one year (Figure 39c). Western blot analysis also revealed expression in the 

intestine (Figure 39b). Quantitative PCR analysis using specific primers for the 

transgenic IKK2-DN was used as additional measure to verify the transgene expression 

(Figure 39e).  

 

 

Figure 39 Analysis of transgene expression in various organs. 
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(a) Luciferase activity was measured in pancreas (Pa), spleen (Sp), liver (Li), lung (Lu), thymus 

(Thy), stomach (St) and different parts of the intestine (Int1-3) of 12 weeks old control and 

IKK2-DNPdx-1 mice (n = 4). The whole intestine was cut into 3 equal parts starting directly after 

the stomach (Int1). Western blot analysis of IKK2 expression in extracts of different organ from 

12 weeks old (b) or 1 year old (c) control (-, stg) and IKK2-DNPdx-1 (+, dtg) mice; ERK2 was 

used as loading control. (d) Quantitative RT-PCR of transgenic IKK2 mRNA of control and 

IKK2-DNPdx-1 mice (fold upregulation vs. control; n = 2 per group). Hprt was used as a 

reference gene. Values shown are mean ± s.e.m. 

5.2.2 IKK2-DN transgene is expressed in β-cells of IKK2-DNPdx-1 mice 

Immunofluorescence staining demonstrated the expression of the IKK2-DN transgene in 

β-cells of IKK2-DNPdx-1 mice, but not in control animals (Figure 40). The transgene was 

not expressed in glucagon positive α-cells (Figure 40). However, IKK2-DN transgene is 

expressed in only some somatostatin positive cells (Figure 40). This could be because 

normally some δ-cells coexpress insulin. 

5.3 Analysis of functionality of IKK2-DN transgene 

We next investigated functionality of the IKK2-DN transgene. In control animals, 

exposure of isolated islets from control animals to TNF-α activates IKK2, which then 

increases phosphorylation of IκBα (Figure 41). However, this is not observed in IKK2-

DNPdx-1 littermates due to non-functional IKK2, which cannot phosphorylate IκBα leading 

to its accumulation (Figure 41).  
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Figure 40 Expression of IKK2-DN transgene in β-cells of IKK2-DNPdx-1 mice. 

Representative immunofluorescent images of paraffin sections of 12 weeks old IKK2-CAPdx-1 

and control pancreata stained in green for IKK2 and in red for insulin, upper panel or glucagon, 

middle panel or somatostatin lower panel. Sections were costained with DAPI for nuclei in 

blue. Scale bar = 50 µm. 

 

 

Figure 41 IKK2-DN cannot induce phosphorylation of IκBα  upon TNF-α 

stimulation. 

Western blot analysis of isolated islets from 13 weeks old IKK2-DNPdx-1 and control mice. Islets 

were stimulated for 30 min with 10 ng/ml TNF-α, then harvested, proteins were extracted and 

blotted for transgene expression and levels of IκBα and its phosphorylated form, pIκBα.   

5.4 Intestinal transgene expression does not affect incretin secretion 

Due to the observed transgene expression in the intestine, we wanted to check whether 

this would affect the secretion of the gut incretin hormones, as GLP1 known to have a 

growth promoting and antiapoptotic effect on β-cells (Tortosa and Dotta, 2013). Indeed, 

there is no observed change in serum GLP1 levels (Figure 42) thus excluding any 

possible interference of the intestinal transgene expression with β-cell functionality.   
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Figure 42 Total serum GLP-1 concentration is not affected by intestinal-transgene 
expression. 

Total GLP-1 determination by ELISA in serum of 23 weeks old IKK2-DNPdx-1, Pdx-1+/- and 

control mice. 

5.5 IKK2/NF-κB inhibition in β-cells induces full-blown diabetes 

We then assessed the physiological and histological consequences of inhibition of 

IKK2/NF-κB signaling in pancreatic β-cells. Interestingly, at around 3-4 months of age, 

IKK2-DNPdx-1 mice showed a substantial elevation in fed (460.6 ± 29.4 mg/dl vs. 154 ± 

8.2 mg/dl, IKK2-DNPdx-1 vs. Pdx-1+/-, respectively) and fasting (229.1 ± 33.8 mg/dl vs. 

102.4 ± 4 mg/dl, IKK2-DNPdx-1 vs. Pdx-1+/-, respectively) blood glucose levels (Figure 

43a,b). Also several animals exceeded 600 mg/dl, the upper limit of measurement. 

Hyperglycemia was accompanied by reduction of plasma insulin level as compared to 

the Pdx-1+/- control mice (Figure 43d), indicating that these mice were overtly diabetic. In 

addition, animals were of reduced weight (Figure 43c) and displayed clinical signs of 

diabetes, including polyuria, polydipsia, polyphagia and general sickness and in severe 

cases mortality was recorded. 

Pdx-1 is an important transcription factor for β-cell function and its heterozygosity, 

present in the Pdx-1+/- knockin mouse line, was shown to be associated with some β-cell 

defects (Holland et al., 2002). Indeed, we could detect mild elevation in fed and fasting 

blood glucose levels of Pdx-1+/- mice in comparison to their control littermates (Figure 

43) as previously reported (Ahlgren et al., 1998; Johnson et al., 2003). However, in 
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contrast to IKK2-DNPdx-1 mice, Pdx-1+/- animals were not diabetic but had reduced 

plasma insulin (Figure 43), as reported before (Kulkarni et al., 2004). 

 

 

Figure 43 IKK2-DNPdx-1 animals are diabetic. 

Fed (a) and fasting (b) blood glucose levels of control (n = 25, 25), Pdx-1+/- (n = 22, 22) and 

IKK2-DNPdx-1 mice (n = 21, 20). The upper detection limit of the glucometer is 600 mg/dl. 

Animals did not get doxycycline through their life and were analyzed at around 16 weeks of 

age. (c) Body weight of control (n = 22), Pdx-1+/- (n = 20) and IKK2-DNPdx-1 mice (n = 22). (d) 

Plasma insulin level of control (n = 4), Pdx-1+/- (n = 4) and IKK2-DNPdx-1 mice (n = 3) as 

measured by ELISA. Values shown are mean ± s.e.m. *P < 0.05 and ***P < 0.001 (Student's t-

test). 

 

 

a b

c d 
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5.6 Islets of IKK2-DNPdx-1 mice exhibit abnormal architecture and reduced 
number and size 

Histological analysis of pancreatic sections revealed that islets of Pdx-1+/- mice are 

fewer and the majority are of normal size but some are of reduced size in comparison to 

their control littermates (Figure 44a, b, c) as formerly shown (Johnson et al., 2003). 

Interestingly, IKK2-DNPdx-1 mice have much fewer islets (Figure 44a), which are of more 

reduced size as compared to their Pdx-1+/- littermates (Figure 44a, b). This leads to an 

overall reduction in total endocrine area (Figure 44c). Furthermore, these islets are of 

abnormal irregular architecture where the endocrine cells do not form well-organized 

islets with the normal rounded shape. In addition, islet cells looks scattered, detached 

from each other and are not in close contact with other neighbor cells (Figure 44a).  

 

Figure 44 Disturbed islet architecture of IKK2-DNPdx-1 mice with reduction of their 
number and size. 

(a) Representative H&E staining of paraffin pancreatic sections from 12 weeks old IKK2-

DNPdx-1, Pdx-1+/- and control mice. Scale bar = 50 µm. Quantification of islet size (b) and 

percentage total endocrine area in relation to the pancreatic section (c) in 12 weeks old 

IKK2-DNPdx-1, Pdx-1+/- and control mice as done using Image J software analysis (n=2).   
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5.7 Islets of IKK2-DNPdx-1 mice show reduced insulin content and transcription 

Immunofluorescence analysis declared reduction of insulin positive β-cells in           

IKK2-DNPdx-1 mice with the remaining β-cells appearing degranulated and showing only 

faint insulin immunoreactivity (Figure 45). In accordance, pancreatic insulin transcription 

had greatly dropped as compared to Pdx-1+/- littermates (Figure 46). 

Islets of Pdx-1+/- mice apparently show normal insulin content (Figure 46). However, 

Pdx-1+/- mice exhibit a reduction of insulin transcription as compared to their control 

littermates, which could be due to the reduced number of islets. 

 

Figure 45 Reduced insulin content in islets of IKK2-DNPdx-1 mice. 

Representative immunofluorescent images of paraffin sections of 16 weeks old IKK2-DNPdx-1 

and Pdx-1+/- pancreata stained for insulin (red), IKK2 (green) and costained with DAPI for 

nuclei in blue. Scale bar = 50 µm. 
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Figure 46 Reduced insulin transcription in Pdx-1+/- and exaggeration in IKK2-
DNPdx-1 mice. 

Quantitative RT-PCR of Ins2 mRNA of 16 weeks old control, Pdx-1+/- and IKK2-DNPdx-1 mice (n 

= 10-14 per group). Hprt was used as a reference gene. Values shown are mean ± s.e.m. *P < 

0.05 and ***P < 0.001 (Student's t-test). 

5.8 Analysis of 5 weeks old IKK2-DNPdx-1 mice 

In order to investigate whether the phenotype manifests already early in life or it 

develops in the adult animals, we focused on the time course of phenotype development 

and analyzed 5 weeks old mice. 

5.8.1 5 weeks old IKK2-DNPdx-1 mice are diabetic  

Interestingly, 5 weeks old IKK2-DNPdx-1 mice showed already severe hyperglycemia (496 

± 34.8 vs 216.6 ± 19.2, IKK2-DNPdx-1 vs. Pdx-1+/-, respectively) at the fed state that 

exceeds 600 mg/dl in some cases (Figure 47a). Fasting blood glucose concentration 

was also increased but mildly (182.7 ± 22.2 mg/dl vs. 101.8 ± 6.9 mg/dl, IKK2-DNPdx-1 vs. 

Pdx-1+/-, respectively) (Figure 47a). However, these young mice do not show any 

decrease in plasma insulin level (Figure 47b) while they were of reduced weight (Figure 

47c). Although 5 weeks old Pdx-1+/- mice show mild fed hyperglycemia (Figure 47a) and 

normal plasma insulin concentration (Figure 47b), they were glucose intolerant (Figure 

47d) as previously demonstrated (Ahlgren et al., 1998; Brissova et al., 2005; Brissova et 

al., 2002; Holland et al., 2002; Shih et al., 2002; Wang et al., 2005). IKK2-DNPdx-1 mice 

were glucose intolerant to a higher degree as compared to their Pdx-1+/- littermates 
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where blood glucose levels increased for 30 min, reaching 513 mg/dl, and did not return 

to basal levels 120 min after challenge and even continue to increase (Figure 47d). 

Moreover, Pdx-1+/- mice exhibit defective insulin secretion in response to glucose 

(Figure 47e) as shown also before (Brissova et al., 2005; Johnson et al., 2003; Kulkarni 

et al., 2004; Shih et al., 2002). However, IKK2-DNPdx-1 mice do not show additional 

reduction in GSIS as compared to Pdx-1+/- animals (Figure 47e). 
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Figure 47 5 weeks old IKK2-DNPdx-1 mice are hyperglycemic and glucose 
intolerant. 

(a) Fed (left panel) and fasting (right panel) blood glucose levels of control (n = 10, 6), Pdx-1+/- 

(n = 8, 5) and IKK2-DNPdx-1 mice (n = 12, 7). The upper detection limit of the glucometer is 600 

mg/dl. (b) Plasma insulin level of control (n = 6), Pdx-1+/- (n = 5) and IKK2-DNPdx-1 mice (n = 7) 

as measured by ELISA. (c) Body weight of control (n = 9), Pdx-1+/- (n = 8) and IKK2-DNPdx-1 

mice (n = 10). (d) Glucose tolerance test of overnight fasted animals after i.p. injection of 2g/kg 

glucose (n = 5-7 per group). (e) Determination of glucose stimulated insulin secretion (GSIS) in 

plasma of animals after i.p. Injection of 3g/kg glucose (n = 6-8 per group). Animals did not get 

doxycycline through their life and were analyzed at 5 weeks (a, b, c, d) or 6 weeks (e) of age. 

Values shown are mean ± s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001 (Student's t-test). 

5.8.2 Islets of 5 weeks old IKK2-DNPdx-1 mice are heterogeneous 

On the histological level we could observe that most of the islets look normal however 

some exhibited abnormal architecture (Figure 48). Furthermore, some islets had normal 

insulin content while others showed reduced insulin content (Figure 48). Additionally, 

there was no reduction in insulin transcription (Figure 49). From that we can conclude 

that the phenotype starts early in life and is progressive over the time. 
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Figure 48 Islets of 5 weeks old IKK2-DNPdx-1 mice are heterogeneous. 

Representative H&E staining (left panel) and immunofluorescence staining for insulin (red), 

IKK2 (green) and costained with DAPI for nuclei in blue (middle and right panel) of paraffin 

sections of 5 weeks old IKK2-DNPdx-1 and Pdx-1+/- pancreata. Scale bar = 50 µm. 
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Figure 49 5 weeks old IKK2-DNPdx-1 mice does not show reduced insulin 
transcription. 

Quantitative RT-PCR of Ins2 mRNA of 5 weeks old control, Pdx-1+/- and IKK2-DNPdx-1 mice 

(fold upregulation vs. control; n = 5-8 per group). Hprt was used as a reference gene. Values 

shown are mean ± s.e.m. *P < 0.05 (Student's t-test). 

5.9 Apoptosis is not involved in β-cell loss in IKK2-DNPdx-1 mice 

In order to find out the cause of β-cell loss in IKK2-DNPdx-1 mice we investigated the level 

of apoptosis, being the most common mode of β-cell death reported in diabetes. For this 

purpose we performed TUNEL assay with which we could not detect the presence of 

apoptotic nuclei in the islets of 16 weeks old IKK2-DNPdx-1 mice (Figure 50). As apoptosis 

could occur at earlier stages before cell loss is obvious, we checked islets at 5 weeks 

but again no apoptosis was detected at this stage (Figure 50). 

 

 



Results for loss-of-function model 

 119 

 

 

Figure 50 Islets of IKK2-DNPdx-1 mice do not show apoptosis.  

TUNEL assay on paraffin sections of pancreas from 5 weeks old (upper panel) and 16 weeks 

old (lower panel) control, Pdx-1+/- and IKK2-DNPdx-1 mice (n = 3 per group).                         

Scale bar = 100 µm. 

5.10 Transdifferentiation does not take place in islets of IKK2-DNPdx-1 mice 

We interrogated another possible mechanism for reduction in β-cell mass, which is 

transdifferentiation to other islet cell types like α- or δ-cells. We could not detect the 

presence of insulin/glucagon double positive cells in the pancreas of IKK2-DNPdx-1 mice 

(Figure 51). However, we occasionally detected insulin/somatostatin positive cells 

(Figure 51). As this is previously reported in normal mouse islets and as there was no 

apparent increase in somatostatin-positive cells we do not consider it a 

transdifferentiation status. Many islets of Pdx-1+/- mice showed disturbed β- to α-cell 
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arrangement with glucagon-positive α-cells are scattered within the core of many islets, 

in contrast to the normal peripheral location in islets of control mice (Figure 51) and in 

agreement with previous reports (Brissova et al., 2005; Johnson et al., 2003). Moreover, 

this phenotype was exaggerated in IKK2-DNPdx-1 mice where β-cells in the majority of 

islets were intermingled with non-β-cells in the islet core (Figure 51).  

 

Figure 51 No transdifferentiation was observed in IKK2-DNPdx-1 mice. 

Representative immunofluorescent images of paraffin sections of 12 weeks old control, Pdx-

1+/- and IKK2-DNPdx-1 pancreata stained in red for insulin and in green for glucagon (upper 

panel) or somatostatin (lower panel) and costained with DAPI for nuclei in blue.                 

Scale bar = 50 µm. 

5.11 The diabetic phenotype is dependent on Pdx-1 haploinsufficiency  

5.11.1 Creation of Pdx-1+/-/NEMOΔpanc mice 

Different mouse models of IKK2/NF-κB inhibition are normoglycemic and show no 

apparent endocrine phenotype (Eldor et al., 2006; Kim et al., 2007; Ling et al., 2012; 

Maier et al., 2013; Maniati et al., 2011). So, we addressed the hypothesis that our 

phenotype is dependent on the genetic predisposition of our mouse model, i.e the Pdx-1 

haploinsufficiency. For this purpose, we established another IKK/NF-κB loss-of-function 

model by crossing male Pdx-1+/- animals with female mice lacking the X-linked 
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regulatory subunit of the IKK complex, NEMO, specifically in the pancreas (NEMOΔpanc) 

(Maier et al., 2013) (Figure 52). This breeding gives rise to 4 groups: Pdx-1+/- which is 

heterozygote for Pdx-1 but have NEMO, NEMOΔpanc which lack NEMO but have normal 

Pdx-1 gene dose, Pdx-1+/-/NEMOΔpanc which lack NEMO and are heterozygote for Pdx-1 

and a control group having both normal Pdx-1 and NEMO (Figure 52).  

 

Figure 52 Breeding strategy for Pdx-1+/-/NEMOΔpanc mice.  

5.11.2 Pdx-1+/-/NEMOΔpanc mice are diabetic 

Interestingly, though we have confirmed others observations that NEMO knockout in the 

pancreas does not affect blood glucose, Pdx-1+/-/NEMOΔpanc mice exhibited dramatic 

increase in fed blood glucose values (563.4 ± 18.8 vs 214 ± 8.5, Pdx-1+/-/NEMOΔpanc vs. 

Pdx-1+/-, respectively), and most of the animals exceeded 600 mg/dl. Similarly, animals 

had fasted hyperglycemia (497.4 ± 29.7 vs 89.6 ± 3.9, Pdx-1+/-/NEMOΔpanc vs. Pdx-1+/-, 

respectively) that were more severe than in IKK2-DNPdx-1 mice (Figure 53). In addition, 

these animals were of reduced body weight as compared to their Pdx-1+/- littermates 

(Figure 53). This implicates that only the combination of IKK2/NF-κB inhibition and Pdx-

1 haploinsufficiency triggers the development of the diabetic phenotype.  
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Figure 53 Combination of Pdx-1 haploinsufficiency and NEMO deficiency induces 
diabetes.  

Fed (left panel) and fasting (middle panel) blood glucose levels and Body weight (right panel) 

of 16 weeks old control (n = 7-8), NEMOΔpanc (n = 4-5), Pdx-1+/- (n = 10-11) and Pdx-1+/-

/NEMOΔpanc (n = 5-7) mice. The upper detection limit of the glucometer is 600 mg/dl. Values 

shown are mean ± s.e.m. ***P < 0.001 (Student's t-test). 

5.11.3 Islets of Pdx-1+/-/NEMOΔpanc mice show massive loss of β-cells and reduced 

insulin content and transcription 

Histological analysis revealed great reduction in β-cell mass in the islets of Pdx-1+/-

/NEMOΔpanc mice as compared to their Pdx-1+/- littermates (Figure 54).  Additionally, we 

could observe a clear increase in α-cell mass in the islets of Pdx-1+/-/NEMOΔpanc mice 

(Figure 54). Interestingly, we have noticed also the presence of some cells that 

coexpress insulin and glucagon (Figure 54) suggesting that transdifferentiation occurs in 

this model which could explain the more exaggerated reduction in β-cell mass, as 

compared to the IKK2-DNPdx-1 mice, and the increment in α-cell mass. In accordance, 

the pancreata of Pdx-1+/-/NEMOΔpanc mice exhibited marked reduction in insulin 

transcription in comparison to the Pdx-1+/- ones (Figure 55). 
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Figure 54 Islets of Pdx-1+/-/NEMOΔpanc mice show massive loss of β-cells. 

Representative immunofluorescent images of pancreatic paraffin sections from 16 weeks old 

control, NEMOΔpanc, Pdx-1+/- and Pdx-1+/-/NEMOΔpanc mice stained in red for insulin and in green 

for glucagon costained with DAPI for nuclei in blue. Islets of Pdx-1+/-/NEMOΔpanc mice showed 

marked reduction in β-cell mass and increased α-cell mass and presence of some insulin and 

glucagon double positive cells (arrow). Scale bar = 50 µm 

 

Figure 55 Reduced insulin transcription in Pdx-1+/-/NEMOΔpanc mice. 
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Quantitative RT-PCR of Ins2 mRNA of 16 weeks old control (n = 8), NEMOΔpanc (n = 4), Pdx-

1+/- (n = 9) and Pdx-1+/-/NEMOΔpanc (n = 6) mice (fold upregulation vs. control). Hprt was used 

as a reference gene. Values shown are mean ± s.e.m. *P < 0.05 and **P < 0.01 (Student's t-

test). 

5.12 Possible mechanisms for IKK2/NF-κB inhibition-induced diabetes 

5.12.1 Inhibition of IKK2/NF-κB prevented the induction of M3R expression in   

Pdx-1+/- mice 

Parasympathetic activation of cholinergic muscarinic M3 receptors was reported to 

enhance insulin release and mediate beneficial effects of the Reg protein INGAP on β-

cells (Barbosa et al., 2008; Boschero et al., 1995; Gautam et al., 2006; Paula et al., 

2010; Ruiz de Azua et al., 2011). Since it was reported that NF-κB signaling pathway is 

required for M3R expression by INGAP (Paula et al., 2010), we investigated the 

expression level of M3R subtype in the pancreas of our mice. Western blot analysis 

demonstrated increased expression of M3R in the pancreas of Pdx-1+/- mice in 

comparison to their control littermates (Figure 56 a, b). Interestingly, this increase in 

M3R was inhibited in the pancreas of IKK2-DNPdx-1 animals, which showed reduced 

expression as compared to their Pdx-1+/- littermates (Figure 56a). On the contrary, the 

enhanced expression of M3R in Pdx-1+/- is still seen in the pancreata of the gain-of-

function model, IKK2-CAPdx-1 (Figure 56b). 

On the histological level we could confirm the reduced expression of M3R in the islets of 

IKK2-DNPdx-1 in comparison to their Pdx-1+/- and control littermates (Figure 57). However, 

we could not confirm the increased expression of M3R in islets of Pdx-1+/- as compared 

to the control ones (Figure 57). This could be due to the difference in the antibodies 

used for detection. While the antibody used for the western blot is raised against amino 

acids 271-480 mapping within an internal region of muscarinic acetylcholine receptor 

M3, the one for the immunohistochemistry is detecting the N terminal extracellular 

domain.   
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Figure 56 IKK2-DNPdx-1 mice exhibit reduced M3R expression relative to Pdx-1+/- 

littermates.  

Western blot analysis of M3R expression in pancreatic extracts of 16 weeks old control,     

Pdx-1+/-   and IKK2-DNPdx-1 mice (a) and of 24-26 weeks old control, Pdx-1+/-   and IKK2-CAPdx-1 

littermates (b). Brain and INS1 cells extracts were used as control samples. ERK2 was used 

as loading control.  
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Figure 57 Reduced expression of M3R in the islet of IKK2-DNPdx-1 mice. 

Immunohistochemical staining of paraffin sections from 16 weeks old control, Pdx-1+/- and 

IKK2-DNPdx-1 pancreata for M3R. Scale bar = 50 µm 

5.12.2 Microarray analysis of isolated islets from IKK2-DNPdx-1 mice 

To gain further insight into the potential mechanisms involved in diabetes development 

in IKK2-DNPdx-1 mice we performed microarray analysis from islets isolated from 5 weeks 

old control (n=4), Pdx-1+/- (n=3) and IKK2-DNPdx-1 (n=5) mice.  
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In this analysis, 247 transcripts were found to be upregulated and 74 to be 

downregulated in islets of IKK2-DNPdx-1 as compared to their Pdx-1+/- littermates 

(threshold, 1.5-fold; p ˂ 0.05 in t test with Benjamini–Hochberg correction). KEGG 

analysis revealed deregulated pathways involved in neuroactive ligand-receptor 

interaction (Table 5). Furthermore, cell adhesion, tight junction and extracellular matrix 

ECM-receptor interaction pathways were all affected. The analysis also revealed the 

upregulation of the MODY genes HNF1β and pyruvate kinase liver and red blood cell 

(Pklr) in the islets of IKK2-DNPdx-1 mice (Table 5). Furthermore, many peptidases as 

1810009J06Rik, Prss3, Serpina7 and MMP7 were also found upregulated (Table 5). 

 

Table 5 List of selected genes differentially regulated in islets of 5 weeks old  
IKK2-DNPdx-1 mice as compared to Pdx-1+/- littermates. 

Function Fold 
change 

Gene Title Gene ID 

Peptidases 32.97 RIKEN cDNA 1810009J06 gene 
1810009
J06Rik 

  5.33 Protease, serine, 3 (Prss3) Prss3 
  4.56 Serine peptidase inhibitor, clade A member 7 Serpina7 
  3.39 Matrix metallopeptidase 7  Mmp7 
MODY 1.70 HNF1 homeobox B Hnf1b 
  1.56 Pyruvate kinase liver and red blood cell  Pklr 
Neuroactive 
ligand-receptor 3.78 Gamma-aminobutyric acid (GABA-A) receptor Gabrp 
interaction 3.44 Vasoactive intestinal polypeptide Vip 
  2.28 Glucagon receptor Gcgr 
  2.05 Neuropeptide Y Npy 
  1.88 Cholinergic receptor, nicotinic, alpha polypeptide 3  Chrna3 
  1.86 Glutamate receptor, ionotropic, AMPA2 (alpha 2)  Gria2 
  1.81 Adenosine A3 receptor Adora3 
  0.29 Urocortin 3  Ucn3 
Cell adhesion 
molecules 
(CAMs) 2.26 Claudin 6 Cldn6 
  1.99 Claudin 4 Cldn4 
  1.60 Claudin 7 Cldn7 
  1.72 Claudin 2 Cldn2 
  1.70 Cadherin 1 Cdh1 
  2.24 Selectin, endothelial cell  Sele 
  2.32 Selectin, platelet  Selp 
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5.13 IKK2-DN-induced diabetes is reversible 

To interrogate the possibility of recovery of the diabetic phenotype, doxycycline was re-

administered for 30 days to diabetic 16 weeks old IKK2-DNPdx-1 mice (Figure 58a). 

Diabetes in IKK2-DNPdx-1 mice was confirmed by elevated fed blood glucose level 

(Figure 58b). Surprisingly, we observed a clear reduction and normalization in fed blood 

glucose level already within the first 10 days in the majority of animals, and by 30 days it 

was completely normalized in all animals (Figure 58b).  

 

 

Figure 58 Recovery from diabetes and efficient regeneration of β-cells upon 
transgene inactivation. 

(a) Experimental design. In order to inactivate transgene expression, doxycycline (Dox) (1g/L) 

was administered in drinking water for 30 days to 16 weeks control, Pdx-1+/- and diabetic IKK2-

DNPdx-1 littermates with monitoring of fed blood glucose and then animals were analyzed (after 

Dox). Diabetes was confirmed by fed blood glucose measurement (before Dox). (b) Fed blood 

glucose monitoring before and during doxycycline administration of control, Pdx-1+/- and IKK2-

CAPdx-1 mice (n = 5-10 per group from 2 independent experiments). Significance is relative to 

the Pdx-1+/- group in the specified time point. (c) Immunofluorescence stainings of pancreatic 
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paraffin sections from control and IKK2-DNPdx-1 mice after doxycycline administration showing 

regenerated islets with normal size and architecture, which are β-cell rich and have normal 

insulin content. Scale bar = 50 µm. 

Doxycycline-dependent transgene inactivation was confirmed by immunofluorescence 

staining for the transgenic IKK2, which was virtually absent (Figure 58b). Islet histology 

of diabetic IKK2-DNPdx-1 mice rendered euglycemic by doxycycline treatment showed the 

presence of normally structured and sized islets (Figure 58c). Insulin immunostaining 

demonstrated the presence of β-cell-rich islets and prominent β-cell re-granulation, 

which stained strongly for insulin (Figure 58c). Actually the efficiency of β-cell 

regeneration in this model is more efficient than for the gain-of-function model.  
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6 Discussion for gain-of-function model 

By genetic activation of pro-inflammatory IKK2/NF-κB signaling in β-cells, we could 

develop a novel mouse model of immune-mediated diabetes, the IKK2-CAPdx-1 model 

which offers substantial potential benefit in several areas of diabetes research. NOD 

mouse, the most widely used spontaneous animal model of T1D, has greatly improved 

our understanding of the disease pathophysiology and genetics due to the shared 

similarities to the human disease (Anderson and Bluestone, 2005). However many 

discrepancies with the human disease and high failure rate in extrapolating successful 

therapies in NOD to man are also described which has questioned the validity of this 

model as a simulator of the human condition (Driver et al., 2011; Roep et al., 2004; von 

Herrath and Nepom, 2009). In addition, diabetes in humans is clinically presented with a 

marked pathogenic heterogeneity that cannot be reflected by a single animal model. 

Collectively, this raises the demand for the development of additional models that cover 

different aspects and provide new insights into diabetes pathogenesis in order to 

improve preclinical assessment of potential therapeutics in humans.  

The IKK2-CAPdx-1 mice develop severe hyperglycemia and hypoinsulinemia mirroring 

substantial β-cell loss and degranulation which were associated with marked islet 

inflammation and insulitis. Similar to the human immunopathology (Richardson et al., 

2011), the infiltrating leukocytes include CD4+ and CD8+ T, B, dendritic and NK cells as 

well as macrophages and are not seen in all pancreatic islets. IKK2-CAPdx-1 mice show a 

gene expression signature clearly reflecting activation of innate immunity and type I 

interferon response. These pathways could generate a proinflammatory 

microenvironment that can induce the recruitment of different immune cells. Indeed, 

these infiltrating cells are able to contribute to and/or amplify the inflammatory insult 

thereby fostering β-cell destruction as observed in diabetic subjects and NOD mice 

(Bluestone et al., 2010; Eizirik et al., 2009). The IKK2-CAPdx-1 model indicates that 

proinflammatory IKK2/NF-κB signaling is also capable of activating MHC II expression in 

β-cells, previously reported to be induced by TNF and lymphotoxin signaling in humans 

(Pujol-Borrell et al., 1987). This may allow for an intensive dialogue between β-cells and 

immune cells that finally promotes β-cell destruction in a T cell dependent manner.  
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The main T cell subtype in our model is the CD4+ type in contrast to the concept that 

CD8+ T cells predominate in humans (Richardson et al., 2011). However, there is a 

considerable heterogeneity within diabetic patients, for instance even no autoreactive T 

cells were found in a subset of recent-onset patients (Dotta et al., 2007a). In addition, 

CD4+ T cells are able to mediate β-cell death in transgenic NOD mice (Amrani et al., 

2000; Angstetra et al., 2009) and T1D development was shown to require the presence 

of both CD4+ and CD8+ T cells (Chatenoud, 2010; Phillips et al., 2009).  

Compared with the highly investigated NOD mice, IKK2-CAPdx-1 model differs in a 

number of aspects concerning prerequisites of disease development and offers multiple 

privileges. In the NOD model, there is a complex unique set of genotypic combinations 

that produces the NOD phenotype, which is unlikely to exist in a large subset of human 

population, if at all. In addition, incidence of diabetes in female NOD is 60-80% and is 

markedly affected by environment, including housing conditions, health status/infections, 

and diet. NOD mice also exhibit multiple aberrant immunophenotypes including defects 

in immunoregulatory functions of APC, in the regulation of the T lymphocyte repertoire, 

in NK cell function, in complement activity and in cytokine production from macrophages 

(Driver et al., 2011; Fan et al., 2004). In our model the disease penetrance in male IKK2-

CAPdx-1 mice is close to 100% and seemed not to be affected by any environmental 

factors or infections. Furthermore, diabetes development in IKK2-CAPdx-1 model neither 

relies on a complex genetic predisposition nor on defective innate immunity as seen in 

the NOD mice. Accordingly, IKK2-CAPdx-1 mouse model is an advantageous model for 

studying disease pathogenesis away from the genetic contribution and in cases of 

normal innate immune responses. 

One important drawback of the NOD model is its inbred nature. This denotes that it 

possibly represents a single case or at most a small subset of patients with diabetes, 

which is however clinically presented with a marked pathogenic heterogeneity. On the 

other hand, IKK2-CAPdx-1 mice are bred in a C57BL/6: NMRI 1:1 mix background at 

which both strains do not exhibit obvious genetic predisposition promoting diabetes 

development. In addition, NMRI is an outbred strain typically providing allelic variation. 

However, Since Pdx-1+/- mice show a pre-diabetic state we cannot exclude a possible 
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role for Pdx-1 haploinsufficiency in increasing β-cell susceptibility to IKK2/NF-κB-

induced inflammation and thus determining of phenotype development.  

In T1D, inflammation contributes to induction and amplification of the immune insult 

against β-cells and, at later stages to the stabilization and maintenance of insulitis 

(Eizirik et al., 2009). Furthermore, it is thought that β-cell response to stress and 

inflammation is the critical determinant in the disease outcome (Bending et al., 2012). 

The IKK/NF-κB signaling pathway is a master regulator of inflammatory responses and 

innate immunity (Baker et al., 2011; Hayden and Ghosh, 2011). IKK/NF-κB signaling 

gets activated in response to viral and bacterial pathogens, T- and B-cell receptor 

ligation, various cytokines (e.g. IL-1β, TNF-α) and general stress factors.  

The activation of IKK/NF-κB signaling in the context of T1D is mainly correlated with a 

proapoptotic effect on β-cells and promotion of the disease while NF-κB suppression is 

in favor of prevention/protection of T1D progression. The IKK2-CAPdx-1 phenotype is in 

line with these effects and with the reported role of NF-κB as a mediator of β-cell 

destruction induced by exposure to cytokines (Cardozo et al., 2001; Giannoukakis et al., 

2000; Heimberg et al., 2001). In accordance, NF-κB signaling was found to be activated 

in prediabetic NOD islets (Tersey et al., 2012).  

Different natural products were found to inhibit SHDS-induced diabetes and protect 

against β-cell damage through inhibition of NF-κB (Kwon et al., 2006; Manikandan et al., 

2010; Song et al., 2010; Yuan and Chung, 2010). Consistent with that, genetic inhibition 

of NF-κB using transgenic mice deficient in either NF-κB1 (Lamhamedi-Cherradi et al., 

2003; Mabley et al., 2002) or c-Rel were resistant to MLDS-induced diabetes 

(Lamhamedi-Cherradi et al., 2003), a T1D-like model with pathogenesis involving an 

inflammatory immune response (Herold et al., 1996; Muller et al., 2002). 

The positive outcome in the latter studies was attributed to inhibition of NF-κB activity in 

immune cells leading to their defective activation, survival and cytokine production. 

Although β-cell intrinsic effects were not taken into account for diabetes resistance, 

albeit inactivation of NF-κB1 was not sufficient to protect mice from autoimmunity-

deficient SHDS diabetes (Mabley et al., 2002), such effects cannot be excluded.  
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Interestingly, resistance to diabetes development by MLDS was also observed by β-cell 

specific inhibition of NF-κB by single-chain antibody-mediated delivery of an NF-κB 

inhibitor to β-cells (Ueberberg et al., 2011) and in transgenic mouse model expressing a 

degradation resistant NF-κB inhibitor protein specifically in β-cell (Eldor et al., 2006). In 

accordance with these studies, administration of zinc sulfate-enriched water to C57BL/6 

mice (Schott-Ohly et al., 2004) and high pancreatic n-3 PUFA in fat-1 transgenic mice 

(Bellenger et al., 2011) prevents MLDS-induced diabetes through repression of NF-κB in 

the pancreas. Furthermore, administration of the anti-inflammatory polyphenolic 

compound, Resveratrol to NOD mice was found to potently prevent diabetes by blocking 

the migration of IL-17 producing cells and macrophages from peripheral lymphoid 

organs to the pancreas (Lee et al., 2011). This effect of Resveratrol could be also 

attributed in part to its ability to inhibit NF-κB. Recently, a novel mutation in the histone 

deacetylase SIRT1 was linked to the development of autoimmune-diabetes (Biason-

Lauber et al., 2013). Interestingly, overexpression of wild-type SIRT1 was shown to 

protect β-cells from cytokine toxicity by suppressing the NF-κB signaling (Lee et al., 

2009). 

On the contrary, deleterious effects of prolonged pancreatic NF-κB inhibition were also 

observed. Adult mice expressing an IκBα superrepressor in β-cells become 

hyperglycemic and have defective glucose stimulated insulin secretion (Norlin et al., 

2005). Moreover, β-cell-specific repression of NF-κB activation using transgenic mice 

expressing a non-degradable form of IκBα in NOD mice (RIP-mIκBα/NOD) accelerated 

the development of autoimmune diabetes (Kim et al., 2007). β-cells isolated from these 

mice are more susceptible to killing by TNF-α plus IFN-γ but more resistant to IL-1β plus 

IFN-γ than control ones. In support of this study, administration of zinc sulfate-enriched 

water (Zn2+) to NOD mice prevents diabetes through activation of NF-κB activity in the 

pancreas (Schott-Ohly et al., 2004). This was in contrast to the above-mentioned 

protective inhibitory effect of Zn2+ on NF-κB activity in MLDS-induced diabetes. This 

controversy could be attributed to different modes of β-cell destruction and different set 

of cytokines involved in diabetes development in MLDS and NOD models. We could 

also observe severe hyperglycemia, reduced β-cell mass as well as destruction of islet 
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architecture upon expression of a dominant negative allele of IKK2 in β-cells but only in 

Pdx-1 heterozygote transgenic mice (see the results for loss-of-function modlel). This is 

not necessarily in contradiction to our findings but might be that the non-embryonic 

expression in our model versus different timings in the aforementioned models brings 

different outcomes. Taken together, this might implicate that the extent/level, context 

and timing of NF-κB activation dictate the overall outcome on diabetes pathogenesis.  

Activation of the IKK2/NF-κB pathway in IKK2-CAPdx-1 mice induces low levels of 

apoptosis in β-cells which may account, at least in part, for the observed reduction in β-

cell mass. However, the massive depletion of insulin-positive β-cells also hints to the 

involvement of apoptosis-independent mechanisms of β-cell death (e.g. autophagy, 

necrosis) and/or dysfunction. Our gene expression data implicate that activation of the 

IKK2/NF-κB pathway in β-cells is sufficient to initiate different cellular mechanisms 

formerly shown to affect β-cell homeostasis and participate in diabetes development in 

humans and animals (Allagnat et al., 2012; Cnop et al., 2005; Eizirik et al., 2008; Laybutt 

et al., 2002; Moore et al., 2011; Newsholme et al., 2009; Rabinovitch et al., 1990). 

These diverse factors (TNF-α, ATF3, CHOP, Nos2, c-myc, STAT1, Nox-1) are known to 

regulate inflammation, cytokine signaling, oxidative stress, ER stress and NO production 

(Figure 59). Possibly, a tight cross talk between these processes eventually leads to β-

cell dysfunction and/or apoptotic β-cell death in our model.  

The proinflammatory cytokine TNF-α that was upregulated in IKK2-CAPdx-1 mice was 

reported to induce pancreatic β-cell death in human islets (Rabinovitch et al., 1990) and 

in insulin producing cells (Cnop et al., 2005; Souza et al., 2008). TNF-α was also 

suggested to be involved in β-cell death and diabetes induction by CD4+ T cells, 

macrophages and dendritic cells (Cnop et al., 2005; Kagi et al., 1999; Pakala et al., 

1999). This effect of TNF-α was attributed to the direct activation of different apoptosis 

pathways (Chaudhary et al., 1997; Deiss et al., 1996). Furthermore, islet-specific 

expression of TNF-α in neonatal NOD mice accelerated diabetes development by 

upregulating  MHC I and enhancing presentation of islet antigens (Green et al., 1998).   
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Figure 59 Proposed model for IKK2/NF-κB-induced diabetes. 

β-cells are highly susceptible to ER stress, and ER stress-mediated apoptosis in β-cells 

has been implicated in diabetes (Eizirik et al., 2008). Furthermore, islets from 

prediabetic NOD mice (Tersey et al., 2012) and from patients with T1D (Marhfour et al., 

2012) exhibit signs of ER stress. Interestingly, IKK2-CAPdx-1 mice express higher levels 

of the ER-stress associated transcription factors ATF3 and CHOP described to be 

involved in β-cell apoptosis (Eizirik et al., 2008). ATF3, also induced by proinflammatory 

cytokines and nitric oxide, was found to be expressed in islets from diabetic patients, 

and NOD mice (Hartman et al., 2004). Moreover, CHOP contributes to cytokine-induced 

inflammatory responses and apoptosis in β-cells (Allagnat et al., 2012) and its disruption 

was reported to delay ER stress-mediated diabetes (Oyadomari et al., 2002). 

Cumulative evidence suggests an important role of the NF-κB-regulated gene iNOS 

(Cardozo et al., 2001), prominently elevated in this model, in promoting β-cell failure in 

T1D. This effect is mostly due to NO-induced apoptosis initiated by ER stress and 

subsequent CHOP induction (Oyadomari et al., 2001). Increased NO production was 

shown to deplete ER calcium leading to ER stress and activation of the unfolded protein 

response. 
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Another factor involved in β-cell apoptosis, suppression of insulin transcription and 

diabetes (Laybutt et al., 2002) is the protooncogene c-myc whose expression is 

increased in diabetic rats (Jonas et al., 1999) and in IKK2-CAPdx-1 mice as well.  

Moreover, the expression of Stat1, which is considered as a master regulator of 

pancreatic β-cell apoptosis and islet inflammation (Moore et al., 2011), was also 

increased upon activation of IKK2/NF-κB. 

Another player which may promote β-cell dysfunction in our model is the oxidative stress 

elicited as a consequence of increased expression of the NADPH oxidase isoform, Nox-

1, an ample source for ROS in β-cells (Newsholme et al., 2009). Nox-1 was linked to 

cytokine-induced β-cell dysfunction by provoking ROS generation and MCP-1 

expression (Weaver et al., 2012) and Nox-1 expression was found to be elevated in 

diabetes (Chang et al., 2011). Indeed, activation of NADPH oxidases and subsequent 

ROS generation by glucose and proinflammatory cytokines is a candidate mechanism 

for diabetes-associated damage of β-cells (Newsholme et al., 2009) that are particularly 

sensitive to ROS because of their low antioxidant enzyme activity (Tiedge et al., 1997).  

Furthermore, increased expression of Nox-1 in the heart of type 2 diabetic mice was 

mediated by NF-κB (Mariappan et al., 2010).  

The gene expression profile in our model is further pointing to the involvement of innate 

immunity and type I interferon response (Figure 59) and was similarly detected in 

pancreata and islets from patients at clinical onset and long-standing diabetes (Planas 

et al., 2010). This was also evident by the presence of various innate immune cells in 

the pancreas of IKK2-CAPdx-1 mice. Indeed, it is well established that various innate 

immune cells contribute to the inflammatory insult, thus promoting β-cell destruction and 

immune activation both in human and NOD mice (Bluestone et al., 2010) 

Type 1 interferons and their regulatory factors are important components of the innate 

immune response to viral infection (Taniguchi and Takaoka, 2002) and there is 

accumulating evidence implicating type I interferons as potential mediator of T1D 

(Devendra et al., 2005; Huang et al., 1994; Huang et al., 1995). Furthermore, type 1 

interferone can induce β-cell apoptosis, which is partly mediated by ER stress (Dogusan 

et al., 2008). Interestingly, the gene expression signature triggered by ex vivo infection 

of normal human islets with enteroviruses (Ylipaasto et al., 2005; Ylipaasto et al., 2012) 
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is prominently mimicked by the IKK2-CAPdx-1 model. Importantly, such infections have 

been assigned as a triggering factor of T1D development in humans and animals (Hober 

and Sauter, 2010). Enteroviral infections were reported in pancreas of T1D patients 

(Dotta et al., 2007b; Ylipaasto et al., 2004) and inoculation of mice by the human viral 

isolate or the purified virus induces diabetes (Yoon et al., 1979 (See and Tilles, 1995). 

These infections can alert and activate the innate immune system thus initiating a 

proinflammatory process that stresses β-cells. Indeed, our data are consistent with 

studies showing that NF-κB activation induced by dsRNA, a byproduct of viral infections, 

plays an important role in mediating β-cell demise in human and rat islets (Blair et al., 

2001; Liu et al., 2002). Therefore it is well conceivable that NF-κB activation in β-cells on 

its own could create an innate immune reaction similar to an antiviral response, which 

finally culminates into diabetes development. 

The master regulator of type I interferon-dependent immune response is Irf7 (Honda et 

al., 2005), which was significantly upregulated in IKK2-CAPdx-1 animals and previously 

described as NF-κB target gene (Lu et al., 2002). Furthermore, an Irf7-driven 

inflammatory gene network and their regulatory loci were recently implicated in T1D 

pathogenesis (Heinig et al., 2010). We also detected a mild upregulation of Ifih, a 

candidate gene for T1D whose expression was recently confirmed in human islets 

(Eizirik et al., 2012) and can be induced by inflammatory cytokines (Eizirik et al., 2012) 

and by dsRNA in rat β-cells as well (Colli et al., 2010). Accordingly, our model provides a 

valuable approach for better understanding of the role of inflammation and the innate 

immune response in T1D pathophysiology and potentially in defining scenarios in which 

viral infections can trigger T1D.  

Taken together, the elevated expression of all these diverse factors, previously reported 

to contribute to diabetes development in various animal models and human patients, 

strengthens the validity of the IKK2-CAPdx-1 model as a novel T1D model. In addition, 

other direct effects of IKK2/NF-κB activation on β-cells function (e.g insulin production 

and secretion) might also play a role in the phenotype development (Figure 59). Also, 

we cannot exclude dedifferentiation as a potential additional mechanism involved in the 

loss of insulin-positive β-cells. (Talchai et al., 2012) have shown that β-cells can lose 

their differentiated state and revert to a progenitor-like insulin-negative state in some 
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diabetes models and in normal animals under certain stressors like age and multiparity. 

Indeed, the fast recovery process of diabetes upon transgene inactivation might hint to a 

major contribution of reversible dedifferentiation rather than cell death to the observed 

phenotype. Accordingly, further experiments should aim to analyse the differentiation 

state of β-cells in the diseased phase of IKK2-CAPdx-1 mice.  

Aside from the above-mentioned factors previously linked to β-cell dysfunction and 

diabetes pathogenesis, other novel diabetes-associated candidate genes were 

identified. The most upregulated gene in IKK2-CAPdx-1 islets was the chemokine Ccl17 

that is involved in immune and allergic inflammatory responses (Alferink et al., 2003; 

Hartl et al., 2009; Jung et al., 2012; Kim et al., 2002; Kurokawa et al., 2005; Nakayama 

et al., 2004; Romagnani, 2002; Saeki and Tamaki, 2006). Of importance is the early 

marked upregulation of Ccl17, which strengthens the idea of being a foremost effector, 

induced by IKK2-CA expression and contributes to diabetes development. Indeed, it was 

demonstrated that viral infection of lung epithelial cells or human B cells (Nakayama et 

al., 2004) induces the expression of Ccl17 alone or together with Ccl22 (also elevated in 

IKK2-CAPdx-1islets), respectively, in an NF-κB-dependent manner. Furthermore, 

inhibition of IKK/NF-κB activation prevents cytokine-induced Ccl17 production in human 

keratinocytes (Jung et al., 2012) and viral-induced Ccl17 production in lung epithelial 

cells.  

Ccl17 can also be produced by dendritic cells (Alferink et al., 2003) and plays an 

important role in T cell development, trafficking and activation. Ccl17 can be expressed 

by bronchial epithelial cells (Kurokawa et al., 2005) as well and was highlighted as a 

novel biomarker for allergic inflammatory diseases like asthma (Hartl et al., 2009) and 

atopic dermatitis (Saeki and Tamaki, 2006) where it was strongly co-expressed with 

Ccl22 (Romagnani, 2002).  

Both Ccl17 and Ccl22 preferentially recruit CD4+ T cells via the Ccr4 receptor 

(Romagnani, 2002). CCL17 has gained less attention in diabetes pathogenesis although 

cells expressing Ccl17 were detected within infiltrated islets from prediabetic NOD mice 

and Ccr4+ T cells were involved in autoimmune diabetes development (Kim et al., 2002). 

Additionally, whereas neutralizing Ccl22 antibodies inhibited insulitis and diabetes, 

transgenic expression of Ccl22 induced intensive recruitment of T cells and various 
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APCs, thus accelerating the clinical disease (Kim et al., 2002). However, autoimmune 

diabetes was prevented by Ccl22-mediated Treg recruitment in another study (Montane 

et al., 2011). Furthermore, no significant difference in plasma Ccl17 was detected in 

patients with T1D as compared to controls (Aso et al., 2006). Nevertheless, this study 

was conducted in a very small cohort of diabetic Japanese subjects, which certainly 

does not exclude a different pattern in other patient subsets. Therefore it is feasible to 

put effort in the investigation of Ccl17 and Ccl22 plasma levels in different diabetic 

cohorts which may function as diagnostic and/or stratifying markers for diabetes 

subtypes. 

Eosinophil associated ribonucleases (Ears), the second highly induced gene family in 

the array, represent a subgroup of the RNaseA family described to be the major 

secretory proteins of rodents’ eosinophils (Zhang et al., 2000) and are also expressed 

by macrophages. It has been suggested that Ears participate in the host defense (Gupta 

et al., 2012) where Ear1 and Ear2 show antibacterial activity (Ishihara et al., 2003) and 

Ear2 displays antiviral activity (Moreau et al., 2003) and chemotaxis to dendritic cells 

(Yang et al., 2003). 

Another family of genes, elevated in IKK2-CAPdx-1 islets, is the Serpina1 family of genes, 

which are endogenous inhibitors of serine proteases. Although encoded in human by a 

single gene, also called α1-antitrypsin (AAT), they are represented in mouse by a cluster 

of 5 genes (Forsyth et al., 2003). AAT is an acute phase protein with anti-inflammatory, 

tissue protective and antiapoptotic properties. This accounts for its reported efficacy in 

prolonging islet allograft survival and inhibiting cytokine and STZ-induced β-cell 

apoptosis (Koulmanda et al., 2012; Zhang et al., 2007) as well as T1D development in 

NOD mice (Koulmanda et al., 2008). AAT expression in human islet cells is enhanced 

by proinflammatory cytokines (Bosco et al., 2005) and its promoter region contains NF-

κB binding sites. Although decreased functional activity of serum AAT was shown in 

diabetes, serum levels were found highly variable, probably reflecting changes in the 

inflammatory status of the disease (Lisowska-Myjak, 2005).  

Whether these newly identified genes are elevated in response to the inflammatory 

insult as a protective mechanism or they are actively participating in β-cell dysfunction 

and islet inflammation needs further investigation. In addition, their presence and 
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contribution to human disease pathology has to be explored which may help to stratify 

different subsets of the human disease.   

One of the striking aspects of the IKK2-CAPdx-1 model is the enormous recovery potential 

from the diabetic status after shutting off the transgene expression. The appearance of 

Ki67 positive cells during the regeneration phase indicates that β-cell proliferation is 

involved in the restoration of β-cell mass as found in other models after surgical or 

chemical pancreatic injury (Bonner-Weir et al., 1993; Chung et al., 2010; Nir et al., 2007; 

Thorel et al., 2010; Wang et al., 1995; Xu et al., 1999). Moreover, there is an evidence 

of β-cell regeneration by replication in children with T1D and young diabetic rats (Herold 

et al., 2002; Thyssen et al., 2006; Wang et al., 1996). However, other mechanisms like 

progenitor-derived neogenesis or transdifferentiation may also participate in β-cell 

regeneration in IKK2-CAPdx-1 mice (Collombat et al., 2010). Accordingly, the IKK2-CAPdx-1 

model could be valuable as well in assessing mechanisms and identification of genes 

involved in β-cell regeneration. Furthermore, as β-cell loss is non-linear in diabetes and 

passes through relapsing-remitting onsets (von Herrath et al., 2007), our model could be 

useful for evaluating clinical therapeutics at different stages of the human disease 

presentation through switching the system off and on. 

In summary, the IKK2-CAPdx-1 model represents a novel conditional mouse model of 

immune-mediated T1D with very distinct checkpoints of β-cell destruction and 

regeneration. This model phenocopies major aspects of the human disease and allows 

acquisition of essential insight into the pathophysiological mechanisms of the disease 

and may represent a valuable tool for improving preclinical drug assessment. Different 

antibodies targeting various immune cell populations like anti-CD4, anti-CD8, anti-CD3 

and anti-CD20 could be used as an approach to address the translational potential of 

this new model. 
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7 Discussion for loss-of-function model 

The pancreatic homeodomain transcription factor pancreatic duodenal homeobox 1 

(Pdx-1; also known as insulin promoter factor 1, Ipf1) plays a critical role in embryonic 

and postnatal development of the pancreas (Ahlgren et al., 1996; Jonsson et al., 1994; 

Offield et al., 1996; Stoffers et al., 1997b) as well as in β-cell differentiation (Kaneto et 

al., 2008). In addition, Pdx-1 is a crucial regulator of mature β-cell function (Kaneto et 

al., 2008; McKinnon and Docherty, 2001), survival (Fujimoto and Polonsky, 2009; 

Johnson et al., 2003), proliferation (Kulkarni et al., 2004) and regeneration (Holland et 

al., 2005; Sharma et al., 1999) besides its ability to induce insulin-producing cells in 

various non-β-cells (Kaneto et al., 2008). Pdx-1 is expressed throughout the pancreatic 

epithelium at E9.0 where Pdx-1-expressing cells give rise to all pancreatic cell lineages 

(Herrera, 2000) and its ablation causes pancreatic agenesis in mice (Ahlgren et al., 

1996; Jonsson et al., 1994; Offield et al., 1996). This striking phenotype was also found 

in patients with homozygous point mutations in the PDX-1 gene (Stoffers et al., 1997b). 

On the other hand, in adult pancreas Pdx-1 is expressed primarily in β-cells where it 

promotes β-cell phenotype maintenance, by regulating the expression of β-cell-specific 

genes, and has essential role in stimulating insulin secretion in response to glucose. In 

addition of being a major activator of insulin transcription (Ahlgren et al., 1998; 

McKinnon and Docherty, 2001; Ohneda et al., 2000), Pdx-1 induces the expression of 

various β-cell genes whose products are involved in insulin transcription and GSIS like 

MafA, Glut2, glucokinase, Nkx6.1, IAPP and Pdx-1 itself while suppressing glucagon 

(Ahlgren et al., 1998; Chakrabarti et al., 2002; Iype et al., 2004; Lottmann et al., 2001; 

Raum et al., 2006).  

In this study we could demonstrate that genetic inhibition of IKK/NF-κB signaling, either 

by the expression of dominant negative mutant allele of IKK2 or by knocking down 

NEMO, can trigger diabetes development only in the background of Pdx-1 

haploinsufficiency. IKK2-DNPdx-1 mice show severe hyperglycemia, hypoinsulinemia and 

reduced β-cell and islet mass together with disturbed islet architecture. Hyperglycemia 

and reduction of β-cell mass were even more severe in Pdx-1+/-/NEMOΔpanc mice which 

could be due to more strict inhibition of IKK/NF-κB activation and/or the observed 

increase in α-cell mass. However, it remains unclear whether the increase in α-cell mass 
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is a consequence of massive NF-κB inhibition or whether some NEMO specific functions 

account for this phenotype (e.g. nuclear function of NEMO). Severe fed hyperglycemia 

in IKK2-DNPdx-1 exists early in life, already present at 5 weeks of age, and persists 

throughout the lifespan. However, the β-cell and islet phenotypes seem to develop 

progressively starting mildly and affecting some islets and expand afterwards which is 

also reflected in the increase of fasting blood glucose levels with age.  

The dependency of the diabetic phenotype in IKK2-DNPdx-1 on Pdx-1 haploinsufficiency 

was drawn from the absence of the phenotype upon NEMO ablasion in β-cells of 

animals with normal Pdx-1 gene dose and its emergence only upon combination with 

Pdx-1 heterozygosity. Pancreatic and β-cell-specific inhibition of the IKK/NF-κB signaling 

pathway have yielded controversial data. Indeed, the normoglycemia and normal islets 

with normal insulin content that we noticed in NEMO∆panc animals are verifying the 

results of several previous studies. Such results were detected in models of β-cell-

specific expression of dominant negative mutant of IκB; RIP-rtTA/∆NIκB (Eldor et al., 

2006), β-cell-specific deletion of IKKβ (RIP-Cre-IKKβ∆βcell) (Kim et al., 2007), pancreatic 

deletion of IKKβ (Pdx-1-Cre-IKK2∆panc) (Ling et al., 2012; Maniati et al., 2011) or NEMO 

(Pdx-1-cre-NEMO∆panc) (Maier et al., 2013). On the other hand, the protective and 

beneficial role of the IKK/NF-κB system in the context of β-cell dysfunction or prediabetic 

state, as in Pdx-1 mice, is in accordance with the reported acceleration of autoimmune 

diabetes development upon β-cell-specific expression of nondegradable form of IκB in 

NOD mice (RIP-mIκBα/NOD) (Kim et al., 2007). Interestingly, prolonged IKK2/NF-κB 

inhibition, from early development, in β-cells using mutated form of IκBα (Pdx-IκBM) 

induces hyperglycemia and defective GSIS. On the contrary, other studies have 

suggested detrimental and proapoptotic role of the IKK/NF-κB pathway in β-cells (Eldor 

et al., 2006; Ueberberg et al., 2011); and our gain-of-function model. These 

controversies might be due to differences in the degree, context and timing of NF-κB 

inhibition which would dictate the overall outcome on β-cell function. 

In consistence with other studies (Ahlgren et al., 1998; Brissova et al., 2002; Holland et 

al., 2002; Johnson et al., 2003; Shih et al., 2002; Wang et al., 2005), Pdx-1 

haploinsufficient animals show only mild hyperglycemia, hypoinsulinemia, glucose 

intolerance, defective GSIS, moderate reduction in islet cell mass and disturbed islet 
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architecture. Though, even at the latest time point of analysis (24 weeks) Pdx-1 

haploinsufficient animals were not diabetic. In humans, heterozygous mutations in PDX-

1 gene are rare and are associated with maturity onset diabetes of the young, type 4 

(MODY4) (Stoffers et al., 1997a) and late-onset T2D (Hani et al., 1999). Patients with 

such mutations suffer from impaired glucose tolerance to overt non-insulin dependent 

diabetes. In addition, Pdx-1 heterozygosity was found to abrogate the β-cell’s 

compensatory response to insulin resistance triggered in IR+/-/IRS-1+/- mice, and in liver-

specific IR knockout mice (Kulkarni et al., 2004) as well as by GLUT4+/- mice (Brissova 

et al., 2005). These studies implicate that expression and/or activity of Pdx-1 are 

reduced in β-cells under diabetic conditions, which leads to suppression of insulin 

biosynthesis and secretion. 

Pdx-1 is an important effector in GSIS through regulation of various genes involved in 

glucose sensing, glucose metabolism, amplification by hormones and exocytosis. Pdx-1 

induces the expression of the glucose transporter Glut2 (Brissova et al., 2002; Lottmann 

et al., 2001), glucokinase (Lottmann et al., 2001) and the incretin receptor GLP-1R 

(Wang et al., 2005) and increases glucose-induced NADPH generation (Brissova et al., 

2002). Moreover, Pdx-1 has a role in regulating components of insulin exocytosis 

machinery as synaptotagmin1 and synaptophysin (Kulkarni et al., 2004; Nakajima-

Nagata et al., 2004). In addition, Pdx-1 was demonstrated to play a role in proinsulin 

processing in INS1 cells (Wang et al., 2005).  

The reduction of β-cell mass in Pdx-1+/- mice, others and we have observed, could be 

explained by the impairment of insulin transcription and secretion (with its autocrine 

mitogenic effects), reduced β-cell proliferation and loss of new β-cell 

formation/regeneration. 

Interestingly, superimposition of IKK/NF-κB inhibition upon the background of Pdx-1 

half-gene dose enhances the deterioration of β-cell function and mass rendering the 

IKK2-DNPdx-1 animals overtly diabetic. Although we have not detected impairment of the 

second phase of GSIS in these mice as compared to Pdx-1+/- mice, it is possible that 

IKK/NF-κB inhibition mainly affects the first phase as previously reported (Norlin et al., 

2005). Indeed, the exaggeration of β-cell dysfunction in Pdx-1 heterozygous animals by 

combination with other stressor factors was also reported in other models. Profound 
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defects in β-cell function were observed in combined heterozygous mutations of Pdx-1 

and Hnf-1α or Pdx-1 and Hnf-3β. These mice develop progressive impairment in 

glucose tolerance and reduced first and second phases of GSIS as compared to Pdx-1+/- 

alone (Shih et al., 2002). In addition combined Pdx-1 and GLUT4 heterozygosity 

induces hyperglycemia, markedly impaired glucose tolerance and insulin secretion as 

compared to either Pdx-1+/- or GLUT4+/- mice (Brissova et al., 2005). 

In an attempt to investigate the underlying effector mechanisms of the observed 

reduction in insulin-positive β-cells, we have looked for the presence of apoptotic islet 

cells. Although apoptosis is the main causal mechanism of reduced β-cell mass in 

diabetes, we could not detect the presence of signs of apoptotic β-cell death in either 

older or younger ages of IKK2-DNPdx-1 mice. It is plausible that other forms of β-cell loss 

like necrosis or autophagy might play a role. We also checked for the possibility of 

transdifferentiation of β-cells to α-cells, which was previously demonstrated (Spijker et 

al., 2013). Although, we could not detect transdifferentiation in IKK2-DNPdx-1 mice, there 

were some signs in Pdx-1+/-/NEMOΔpanc together with an increase in α-cell mass. 

Increased  α-cell mass is reported in T1D (Orci et al., 1976) and T2D cases (Yoon et al., 

2003) and can worsen hyperglycemia. This might be due to distinct effects of NEMO 

ablation in contrast to IKK2-DN expression. We also cannot exclude dedifferentiation as 

a potential mechanism  involved in the loss of insulin-positive β-cells which was reported 

to be involved in some diabetes models and in normal animals under certain stressors 

(Talchai et al., 2012). Dedifferentiation of β-cells involves the loss of their differentiated 

state and reversion to a progenitor-like insulin-negative state. This issue should be 

addressed in more detail in the future using other β-cell-specific markers. 

It is conceivable that NF-κB inhibition in the early stages of fetal pancreas development 

could interfere with β-cell differentiation, neogenesis and proliferation, which could 

suggest a physiological pro-survival role for basal pancreatic NF-κB activity in β-cell 

development. Also a cross talk and/or mutual regulation of Pdx-1 and NF-κB might exist 

to ensure proper β-cell function and islet structure organization. 

One possible mechanism of the observed diabetic phenotype in IKK2-DNPdx-1 mice is the 

reduced expression of muscarinic M3R as a result of NF-κB inhibition. We have 

observed increased expression of M3R in Pdx-1+/- mice in comparison to the control 
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littermates and this was inhibited in IKK2-DNPdx-1 mice at highly diseased state. Insulin 

secretion is regulated by the activity of many hormones and neurotransmitters, which 

bind to specific cell surface receptors. The major neurotransmitter of peripheral 

parasympathetic nerves, Acetylcholine (ACh) has been shown to have a remarkable 

stimulatory effect on insulin release (Ahren, 2000; Gilon and Henquin, 2001). This effect 

was demonstrated to be mediated through the G protein-coupled cholinergic muscarinic 

M3 receptor (M3R), the major functional subtype in pancreatic β-cells (Duttaroy et al., 

2004; Henquin and Nenquin, 1988; Ruiz de Azua et al., 2011; Zawalich et al., 2004). 

Indeed, several studies have shown a crucial role of M3R in insulin secretion and 

glucose homeostasis. Whereas β-cell-specific knockout of M3R (Gautam et al., 2006) or 

the expression of a mutated form (Kong et al., 2010) impair glucose tolerance and 

reduce insulin release, transgenic overexpression of M3R increased glucose tolerance 

and insulin release (Gautam et al., 2006). Additionally, muscarinic M3 receptor activates 

the MAPK signaling cascade (Jimenez et al., 2002), induces early growth genes 

(Albrecht et al., 2000) and has prosurvival and antiapoptotic effects in other cell types 

(Yang et al., 2005). 

The effect of M3R on GSIS was attributed to several mechanisms. ACh binding to M3R 

selectively activates G proteins of Gq/11 family that trigger multiple sequential 

biochemical events seem to be responsible for the transient phase of insulin release 

(Gilon and Henquin, 2001; Gromada and Hughes, 2006). Gq/11-induced stimulation of 

phospholipase C (PLC) results in the generation of the second messengers DAG and 

IP3. IP3 stimulates Ca2+ release from the ER stores through binding to specific IP3 

receptors. On the other hand, DAG activates various protein kinase C isoforms that 

increases the efficiency of insulin exocytosis. These mechanisms are of crucial 

importance for M3R-dependent enhancement of GSIS (Gilon and Henquin, 2001). In 

addition, Kong and his colleagues have claimed that augmentation of the sustained 

phase of insulin secretion by M3R involves receptor phosphorylation-/arrestin-

dependent activation of protein kinase D1 and is largely independent of G protein- 

coupling (Kong et al., 2010). 

Islet neogenesis-associated protein (INGAP) is known to increase β-cell mass and size, 

stimulate insulin secretion and induces β-cell proliferation and neogenesis (Barbosa et 
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al., 2008; Borelli et al., 2005; Paula et al., 2010; Rafaeloff et al., 1997; Rosenberg et al., 

2004). INGAP-PP is a pentadecapeptide consisting of 102-118 amino acid sequence of 

INGAP and induces similar effects as the whole molecule (Rafaeloff et al., 1997). 

INGAP-PP activates the expression of several genes involved in the control of islet 

growth and development (Barbosa et al., 2006). It was also demonstrated that INGAP-

PP is able to increase muscarinic M3R expression, which seems to be involved in 

mediating its effects on insulin release in vivo (Barbosa et al., 2008) and in vitro (Paula 

et al., 2010) and possibly on β-cell proliferation (Paula et al., 2010). For our interest, 

recently the NF-κB signaling pathway was reported to play essential role in controlling 

basal, INGAP-PP- and fetal calf serum-induced expression of M3R in insulin producing 

cells (Paula et al., 2010). In this study, increased proliferation of β-cells in response to 

INGAP-PP was observed, which could rationalize its known effect on enhancement of β-

cell mass. The authors claim that this effect is probably mediated by NF-κB and M3R. 

Moreover, activation of muscarinic receptors is involved in the regulation of astroglial 

proliferation, which is again mediated by M3R and depends on NF-κB activation 

(Guizzetti et al., 2003). These findings imply that M3R and NF-κB are important players 

in proliferation events of specific cell types. 

Accordingly, we hypothesize that Pdx-1+/- mice can compensate for Pdx-1 

haploinsufficiency to some extent by upregulating the expression of M3R, probably 

through NF-κB activation, which leads to beneficial effects on insulin release and β-cell 

growth (Figure 60). By this mean, β-cells of Pdx-1+/- mice can maintain moderate 

functions and animals do not develop diabetes. However, additional insults/stressors like 

inhibition of IKK/NF-κB signaling might interfere with this adaptive response leading to 

deterioration of β-cell function and ultimately culminates into diabetes development in 

IKK2-DNPdx-1 and Pdx-1+/-/NEMOΔpanc mice (Figure 60). Independent of this hypothesis, 

other mechanisms might be involved by which Pdx-1 and NF-κB could act in 

cooperation to preserve normal β-cell differentiation, β-cell mass expansion during 

prenatal and/or posnatal development and mature β-cell function. 
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Figure 60 Model for diabetes development in Pdx-1+/- mice upon inhibition of 

IKK/NF-κB pathway. 

The progressive nature of our phenotype could further be explained by a vicious cycle 

initiated by the sustained hyperglycemia and reduced plasma insulin. Autocrine insulin 

signaling was shown to have antiapoptotic and proliferative effects in β-cells which is 

important mechanism in maintaining β-cell mass (Muller et al., 2006). On the other hand, 

prolonged hyperglycemia is associated with β-cell dysfunction and reduced β-cell mass 

in animal models and humans (Poitout and Robertson, 2008; Wajchenberg, 2007). One 

possible mechanism by which prolonged hyperglycemia can deteriorate β-cell function is 

the induction of oxidative stress, accompanied by the reduction of Pdx-1 DNA binding 

activities and subsequent Pdx-1 dependent gene expression (Kaneto et al., 2008).  

The gene expression profile of IKK2-DNPdx-1 revealed pronounced upregulation of genes 

coding several peptidases as 1810009J06Rik, Prss3, Serpina7 and MMP7. These 

peptidases could potentially degrade the extracellular matrix proteins, which could 

account for the observed disturbed islets architecture. Interestingly, MMP7 was found to 

upregulated in β-cell enriched samples obtained from T2D patients (Marselli et al., 

2010). 

In addition, the microarray data point to the upregulation of the MODY5 gene  

HNF1β, also known as transcription factor-2 (TCF2), which is a member of the 

homeodomain-containing superfamily of transcription factors (Bach et al., 1991). 

Mutations in HNF1β are associated with MODY (Bellanne-Chantelot et al., 2005; 

Horikawa et al., 1997), T2D (Furuta et al., 2002; Vaxillaire and Froguel, 2008) and 

neonatal diabetes (Yorifuji et al., 2004). These mutations cause pancreatic hypoplasia, 

due to reduced endocrine and exocrine mass, and are often associated with renal cysts 

(Bellanne-Chantelot et al., 2004). Although most of the reported mutations are loss-of-

function mutations, a gain-of-function mutation has been identified also in a family with 
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MODY (Yoshiuchi et al., 2002). Consistently, upregulation of HNF1β expression was 

reported in β-cell enriched samples obtained from T2D patients (Marselli et al., 2010). 

Several other pathways were found also upregulated in our gene array, which need 

further characterization to clarify their contribution to phenotype development. Of notice, 

three-fourth of the differentially expressed genes are upregulated in our analysis, 

although NF-κB was inhibited. This argues either for a specific NF-κB-dependent 

regulation of transcriptional repressors or for so far unknown NF-κB independent 

functions of IKK signaling (protein stabilization/destabilization) that are potentially 

involved in alteration of gene expression. To dissect this issue gene expression analysis 

of Pdx-1+/-/NEMOΔpanc mice would be helpful. 

The diabetic phenotype in our model was efficiently recovered upon transgene 

inactivation, which was accompanied by efficient regeneration of β-cell mass and islet 

architecture. This might implicate that β-cells retain the potential to regenerate in the 

adult state even long after exposure to detrimental insult early in life. The reversible 

nature of this model makes it a useful additional tool for studying mechanisms involved 

in β-cell regeneration in non-immune mediated diabetes forms. 

In summary, we identified a protective role of the IKK/NF-κB pathway in β-cell 

homeostasis in the context of a detrimental genetic insult. Furthermore, we got new 

insights into the presence of a potential cross talk between IKK/NF-κB and Pdx-1 to 

maintain proper β-cell function probably through M3R receptor signaling. In the light of 

these findings, further investigation into the link of Pdx-1 and IKK/NF-κB may be of 

benefit to highlight different mechanisms involved in the development of non-immune 

diabetes.  

Taken together the results obtained from the loss-of-function and gain-of-function 

models imply that dysbalanced NEMO/IKK/NF-κB signaling interferes with β-cell 

function and/or survival especially when the cells are pre-stressed genetically or 

possibly through other stressors (Figure 61). 
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Figure 61 β-cell function depends on optimum IKK/NF-κB activity especially in the 

context of genetic predisposition or other stress factors. 

 



References 

 150 

8 References 

Achenbach, P., K. Koczwara, A. Knopff, H. Naserke, A.G. Ziegler, and E. Bonifacio. 2004. 
Mature high-affinity immune responses to (pro)insulin anticipate the autoimmune cascade 
that leads to type 1 diabetes. The Journal of clinical investigation 114:589-597. 

Ahlgren, U., J. Jonsson, and H. Edlund. 1996. The morphogenesis of the pancreatic mesenchyme 
is uncoupled from that of the pancreatic epithelium in IPF1/PDX1-deficient mice. 
Development 122:1409-1416. 

Ahlgren, U., J. Jonsson, L. Jonsson, K. Simu, and H. Edlund. 1998. beta-cell-specific inactivation 
of the mouse Ipf1/Pdx1 gene results in loss of the beta-cell phenotype and maturity onset 
diabetes. Genes & development 12:1763-1768. 

Ahren, B. 2000. Autonomic regulation of islet hormone secretion--implications for health and 
disease. Diabetologia 43:393-410. 

Albrecht, C., H. von Der Kammer, M. Mayhaus, J. Klaudiny, M. Schweizer, and R.M. Nitsch. 
2000. Muscarinic acetylcholine receptors induce the expression of the immediate early 
growth regulatory gene CYR61. The Journal of biological chemistry 275:28929-28936. 

Alferink, J., I. Lieberam, W. Reindl, A. Behrens, S. Weiss, N. Huser, K. Gerauer, R. Ross, A.B. 
Reske-Kunz, P. Ahmad-Nejad, H. Wagner, and I. Forster. 2003. Compartmentalized 
production of CCL17 in vivo: strong inducibility in peripheral dendritic cells contrasts 
selective absence from the spleen. The Journal of experimental medicine 197:585-599. 

Allagnat, F., M. Fukaya, T.C. Nogueira, D. Delaroche, N. Welsh, L. Marselli, P. Marchetti, J.A. 
Haefliger, D.L. Eizirik, and A.K. Cardozo. 2012. C/EBP homologous protein contributes 
to cytokine-induced pro-inflammatory responses and apoptosis in beta-cells. Cell death 
and differentiation 19:1836-1846. 

Amrani, A., J. Verdaguer, S. Thiessen, S. Bou, and P. Santamaria. 2000. IL-1alpha, IL-1beta, and 
IFN-gamma mark beta cells for Fas-dependent destruction by diabetogenic CD4(+) T 
lymphocytes. The Journal of clinical investigation 105:459-468. 

Anderson, M.S., and J.A. Bluestone. 2005. The NOD mouse: a model of immune dysregulation. 
Annu Rev Immunol 23:447-485. 

Angstetra, E., K.L. Graham, S. Emmett, N.L. Dudek, R. Darwiche, R. Ayala-Perez, J. Allison, P. 
Santamaria, T.W. Kay, and H.E. Thomas. 2009. In vivo effects of cytokines on pancreatic 
beta-cells in models of type I diabetes dependent on CD4(+) T lymphocytes. Immunol 
Cell Biol 87:178-185. 

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

Ashcroft, F.M., and P. Rorsman. 2012. Diabetes mellitus and the beta cell: the last ten years. Cell 
148:1160-1171. 

Aso, Y., H. Matsuura, A. Momobayashi, Y. Inukai, N. Sugawara, T. Nakano, R. Yamamoto, S. 
Wakabayashi, K. Takebayashi, and T. Inukai. 2006. Profound reduction in T-helper (Th) 
1 lymphocytes in peripheral blood from patients with concurrent type 1 diabetes and 
Graves' disease. Endocrine journal 53:377-385. 



References 

 151 

Atkinson, M.A., and G.S. Eisenbarth. 2001. Type 1 diabetes: new perspectives on disease 
pathogenesis and treatment. Lancet 358:221-229. 

Bach, I., M.G. Mattei, S. Cereghini, and M. Yaniv. 1991. Two members of an HNF1 
homeoprotein family are expressed in human liver. Nucleic acids research 19:3553-3559. 

Bach, J.F., and L. Chatenoud. 2012. The hygiene hypothesis: an explanation for the increased 
frequency of insulin-dependent diabetes. Cold Spring Harbor perspectives in medicine 
2:a007799. 

Baker, R.G., M.S. Hayden, and S. Ghosh. 2011. NF-kappaB, inflammation, and metabolic 
disease. Cell metabolism 13:11-22. 

Barbosa, H., S. Bordin, L. Stoppiglia, K. Silva, M. Borelli, H. Del Zotto, J. Gagliardino, and A. 
Boschero. 2006. Islet Neogenesis Associated Protein (INGAP) modulates gene expression 
in cultured neonatal rat islets. Regulatory peptides 136:78-84. 

Barbosa, H.C., S. Bordin, G. Anhe, S.J. Persaud, J. Bowe, M.I. Borelli, J.J. Gagliardino, and A.C. 
Boschero. 2008. Islet neogenesis-associated protein signaling in neonatal pancreatic rat 
islets: involvement of the cholinergic pathway. The Journal of endocrinology 199:299-
306. 

Barera, G., R. Bonfanti, M. Viscardi, E. Bazzigaluppi, G. Calori, F. Meschi, C. Bianchi, and G. 
Chiumello. 2002. Occurrence of celiac disease after onset of type 1 diabetes: a 6-year 
prospective longitudinal study. Pediatrics 109:833-838. 

Barratt, B.J., F. Payne, C.E. Lowe, R. Hermann, B.C. Healy, D. Harold, P. Concannon, N. 
Gharani, M.I. McCarthy, M.G. Olavesen, R. McCormack, C. Guja, C. Ionescu-Tirgoviste, 
D.E. Undlien, K.S. Ronningen, K.M. Gillespie, E. Tuomilehto-Wolf, J. Tuomilehto, S.T. 
Bennett, D.G. Clayton, H.J. Cordell, and J.A. Todd. 2004. Remapping the insulin 
gene/IDDM2 locus in type 1 diabetes. Diabetes 53:1884-1889. 

Barrett, J.C., D.G. Clayton, P. Concannon, B. Akolkar, J.D. Cooper, H.A. Erlich, C. Julier, G. 
Morahan, J. Nerup, C. Nierras, V. Plagnol, F. Pociot, H. Schuilenburg, D.J. Smyth, H. 
Stevens, J.A. Todd, N.M. Walker, and S.S. Rich. 2009. Genome-wide association study 
and meta-analysis find that over 40 loci affect risk of type 1 diabetes. Nature genetics 
41:703-707. 

Basak, S., H. Kim, J.D. Kearns, V. Tergaonkar, E. O'Dea, S.L. Werner, C.A. Benedict, C.F. 
Ware, G. Ghosh, I.M. Verma, and A. Hoffmann. 2007. A fourth IkappaB protein within 
the NF-kappaB signaling module. Cell 128:369-381. 

Baumann, B., H.H. Salem, and B.O. Boehm. 2012. Anti-inflammatory therapy in type 1 diabetes. 
Curr Diab Rep 12:499-509. 

Bell, G.I., S. Horita, and J.H. Karam. 1984. A polymorphic locus near the human insulin gene is 
associated with insulin-dependent diabetes mellitus. Diabetes 33:176-183. 

Bellanne-Chantelot, C., D. Chauveau, J.F. Gautier, D. Dubois-Laforgue, S. Clauin, S. Beaufils, 
J.M. Wilhelm, C. Boitard, L.H. Noel, G. Velho, and J. Timsit. 2004. Clinical spectrum 
associated with hepatocyte nuclear factor-1beta mutations. Annals of internal medicine 
140:510-517. 

Bellanne-Chantelot, C., S. Clauin, D. Chauveau, P. Collin, M. Daumont, C. Douillard, D. 
Dubois-Laforgue, L. Dusselier, J.F. Gautier, M. Jadoul, M. Laloi-Michelin, L. 



References 

 152 

Jacquesson, E. Larger, J. Louis, M. Nicolino, J.F. Subra, J.M. Wilhem, J. Young, G. 
Velho, and J. Timsit. 2005. Large genomic rearrangements in the hepatocyte nuclear 
factor-1beta (TCF2) gene are the most frequent cause of maturity-onset diabetes of the 
young type 5. Diabetes 54:3126-3132. 

Bellenger, J., S. Bellenger, A. Bataille, K.A. Massey, A. Nicolaou, M. Rialland, C. Tessier, J.X. 
Kang, and M. Narce. 2011. High pancreatic n-3 fatty acids prevent STZ-induced diabetes 
in fat-1 mice: inflammatory pathway inhibition. Diabetes 60:1090-1099. 

Bending, D., P. Zaccone, and A. Cooke. 2012. Inflammation and type one diabetes. International 
immunology 24:339-346. 

Berchtold, L.A., Z.M. Storling, F. Ortis, K. Lage, C. Bang-Berthelsen, R. Bergholdt, J. Hald, 
C.A. Brorsson, D.L. Eizirik, F. Pociot, S. Brunak, and J. Storling. 2011. Huntingtin-
interacting protein 14 is a type 1 diabetes candidate protein regulating insulin secretion 
and beta-cell apoptosis. Proceedings of the National Academy of Sciences of the United 
States of America 108:E681-688. 

Biason-Lauber, A., M. Boni-Schnetzler, B.P. Hubbard, K. Bouzakri, A. Brunner, C. Cavelti-
Weder, C. Keller, M. Meyer-Boni, D.T. Meier, C. Brorsson, K. Timper, G. Leibowitz, A. 
Patrignani, R. Bruggmann, G. Boily, H. Zulewski, A. Geier, J.M. Cermak, P. Elliott, J.L. 
Ellis, C. Westphal, U. Knobel, J.J. Eloranta, J. Kerr-Conte, F. Pattou, D. Konrad, C.M. 
Matter, A. Fontana, G. Rogler, R. Schlapbach, C. Regairaz, J.M. Carballido, B. Glaser, 
M.W. McBurney, F. Pociot, D.A. Sinclair, and M.Y. Donath. 2013. Identification of a 
SIRT1 mutation in a family with type 1 diabetes. Cell metabolism 17:448-455. 

Bierhaus, A., and P.P. Nawroth. 2009. Multiple levels of regulation determine the role of the 
receptor for AGE (RAGE) as common soil in inflammation, immune responses and 
diabetes mellitus and its complications. Diabetologia 52:2251-2263. 

Bingley, P.J., and E.A. Gale. 2006. Progression to type 1 diabetes in islet cell antibody-positive 
relatives in the European Nicotinamide Diabetes Intervention Trial: the role of additional 
immune, genetic and metabolic markers of risk. Diabetologia 49:881-890. 

Blair, L.A., M.R. Heitmeier, A.L. Scarim, L.B. Maggi, Jr., and J.A. Corbett. 2001. Double-
stranded RNA-dependent protein kinase is not required for double-stranded RNA-induced 
nitric oxide synthase expression or nuclear factor-kappaB activation by islets. Diabetes 
50:283-290. 

Bluestone, J.A., K. Herold, and G. Eisenbarth. 2010. Genetics, pathogenesis and clinical 
interventions in type 1 diabetes. Nature 464:1293-1300. 

Boesgaard, T.W., S. Pruhova, E.A. Andersson, O. Cinek, B. Obermannova, J. Lauenborg, P. 
Damm, R. Bergholdt, F. Pociot, C. Pisinger, F. Barbetti, J. Lebl, O. Pedersen, and T. 
Hansen. 2010. Further evidence that mutations in INS can be a rare cause of Maturity-
Onset Diabetes of the Young (MODY). BMC medical genetics 11:42. 

Boj, S.F., J.H. van Es, M. Huch, V.S. Li, A. Jose, P. Hatzis, M. Mokry, A. Haegebarth, M. van 
den Born, P. Chambon, P. Voshol, Y. Dor, E. Cuppen, C. Fillat, and H. Clevers. 2012. 
Diabetes risk gene and Wnt effector Tcf7l2/TCF4 controls hepatic response to perinatal 
and adult metabolic demand. Cell 151:1595-1607. 



References 

 153 

Bonfanti, R., C. Colombo, V. Nocerino, O. Massa, V. Lampasona, D. Iafusco, M. Viscardi, G. 
Chiumello, F. Meschi, and F. Barbetti. 2009. Insulin gene mutations as cause of diabetes 
in children negative for five type 1 diabetes autoantibodies. Diabetes care 32:123-125. 

Boni-Schnetzler, M., S. Boller, S. Debray, K. Bouzakri, D.T. Meier, R. Prazak, J. Kerr-Conte, F. 
Pattou, J.A. Ehses, F.C. Schuit, and M.Y. Donath. 2009. Free fatty acids induce a 
proinflammatory response in islets via the abundantly expressed interleukin-1 receptor I. 
Endocrinology 150:5218-5229. 

Boni-Schnetzler, M., J. Thorne, G. Parnaud, L. Marselli, J.A. Ehses, J. Kerr-Conte, F. Pattou, 
P.A. Halban, G.C. Weir, and M.Y. Donath. 2008. Increased interleukin (IL)-1beta 
messenger ribonucleic acid expression in beta -cells of individuals with type 2 diabetes 
and regulation of IL-1beta in human islets by glucose and autostimulation. The Journal of 
clinical endocrinology and metabolism 93:4065-4074. 

Bonnefond, A., P. Froguel, and M. Vaxillaire. 2010. The emerging genetics of type 2 diabetes. 
Trends in molecular medicine 16:407-416. 

Bonner-Weir, S., L.A. Baxter, G.T. Schuppin, and F.E. Smith. 1993. A second pathway for 
regeneration of adult exocrine and endocrine pancreas. A possible recapitulation of 
embryonic development. Diabetes 42:1715-1720. 

Boothby, M.R., A.L. Mora, D.C. Scherer, J.A. Brockman, and D.W. Ballard. 1997. Perturbation 
of the T lymphocyte lineage in transgenic mice expressing a constitutive repressor of 
nuclear factor (NF)-κB. J.Exp.Med. 185:1897-1907. 

Borelli, M.I., L.F. Stoppiglia, L.F. Rezende, L.E. Flores, H. Del Zotto, A.C. Boschero, and J.J. 
Gagliardino. 2005. INGAP-related pentadecapeptide: its modulatory effect upon insulin 
secretion. Regulatory peptides 131:97-102. 

Boschero, A.C., M. Szpak-Glasman, E.M. Carneiro, S. Bordin, I. Paul, E. Rojas, and I. Atwater. 
1995. Oxotremorine-m potentiation of glucose-induced insulin release from rat islets 
involves M3 muscarinic receptors. The American journal of physiology 268:E336-342. 

Bosco, D., P. Meda, P. Morel, D. Matthey-Doret, D. Caille, C. Toso, L.H. Buhler, and T. Berney. 
2005. Expression and secretion of alpha1-proteinase inhibitor are regulated by 
proinflammatory cytokines in human pancreatic islet cells. Diabetologia 48:1523-1533. 

Bottazzo, G.F., A. Florin-Christensen, and D. Doniach. 1974. Islet-cell antibodies in diabetes 
mellitus with autoimmune polyendocrine deficiencies. Lancet 2:1279-1283. 

Bottini, N., L. Musumeci, A. Alonso, S. Rahmouni, K. Nika, M. Rostamkhani, J. MacMurray, 
G.F. Meloni, P. Lucarelli, M. Pellecchia, G.S. Eisenbarth, D. Comings, and T. Mustelin. 
2004. A functional variant of lymphoid tyrosine phosphatase is associated with type I 
diabetes. Nature genetics 36:337-338. 

Boura-Halfon, S., and Y. Zick. 2009. Phosphorylation of IRS proteins, insulin action, and insulin 
resistance. American journal of physiology. Endocrinology and metabolism 296:E581-
591. 

Braun, M., R. Ramracheya, and P. Rorsman. 2012. Autocrine regulation of insulin secretion. 
Diabetes, obesity & metabolism 14 Suppl 3:143-151. 

Brissova, M., M. Blaha, C. Spear, W. Nicholson, A. Radhika, M. Shiota, M.J. Charron, C.V. 
Wright, and A.C. Powers. 2005. Reduced PDX-1 expression impairs islet response to 



References 

 154 

insulin resistance and worsens glucose homeostasis. American journal of physiology. 
Endocrinology and metabolism 288:E707-714. 

Brissova, M., M. Shiota, W.E. Nicholson, M. Gannon, S.M. Knobel, D.W. Piston, C.V. Wright, 
and A.C. Powers. 2002. Reduction in pancreatic transcription factor PDX-1 impairs 
glucose-stimulated insulin secretion. The Journal of biological chemistry 277:11225-
11232. 

Brusko, T.M., A.L. Putnam, and J.A. Bluestone. 2008. Human regulatory T cells: role in 
autoimmune disease and therapeutic opportunities. Immunological reviews 223:371-390. 

Butler, A.E., J. Janson, S. Bonner-Weir, R. Ritzel, R.A. Rizza, and P.C. Butler. 2003. Beta-cell 
deficit and increased beta-cell apoptosis in humans with type 2 diabetes. Diabetes 52:102-
110. 

Cabrera, O., D.M. Berman, N.S. Kenyon, C. Ricordi, P.O. Berggren, and A. Caicedo. 2006. The 
unique cytoarchitecture of human pancreatic islets has implications for islet cell function. 
Proceedings of the National Academy of Sciences of the United States of America 
103:2334-2339. 

Cai, D., M. Yuan, D.F. Frantz, P.A. Melendez, L. Hansen, J. Lee, and S.E. Shoelson. 2005. Local 
and systemic insulin resistance resulting from hepatic activation of IKK-beta and NF-
kappaB. Nature medicine 11:183-190. 

Cardozo, A.K., H. Heimberg, Y. Heremans, R. Leeman, B. Kutlu, M. Kruhoffer, T. Orntoft, and 
D.L. Eizirik. 2001. A comprehensive analysis of cytokine-induced and nuclear factor-
kappa B-dependent genes in primary rat pancreatic beta-cells. The Journal of biological 
chemistry 276:48879-48886. 

Cardozo, A.K., P. Proost, C. Gysemans, M.C. Chen, C. Mathieu, and D.L. Eizirik. 2003. IL-1beta 
and IFN-gamma induce the expression of diverse chemokines and IL-15 in human and rat 
pancreatic islet cells, and in islets from pre-diabetic NOD mice. Diabetologia 46:255-266. 

Chakrabarti, S.K., J.C. James, and R.G. Mirmira. 2002. Quantitative assessment of gene targeting 
in vitro and in vivo by the pancreatic transcription factor, Pdx1. Importance of chromatin 
structure in directing promoter binding. The Journal of biological chemistry 277:13286-
13293. 

Chang, I., S. Kim, J.Y. Kim, N. Cho, Y.H. Kim, H.S. Kim, M.K. Lee, K.W. Kim, and M.S. Lee. 
2003. Nuclear factor kappaB protects pancreatic beta-cells from tumor necrosis factor-
alpha-mediated apoptosis. Diabetes 52:1169-1175. 

Chang, T.J., J.R. Weaver, A. Bowman, K. Leone, R. Raab, A.I. Vinik, G.L. Pittenger, and D.A. 
Taylor-Fishwick. 2011. Targeted expression of islet neogenesis associated protein to beta 
cells enhances glucose tolerance and confers resistance to streptozotocin-induced 
hyperglycemia. Molecular and cellular endocrinology 335:104-109. 

Chatenoud, L. 2010. Immune therapy for type 1 diabetes mellitus-what is unique about anti-CD3 
antibodies? Nature reviews. Endocrinology 6:149-157. 

Chaudhary, P.M., M. Eby, A. Jasmin, A. Bookwalter, J. Murray, and L. Hood. 1997. Death 
receptor 5, a new member of the TNFR family, and DR4 induce FADD-dependent 
apoptosis and activate the NF-kappaB pathway. Immunity 7:821-830. 



References 

 155 

Chiang, S.H., M. Bazuine, C.N. Lumeng, L.M. Geletka, J. Mowers, N.M. White, J.T. Ma, J. 
Zhou, N. Qi, D. Westcott, J.B. Delproposto, T.S. Blackwell, F.E. Yull, and A.R. Saltiel. 
2009. The protein kinase IKKepsilon regulates energy balance in obese mice. Cell 
138:961-975. 

Chung, C.H., E. Hao, R. Piran, E. Keinan, and F. Levine. 2010. Pancreatic beta-cell neogenesis 
by direct conversion from mature alpha-cells. Stem Cells 28:1630-1638. 

Cnop, M., N. Welsh, J.C. Jonas, A. Jorns, S. Lenzen, and D.L. Eizirik. 2005. Mechanisms of 
pancreatic beta-cell death in type 1 and type 2 diabetes: many differences, few 
similarities. Diabetes 54 Suppl 2:S97-107. 

Colli, M.L., F. Moore, E.N. Gurzov, F. Ortis, and D.L. Eizirik. 2010. MDA5 and PTPN2, two 
candidate genes for type 1 diabetes, modify pancreatic beta-cell responses to the viral by-
product double-stranded RNA. Human molecular genetics 19:135-146. 

Collins, S.C., M.B. Hoppa, J.N. Walker, S. Amisten, F. Abdulkader, M. Bengtsson, J. Fearnside, 
R. Ramracheya, A.A. Toye, Q. Zhang, A. Clark, D. Gauguier, and P. Rorsman. 2010. 
Progression of diet-induced diabetes in C57BL6J mice involves functional dissociation of 
Ca2(+) channels from secretory vesicles. Diabetes 59:1192-1201. 

Collombat, P., J. Hecksher-Sorensen, P. Serup, and A. Mansouri. 2006. Specifying pancreatic 
endocrine cell fates. Mechanisms of development 123:501-512. 

Collombat, P., X. Xu, H. Heimberg, and A. Mansouri. 2010. Pancreatic beta-cells: from 
generation to regeneration. Seminars in cell & developmental biology 21:838-844. 

Colman, P.G., C. Steele, J.J. Couper, S.J. Beresford, T. Powell, K. Kewming, A. Pollard, S. 
Gellert, B. Tait, M. Honeyman, and L.C. Harrison. 2000. Islet autoimmunity in infants 
with a Type I diabetic relative is common but is frequently restricted to one autoantibody. 
Diabetologia 43:203-209. 

Coppieters, K.T., T. Boettler, and M. von Herrath. 2012. Virus infections in type 1 diabetes. Cold 
Spring Harbor perspectives in medicine 2:a007682. 

da Silva Xavier, G., A. Mondragon, G. Sun, L. Chen, J.A. McGinty, P.M. French, and G.A. 
Rutter. 2012. Abnormal glucose tolerance and insulin secretion in pancreas-specific 
Tcf7l2-null mice. Diabetologia 55:2667-2676. 

Dale, E., M. Davis, and D.L. Faustman. 2006. A role for transcription factor NF-kappaB in 
autoimmunity: possible interactions of genes, sex, and the immune response. Adv Physiol 
Educ 30:152-158. 

Davies, J.L., Y. Kawaguchi, S.T. Bennett, J.B. Copeman, H.J. Cordell, L.E. Pritchard, P.W. 
Reed, S.C. Gough, S.C. Jenkins, S.M. Palmer, and et al. 1994. A genome-wide search for 
human type 1 diabetes susceptibility genes. Nature 371:130-136. 

Deiss, L.P., H. Galinka, H. Berissi, O. Cohen, and A. Kimchi. 1996. Cathepsin D protease 
mediates programmed cell death induced by interferon-gamma, Fas/APO-1 and TNF-
alpha. The EMBO journal 15:3861-3870. 

Del Guerra, S., R. Lupi, L. Marselli, M. Masini, M. Bugliani, S. Sbrana, S. Torri, M. Pollera, U. 
Boggi, F. Mosca, S. Del Prato, and P. Marchetti. 2005. Functional and molecular defects 
of pancreatic islets in human type 2 diabetes. Diabetes 54:727-735. 



References 

 156 

Deopurkar, R., H. Ghanim, J. Friedman, S. Abuaysheh, C.L. Sia, P. Mohanty, P. Viswanathan, A. 
Chaudhuri, and P. Dandona. 2010. Differential effects of cream, glucose, and orange juice 
on inflammation, endotoxin, and the expression of Toll-like receptor-4 and suppressor of 
cytokine signaling-3. Diabetes care 33:991-997. 

Desgraz, R., and P.L. Herrera. 2009. Pancreatic neurogenin 3-expressing cells are unipotent islet 
precursors. Development 136:3567-3574. 

Devendra, D., J. Jasinski, E. Melanitou, M. Nakayama, M. Li, B. Hensley, J. Paronen, H. 
Moriyama, D. Miao, G.S. Eisenbarth, and E. Liu. 2005. Interferon-alpha as a mediator of 
polyinosinic:polycytidylic acid-induced type 1 diabetes. Diabetes 54:2549-2556. 

DiDonato, J.A., F. Mercurio, and M. Karin. 2012. NF-kappaB and the link between inflammation 
and cancer. Immunological reviews 246:379-400. 

Dogusan, Z., M. Garcia, D. Flamez, L. Alexopoulou, M. Goldman, C. Gysemans, C. Mathieu, C. 
Libert, D.L. Eizirik, and J. Rasschaert. 2008. Double-stranded RNA induces pancreatic 
beta-cell apoptosis by activation of the toll-like receptor 3 and interferon regulatory factor 
3 pathways. Diabetes 57:1236-1245. 

Donath, M.Y., E. Dalmas, N.S. Sauter, and M. Boni-Schnetzler. 2013. Inflammation in obesity 
and diabetes: islet dysfunction and therapeutic opportunity. Cell metabolism 17:860-872. 

Donath, M.Y., and S.E. Shoelson. 2011. Type 2 diabetes as an inflammatory disease. Nature 
reviews. Immunology 11:98-107. 

Dor, Y., J. Brown, O.I. Martinez, and D.A. Melton. 2004. Adult pancreatic beta-cells are formed 
by self-duplication rather than stem-cell differentiation. Nature 429:41-46. 

Dotta, F., S. Censini, A.G. van Halteren, L. Marselli, M. Masini, S. Dionisi, F. Mosca, U. Boggi, 
A.O. Muda, S. Del Prato, J.F. Elliott, A. Covacci, R. Rappuoli, B.O. Roep, and P. 
Marchetti. 2007a. Coxsackie B4 virus infection of beta cells and natural killer cell 
insulitis in recent-onset type 1 diabetic patients. Proceedings of the National Academy of 
Sciences of the United States of America 104:5115-5120. 

Dotta, F., S. Censini, A.G. van Halteren, L. Marselli, M. Masini, S. Dionisi, F. Mosca, U. Boggi, 
A.O. Muda, S.D. Prato, J.F. Elliott, A. Covacci, R. Rappuoli, B.O. Roep, and P. 
Marchetti. 2007b. Coxsackie B4 virus infection of beta cells and natural killer cell 
insulitis in recent-onset type 1 diabetic patients. Proceedings of the National Academy of 
Sciences of the United States of America 104:5115-5120. 

Driver, J.P., D.V. Serreze, and Y.G. Chen. 2011. Mouse models for the study of autoimmune 
type 1 diabetes: a NOD to similarities and differences to human disease. Seminars in 
immunopathology 33:67-87. 

Ducut Sigala, J.L., V. Bottero, D.B. Young, A. Shevchenko, F. Mercurio, and I.M. Verma. 2004. 
Activation of transcription factor NF-kappaB requires ELKS, an IkappaB kinase 
regulatory subunit. Science 304:1963-1967. 

Dunmore, S.J., and J.E. Brown. 2013. The role of adipokines in beta-cell failure of type 2 
diabetes. The Journal of endocrinology 216:T37-45. 

Dutta, J., Y. Fan, N. Gupta, G. Fan, and C. Gelinas. 2006. Current insights into the regulation of 
programmed cell death by NF-kappaB. Oncogene 25:6800-6816. 



References 

 157 

Duttaroy, A., C.L. Zimliki, D. Gautam, Y. Cui, D. Mears, and J. Wess. 2004. Muscarinic 
stimulation of pancreatic insulin and glucagon release is abolished in m3 muscarinic 
acetylcholine receptor-deficient mice. Diabetes 53:1714-1720. 

Ehses, J.A., H. Ellingsgaard, M. Boni-Schnetzler, and M.Y. Donath. 2009. Pancreatic islet 
inflammation in type 2 diabetes: from alpha and beta cell compensation to dysfunction. 
Archives of physiology and biochemistry 115:240-247. 

Ehses, J.A., A. Perren, E. Eppler, P. Ribaux, J.A. Pospisilik, R. Maor-Cahn, X. Gueripel, H. 
Ellingsgaard, M.K. Schneider, G. Biollaz, A. Fontana, M. Reinecke, F. Homo-Delarche, 
and M.Y. Donath. 2007. Increased number of islet-associated macrophages in type 2 
diabetes. Diabetes 56:2356-2370. 

Eisenbarth, G.S. 1986. Type I diabetes mellitus. A chronic autoimmune disease. The New 
England journal of medicine 314:1360-1368. 

Eizirik, D.L., A.K. Cardozo, and M. Cnop. 2008. The role for endoplasmic reticulum stress in 
diabetes mellitus. Endocrine reviews 29:42-61. 

Eizirik, D.L., M.L. Colli, and F. Ortis. 2009. The role of inflammation in insulitis and beta-cell 
loss in type 1 diabetes. Nature reviews. Endocrinology 5:219-226. 

Eizirik, D.L., and T. Mandrup-Poulsen. 2001. A choice of death--the signal-transduction of 
immune-mediated beta-cell apoptosis. Diabetologia 44:2115-2133. 

Eizirik, D.L., M. Sammeth, T. Bouckenooghe, G. Bottu, G. Sisino, M. Igoillo-Esteve, F. Ortis, I. 
Santin, M.L. Colli, J. Barthson, L. Bouwens, L. Hughes, L. Gregory, G. Lunter, L. 
Marselli, P. Marchetti, M.I. McCarthy, and M. Cnop. 2012. The human pancreatic islet 
transcriptome: expression of candidate genes for type 1 diabetes and the impact of pro-
inflammatory cytokines. PLoS genetics 8:e1002552. 

Eldor, R., A. Yeffet, K. Baum, V. Doviner, D. Amar, Y. Ben-Neriah, G. Christofori, A. Peled, 
J.C. Carel, C. Boitard, T. Klein, P. Serup, D.L. Eizirik, and D. Melloul. 2006. Conditional 
and specific NF-kappaB blockade protects pancreatic beta cells from diabetogenic agents. 
Proceedings of the National Academy of Sciences of the United States of America 
103:5072-5077. 

Ellard, S., C. Bellanne-Chantelot, and A.T. Hattersley. 2008. Best practice guidelines for the 
molecular genetic diagnosis of maturity-onset diabetes of the young. Diabetologia 
51:546-553. 

Erlich, H., A.M. Valdes, J. Noble, J.A. Carlson, M. Varney, P. Concannon, J.C. Mychaleckyj, 
J.A. Todd, P. Bonella, A.L. Fear, E. Lavant, A. Louey, and P. Moonsamy. 2008. HLA 
DR-DQ haplotypes and genotypes and type 1 diabetes risk: analysis of the type 1 diabetes 
genetics consortium families. Diabetes 57:1084-1092. 

Esposito, K., F. Nappo, F. Giugliano, C. Di Palo, M. Ciotola, M. Barbieri, G. Paolisso, and D. 
Giugliano. 2003. Meal modulation of circulating interleukin 18 and adiponectin 
concentrations in healthy subjects and in patients with type 2 diabetes mellitus. The 
American journal of clinical nutrition 78:1135-1140. 

Fajans, S.S., G.I. Bell, and K.S. Polonsky. 2001. Molecular mechanisms and clinical 
pathophysiology of maturity-onset diabetes of the young. The New England journal of 
medicine 345:971-980. 



References 

 158 

Fan, H., A. Longacre, F. Meng, V. Patel, K. Hsiao, J.S. Koh, and J.S. Levine. 2004. Cytokine 
dysregulation induced by apoptotic cells is a shared characteristic of macrophages from 
nonobese diabetic and systemic lupus erythematosus-prone mice. J Immunol 172:4834-
4843. 

Forsyth, S., A. Horvath, and P. Coughlin. 2003. A review and comparison of the murine alpha1-
antitrypsin and alpha1-antichymotrypsin multigene clusters with the human clade A 
serpins. Genomics 81:336-345. 

Fujimoto, K., and K.S. Polonsky. 2009. Pdx1 and other factors that regulate pancreatic beta-cell 
survival. Diabetes, obesity & metabolism 11 Suppl 4:30-37. 

Furuta, H., M. Furuta, T. Sanke, K. Ekawa, T. Hanabusa, M. Nishi, H. Sasaki, and K. Nanjo. 
2002. Nonsense and missense mutations in the human hepatocyte nuclear factor-1 beta 
gene (TCF2) and their relation to type 2 diabetes in Japanese. The Journal of clinical 
endocrinology and metabolism 87:3859-3863. 

Gao, Z., D. Hwang, F. Bataille, M. Lefevre, D. York, M.J. Quon, and J. Ye. 2002. Serine 
phosphorylation of insulin receptor substrate 1 by inhibitor kappa B kinase complex. The 
Journal of biological chemistry 277:48115-48121. 

Gautam, D., S.J. Han, F.F. Hamdan, J. Jeon, B. Li, J.H. Li, Y. Cui, D. Mears, H. Lu, C. Deng, T. 
Heard, and J. Wess. 2006. A critical role for beta cell M3 muscarinic acetylcholine 
receptors in regulating insulin release and blood glucose homeostasis in vivo. Cell 
metabolism 3:449-461. 

Ghosh, G., V.Y. Wang, D.B. Huang, and A. Fusco. 2012. NF-kappaB regulation: lessons from 
structures. Immunological reviews 246:36-58. 

Ghosh, S., and M.S. Hayden. 2012. Celebrating 25 years of NF-kappaB research. Immunological 
reviews 246:5-13. 

Giannoukakis, N., W.A. Rudert, M. Trucco, and P.D. Robbins. 2000. Protection of human islets 
from the effects of interleukin-1beta by adenoviral gene transfer of an Ikappa B repressor. 
The Journal of biological chemistry 275:36509-36513. 

Gilon, P., and J.C. Henquin. 2001. Mechanisms and physiological significance of the cholinergic 
control of pancreatic beta-cell function. Endocrine reviews 22:565-604. 

Glass, C.K., and J.M. Olefsky. 2012. Inflammation and lipid signaling in the etiology of insulin 
resistance. Cell metabolism 15:635-645. 

Gloire, G., S. Legrand-Poels, and J. Piette. 2006. NF-kappaB activation by reactive oxygen 
species: fifteen years later. Biochemical pharmacology 72:1493-1505. 

Greeley, S.A., S.E. Tucker, H.I. Worrell, K.B. Skowron, G.I. Bell, and L.H. Philipson. 2010. 
Update in neonatal diabetes. Current opinion in endocrinology, diabetes, and obesity 
17:13-19. 

Green, E.A., E.E. Eynon, and R.A. Flavell. 1998. Local expression of TNFalpha in neonatal 
NOD mice promotes diabetes by enhancing presentation of islet antigens. Immunity 
9:733-743. 

Gromada, J., and T.E. Hughes. 2006. Ringing the dinner bell for insulin: muscarinic M3 receptor 
activity in the control of pancreatic beta cell function. Cell metabolism 3:390-392. 



References 

 159 

Guizzetti, M., F. Bordi, F.J. Dieguez-Acuna, A. Vitalone, F. Madia, J.S. Woods, and L.G. Costa. 
2003. Nuclear factor kappaB activation by muscarinic receptors in astroglial cells: effect 
of ethanol. Neuroscience 120:941-950. 

Guo, D., M. Li, Y. Zhang, P. Yang, S. Eckenrode, D. Hopkins, W. Zheng, S. Purohit, R.H. 
Podolsky, A. Muir, J. Wang, Z. Dong, T. Brusko, M. Atkinson, P. Pozzilli, A. Zeidler, 
L.J. Raffel, C.O. Jacob, Y. Park, M. Serrano-Rios, M.T. Larrad, Z. Zhang, H.J. Garchon, 
J.F. Bach, J.I. Rotter, J.X. She, and C.Y. Wang. 2004. A functional variant of SUMO4, a 
new I kappa B alpha modifier, is associated with type 1 diabetes. Nature genetics 36:837-
841. 

Gupta, S.C., C. Sundaram, S. Reuter, and B.B. Aggarwal. 2010. Inhibiting NF-kappaB activation 
by small molecules as a therapeutic strategy. Biochimica et biophysica acta 1799:775-
787. 

Gupta, S.K., B.J. Haigh, F.J. Griffin, and T.T. Wheeler. 2012. The mammalian secreted RNases: 
Mechanisms of action in host defence. Innate immunity  

Gurzov, E.N., and D.L. Eizirik. 2011. Bcl-2 proteins in diabetes: mitochondrial pathways of beta-
cell death and dysfunction. Trends in cell biology 21:424-431. 

Hagman, D.K., L.B. Hays, S.D. Parazzoli, and V. Poitout. 2005. Palmitate inhibits insulin gene 
expression by altering PDX-1 nuclear localization and reducing MafA expression in 
isolated rat islets of Langerhans. The Journal of biological chemistry 280:32413-32418. 

Hani, E.H., D.A. Stoffers, J.C. Chevre, E. Durand, V. Stanojevic, C. Dina, J.F. Habener, and P. 
Froguel. 1999. Defective mutations in the insulin promoter factor-1 (IPF-1) gene in late-
onset type 2 diabetes mellitus. The Journal of clinical investigation 104:R41-48. 

Harjutsalo, V., T. Podar, and J. Tuomilehto. 2005. Cumulative incidence of type 1 diabetes in 
10,168 siblings of Finnish young-onset type 1 diabetic patients. Diabetes 54:563-569. 

Hartl, D., C.G. Lee, C.A. Da Silva, G.L. Chupp, and J.A. Elias. 2009. Novel biomarkers in 
asthma: chemokines and chitinase-like proteins. Current opinion in allergy and clinical 
immunology 9:60-66. 

Hartman, M.G., D. Lu, M.L. Kim, G.J. Kociba, T. Shukri, J. Buteau, X. Wang, W.L. Frankel, D. 
Guttridge, M. Prentki, S.T. Grey, D. Ron, and T. Hai. 2004. Role for activating 
transcription factor 3 in stress-induced beta-cell apoptosis. Molecular and cellular biology 
24:5721-5732. 

Hattersley, A., J. Bruining, J. Shield, P. Njolstad, and K.C. Donaghue. 2009. The diagnosis and 
management of monogenic diabetes in children and adolescents. Pediatric diabetes 10 
Suppl 12:33-42. 

Hattersley, A.T., and F.M. Ashcroft. 2005. Activating mutations in Kir6.2 and neonatal diabetes: 
new clinical syndromes, new scientific insights, and new therapy. Diabetes 54:2503-2513. 

Hayden, M.S., and S. Ghosh. 2008. Shared principles in NF-kappaB signaling. Cell 132:344-362. 

Hayden, M.S., and S. Ghosh. 2011. NF-kappaB in immunobiology. Cell research 21:223-244. 
Hegazy, D.M., D.A. O'Reilly, B.M. Yang, A.D. Hodgkinson, B.A. Millward, and A.G. Demaine. 

2001. NFkappaB polymorphisms and susceptibility to type 1 diabetes. Genes Immun 
2:304-308. 



References 

 160 

Hegele, R.A. 2003. Monogenic forms of insulin resistance: apertures that expose the common 
metabolic syndrome. Trends in endocrinology and metabolism: TEM 14:371-377. 

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

Heinig, M., E. Petretto, C. Wallace, L. Bottolo, M. Rotival, H. Lu, Y. Li, R. Sarwar, S.R. 
Langley, A. Bauerfeind, O. Hummel, Y.A. Lee, S. Paskas, C. Rintisch, K. Saar, J. 
Cooper, R. Buchan, E.E. Gray, J.G. Cyster, J. Erdmann, C. Hengstenberg, S. Maouche, 
W.H. Ouwehand, C.M. Rice, N.J. Samani, H. Schunkert, A.H. Goodall, H. Schulz, H.G. 
Roider, M. Vingron, S. Blankenberg, T. Munzel, T. Zeller, S. Szymczak, A. Ziegler, L. 
Tiret, D.J. Smyth, M. Pravenec, T.J. Aitman, F. Cambien, D. Clayton, J.A. Todd, N. 
Hubner, and S.A. Cook. 2010. A trans-acting locus regulates an anti-viral expression 
network and type 1 diabetes risk. Nature 467:460-464. 

Heinis, M., M.T. Simon, and B. Duvillie. 2010. New insights into endocrine pancreatic 
development: the role of environmental factors. Hormone research in paediatrics 74:77-
82. 

Henquin, J.C. 2009. Regulation of insulin secretion: a matter of phase control and amplitude 
modulation. Diabetologia 52:739-751. 

Henquin, J.C., N. Ishiyama, M. Nenquin, M.A. Ravier, and J.C. Jonas. 2002. Signals and pools 
underlying biphasic insulin secretion. Diabetes 51 Suppl 1:S60-67. 

Henquin, J.C., and M. Nenquin. 1988. The muscarinic receptor subtype in mouse pancreatic B-
cells. FEBS letters 236:89-92. 

Herold, K.C., W. Hagopian, J.A. Auger, E. Poumian-Ruiz, L. Taylor, D. Donaldson, S.E. 
Gitelman, D.M. Harlan, D. Xu, R.A. Zivin, and J.A. Bluestone. 2002. Anti-CD3 
monoclonal antibody in new-onset type 1 diabetes mellitus. The New England journal of 
medicine 346:1692-1698. 

Herold, K.C., V. Vezys, Q. Sun, D. Viktora, E. Seung, S. Reiner, and D.R. Brown. 1996. 
Regulation of cytokine production during development of autoimmune diabetes induced 
with multiple low doses of streptozotocin. J Immunol 156:3521-3527. 

Herold, K.C., D.A. Vignali, A. Cooke, and J.A. Bluestone. 2013. Type 1 diabetes: translating 
mechanistic observations into effective clinical outcomes. Nature reviews. Immunology 
13:243-256. 

Herrera, P.L. 2000. Adult insulin- and glucagon-producing cells differentiate from two 
independent cell lineages. Development 127:2317-2322. 

Herrmann, O., B. Baumann, R. de Lorenzi, S. Muhammad, W. Zhang, J. Kleesiek, M. 
Malfertheiner, M. Kohrmann, I. Potrovita, I. Maegele, C. Beyer, J.R. Burke, M.T. Hasan, 
H. Bujard, T. Wirth, M. Pasparakis, and M. Schwaninger. 2005. IKK mediates ischemia-
induced neuronal death. Nature medicine 11:1322-1329. 

Herschkovitz, A., Y.F. Liu, E. Ilan, D. Ronen, S. Boura-Halfon, and Y. Zick. 2007. Common 
inhibitory serine sites phosphorylated by IRS-1 kinases, triggered by insulin and inducers 
of insulin resistance. The Journal of biological chemistry 282:18018-18027. 



References 

 161 

Hober, D., and P. Sauter. 2010. Pathogenesis of type 1 diabetes mellitus: interplay between 
enterovirus and host. Nature reviews. Endocrinology 6:279-289. 

Holland, A.M., L.J. Gonez, G. Naselli, R.J. Macdonald, and L.C. Harrison. 2005. Conditional 
expression demonstrates the role of the homeodomain transcription factor Pdx1 in 
maintenance and regeneration of beta-cells in the adult pancreas. Diabetes 54:2586-2595. 

Holland, A.M., M.A. Hale, H. Kagami, R.E. Hammer, and R.J. MacDonald. 2002. Experimental 
control of pancreatic development and maintenance. Proceedings of the National 
Academy of Sciences of the United States of America 99:12236-12241. 

Honda, K., H. Yanai, H. Negishi, M. Asagiri, M. Sato, T. Mizutani, N. Shimada, Y. Ohba, A. 
Takaoka, N. Yoshida, and T. Taniguchi. 2005. IRF-7 is the master regulator of type-I 
interferon-dependent immune responses. Nature 434:772-777. 

Hoppa, M.B., S. Collins, R. Ramracheya, L. Hodson, S. Amisten, Q. Zhang, P. Johnson, F.M. 
Ashcroft, and P. Rorsman. 2009. Chronic palmitate exposure inhibits insulin secretion by 
dissociation of Ca(2+) channels from secretory granules. Cell metabolism 10:455-465. 

Horikawa, Y., N. Iwasaki, M. Hara, H. Furuta, Y. Hinokio, B.N. Cockburn, T. Lindner, K. 
Yamagata, M. Ogata, O. Tomonaga, H. Kuroki, T. Kasahara, Y. Iwamoto, and G.I. Bell. 
1997. Mutation in hepatocyte nuclear factor-1 beta gene (TCF2) associated with MODY. 
Nature genetics 17:384-385. 

Huang, S., C.A. Pettaway, H. Uehara, C.D. Bucana, and I.J. Fidler. 2001. Blockade of NF-
kappaB activity in human prostate cancer cells is associated with suppression of 
angiogenesis, invasion, and metastasis. Oncogene 20:4188-4197. 

Huang, X., B. Hultgren, N. Dybdal, and T.A. Stewart. 1994. Islet expression of interferon-alpha 
precedes diabetes in both the BB rat and streptozotocin-treated mice. Immunity 1:469-478. 

Huang, X., J. Yuang, A. Goddard, A. Foulis, R.F. James, A. Lernmark, R. Pujol-Borrell, A. 
Rabinovitch, N. Somoza, and T.A. Stewart. 1995. Interferon expression in the pancreases 
of patients with type I diabetes. Diabetes 44:658-664. 

Hyttinen, V., J. Kaprio, L. Kinnunen, M. Koskenvuo, and J. Tuomilehto. 2003. Genetic liability 
of type 1 diabetes and the onset age among 22,650 young Finnish twin pairs: a nationwide 
follow-up study. Diabetes 52:1052-1055. 

Imai, Y., A.D. Dobrian, M.A. Morris, and J.L. Nadler. 2013. Islet inflammation: a unifying target 
for diabetes treatment? Trends in endocrinology and metabolism: TEM 24:351-360. 

Ishihara, K., K. Asai, M. Nakajima, S. Mue, and K. Ohuchi. 2003. Preparation of recombinant rat 
eosinophil-associated ribonuclease-1 and -2 and analysis of their biological activities. 
Biochimica et biophysica acta 1638:164-172. 

Iype, T., D.G. Taylor, S.M. Ziesmann, J.C. Garmey, H. Watada, and R.G. Mirmira. 2004. The 
transcriptional repressor Nkx6.1 also functions as a deoxyribonucleic acid context-
dependent transcriptional activator during pancreatic beta-cell differentiation: evidence 
for feedback activation of the nkx6.1 gene by Nkx6.1. Mol Endocrinol 18:1363-1375. 

Jimenez, E., M.I. Gamez, M.J. Bragado, and M. Montiel. 2002. Muscarinic activation of 
mitogen-activated protein kinase in rat thyroid epithelial cells. Cellular signalling 14:665-
672. 



References 

 162 

Jitrapakdee, S., A. Wutthisathapornchai, J.C. Wallace, and M.J. MacDonald. 2010. Regulation of 
insulin secretion: role of mitochondrial signalling. Diabetologia 53:1019-1032. 

Johnson, J.D., N.T. Ahmed, D.S. Luciani, Z. Han, H. Tran, J. Fujita, S. Misler, H. Edlund, and 
K.S. Polonsky. 2003. Increased islet apoptosis in Pdx1+/- mice. The Journal of clinical 
investigation 111:1147-1160. 

Jonas, J.C., A. Sharma, W. Hasenkamp, H. Ilkova, G. Patane, R. Laybutt, S. Bonner-Weir, and 
G.C. Weir. 1999. Chronic hyperglycemia triggers loss of pancreatic beta cell 
differentiation in an animal model of diabetes. The Journal of biological chemistry 
274:14112-14121. 

Jonsson, J., L. Carlsson, T. Edlund, and H. Edlund. 1994. Insulin-promoter-factor 1 is required 
for pancreas development in mice. Nature 371:606-609. 

Jung, M.R., T.H. Lee, M.H. Bang, H. Kim, Y. Son, D.K. Chung, and J. Kim. 2012. Suppression 
of thymus- and activation-regulated chemokine (TARC/CCL17) production by 3-O-beta-
D-glucopyanosylspinasterol via blocking NF-kappaB and STAT1 signaling pathways in 
TNF-alpha and IFN-gamma-induced HaCaT keratinocytes. Biochemical and biophysical 
research communications 427:236-241. 

Kadowaki, T., K. Ueki, T. Yamauchi, and N. Kubota. 2012. SnapShot: Insulin signaling 
pathways. Cell 148:624, 624 e621. 

Kagi, D., A. Ho, B. Odermatt, A. Zakarian, P.S. Ohashi, and T.W. Mak. 1999. TNF receptor 1-
dependent beta cell toxicity as an effector pathway in autoimmune diabetes. J Immunol 
162:4598-4605. 

Kaileh, M., and R. Sen. 2012. NF-kappaB function in B lymphocytes. Immunological reviews 
246:254-271. 

Kaneto, H., T. Miyatsuka, D. Kawamori, K. Yamamoto, K. Kato, T. Shiraiwa, N. Katakami, Y. 
Yamasaki, M. Matsuhisa, and T.A. Matsuoka. 2008. PDX-1 and MafA play a crucial role 
in pancreatic beta-cell differentiation and maintenance of mature beta-cell function. 
Endocrine journal 55:235-252. 

Kashyap, S., R. Belfort, A. Gastaldelli, T. Pratipanawatr, R. Berria, W. Pratipanawatr, M. Bajaj, 
L. Mandarino, R. DeFronzo, and K. Cusi. 2003. A sustained increase in plasma free fatty 
acids impairs insulin secretion in nondiabetic subjects genetically predisposed to develop 
type 2 diabetes. Diabetes 52:2461-2474. 

Katarina, K., P. Daniela, N. Peter, R. Marianna, C. Pavlina, P. Stepanka, L. Jan, T. Ludmila, A. 
Michal, and C. Marie. 2007. HLA, NFKB1 and NFKBIA gene polymorphism profile in 
autoimmune diabetes mellitus patients. Exp Clin Endocrinol Diabetes 115:124-129. 

Katz, J.D., C. Benoist, and D. Mathis. 1995. T helper cell subsets in insulin-dependent diabetes. 
Science 268:1185-1188. 

Kharroubi, I., L. Ladriere, A.K. Cardozo, Z. Dogusan, M. Cnop, and D.L. Eizirik. 2004. Free 
fatty acids and cytokines induce pancreatic beta-cell apoptosis by different mechanisms: 
role of nuclear factor-kappaB and endoplasmic reticulum stress. Endocrinology 145:5087-
5096. 

Kim, A., K. Miller, J. Jo, G. Kilimnik, P. Wojcik, and M. Hara. 2009. Islet architecture: A 
comparative study. Islets 1:129-136. 



References 

 163 

Kim, J.K., Y.J. Kim, J.J. Fillmore, Y. Chen, I. Moore, J. Lee, M. Yuan, Z.W. Li, M. Karin, P. 
Perret, S.E. Shoelson, and G.I. Shulman. 2001. Prevention of fat-induced insulin 
resistance by salicylate. The Journal of clinical investigation 108:437-446. 

Kim, K.A., and M.S. Lee. 2009. Recent progress in research on beta-cell apoptosis by cytokines. 
Frontiers in bioscience : a journal and virtual library 14:657-664. 

Kim, S., I. Millet, H.S. Kim, J.Y. Kim, M.S. Han, M.K. Lee, K.W. Kim, R.S. Sherwin, M. Karin, 
and M.S. Lee. 2007. NF-kappa B prevents beta cell death and autoimmune diabetes in 
NOD mice. Proceedings of the National Academy of Sciences of the United States of 
America 104:1913-1918. 

Kim, S.H., M.M. Cleary, H.S. Fox, D. Chantry, and N. Sarvetnick. 2002. CCR4-bearing T cells 
participate in autoimmune diabetes. The Journal of clinical investigation 110:1675-1686. 

Kimpimaki, T., P. Kulmala, K. Savola, A. Kupila, S. Korhonen, T. Simell, J. Ilonen, O. Simell, 
and M. Knip. 2002. Natural history of beta-cell autoimmunity in young children with 
increased genetic susceptibility to type 1 diabetes recruited from the general population. 
The Journal of clinical endocrinology and metabolism 87:4572-4579. 

King, G.L. 2008. The role of inflammatory cytokines in diabetes and its complications. Journal 
of periodontology 79:1527-1534. 

Kong, K.C., A.J. Butcher, P. McWilliams, D. Jones, J. Wess, F.F. Hamdan, T. Werry, E.M. 
Rosethorne, S.J. Charlton, S.E. Munson, H.A. Cragg, A.D. Smart, and A.B. Tobin. 2010. 
M3-muscarinic receptor promotes insulin release via receptor phosphorylation/arrestin-
dependent activation of protein kinase D1. Proceedings of the National Academy of 
Sciences of the United States of America 107:21181-21186. 

Koulmanda, M., M. Bhasin, Z. Fan, D. Hanidziar, N. Goel, P. Putheti, B. Movahedi, T.A. 
Libermann, and T.B. Strom. 2012. Alpha 1-antitrypsin reduces inflammation and 
enhances mouse pancreatic islet transplant survival. Proceedings of the National Academy 
of Sciences of the United States of America 109:15443-15448. 

Koulmanda, M., M. Bhasin, L. Hoffman, Z. Fan, A. Qipo, H. Shi, S. Bonner-Weir, P. Putheti, N. 
Degauque, T.A. Libermann, H. Auchincloss, Jr., J.S. Flier, and T.B. Strom. 2008. 
Curative and beta cell regenerative effects of alpha1-antitrypsin treatment in autoimmune 
diabetic NOD mice. Proceedings of the National Academy of Sciences of the United 
States of America 105:16242-16247. 

Kulkarni, R.N., U.S. Jhala, J.N. Winnay, S. Krajewski, M. Montminy, and C.R. Kahn. 2004. 
PDX-1 haploinsufficiency limits the compensatory islet hyperplasia that occurs in 
response to insulin resistance. The Journal of clinical investigation 114:828-836. 

Kurokawa, M., F. Kokubu, S. Matsukura, M. Kawaguchi, K. Ieki, S. Suzuki, M. Odaka, S. 
Watanabe, H. Takeuchi, T. Akabane, K. Asano, M. Iwase, I. Honma, and M. Adachi. 
2005. Effects of corticosteroid on the expression of thymus and activation-regulated 
chemokine in a murine model of allergic asthma. International archives of allergy and 
immunology 137 Suppl 1:60-68. 

Kurylowicz, A., and J. Nauman. 2008. The role of nuclear factor-kappaB in the development of 
autoimmune diseases: a link between genes and environment. Acta biochimica Polonica 
55:629-647. 



References 

 164 

Kushner, J.A., M.A. Ciemerych, E. Sicinska, L.M. Wartschow, M. Teta, S.Y. Long, P. Sicinski, 
and M.F. White. 2005. Cyclins D2 and D1 are essential for postnatal pancreatic beta-cell 
growth. Molecular and cellular biology 25:3752-3762. 

Kutlu, B., M.I. Darville, A.K. Cardozo, and D.L. Eizirik. 2003. Molecular regulation of 
monocyte chemoattractant protein-1 expression in pancreatic beta-cells. Diabetes 52:348-
355. 

Kwon, H., and J.E. Pessin. 2013. Adipokines mediate inflammation and insulin resistance. 
Frontiers in endocrinology 4:71. 

Kwon, K.B., E.K. Kim, E.S. Jeong, Y.H. Lee, Y.R. Lee, J.W. Park, D.G. Ryu, and B.H. Park. 
2006. Cortex cinnamomi extract prevents streptozotocin- and cytokine-induced beta-cell 
damage by inhibiting NF-kappaB. World J Gastroenterol 12:4331-4337. 

Lamhamedi-Cherradi, S.E., S. Zheng, B.A. Hilliard, L. Xu, J. Sun, S. Alsheadat, H.C. Liou, and 
Y.H. Chen. 2003. Transcriptional regulation of type I diabetes by NF-kappa B. J Immunol 
171:4886-4892. 

Laybutt, D.R., G.C. Weir, H. Kaneto, J. Lebet, R.D. Palmiter, A. Sharma, and S. Bonner-Weir. 
2002. Overexpression of c-Myc in beta-cells of transgenic mice causes proliferation and 
apoptosis, downregulation of insulin gene expression, and diabetes. Diabetes 51:1793-
1804. 

Le Bacquer, O., L. Shu, M. Marchand, B. Neve, F. Paroni, J. Kerr Conte, F. Pattou, P. Froguel, 
and K. Maedler. 2011. TCF7L2 splice variants have distinct effects on beta-cell turnover 
and function. Human molecular genetics 20:1906-1915. 

Lee, J.H., M.Y. Song, E.K. Song, E.K. Kim, W.S. Moon, M.K. Han, J.W. Park, K.B. Kwon, and 
B.H. Park. 2009. Overexpression of SIRT1 protects pancreatic beta-cells against cytokine 
toxicity by suppressing the nuclear factor-kappaB signaling pathway. Diabetes 58:344-
351. 

Lee, S.M., H. Yang, D.M. Tartar, B. Gao, X. Luo, S.Q. Ye, H. Zaghouani, and D. Fang. 2011. 
Prevention and treatment of diabetes with resveratrol in a non-obese mouse model of type 
1 diabetes. Diabetologia 54:1136-1146. 

Lee, Y., H. Hirose, M. Ohneda, J.H. Johnson, J.D. McGarry, and R.H. Unger. 1994. Beta-cell 
lipotoxicity in the pathogenesis of non-insulin-dependent diabetes mellitus of obese rats: 
impairment in adipocyte-beta-cell relationships. Proceedings of the National Academy of 
Sciences of the United States of America 91:10878-10882. 

Li, Q., G. Estepa, S. Memet, A. Israel, and I.M. Verma. 2000. Complete lack of NF-kappaB 
activity in IKK1 and IKK2 double-deficient mice: additional defect in neurulation. Genes 
& development 14:1729-1733. 

Li, S.W., V. Koya, Y. Li, W. Donelan, P. Lin, W.H. Reeves, and L.J. Yang. 2010. Pancreatic 
duodenal homeobox 1 protein is a novel beta-cell-specific autoantigen for type I diabetes. 
Laboratory investigation; a journal of technical methods and pathology 90:31-39. 

Lim, K.H., Y. Yang, and L.M. Staudt. 2012. Pathogenetic importance and therapeutic 
implications of NF-kappaB in lymphoid malignancies. Immunological reviews 246:359-
378. 



References 

 165 

Ling, J., Y. Kang, R. Zhao, Q. Xia, D.F. Lee, Z. Chang, J. Li, B. Peng, J.B. Fleming, H. Wang, J. 
Liu, I.R. Lemischka, M.C. Hung, and P.J. Chiao. 2012. KrasG12D-induced 
IKK2/beta/NF-kappaB activation by IL-1alpha and p62 feedforward loops is required for 
development of pancreatic ductal adenocarcinoma. Cancer cell 21:105-120. 

Ling, J., and R. Kumar. 2012. Crosstalk between NFkB and glucocorticoid signaling: a potential 
target of breast cancer therapy. Cancer letters 322:119-126. 

Liou, H.C., and C.Y. Hsia. 2003. Distinctions between c-Rel and other NF-kappaB proteins in 
immunity and disease. Bioessays 25:767-780. 

Lisowska-Myjak, B. 2005. AAT as a diagnostic tool. Clinica chimica acta; international journal 
of clinical chemistry 352:1-13. 

Liu, D., A.K. Cardozo, M.I. Darville, and D.L. Eizirik. 2002. Double-stranded RNA cooperates 
with interferon-gamma and IL-1 beta to induce both chemokine expression and nuclear 
factor-kappa B-dependent apoptosis in pancreatic beta-cells: potential mechanisms for 
viral-induced insulitis and beta-cell death in type 1 diabetes mellitus. Endocrinology 
143:1225-1234. 

Liu, F., Y. Xia, A.S. Parker, and I.M. Verma. 2012. IKK biology. Immunological reviews 
246:239-253. 

Lottmann, H., J. Vanselow, B. Hessabi, and R. Walther. 2001. The Tet-On system in transgenic 
mice: inhibition of the mouse pdx-1 gene activity by antisense RNA expression in 
pancreatic beta-cells. J Mol Med (Berl) 79:321-328. 

Lovis, P., E. Roggli, D.R. Laybutt, S. Gattesco, J.Y. Yang, C. Widmann, A. Abderrahmani, and 
R. Regazzi. 2008. Alterations in microRNA expression contribute to fatty acid-induced 
pancreatic beta-cell dysfunction. Diabetes 57:2728-2736. 

Lu, R., P.A. Moore, and P.M. Pitha. 2002. Stimulation of IRF-7 gene expression by tumor 
necrosis factor alpha: requirement for NFkappa B transcription factor and gene 
accessibility. The Journal of biological chemistry 277:16592-16598. 

Lucassen, A.M., C. Julier, J.P. Beressi, C. Boitard, P. Froguel, M. Lathrop, and J.I. Bell. 1993. 
Susceptibility to insulin dependent diabetes mellitus maps to a 4.1 kb segment of DNA 
spanning the insulin gene and associated VNTR. Nature genetics 4:305-310. 

Luedde, T., J. Heinrichsdorff, R. de Lorenzi, R. De Vos, T. Roskams, and M. Pasparakis. 2008. 
IKK1 and IKK2 cooperate to maintain bile duct integrity in the liver. Proceedings of the 
National Academy of Sciences of the United States of America 105:9733-9738. 

Lyssenko, V., R. Lupi, P. Marchetti, S. Del Guerra, M. Orho-Melander, P. Almgren, M. Sjogren, 
C. Ling, K.F. Eriksson, A.L. Lethagen, R. Mancarella, G. Berglund, T. Tuomi, P. Nilsson, 
S. Del Prato, and L. Groop. 2007. Mechanisms by which common variants in the TCF7L2 
gene increase risk of type 2 diabetes. The Journal of clinical investigation 117:2155-2163. 

Mabley, J.G., G. Hasko, L. Liaudet, F.G. Soriano, G.J. Southan, A.L. Salzman, and C. Szabo. 
2002. NFkappaB1 (p50)-deficient mice are not susceptible to multiple low-dose 
streptozotocin-induced diabetes. The Journal of endocrinology 173:457-464. 

Maedler, K., P. Sergeev, F. Ris, J. Oberholzer, H.I. Joller-Jemelka, G.A. Spinas, N. Kaiser, P.A. 
Halban, and M.Y. Donath. 2002. Glucose-induced beta cell production of IL-1beta 



References 

 166 

contributes to glucotoxicity in human pancreatic islets. The Journal of clinical 
investigation 110:851-860. 

Maier, H.J., M. Wagner, T.G. Schips, H.H. Salem, B. Baumann, and T. Wirth. 2013. 
Requirement of NEMO/IKKgamma for effective expansion of KRAS-induced 
precancerous lesions in the pancreas. Oncogene 32:2690-2695. 

Makino, S., K. Kunimoto, Y. Muraoka, Y. Mizushima, K. Katagiri, and Y. Tochino. 1980. 
Breeding of a non-obese, diabetic strain of mice. Jikken dobutsu. Experimental animals 
29:1-13. 

Maniati, E., M. Bossard, N. Cook, J.B. Candido, N. Emami-Shahri, S.A. Nedospasov, F.R. 
Balkwill, D.A. Tuveson, and T. Hagemann. 2011. Crosstalk between the canonical NF-
kappaB and Notch signaling pathways inhibits Ppargamma expression and promotes 
pancreatic cancer progression in mice. The Journal of clinical investigation 121:4685-
4699. 

Manikandan, R., R. Thiagarajan, S. Beulaja, M.R. Sivakumar, V. Meiyalagan, R. Sundaram, and 
M. Arumugam. 2010. 1, 2 di-substituted idopyranose from Vitex negundo l. Protects 
against streptozotocin-induced diabetes by inhibiting nuclear factor-kappa B and 
inducible nitric oxide synthase expression. Microsc Res Tech  

Marhfour, I., X.M. Lopez, D. Lefkaditis, I. Salmon, F. Allagnat, S.J. Richardson, N.G. Morgan, 
and D.L. Eizirik. 2012. Expression of endoplasmic reticulum stress markers in the islets 
of patients with type 1 diabetes. Diabetologia 55:2417-2420. 

Mariappan, N., C.M. Elks, S. Sriramula, A. Guggilam, Z. Liu, O. Borkhsenious, and J. Francis. 
2010. NF-kappaB-induced oxidative stress contributes to mitochondrial and cardiac 
dysfunction in type II diabetes. Cardiovascular research 85:473-483. 

Marino, E., P.A. Silveira, J. Stolp, and S.T. Grey. 2011. B cell-directed therapies in type 1 
diabetes. Trends Immunol 32:287-294. 

Marselli, L., J. Thorne, S. Dahiya, D.C. Sgroi, A. Sharma, S. Bonner-Weir, P. Marchetti, and 
G.C. Weir. 2010. Gene expression profiles of Beta-cell enriched tissue obtained by laser 
capture microdissection from subjects with type 2 diabetes. PloS one 5:e11499. 

Martin, E., B. O'Sullivan, P. Low, and R. Thomas. 2003. Antigen-specific suppression of a 
primed immune response by dendritic cells mediated by regulatory T cells secreting 
interleukin-10. Immunity 18:155-167. 

Martin, S., D. Wolf-Eichbaum, G. Duinkerken, W.A. Scherbaum, H. Kolb, J.G. Noordzij, and 
B.O. Roep. 2001. Development of type 1 diabetes despite severe hereditary B-lymphocyte 
deficiency. The New England journal of medicine 345:1036-1040. 

Masters, S.L., A. Dunne, S.L. Subramanian, R.L. Hull, G.M. Tannahill, F.A. Sharp, C. Becker, L. 
Franchi, E. Yoshihara, Z. Chen, N. Mullooly, L.A. Mielke, J. Harris, R.C. Coll, K.H. 
Mills, K.H. Mok, P. Newsholme, G. Nunez, J. Yodoi, S.E. Kahn, E.C. Lavelle, and L.A. 
O'Neill. 2010. Activation of the NLRP3 inflammasome by islet amyloid polypeptide 
provides a mechanism for enhanced IL-1beta in type 2 diabetes. Nature immunology 
11:897-904. 

Mathis, D., and C. Benoist. 2004. Back to central tolerance. Immunity 20:509-516. 



References 

 167 

Mathis, D., and C. Benoist. 2011. Microbiota and autoimmune disease: the hosted self. Cell host 
& microbe 10:297-301. 

Mathis, D., L. Vence, and C. Benoist. 2001. beta-Cell death during progression to diabetes. 
Nature 414:792-798. 

McCarthy, M.I. 2010. Genomics, type 2 diabetes, and obesity. The New England journal of 
medicine 363:2339-2350. 

McCarthy, M.I., P. Rorsman, and A.L. Gloyn. 2013. TCF7L2 and diabetes: a tale of two tissues, 
and of two species. Cell metabolism 17:157-159. 

McCool, K.W., and S. Miyamoto. 2012. DNA damage-dependent NF-kappaB activation: NEMO 
turns nuclear signaling inside out. Immunological reviews 246:311-326. 

McKinnon, C.M., and K. Docherty. 2001. Pancreatic duodenal homeobox-1, PDX-1, a major 
regulator of beta cell identity and function. Diabetologia 44:1203-1214. 

Meier, J.J., A.E. Butler, Y. Saisho, T. Monchamp, R. Galasso, A. Bhushan, R.A. Rizza, and P.C. 
Butler. 2008. Beta-cell replication is the primary mechanism subserving the postnatal 
expansion of beta-cell mass in humans. Diabetes 57:1584-1594. 

Meloni, A.R., M.B. DeYoung, C. Lowe, and D.G. Parkes. 2013. GLP-1 receptor activated insulin 
secretion from pancreatic beta-cells: mechanism and glucose dependence. Diabetes, 
obesity & metabolism 15:15-27. 

Menge, B.A., A. Tannapfel, O. Belyaev, R. Drescher, C. Muller, W. Uhl, W.E. Schmidt, and J.J. 
Meier. 2008. Partial pancreatectomy in adult humans does not provoke beta-cell 
regeneration. Diabetes 57:142-149. 

Molven, A., M. Ringdal, A.M. Nordbo, H. Raeder, J. Stoy, G.M. Lipkind, D.F. Steiner, L.H. 
Philipson, I. Bergmann, D. Aarskog, D.E. Undlien, G. Joner, O. Sovik, G.I. Bell, and P.R. 
Njolstad. 2008. Mutations in the insulin gene can cause MODY and autoantibody-
negative type 1 diabetes. Diabetes 57:1131-1135. 

Montane, J., L. Bischoff, G. Soukhatcheva, D.L. Dai, G. Hardenberg, M.K. Levings, P.C. Orban, 
T.J. Kieffer, R. Tan, and C.B. Verchere. 2011. Prevention of murine autoimmune diabetes 
by CCL22-mediated Treg recruitment to the pancreatic islets. The Journal of clinical 
investigation 121:3024-3028. 

Moore, F., S. Buonocore, E. Aksoy, N. Ouled-Haddou, S. Goriely, E. Lazarova, F. Paulart, C. 
Heirman, E. Vaeremans, K. Thielemans, M. Goldman, and V. Flamand. 2007. An 
alternative pathway of NF-kappaB activation results in maturation and T cell priming 
activity of dendritic cells overexpressing a mutated IkappaBalpha. J Immunol 178:1301-
1311. 

Moore, F., N. Naamane, M.L. Colli, T. Bouckenooghe, F. Ortis, E.N. Gurzov, M. Igoillo-Esteve, 
C. Mathieu, G. Bontempi, T. Thykjaer, T.F. Orntoft, and D.L. Eizirik. 2011. STAT1 is a 
master regulator of pancreatic {beta}-cell apoptosis and islet inflammation. The Journal 
of biological chemistry 286:929-941. 

Moreau, J.M., K.D. Dyer, C.A. Bonville, T. Nitto, N.L. Vasquez, A.J. Easton, J.B. 
Domachowske, and H.F. Rosenberg. 2003. Diminished expression of an antiviral 
ribonuclease in response to pneumovirus infection in vivo. Antiviral research 59:181-191. 



References 

 168 

Morgan, D., H.R. Oliveira-Emilio, D. Keane, A.E. Hirata, M. Santos da Rocha, S. Bordin, R. 
Curi, P. Newsholme, and A.R. Carpinelli. 2007. Glucose, palmitate and pro-inflammatory 
cytokines modulate production and activity of a phagocyte-like NADPH oxidase in rat 
pancreatic islets and a clonal beta cell line. Diabetologia 50:359-369. 

Morris, A.P., B.F. Voight, T.M. Teslovich, T. Ferreira, A.V. Segre, V. Steinthorsdottir, R.J. 
Strawbridge, H. Khan, H. Grallert, A. Mahajan, I. Prokopenko, H.M. Kang, C. Dina, T. 
Esko, R.M. Fraser, S. Kanoni, A. Kumar, V. Lagou, C. Langenberg, J. Luan, C.M. 
Lindgren, M. Muller-Nurasyid, S. Pechlivanis, N.W. Rayner, L.J. Scott, S. Wiltshire, L. 
Yengo, L. Kinnunen, E.J. Rossin, S. Raychaudhuri, A.D. Johnson, A.S. Dimas, R.J. Loos, 
S. Vedantam, H. Chen, J.C. Florez, C. Fox, C.T. Liu, D. Rybin, D.J. Couper, W.H. Kao, 
M. Li, M.C. Cornelis, P. Kraft, Q. Sun, R.M. van Dam, H.M. Stringham, P.S. Chines, K. 
Fischer, P. Fontanillas, O.L. Holmen, S.E. Hunt, A.U. Jackson, A. Kong, R. Lawrence, J. 
Meyer, J.R. Perry, C.G. Platou, S. Potter, E. Rehnberg, N. Robertson, S. Sivapalaratnam, 
A. Stancakova, K. Stirrups, G. Thorleifsson, E. Tikkanen, A.R. Wood, P. Almgren, M. 
Atalay, R. Benediktsson, L.L. Bonnycastle, N. Burtt, J. Carey, G. Charpentier, A.T. 
Crenshaw, A.S. Doney, M. Dorkhan, S. Edkins, V. Emilsson, E. Eury, T. Forsen, K. 
Gertow, B. Gigante, G.B. Grant, C.J. Groves, C. Guiducci, C. Herder, A.B. Hreidarsson, 
J. Hui, A. James, A. Jonsson, W. Rathmann, N. Klopp, J. Kravic, K. Krjutskov, C. 
Langford, K. Leander, E. Lindholm, S. Lobbens, S. Mannisto, G. Mirza, T.W. Muhleisen, 
B. Musk, M. Parkin, L. Rallidis, J. Saramies, B. Sennblad, S. Shah, G. Sigurethsson, A. 
Silveira, G. Steinbach, B. Thorand, J. Trakalo, F. Veglia, R. Wennauer, W. Winckler, D. 
Zabaneh, H. Campbell, C. van Duijn, A.G. Uitterlinden, A. Hofman, E. Sijbrands, G.R. 
Abecasis, K.R. Owen, E. Zeggini, M.D. Trip, N.G. Forouhi, A.C. Syvanen, J.G. Eriksson, 
L. Peltonen, M.M. Nothen, B. Balkau, C.N. Palmer, V. Lyssenko, T. Tuomi, B. Isomaa, 
D.J. Hunter, L. Qi, A.R. Shuldiner, M. Roden, I. Barroso, T. Wilsgaard, J. Beilby, K. 
Hovingh, J.F. Price, J.F. Wilson, R. Rauramaa, T.A. Lakka, L. Lind, G. Dedoussis, I. 
Njolstad, N.L. Pedersen, K.T. Khaw, N.J. Wareham, S.M. Keinanen-Kiukaanniemi, T.E. 
Saaristo, E. Korpi-Hyovalti, J. Saltevo, M. Laakso, J. Kuusisto, A. Metspalu, F.S. Collins, 
K.L. Mohlke, R.N. Bergman, J. Tuomilehto, B.O. Boehm, C. Gieger, K. Hveem, S. 
Cauchi, P. Froguel, D. Baldassarre, E. Tremoli, S.E. Humphries, D. Saleheen, J. Danesh, 
E. Ingelsson, S. Ripatti, V. Salomaa, R. Erbel, K.H. Jockel, S. Moebus, A. Peters, T. Illig, 
U. de Faire, A. Hamsten, A.D. Morris, P.J. Donnelly, T.M. Frayling, A.T. Hattersley, E. 
Boerwinkle, O. Melander, S. Kathiresan, P.M. Nilsson, P. Deloukas, U. Thorsteinsdottir, 
L.C. Groop, K. Stefansson, F. Hu, J.S. Pankow, J. Dupuis, J.B. Meigs, D. Altshuler, M. 
Boehnke, and M.I. McCarthy. 2012. Large-scale association analysis provides insights 
into the genetic architecture and pathophysiology of type 2 diabetes. Nature genetics 
44:981-990. 

Muller, A., P. Schott-Ohly, C. Dohle, and H. Gleichmann. 2002. Differential regulation of Th1-
type and Th2-type cytokine profiles in pancreatic islets of C57BL/6 and BALB/c mice by 
multiple low doses of streptozotocin. Immunobiology 205:35-50. 

Muller, D., P.M. Jones, and S.J. Persaud. 2006. Autocrine anti-apoptotic and proliferative effects 
of insulin in pancreatic beta-cells. FEBS letters 580:6977-6980. 

Murphy, R., S. Ellard, and A.T. Hattersley. 2008. Clinical implications of a molecular genetic 
classification of monogenic beta-cell diabetes. Nature clinical practice. Endocrinology & 
metabolism 4:200-213. 



References 

 169 

Nakajima-Nagata, N., M. Sugai, T. Sakurai, J. Miyazaki, Y. Tabata, and A. Shimizu. 2004. Pdx-1 
enables insulin secretion by regulating synaptotagmin 1 gene expression. Biochemical 
and biophysical research communications 318:631-635. 

Nakayama, T., K. Hieshima, D. Nagakubo, E. Sato, M. Nakayama, K. Kawa, and O. Yoshie. 
2004. Selective induction of Th2-attracting chemokines CCL17 and CCL22 in human B 
cells by latent membrane protein 1 of Epstein-Barr virus. Journal of virology 78:1665-
1674. 

Newsholme, P., D. Morgan, E. Rebelato, H.C. Oliveira-Emilio, J. Procopio, R. Curi, and A. 
Carpinelli. 2009. Insights into the critical role of NADPH oxidase(s) in the normal and 
dysregulated pancreatic beta cell. Diabetologia 52:2489-2498. 

Nir, T., D.A. Melton, and Y. Dor. 2007. Recovery from diabetes in mice by beta cell 
regeneration. The Journal of clinical investigation 117:2553-2561. 

Nistico, L., R. Buzzetti, L.E. Pritchard, B. Van der Auwera, C. Giovannini, E. Bosi, M.T. Larrad, 
M.S. Rios, C.C. Chow, C.S. Cockram, K. Jacobs, C. Mijovic, S.C. Bain, A.H. Barnett, 
C.L. Vandewalle, F. Schuit, F.K. Gorus, R. Tosi, P. Pozzilli, and J.A. Todd. 1996. The 
CTLA-4 gene region of chromosome 2q33 is linked to, and associated with, type 1 
diabetes. Belgian Diabetes Registry. Human molecular genetics 5:1075-1080. 

Noble, J.A., and A.M. Valdes. 2011. Genetics of the HLA region in the prediction of type 1 
diabetes. Curr Diab Rep 11:533-542. 

Noble, J.A., A.M. Valdes, M. Cook, W. Klitz, G. Thomson, and H.A. Erlich. 1996. The role of 
HLA class II genes in insulin-dependent diabetes mellitus: molecular analysis of 180 
Caucasian, multiplex families. American journal of human genetics 59:1134-1148. 

Noble, J.A., A.M. Valdes, M.D. Varney, J.A. Carlson, P. Moonsamy, A.L. Fear, J.A. Lane, E. 
Lavant, R. Rappner, A. Louey, P. Concannon, J.C. Mychaleckyj, and H.A. Erlich. 2010. 
HLA class I and genetic susceptibility to type 1 diabetes: results from the Type 1 Diabetes 
Genetics Consortium. Diabetes 59:2972-2979. 

Nolan, C.J., P. Damm, and M. Prentki. 2011. Type 2 diabetes across generations: from 
pathophysiology to prevention and management. Lancet 378:169-181. 

Norlin, S., U. Ahlgren, and H. Edlund. 2005. Nuclear factor-{kappa}B activity in {beta}-cells is 
required for glucose-stimulated insulin secretion. Diabetes 54:125-132. 

Offield, M.F., T.L. Jetton, P.A. Labosky, M. Ray, R.W. Stein, M.A. Magnuson, B.L. Hogan, and 
C.V. Wright. 1996. PDX-1 is required for pancreatic outgrowth and differentiation of the 
rostral duodenum. Development 122:983-995. 

Ohneda, K., R.G. Mirmira, J. Wang, J.D. Johnson, and M.S. German. 2000. The homeodomain 
of PDX-1 mediates multiple protein-protein interactions in the formation of a 
transcriptional activation complex on the insulin promoter. Molecular and cellular 
biology 20:900-911. 

Oliver-Krasinski, J.M., and D.A. Stoffers. 2008. On the origin of the beta cell. Genes & 
development 22:1998-2021. 

Orban, T., J.M. Sosenko, D. Cuthbertson, J.P. Krischer, J.S. Skyler, R. Jackson, L. Yu, J.P. 
Palmer, D. Schatz, and G. Eisenbarth. 2009. Pancreatic islet autoantibodies as predictors 
of type 1 diabetes in the Diabetes Prevention Trial-Type 1. Diabetes care 32:2269-2274. 



References 

 170 

Orci, L., D. Baetens, C. Rufener, M. Amherdt, M. Ravazzola, P. Studer, F. Malaisse-Lagae, and 
R.H. Unger. 1976. Hypertrophy and hyperplasia of somatostatin-containing D-cells in 
diabetes. Proceedings of the National Academy of Sciences of the United States of 
America 73:1338-1342. 

Ouaaz, F., J. Arron, Y. Zheng, Y. Choi, and A.A. Beg. 2002. Dendritic cell development and 
survival require distinct NF-kappaB subunits. Immunity 16:257-270. 

Oyadomari, S., A. Koizumi, K. Takeda, T. Gotoh, S. Akira, E. Araki, and M. Mori. 2002. 
Targeted disruption of the Chop gene delays endoplasmic reticulum stress-mediated 
diabetes. The Journal of clinical investigation 109:525-532. 

Oyadomari, S., K. Takeda, M. Takiguchi, T. Gotoh, M. Matsumoto, I. Wada, S. Akira, E. Araki, 
and M. Mori. 2001. Nitric oxide-induced apoptosis in pancreatic beta cells is mediated by 
the endoplasmic reticulum stress pathway. Proceedings of the National Academy of 
Sciences of the United States of America 98:10845-10850. 

Ozcan, L., A.S. Ergin, A. Lu, J. Chung, S. Sarkar, D. Nie, M.G. Myers, Jr., and U. Ozcan. 2009. 
Endoplasmic reticulum stress plays a central role in development of leptin resistance. Cell 
metabolism 9:35-51. 

Pakala, S.V., M. Chivetta, C.B. Kelly, and J.D. Katz. 1999. In autoimmune diabetes the transition 
from benign to pernicious insulitis requires an islet cell response to tumor necrosis factor 
alpha. The Journal of experimental medicine 189:1053-1062. 

Palmer, J.P., C.M. Asplin, P. Clemons, K. Lyen, O. Tatpati, P.K. Raghu, and T.L. Paquette. 
1983. Insulin antibodies in insulin-dependent diabetics before insulin treatment. Science 
222:1337-1339. 

Parton, L.E., P.J. McMillen, Y. Shen, E. Docherty, E. Sharpe, F. Diraison, C.P. Briscoe, and G.A. 
Rutter. 2006. Limited role for SREBP-1c in defective glucose-induced insulin secretion 
from Zucker diabetic fatty rat islets: a functional and gene profiling analysis. American 
journal of physiology. Endocrinology and metabolism 291:E982-994. 

Pasparakis, M. 2009. Regulation of tissue homeostasis by NF-kappaB signalling: implications for 
inflammatory diseases. Nature reviews. Immunology 9:778-788. 

Pasparakis, M., T. Luedde, and M. Schmidt-Supprian. 2006. Dissection of the NF-kappaB 
signalling cascade in transgenic and knockout mice. Cell death and differentiation 
13:861-872. 

Patel, S., and D. Santani. 2009. Role of NF-kappa B in the pathogenesis of diabetes and its 
associated complications. Pharmacol Rep 61:595-603. 

Patterson, C.C., G.G. Dahlquist, E. Gyurus, A. Green, and G. Soltesz. 2009. Incidence trends for 
childhood type 1 diabetes in Europe during 1989-2003 and predicted new cases 2005-20: 
a multicentre prospective registration study. Lancet 373:2027-2033. 

Paula, F.M., H.C. Barbosa, E.M. Carneiro, S.J. Persaud, J.J. Gagliardino, A.C. Boschero, and 
K.L. Souza. 2010. Requirement of NF-kappaB signalling pathway for modulation of the 
cholinergic muscarinic M3 receptor expression by INGAP-PP in insulin-producing cells. 
European journal of pharmacology 642:37-46. 

Payton, M.A., C.J. Hawkes, and M.R. Christie. 1995. Relationship of the 37,000- and 40,000-
M(r) tryptic fragments of islet antigens in insulin-dependent diabetes to the protein 



References 

 171 

tyrosine phosphatase-like molecule IA-2 (ICA512). The Journal of clinical investigation 
96:1506-1511. 

Pearson, E.R., I. Flechtner, P.R. Njolstad, M.T. Malecki, S.E. Flanagan, B. Larkin, F.M. 
Ashcroft, I. Klimes, E. Codner, V. Iotova, A.S. Slingerland, J. Shield, J.J. Robert, J.J. 
Holst, P.M. Clark, S. Ellard, O. Sovik, M. Polak, and A.T. Hattersley. 2006. Switching 
from insulin to oral sulfonylureas in patients with diabetes due to Kir6.2 mutations. The 
New England journal of medicine 355:467-477. 

Pearson, E.R., B.J. Starkey, R.J. Powell, F.M. Gribble, P.M. Clark, and A.T. Hattersley. 2003. 
Genetic cause of hyperglycaemia and response to treatment in diabetes. Lancet 362:1275-
1281. 

Perkins, N.D. 2007. Integrating cell-signalling pathways with NF-kappaB and IKK function. 
Nature reviews. Molecular cell biology 8:49-62. 

Pessin, J.E., and A.R. Saltiel. 2000. Signaling pathways in insulin action: molecular targets of 
insulin resistance. The Journal of clinical investigation 106:165-169. 

Phillips, J.M., N.M. Parish, T. Raine, C. Bland, Y. Sawyer, H. De La Pena, and A. Cooke. 2009. 
Type 1 diabetes development requires both CD4+ and CD8+ T cells and can be reversed 
by non-depleting antibodies targeting both T cell populations. The review of diabetic 
studies : RDS 6:97-103. 

Planas, R., J. Carrillo, A. Sanchez, M.C. de Villa, F. Nunez, J. Verdaguer, R.F. James, R. Pujol-
Borrell, and M. Vives-Pi. 2010. Gene expression profiles for the human pancreas and 
purified islets in type 1 diabetes: new findings at clinical onset and in long-standing 
diabetes. Clinical and experimental immunology 159:23-44. 

Poitout, V., and R.P. Robertson. 2008. Glucolipotoxicity: fuel excess and beta-cell dysfunction. 
Endocrine reviews 29:351-366. 

Polak, M., A. Dechaume, H. Cave, R. Nimri, H. Crosnier, V. Sulmont, M. de Kerdanet, R. 
Scharfmann, Y. Lebenthal, P. Froguel, and M. Vaxillaire. 2008. Heterozygous missense 
mutations in the insulin gene are linked to permanent diabetes appearing in the neonatal 
period or in early infancy: a report from the French ND (Neonatal Diabetes) Study Group. 
Diabetes 57:1115-1119. 

Poligone, B., D.J. Weaver, Jr., P. Sen, A.S. Baldwin, Jr., and R. Tisch. 2002. Elevated NF-
kappaB activation in nonobese diabetic mouse dendritic cells results in enhanced APC 
function. J Immunol 168:188-196. 

Polychronakos, C., and Q. Li. 2011. Understanding type 1 diabetes through genetics: advances 
and prospects. Nature reviews. Genetics 12:781-792. 

Pugliese, A., T. Bugawan, R. Moromisato, Z.L. Awdeh, C.A. Alper, R.A. Jackson, H.A. Erlich, 
and G.S. Eisenbarth. 1994. Two subsets of HLA-DQA1 alleles mark phenotypic variation 
in levels of insulin autoantibodies in first degree relatives at risk for insulin-dependent 
diabetes. The Journal of clinical investigation 93:2447-2452. 

Pujol-Borrell, R., I. Todd, M. Doshi, G.F. Bottazzo, R. Sutton, D. Gray, G.R. Adolf, and M. 
Feldmann. 1987. HLA class II induction in human islet cells by interferon-gamma plus 
tumour necrosis factor or lymphotoxin. Nature 326:304-306. 



References 

 172 

Qu, H.Q., A. Montpetit, B. Ge, T.J. Hudson, and C. Polychronakos. 2007. Toward further 
mapping of the association between the IL2RA locus and type 1 diabetes. Diabetes 
56:1174-1176. 

Rabinovitch, A., W. Sumoski, R.V. Rajotte, and G.L. Warnock. 1990. Cytotoxic effects of 
cytokines on human pancreatic islet cells in monolayer culture. The Journal of clinical 
endocrinology and metabolism 71:152-156. 

Rafaeloff, R., G.L. Pittenger, S.W. Barlow, X.F. Qin, B. Yan, L. Rosenberg, W.P. Duguid, and 
A.I. Vinik. 1997. Cloning and sequencing of the pancreatic islet neogenesis associated 
protein (INGAP) gene and its expression in islet neogenesis in hamsters. The Journal of 
clinical investigation 99:2100-2109. 

Rafiq, M., S.E. Flanagan, A.M. Patch, B.M. Shields, S. Ellard, and A.T. Hattersley. 2008. 
Effective treatment with oral sulfonylureas in patients with diabetes due to sulfonylurea 
receptor 1 (SUR1) mutations. Diabetes care 31:204-209. 

Rahier, J., Y. Guiot, R.M. Goebbels, C. Sempoux, and J.C. Henquin. 2008. Pancreatic beta-cell 
mass in European subjects with type 2 diabetes. Diabetes, obesity & metabolism 10 Suppl 
4:32-42. 

Rahman, A., and F. Fazal. 2012. Blocking NF-kappaB: an inflammatory issue. Proc Am Thorac 
Soc 8:497-503. 

Raum, J.C., K. Gerrish, I. Artner, E. Henderson, M. Guo, L. Sussel, J.C. Schisler, C.B. Newgard, 
and R. Stein. 2006. FoxA2, Nkx2.2, and PDX-1 regulate islet beta-cell-specific mafA 
expression through conserved sequences located between base pairs -8118 and -7750 
upstream from the transcription start site. Molecular and cellular biology 26:5735-5743. 

Redondo, M.J., J. Jeffrey, P.R. Fain, G.S. Eisenbarth, and T. Orban. 2008. Concordance for islet 
autoimmunity among monozygotic twins. The New England journal of medicine 
359:2849-2850. 

Richardson, S.J., A. Willcox, A.J. Bone, A.K. Foulis, and N.G. Morgan. 2009. Islet-associated 
macrophages in type 2 diabetes. Diabetologia 52:1686-1688. 

Richardson, S.J., A. Willcox, A.J. Bone, N.G. Morgan, and A.K. Foulis. 2011. Immunopathology 
of the human pancreas in type-I diabetes. Seminars in immunopathology 33:9-21. 

Roep, B.O., M. Atkinson, and M. von Herrath. 2004. Satisfaction (not) guaranteed: re-evaluating 
the use of animal models of type 1 diabetes. Nature reviews. Immunology 4:989-997. 

Roep, B.O., F.S. Kleijwegt, A.G. van Halteren, V. Bonato, U. Boggi, F. Vendrame, P. Marchetti, 
and F. Dotta. 2010. Islet inflammation and CXCL10 in recent-onset type 1 diabetes. 
Clinical and experimental immunology 159:338-343. 

Romagnani, S. 2002. Cytokines and chemoattractants in allergic inflammation. Molecular 
immunology 38:881-885. 

Rosenberg, L., M. Lipsett, J.W. Yoon, M. Prentki, R. Wang, H.S. Jun, G.L. Pittenger, D. Taylor-
Fishwick, and A.I. Vinik. 2004. A pentadecapeptide fragment of islet neogenesis-
associated protein increases beta-cell mass and reverses diabetes in C57BL/6J mice. 
Annals of surgery 240:875-884. 

Ruan, Q., T. Wang, V. Kameswaran, Q. Wei, D.S. Johnson, F. Matschinsky, W. Shi, and Y.H. 
Chen. 2011. The microRNA-21-PDCD4 axis prevents type 1 diabetes by blocking 



References 

 173 

pancreatic beta cell death. Proceedings of the National Academy of Sciences of the United 
States of America 108:12030-12035. 

Rui, L., M. Yuan, D. Frantz, S. Shoelson, and M.F. White. 2002. SOCS-1 and SOCS-3 block 
insulin signaling by ubiquitin-mediated degradation of IRS1 and IRS2. The Journal of 
biological chemistry 277:42394-42398. 

Ruiz de Azua, I., D. Gautam, J.M. Guettier, and J. Wess. 2011. Novel insights into the function 
of beta-cell M3 muscarinic acetylcholine receptors: therapeutic implications. Trends in 
endocrinology and metabolism: TEM 22:74-80. 

Sabbah, E., K. Savola, P. Kulmala, R. Veijola, P. Vahasalo, J. Karjalainen, H.K. Akerblom, and 
M. Knip. 1999. Diabetes-associated autoantibodies in relation to clinical characteristics 
and natural course in children with newly diagnosed type 1 diabetes. The Childhood 
Diabetes In Finland Study Group. The Journal of clinical endocrinology and metabolism 
84:1534-1539. 

Saeki, H., and K. Tamaki. 2006. Thymus and activation regulated chemokine (TARC)/CCL17 
and skin diseases. Journal of dermatological science 43:75-84. 

Samuel, V.T., and G.I. Shulman. 2012. Mechanisms for insulin resistance: common threads and 
missing links. Cell 148:852-871. 

Santamaria, P. 2010. The long and winding road to understanding and conquering type 1 
diabetes. Immunity 32:437-445. 

Sarkar, S.A., C.E. Lee, F. Victorino, T.T. Nguyen, J.A. Walters, A. Burrack, J. Eberlein, S.K. 
Hildemann, and D. Homann. 2012. Expression and regulation of chemokines in murine 
and human type 1 diabetes. Diabetes 61:436-446. 

Scheidereit, C. 2006. IkappaB kinase complexes: gateways to NF-kappaB activation and 
transcription. Oncogene 25:6685-6705. 

Schmidt, A., N. Oberle, and P.H. Krammer. 2012. Molecular mechanisms of treg-mediated T cell 
suppression. Front Immunol 3:51. 

Schott-Ohly, P., A. Lgssiar, H.J. Partke, M. Hassan, N. Friesen, and H. Gleichmann. 2004. 
Prevention of spontaneous and experimentally induced diabetes in mice with zinc sulfate-
enriched drinking water is associated with activation and reduction of NF-kappa B and 
AP-1 in islets, respectively. Exp Biol Med (Maywood) 229:1177-1185. 

Schreck, R., and P.A. Baeuerle. 1990. NF-kappa B as inducible transcriptional activator of the 
granulocyte-macrophage colony-stimulating factor gene. Molecular and cellular biology 
10:1281-1286. 

Scully, T. 2012. Diabetes in numbers. Nature 485:S2-3. 
See, D.M., and J.G. Tilles. 1995. Pathogenesis of virus-induced diabetes in mice. The Journal of 

infectious diseases 171:1131-1138. 
Seino, S. 2001. S20G mutation of the amylin gene is associated with Type II diabetes in 

Japanese. Study Group of Comprehensive Analysis of Genetic Factors in Diabetes 
Mellitus. Diabetologia 44:906-909. 

Seino, S. 2012. Cell signalling in insulin secretion: the molecular targets of ATP, cAMP and 
sulfonylurea. Diabetologia 55:2096-2108. 



References 

 174 

Seino, S., T. Shibasaki, and K. Minami. 2011. Dynamics of insulin secretion and the clinical 
implications for obesity and diabetes. The Journal of clinical investigation 121:2118-
2125. 

Sen, P., S. Bhattacharyya, M. Wallet, C.P. Wong, B. Poligone, M. Sen, A.S. Baldwin, Jr., and R. 
Tisch. 2003. NF-kappa B hyperactivation has differential effects on the APC function of 
nonobese diabetic mouse macrophages. J Immunol 170:1770-1780. 

Sen, R., and D. Baltimore. 1986. Inducibility of kappa immunoglobulin enhancer-binding protein 
Nf-kappa B by a posttranslational mechanism. Cell 47:921-928. 

Shao, S., Z. Fang, X. Yu, and M. Zhang. 2009. Transcription factors involved in glucose-
stimulated insulin secretion of pancreatic beta cells. Biochemical and biophysical 
research communications 384:401-404. 

Sharma, A., D.H. Zangen, P. Reitz, M. Taneja, M.E. Lissauer, C.P. Miller, G.C. Weir, J.F. 
Habener, and S. Bonner-Weir. 1999. The homeodomain protein IDX-1 increases after an 
early burst of proliferation during pancreatic regeneration. Diabetes 48:507-513. 

Shepherd, M., I. Ellis, A.M. Ahmad, P.J. Todd, D. Bowen-Jones, G. Mannion, S. Ellard, A.C. 
Sparkes, and A.T. Hattersley. 2001. Predictive genetic testing in maturity-onset diabetes 
of the young (MODY). Diabetic medicine : a journal of the British Diabetic Association 
18:417-421. 

Shih, D.Q., M. Heimesaat, S. Kuwajima, R. Stein, C.V. Wright, and M. Stoffel. 2002. Profound 
defects in pancreatic beta-cell function in mice with combined heterozygous mutations in 
Pdx-1, Hnf-1alpha, and Hnf-3beta. Proceedings of the National Academy of Sciences of 
the United States of America 99:3818-3823. 

Shimomura, I., M. Matsuda, R.E. Hammer, Y. Bashmakov, M.S. Brown, and J.L. Goldstein. 
2000. Decreased IRS-2 and increased SREBP-1c lead to mixed insulin resistance and 
sensitivity in livers of lipodystrophic and ob/ob mice. Molecular cell 6:77-86. 

Shimomura, K. 2009. The K(ATP) channel and neonatal diabetes. Endocrine journal 56:165-175. 
Shu, L., A.V. Matveyenko, J. Kerr-Conte, J.H. Cho, C.H. McIntosh, and K. Maedler. 2009. 

Decreased TCF7L2 protein levels in type 2 diabetes mellitus correlate with 
downregulation of GIP- and GLP-1 receptors and impaired beta-cell function. Human 
molecular genetics 18:2388-2399. 

Shu, L., N.S. Sauter, F.T. Schulthess, A.V. Matveyenko, J. Oberholzer, and K. Maedler. 2008. 
Transcription factor 7-like 2 regulates beta-cell survival and function in human pancreatic 
islets. Diabetes 57:645-653. 

Sil, A.K., S. Maeda, Y. Sano, D.R. Roop, and M. Karin. 2004. IkappaB kinase-alpha acts in the 
epidermis to control skeletal and craniofacial morphogenesis. Nature 428:660-664. 

Smyth, D.J., J.D. Cooper, R. Bailey, S. Field, O. Burren, L.J. Smink, C. Guja, C. Ionescu-
Tirgoviste, B. Widmer, D.B. Dunger, D.A. Savage, N.M. Walker, D.G. Clayton, and J.A. 
Todd. 2006. A genome-wide association study of nonsynonymous SNPs identifies a type 
1 diabetes locus in the interferon-induced helicase (IFIH1) region. Nature genetics 
38:617-619. 

Somers, E.C., S.L. Thomas, L. Smeeth, and A.J. Hall. 2006. Autoimmune diseases co-occurring 
within individuals and within families: a systematic review. Epidemiology 17:202-217. 



References 

 175 

Song, M.Y., G.S. Jeong, K.B. Kwon, S.O. Ka, H.Y. Jang, J.W. Park, Y.C. Kim, and B.H. Park. 
2010. Sulfuretin protects against cytokine-induced beta-cell damage and prevents 
streptozotocin-induced diabetes. Exp Mol Med 42:628-638. 

Souza, K.L., E. Gurgul-Convey, M. Elsner, and S. Lenzen. 2008. Interaction between pro-
inflammatory and anti-inflammatory cytokines in insulin-producing cells. The Journal of 
endocrinology 197:139-150. 

Spijker, H.S., R.B. Ravelli, A.M. Mommaas-Kienhuis, A.A. van Apeldoorn, M.A. Engelse, A. 
Zaldumbide, S. Bonner-Weir, T.J. Rabelink, R.C. Hoeben, H. Clevers, C.L. Mummery, F. 
Carlotti, and E.J. de Koning. 2013. Conversion of Mature Human beta-Cells Into 
Glucagon-Producing alpha-Cells. Diabetes 62:2471-2480. 

Srinivasan, K., and P. Ramarao. 2007. Animal models in type 2 diabetes research: an overview. 
The Indian journal of medical research 125:451-472. 

Steck, A.K., and M.J. Rewers. 2011. Genetics of type 1 diabetes. Clinical chemistry 57:176-185. 

Steck, A.K., and W.E. Winter. 2011. Review on monogenic diabetes. Current opinion in 
endocrinology, diabetes, and obesity 18:252-258. 

Stoffers, D.A., J. Ferrer, W.L. Clarke, and J.F. Habener. 1997a. Early-onset type-II diabetes 
mellitus (MODY4) linked to IPF1. Nature genetics 17:138-139. 

Stoffers, D.A., N.T. Zinkin, V. Stanojevic, W.L. Clarke, and J.F. Habener. 1997b. Pancreatic 
agenesis attributable to a single nucleotide deletion in the human IPF1 gene coding 
sequence. Nature genetics 15:106-110. 

Stoy, J., E.L. Edghill, S.E. Flanagan, H. Ye, V.P. Paz, A. Pluzhnikov, J.E. Below, M.G. Hayes, 
N.J. Cox, G.M. Lipkind, R.B. Lipton, S.A. Greeley, A.M. Patch, S. Ellard, D.F. Steiner, 
A.T. Hattersley, L.H. Philipson, and G.I. Bell. 2007. Insulin gene mutations as a cause of 
permanent neonatal diabetes. Proceedings of the National Academy of Sciences of the 
United States of America 104:15040-15044. 

Stratford, S., K.L. Hoehn, F. Liu, and S.A. Summers. 2004. Regulation of insulin action by 
ceramide: dual mechanisms linking ceramide accumulation to the inhibition of 
Akt/protein kinase B. The Journal of biological chemistry 279:36608-36615. 

Straub, S.G., and G.W. Sharp. 2002. Glucose-stimulated signaling pathways in biphasic insulin 
secretion. Diabetes/metabolism research and reviews 18:451-463. 

Straub, S.G., and G.W. Sharp. 2004. Hypothesis: one rate-limiting step controls the magnitude of 
both phases of glucose-stimulated insulin secretion. American journal of physiology. Cell 
physiology 287:C565-571. 

Stride, A., and A.T. Hattersley. 2002. Different genes, different diabetes: lessons from maturity-
onset diabetes of the young. Annals of medicine 34:207-216. 

Sun, S.C. 2012. The noncanonical NF-kappaB pathway. Immunological reviews 246:125-140. 
Szkudelski, T. 2001. The mechanism of alloxan and streptozotocin action in B cells of the rat 

pancreas. Physiol Res 50:537-546. 
Talchai, C., S. Xuan, H.V. Lin, L. Sussel, and D. Accili. 2012. Pancreatic beta cell 

dedifferentiation as a mechanism of diabetic beta cell failure. Cell 150:1223-1234. 



References 

 176 

Taneera, J., S. Lang, A. Sharma, J. Fadista, Y. Zhou, E. Ahlqvist, A. Jonsson, V. Lyssenko, P. 
Vikman, O. Hansson, H. Parikh, O. Korsgren, A. Soni, U. Krus, E. Zhang, X.J. Jing, J.L. 
Esguerra, C.B. Wollheim, A. Salehi, A. Rosengren, E. Renstrom, and L. Groop. 2012. A 
systems genetics approach identifies genes and pathways for type 2 diabetes in human 
islets. Cell metabolism 16:122-134. 

Taniguchi, T., and A. Takaoka. 2002. The interferon-alpha/beta system in antiviral responses: a 
multimodal machinery of gene regulation by the IRF family of transcription factors. 
Current opinion in immunology 14:111-116. 

Taplin, C.E., and J.M. Barker. 2008. Autoantibodies in type 1 diabetes. Autoimmunity 41:11-18. 

Temple, I.K., and J.P. Shield. 2002. Transient neonatal diabetes, a disorder of imprinting. Journal 
of medical genetics 39:872-875. 

Tergaonkar, V., R.G. Correa, M. Ikawa, and I.M. Verma. 2005. Distinct roles of IkappaB 
proteins in regulating constitutive NF-kappaB activity. Nature cell biology 7:921-923. 

Tersey, S.A., Y. Nishiki, A.T. Templin, S.M. Cabrera, N.D. Stull, S.C. Colvin, C. Evans-Molina, 
J.L. Rickus, B. Maier, and R.G. Mirmira. 2012. Islet beta-cell endoplasmic reticulum 
stress precedes the onset of type 1 diabetes in the nonobese diabetic mouse model. 
Diabetes 61:818-827. 

Teta, M., S.Y. Long, L.M. Wartschow, M.M. Rankin, and J.A. Kushner. 2005. Very slow 
turnover of beta-cells in aged adult mice. Diabetes 54:2557-2567. 

Teta, M., M.M. Rankin, S.Y. Long, G.M. Stein, and J.A. Kushner. 2007. Growth and 
regeneration of adult beta cells does not involve specialized progenitors. Developmental 
cell 12:817-826. 

Thanabalasingham, G., and K.R. Owen. 2011. Diagnosis and management of maturity onset 
diabetes of the young (MODY). BMJ 343:d6044. 

Thayer, T.C., S.B. Wilson, and C.E. Mathews. 2010. Use of nonobese diabetic mice to 
understand human type 1 diabetes. Endocrinology and metabolism clinics of North 
America 39:541-561. 

Thomas, H.E., E. Angstetra, R.V. Fernandes, L. Mariana, W. Irawaty, E.L. Jamieson, N.L. 
Dudek, and T.W. Kay. 2006. Perturbations in nuclear factor-kappaB or c-Jun N-terminal 
kinase pathways in pancreatic beta cells confer susceptibility to cytokine-induced cell 
death. Immunol Cell Biol 84:20-27. 

Thomas, H.E., M.D. McKenzie, E. Angstetra, P.D. Campbell, and T.W. Kay. 2009. Beta cell 
apoptosis in diabetes. Apoptosis : an international journal on programmed cell death 
14:1389-1404. 

Thorel, F., V. Nepote, I. Avril, K. Kohno, R. Desgraz, S. Chera, and P.L. Herrera. 2010. 
Conversion of adult pancreatic alpha-cells to beta-cells after extreme beta-cell loss. 
Nature 464:1149-1154. 

Thyssen, S., E. Arany, and D.J. Hill. 2006. Ontogeny of regeneration of beta-cells in the neonatal 
rat after treatment with streptozotocin. Endocrinology 147:2346-2356. 

Tiedge, M., S. Lortz, J. Drinkgern, and S. Lenzen. 1997. Relation between antioxidant enzyme 
gene expression and antioxidative defense status of insulin-producing cells. Diabetes 
46:1733-1742. 



References 

 177 

Todd, J.A., N.M. Walker, J.D. Cooper, D.J. Smyth, K. Downes, V. Plagnol, R. Bailey, S. 
Nejentsev, S.F. Field, F. Payne, C.E. Lowe, J.S. Szeszko, J.P. Hafler, L. Zeitels, J.H. 
Yang, A. Vella, S. Nutland, H.E. Stevens, H. Schuilenburg, G. Coleman, M. Maisuria, W. 
Meadows, L.J. Smink, B. Healy, O.S. Burren, A.A. Lam, N.R. Ovington, J. Allen, E. 
Adlem, H.T. Leung, C. Wallace, J.M. Howson, C. Guja, C. Ionescu-Tirgoviste, M.J. 
Simmonds, J.M. Heward, S.C. Gough, D.B. Dunger, L.S. Wicker, and D.G. Clayton. 
2007. Robust associations of four new chromosome regions from genome-wide analyses 
of type 1 diabetes. Nature genetics 39:857-864. 

Tornatore, L., A.K. Thotakura, J. Bennett, M. Moretti, and G. Franzoso. 2012. The nuclear factor 
kappa B signaling pathway: integrating metabolism with inflammation. Trends in cell 
biology 22:557-566. 

Tortosa, F., and F. Dotta. 2013. Incretin hormones and beta-cell mass expansion: what we know 
and what is missing? Archives of physiology and biochemistry  

Turban, S., and E. Hajduch. 2011. Protein kinase C isoforms: mediators of reactive lipid 
metabolites in the development of insulin resistance. FEBS letters 585:269-274. 

Tushuizen, M.E., M.C. Bunck, P.J. Pouwels, S. Bontemps, J.H. van Waesberghe, R.K. 
Schindhelm, A. Mari, R.J. Heine, and M. Diamant. 2007. Pancreatic fat content and beta-
cell function in men with and without type 2 diabetes. Diabetes care 30:2916-2921. 

Ueberberg, S., T. Deutschbein, H.H. Klein, J.W. Dietrich, S. Akinturk, N. Prochnow, R. 
Schirrmacher, and S. Schneider. 2011. Protection from diabetes development by single-
chain antibody-mediated delivery of a NF-kappaB inhibitor specifically to beta-cells in 
vivo. American journal of physiology. Endocrinology and metabolism 301:E83-90. 

Vardi, P., S.A. Dib, M. Tuttleman, J.E. Connelly, M. Grinbergs, A. Radizabeh, W.J. Riley, N.K. 
Maclaren, G.S. Eisenbarth, and J.S. Soeldner. 1987. Competitive insulin autoantibody 
assay. Prospective evaluation of subjects at high risk for development of type I diabetes 
mellitus. Diabetes 36:1286-1291. 

Vaxillaire, M., and P. Froguel. 2008. Monogenic diabetes in the young, pharmacogenetics and 
relevance to multifactorial forms of type 2 diabetes. Endocrine reviews 29:254-264. 

Vella, A., J.D. Cooper, C.E. Lowe, N. Walker, S. Nutland, B. Widmer, R. Jones, S.M. Ring, W. 
McArdle, M.E. Pembrey, D.P. Strachan, D.B. Dunger, R.C. Twells, D.G. Clayton, and 
J.A. Todd. 2005. Localization of a type 1 diabetes locus in the IL2RA/CD25 region by 
use of tag single-nucleotide polymorphisms. American journal of human genetics 76:773-
779. 

von Herrath, M., and G.T. Nepom. 2009. Animal models of human type 1 diabetes. Nature 
immunology 10:129-132. 

von Herrath, M., S. Sanda, and K. Herold. 2007. Type 1 diabetes as a relapsing-remitting 
disease? Nature reviews. Immunology 7:988-994. 

Vousden, K.H., and C. Prives. 2009. Blinded by the Light: The Growing Complexity of p53. Cell 
137:413-431. 

Vyas, J.M., A.G. Van der Veen, and H.L. Ploegh. 2008. The known unknowns of antigen 
processing and presentation. Nature reviews. Immunology 8:607-618. 



References 

 178 

Wajchenberg, B.L. 2007. beta-cell failure in diabetes and preservation by clinical treatment. 
Endocrine reviews 28:187-218. 

Wan, Y.Y., and J. DeGregori. 2003. The survival of antigen-stimulated T cells requires 
NFkappaB-mediated inhibition of p73 expression. Immunity 18:331-342. 

Wang, H., M. Iezzi, S. Theander, P.A. Antinozzi, B.R. Gauthier, P.A. Halban, and C.B. 
Wollheim. 2005. Suppression of Pdx-1 perturbs proinsulin processing, insulin secretion 
and GLP-1 signalling in INS-1 cells. Diabetologia 48:720-731. 

Wang, J., D. Miao, S. Babu, J. Yu, J. Barker, G. Klingensmith, M. Rewers, G.S. Eisenbarth, and 
L. Yu. 2007. Prevalence of autoantibody-negative diabetes is not rare at all ages and 
increases with older age and obesity. The Journal of clinical endocrinology and 
metabolism 92:88-92. 

Wang, R.N., L. Bouwens, and G. Kloppel. 1996. Beta-cell growth in adolescent and adult rats 
treated with streptozotocin during the neonatal period. Diabetologia 39:548-557. 

Wang, R.N., G. Kloppel, and L. Bouwens. 1995. Duct- to islet-cell differentiation and islet 
growth in the pancreas of duct-ligated adult rats. Diabetologia 38:1405-1411. 

Wang, Z., and D.C. Thurmond. 2009. Mechanisms of biphasic insulin-granule exocytosis - roles 
of the cytoskeleton, small GTPases and SNARE proteins. Journal of cell science 122:893-
903. 

Weaver, D.J., Jr., B. Poligone, T. Bui, U.M. Abdel-Motal, A.S. Baldwin, Jr., and R. Tisch. 2001. 
Dendritic cells from nonobese diabetic mice exhibit a defect in NF-kappa B regulation 
due to a hyperactive I kappa B kinase. J Immunol 167:1461-1468. 

Weaver, J.R., T.R. Holman, Y. Imai, A. Jadhav, V. Kenyon, D.J. Maloney, J.L. Nadler, G. Rai, 
A. Simeonov, and D.A. Taylor-Fishwick. 2012. Integration of pro-inflammatory 
cytokines, 12-lipoxygenase and NOX-1 in pancreatic islet beta cell dysfunction. 
Molecular and cellular endocrinology 358:88-95. 

Wen, H., D. Gris, Y. Lei, S. Jha, L. Zhang, M.T. Huang, W.J. Brickey, and J.P. Ting. 2011. Fatty 
acid-induced NLRP3-ASC inflammasome activation interferes with insulin signaling. 
Nature immunology 12:408-415. 

Wenzlau, J.M., K. Juhl, L. Yu, O. Moua, S.A. Sarkar, P. Gottlieb, M. Rewers, G.S. Eisenbarth, J. 
Jensen, H.W. Davidson, and J.C. Hutton. 2007. The cation efflux transporter ZnT8 
(Slc30A8) is a major autoantigen in human type 1 diabetes. Proceedings of the National 
Academy of Sciences of the United States of America 104:17040-17045. 

Westermark, P., A. Andersson, and G.T. Westermark. 2011. Islet amyloid polypeptide, islet 
amyloid, and diabetes mellitus. Physiological reviews 91:795-826. 

Wheat, W., R. Kupfer, D.G. Gutches, G.R. Rayat, J. Beilke, R.I. Scheinman, and D.R. Wegmann. 
2004. Increased NF-kappa B activity in B cells and bone marrow-derived dendritic cells 
from NOD mice. Eur J Immunol 34:1395-1404. 

Wildin, R.S., and A. Freitas. 2005. IPEX and FOXP3: clinical and research perspectives. Journal 
of autoimmunity 25 Suppl:56-62. 

Xie, Q.W., Y. Kashiwabara, and C. Nathan. 1994. Role of transcription factor NF-kappa B/Rel in 
induction of nitric oxide synthase. The Journal of biological chemistry 269:4705-4708. 



References 

 179 

Xu, G., D.A. Stoffers, J.F. Habener, and S. Bonner-Weir. 1999. Exendin-4 stimulates both beta-
cell replication and neogenesis, resulting in increased beta-cell mass and improved 
glucose tolerance in diabetic rats. Diabetes 48:2270-2276. 

Yaney, G.C., and B.E. Corkey. 2003. Fatty acid metabolism and insulin secretion in pancreatic 
beta cells. Diabetologia 46:1297-1312. 

Yang, B., H. Lin, C. Xu, Y. Liu, H. Wang, H. Han, and Z. Wang. 2005. Choline produces 
cytoprotective effects against ischemic myocardial injuries: evidence for the role of 
cardiac m3 subtype muscarinic acetylcholine receptors. Cellular physiology and 
biochemistry : international journal of experimental cellular physiology, biochemistry, 
and pharmacology 16:163-174. 

Yang, D., H.F. Rosenberg, Q. Chen, K.D. Dyer, K. Kurosaka, and J.J. Oppenheim. 2003. 
Eosinophil-derived neurotoxin (EDN), an antimicrobial protein with chemotactic 
activities for dendritic cells. Blood 102:3396-3403. 

Ylipaasto, P., K. Klingel, A.M. Lindberg, T. Otonkoski, R. Kandolf, T. Hovi, and M. Roivainen. 
2004. Enterovirus infection in human pancreatic islet cells, islet tropism in vivo and 
receptor involvement in cultured islet beta cells. Diabetologia 47:225-239. 

Ylipaasto, P., B. Kutlu, S. Rasilainen, J. Rasschaert, K. Salmela, H. Teerijoki, O. Korsgren, R. 
Lahesmaa, T. Hovi, D.L. Eizirik, T. Otonkoski, and M. Roivainen. 2005. Global profiling 
of coxsackievirus- and cytokine-induced gene expression in human pancreatic islets. 
Diabetologia 48:1510-1522. 

Ylipaasto, P., T. Smura, P. Gopalacharyulu, A. Paananen, T. Seppanen-Laakso, S. Kaijalainen, 
H. Ahlfors, O. Korsgren, J.R. Lakey, R. Lahesmaa, L. Piemonti, M. Oresic, J. Galama, 
and M. Roivainen. 2012. Enterovirus-induced gene expression profile is critical for 
human pancreatic islet destruction. Diabetologia 55:3273-3283. 

Yoon, K.H., S.H. Ko, J.H. Cho, J.M. Lee, Y.B. Ahn, K.H. Song, S.J. Yoo, M.I. Kang, B.Y. Cha, 
K.W. Lee, H.Y. Son, S.K. Kang, H.S. Kim, I.K. Lee, and S. Bonner-Weir. 2003. Selective 
beta-cell loss and alpha-cell expansion in patients with type 2 diabetes mellitus in Korea. 
The Journal of clinical endocrinology and metabolism 88:2300-2308. 

Yorifuji, T., K. Kurokawa, M. Mamada, T. Imai, M. Kawai, Y. Nishi, S. Shishido, Y. Hasegawa, 
and T. Nakahata. 2004. Neonatal diabetes mellitus and neonatal polycystic, dysplastic 
kidneys: Phenotypically discordant recurrence of a mutation in the hepatocyte nuclear 
factor-1beta gene due to germline mosaicism. The Journal of clinical endocrinology and 
metabolism 89:2905-2908. 

Yoshiuchi, I., K. Yamagata, Q. Zhu, I. Tamada, Y. Takahashi, K. Onigata, J. Takeda, J. 
Miyagawa, and Y. Matsuzawa. 2002. Identification of a gain-of-function mutation in the 
HNF-1beta gene in a Japanese family with MODY. Diabetologia 45:154-155. 

Yuan, H.D., and S.H. Chung. 2010. Fermented ginseng protects streptozotocin-induced damage 
in rat pancreas by inhibiting nuclear factor-kappaB. Phytother Res 24 Suppl 2:S190-195. 

Yuan, M., N. Konstantopoulos, J. Lee, L. Hansen, Z.W. Li, M. Karin, and S.E. Shoelson. 2001. 
Reversal of obesity- and diet-induced insulin resistance with salicylates or targeted 
disruption of Ikkbeta. Science 293:1673-1677. 



References 

 180 

Zawalich, W.S., K.C. Zawalich, G.J. Tesz, M.M. Taketo, J. Sterpka, W. Philbrick, and M. 
Matsui. 2004. Effects of muscarinic receptor type 3 knockout on mouse islet secretory 
responses. Biochemical and biophysical research communications 315:872-876. 

Zhang, B., Y. Lu, M. Campbell-Thompson, T. Spencer, C. Wasserfall, M. Atkinson, and S. Song. 
2007. Alpha1-antitrypsin protects beta-cells from apoptosis. Diabetes 56:1316-1323. 

Zhang, J., K.D. Dyer, and H.F. Rosenberg. 2000. Evolution of the rodent eosinophil-associated 
RNase gene family by rapid gene sorting and positive selection. Proceedings of the 
National Academy of Sciences of the United States of America 97:4701-4706. 

Zhang, X., G. Zhang, H. Zhang, M. Karin, H. Bai, and D. Cai. 2008. Hypothalamic IKKbeta/NF-
kappaB and ER stress link overnutrition to energy imbalance and obesity. Cell 135:61-73. 

Zhao, Y., B. Krishnamurthy, Z.U. Mollah, T.W. Kay, and H.E. Thomas. 2011. NF-kappaB in 
type 1 diabetes. Inflamm Allergy Drug Targets 10:208-217. 

Zhernakova, A., C.C. van Diemen, and C. Wijmenga. 2009. Detecting shared pathogenesis from 
the shared genetics of immune-related diseases. Nature reviews. Genetics 10:43-55. 

Zhong, J., X. Rao, J.F. Xu, P. Yang, and C.Y. Wang. 2012. The role of endoplasmic reticulum 
stress in autoimmune-mediated beta-cell destruction in type 1 diabetes. Experimental 
diabetes research 2012:238980. 

Zhou, R., A. Tardivel, B. Thorens, I. Choi, and J. Tschopp. 2010. Thioredoxin-interacting protein 
links oxidative stress to inflammasome activation. Nature immunology 11:136-140. 

Ziegler, A.G., M. Hummel, M. Schenker, and E. Bonifacio. 1999. Autoantibody appearance and 
risk for development of childhood diabetes in offspring of parents with type 1 diabetes: 
the 2-year analysis of the German BABYDIAB Study. Diabetes 48:460-468. 

Ziegler, R., C.A. Alper, Z.L. Awdeh, L. Castano, S.J. Brink, J.S. Soeldner, R.A. Jackson, and 
G.S. Eisenbarth. 1991. Specific association of HLA-DR4 with increased prevalence and 
level of insulin autoantibodies in first-degree relatives of patients with type I diabetes. 
Diabetes 40:709-714. 

Zubair, A., and M. Frieri. 2013. Role of nuclear factor-kB in breast and colorectal cancer. 
Current allergy and asthma reports 13:44-49. 

 



Acknowledgements 

 181 

Acknowledgments 

I would like to offer my deep gratitude to all who have supported me and allow this work 

to be completed. 

I would like to thank Prof. Dr. Thomas Wirth for giving me the opportunity to work at the 

Institute of Physiological Chemistry, for the supervision of this work, for his fruitful 

suggestions and for his great support even in the personal issues.  

I am also thankful for Prof. Dr. Martin Wagner for his nice discussions and suggestion and 

for agreeing to revise/evaluate this thesis. 

Further, it is a pleasure to thank Prof. Dr. Bernhard Böhm for the supervision of this work 

and for his informative discussions and nice suggestions.   

I would like to show my gratitude to Dr. Bernd Baumann for giving me the opportunity to 

work on this nice project, for his discussions, practical help, and for his support. 

I also thank Prof. Dr. Reinhold Schirmbeck for good discussion and ideas. 

In addition, I want to thank all people who were involved in this project and helped with 

technical work: 

- Dr. Karlheinz Holzmann and the staff of the Microarray Facility for the help with 

the gene expression microarray experiment 

- Dr. Katja Fiedler for helping in the flow cytometric analysis and for her kind help 

and advices. 

- Bernadette Trojanowski who performed some experiments for the gain-of-

function model for her master thesis. 

- Ute Leschik, Bianca Ries and Melanie Gerstlauer for the excellent technical 

assistance 

I am really grateful for Dr. Harald Maier for his much time and great informative 

discussions, ideas and advices. 

I would like to express my friend Ayesha Maqbool for all her kind help and great support. 



Acknowledgements 

 182 

My thanks extend to all my lab colleagues and the former and present members of the 

Institute of Physiological Chemistry for all their help and especially Hansgeorg Glöckler 

for his assistance in computer issues. 

Last but certainly not least, no word can express my gratefulness and deep thanks to my 

parents, Dr. Hamed Salem and Prof. Dr. Aisha Salama for everything they have done for 

me. I am indebted to them for their continuous encouragement and great care. I would 

like to show my deep gratitude and appreciation for my wonderful loving husband for his 

great support, understanding, care and patience. I also want to thank my little son 

Mohamed, my great companion in these years. I want to express my deep gratitude to 

my brother Dr. Mohamed Salem for his enormous support and help during my first 

months of being here in Germany and without him it would not be possible to continue. I 

also want to thank my brother Ass. Prof. Dr. Khaled Salem who helped me coming here 

and arranged many things for me. I am also grateful for my brother Dr. Ahmed Salem for 

careful reading of the thesis, for supplying me with many original papers and for his kind 

care and support. I also appreciate all the support and care from my dear sisters. 

 



Declaration 

 183 

Declaration 

I hereby confirm that I have made the work independently and without using any 

sources or aids other than those stated.  In each individual case, I have clearly identified 

the source of the passages that are taken word for word or paraphrased from other 

works. 

 

Ulm,  

 

Heba Salem 



Curriculum Vitae 

 184 

Curriculum Vitae 

 

Personal Details 

 

Name   Heba Salem 

Citizenship  Egyptian 

Date of birth  1979 

Place of birth  Cairo, Egypt 

Address  Ulm University 

   Institute of Physiological Chemistry 

   Albert-Einstein-Allee 11 

   D-89081 Ulm 

   Germany 

  

Email   heba.salem(at)uni-ulm.de,  

   

 

Education 

 

12/09-present Candidate for PhD degree in Biological Sciences (Dr. rer. nat.) 

   Ulm University 

 Institute of Physiological Chemistry (Prof. Dr. Thomas Wirth, group 

of Dr. Bernd Baumann) 

Thesis “Modulation of IKK/NF-κB signaling in pancreatic β-cells 

induces diabetes” 



Curriculum Vitae 

 185 

 

05/03-05/09  Graduate studies in Biochemistry (M. Sc.) 

   Faculty of Pharmacy, Cairo University, Egypt 

Master thesis “Modulation of the Biochemical Effects of Brain 

Ischemia in Diabetic Rats by Antioxidants” in the Department of 

Biochemistry (Prof. Dr. Nabila Ismail, Porf. Dr. Atif Fahim, Dr. 

Maha El-Sawalhi) 

 

 

09/95-07/00   Undergraduate studies in Pharmacy (B.Sc.) 

   Faculty of Pharmacy, Cairo University, Egypt 

 

09/92-07/95  High School graduation 

El-salam Secondary School, Cairo, Egypt  

 

Publications 

 

Salem H.H, Maier H.J., Wagner M., Boehm B.O., Wirth T., Baumann B. Combined 

IKK2/NF-κB inhibition in pancreatic β-cells and Pdx1 haploinsufficiency induces 

diabetes (under preparation). 

Salem H.H, Trojanowski B., Fiedler K., Maier H.J., Schirmbeck R., Wagner M., Boehm 

B.O., Wirth T., Baumann B. : Long-term IKK2/NF-κB signaling in pancreatic β-cells 

induces immune-mediated diabetes mellitus (in revision by Diabetes). 

Maier HJ, Wagner M, Schips TG, Salem HH, Baumann B, Wirth T: Requirement of 

NEMO/IKKγ for effective expansion of KRAS-induced precancerous lesions in the 

pancreas. Oncogene. 2013 May 23;32(21):2690-5. Epub 2012 Jul 2.  



Curriculum Vitae 

 186 

Baumann B, Salem HH, Boehm BO: Anti-inflammatory therapy in type 1 diabetes. Curr 

Diab Rep. 2012 Oct;12(5):499-509. 

Salem, HH, El-Sawalhi, MM; Fahim, AT and Ismail, NA: Effect of green tea extract and 

coenzyme Q10 on ischemia/reperfusion injury in diabetic rat brain. The Egyptian 

Journal of Biochemistry and Molecular Biology. 25: 690, 2007. 

 

Posters  

 

Salem H, B.O. Böhm, Wagner M, Wirth T, Baumann B 

The Role of IKK/NFκB in Pancreatic β-cell Homeostasis and Immune Mediated 

Diabetes Mellitus 

Poster in the final Symposium of GRK1041, March 2012, Ulm, Germany.  

Salem H, B.O. Böhm, Wagner M, Wirth T, Baumann B 

β-cell specific changes in IKK/NF-κB signaling interfere with β-cell homeostasis and 

result in Diabetes-like phenotypes 

Poster presented by Dr. Bernd Baumann in Keystone symposia: “NF-kappab Signaling 

and Biology: from Bench to Bedside” March 2012, Whistler, Canada. 

Salem H, B.O. Böhm, Baumann B 

The Role of IKK/NFκB in Pancreatic β-cell Homeostasis and Immune Mediated 

Diabetes Mellitus 

Poster in Meeting GRK 1041 Ulm & internal retreat GRK 1208 Berlin Gunzburg, 

Germany. 

Salem, HH; El-Sawalhi, MM; Fahim, AT; Ismail, NA. 

Effect of green tea extract and coenzyme Q10 on ischemia/reperfusion injury in 

diabetic rat brain  

Poster presented by Dr. Maha El-Sawalhi in the Annual International Congress of 

Egyptian Society of Biochemistry and Molecular Biology, April, 2007, Cairo, Egypt. 




